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PREFACE 
Purpose. This manual provides the technical information necessary for 
military personnel to obtain samples and perform engineering tests and 
calculations on soils, bituminous paving mixtures, and concrete. These tests and 
calculations are required to achieve proper design with these materials and 
adequate control over their use in military construction. 

Scope. This manual covers soils, aggregates, bituminous cements, bituminous 
paving mixtures, portland cement concrete, and stabilized soil including 
stabilizing agents such as bitumens, cements, lime, fly ash, and chemical 
modifiers. The manual gives detailed instructions for taking adequate 
representative test samples and step-by-step procedures for making physical 
properties tests and for recording, calculating, and evaluating the test results. 
The manual explains methods for designing bituminous paving mixtures and 
portland cement concrete and ways of stabilizing soil. It also gives the procedures 
and tests required to control the manufacture of these mixtures. The manual 
describes the tools and equipment for performing these tests and contains general 
instructions for the care, calibration, and use of test equipment. 

Navy Application. This manual is adopted for use by Navy personnel. Certain 
tests and procedures prescribed differ in principle or method and are more 
detailed than counterpart tests currently required by the Navy for new 
construction at Navy installations, including those in forward areas. Although 
this manual provides general guidance for materials and soils testing, the design 
of new structures and facilities will be based on the results obtained from 
methods and procedures outlined in Naval Facilities Engineering Command 
Design Manual (NAVFAC DM) -7.1 and NAVFAC DM-7.2. When methods and 
procedures prescribed by the Navy differ from those in this manual, the Navy’s 
methods will take precedence. 

DISTRIHUTION RESTRICTION: Approved for public release: distribution is 
unlimited. 

*This publication supersedes TM 5-5:U) NAVFAC’ MO-X30 AFM 8%;1, 6 February 197 1 and 
rescinds 111) Form 1214, Aug 57 and I)11 Form 1795, Peh 71. 
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Non-Military Methods. The test procedures and terminology used in this 
manual conform to the latest methods and specifications of the American Society 
for Testing and Materials (ASTM), the American Association of State Highway 
and Transportation Officials (AASHTO), the American Concrete Institute (ACI), 
and the Portland Cement Association (PCA). 

Arctic Construction. The tests given in this manual also apply to arctic 
construction. However, cold weather effects present different problems, and 
additional tests will be required for correct evaluation of the materials. These 
additional tests and the considerations associated with arctic construction will 
be found in Technical Manual (TM) 5-349. 

This manual prescribes the following ljepartment of 1)efense (l)l)) Forms 
that can be found in the back of this manual for local reproduction purposes. 
Forms will be reproduced on 8’/‘? by 11 inch paper. 

DD Form 1205 

DD Form 1206 

DD Form 1207 

DD Form 1208 

DD Form 1209 

DD Form 1210 

DD Form 1211 

DD Form 1212 

DD Form 1213 

DD Form 1215 

DD Form 1216 

DD Form 1217 

DD Form 1218 

DD Form 1219 

DD Form 1220 

DD Form 1793 

DD Form 1794 

DD Form 2463 

DD Form 2464 

Soil Moisture Content 

Sieve Analysis Data 

Grain Size Distribution Graph - Aggregate Grading Chart 

Specific Gravity Tests 

Atterberg Limits Determination 

Soil Compaction Test Data 

Soil Compaction Test Graph/Swell Data 

California Bearing Ratio Test Data 

Unconfined Compression Test 

Unit Weight Determination “Volume of Hole” Methods 

Specific Gravity of Bituminous Mix Components 

Bituminous Mix Design - Aggregate Blending 

M.arshall Method - Computation of Properties of Asphalt 

Mixtures 

Bituminous Mix Curves 

Concrete Mixture Design Data 

Determination of Asphalt Content (Dulin-Rotarex 

Extractor) 

Hydrometer Analysis 

California Bearing Ratio (CBR) Analysis 

Report of Foundation and Borrow Investigation 

User Information. Users of this publication are encouraged to submit 
recommended changes and comments to improve the publication. Comments 
should be keyed to the specific page, paragraph, and line of the text in which 
the change is recommended. Reasons must be provided for each comment to 
ensure understanding and complete evaluation. The proponent agency of t,his 
publication is the US Army Engineer School. Submit changes for improving 
this publication on DA Form 2028 and forward to Commandant, US Army 
Engineer School, ATTN: ATZA-TD-P, Fort Belvoir, Virginia 22060-5291. 

This publication contains copyrighted material. 
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Chapter 1 

Materials Testing Overview 

FUNDAMENTALS 

The military engineer is responsible for 
developing and maintaining transportation 
facilities, housing and special structures, 
sanitary facilities, and military defenses. 
Transportation facilities include roads, railways, 
airports and landing strips, pipelines, and har- 
bor structures. These structures and facilities all 
are built on and sometimes use the local soil. To 
design these, the engineer must know the type 
and characteristics of the soil at the site. For ex- 
ample, in designing a road or airfield, the 
engineer must determine whether the soil can 
withstand the loads to be transported, including 
vehicle weights, or whether soil stabilization or 
paving will be needed. If the road or airfield re- 
quires a pavement, then the suitability of 
available aggregate materials must be estab- 
lished since speed and efficiency of construction 
dictate the use of nearby sources. Bituminous 
paving mixtures and portland cement concrete 
are made at or near the work site under the 
control of the local engineering officers who 
must design the mix and test the performance 
of the finished product. The engineer must have 
basic data concerning the properties of these 
materials in order to use them effectively in 
construction. Such data are obtained from the 
tests described in this manual. 

MATERIALS TESTS 

The properties of all materials are de- 
termined by their chemical composition and the 
physical structure in which the constituent com- 
pounds are arranged. Earth minerals and 
cementing materials are very complex, and the 
nature of the forces that bind them together is 
poorly understood on an atomic or molecular 
scale. However, the strength, stiffness, stabili- 
ty, and resistance to wear, erosion, or weather- 
ing can be determined by material tests on the 
bulk material. Laboratory research related to 
field observation and experience with such 
materials enables engineers to establish 
limiting values of the measured properties to 
ensure satisfactory performance of the material 
in service. Materials specifications based on this 
research give such limits. Tests of representative 
samples of a particular material available for an 
engineering use then are made, and the results 
are compared to the specifications to decide 
whether the material will do for the intended 
application. Materials tests also are used to iden- 
tify or classify materials on the basis of their 
physical properties. These tests also provide 
basic data on the aggregates and cements 
necessary for the design of bituminous mixtures, 
stabilized soil, or portland cement concrete. 
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SOIL PROPERTIES 

The physical characteristics of soil, which 
determine its usefulness to support traffic or to 
serve as a subgrade or foundation material, de- 
pend upon the size and shape of the individual 
grains, the grain-size distribution, the specific 
gravity, and the compaction characteristics. Pro- 
perties of many soils depend upon moisture con- 
tent. Tests for the moisture limits describe the 
soil’s plasticity characteristics. Strength tests, 
such as the California Bearing Ratio (CBR) and 
unconfined compression test, measure load- 
carrying capacity directly. Tests for these pro- 
perties include expedient and deliberate testing 
procedures and are used to identify and classify 
the type of soil represented by the samples. With 
the soil accurately identified and described by 
the results of these tests, its suitability for 
supporting traffic, as a subgrade, base, or foun- 
dation material, or as an aggregate, filler, or 
binder for mixtures can be evaluated. The con- 
struction of subgrades and bases for pavements, 
embankments, and other earth structures re- 
quires continual testing during the course of the 
work to adjust mixtures and construction 
methods needed. 

CLASSIFICATIONS 

Tests and evaluation of results are more easi- 
ly made by using some common reference or 
system which has a universal interpretation. 
Thus, no matter who made the tests or the 
evaluation, the results would be understood by 
anyone familiar with the system. One reference 
for soils used by the military engineer is called 
the Unified Soil Classification System (USCS). 
All soils are divided into three major categories, 
two of which are based on grain size. Further 
subdivision distinguishes between gravel, sand, 
silt, clay, and organic content and between well- 
graded and poorly-graded soils. Each of these 
types is symbolized by a combination of two or 
four letters. A more detailed explanation of the 
USCS will be found in Chapter 2, Section I and 
in TM 5-33O/‘AFM 86-3, Vol II. 

DESIGN REQUIREMENTS 

The engineer, having the completed soil 
classification and all the other information re- 
quired for a proper design of an airfield or road, 
can start the design. The design requirements 
are covered in TM 5330/AFM X6-3. Vol. II. 

BITUMENS 

Bituminous paving mixtures consist of ag- 
gregates, filler, and bitumen binder. Aggregate 
sources near the construction area are tested to 
give data on particle-size distribution and 
specific gravity. These data are used in design- 
ing the mix. Testing of bituminous cements 
received at the mixing plant may require 
identifying the material, determining its 
suitability as a binder, or providing data for 
determining what aggregates and fillers are re- 
quired. The tests of bitumens described in this 
manual are field identification procedures to 
expedite the use of the material until more 
detailed tests can be performed. 

CONCRETE 

Portland cement concrete is a mixture of fine 
and coarse aggregates, portland cement, and 
water. The cement and water react chemically 
to form compounds that hold the aggregates in 
a strong rock-like mass. Concrete is made in 
mixing plants, field mixers, or truck mixers near 
or at the construction site. The quality of the 
concrete produced depends upon proper mix 
design to achieve the desired workability of the 
fresh concrete and strength of the hardened 
material. This manual gives tests of aggregates 
and fresh and hardened concrete, with instruc- 
tions for using test data in mix design and 
control. 

STABILIZATION 

Accurate soil description given by tests is 
necessary to determine whether its properties 
must be improved by stabilization to make it 
adequate for supporting traffic or for use as a 
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base course. Test results indicate the method of 
stabilization and materials to be used, as well 
as verify the adequacy of the stabilized soil. 

EQUIPMENT 

The equipment for all materials testing given 
in this manual consists of three sets: a soil test 
set, an asphalt test set, and a concrete test set. 
The soil test set is considered the basic set. The 
other two sets are used with it. In selected opera- 
tions, for example control testing at a concrete 
batch plant, the concrete test set can be used in- 
dependent of the soil test set. Certain items 
listed as part of the sets are not issued with the 
sets, but must be requisitioned separately. Some 
of the test methods, such as the specific gravity 
of solids, the hydrometer analysis, and the 
shrinkage limit, describe items of equipment 
which are not issued with the test sets, but 
would be available locally or from commercial 
sources. 

Test Set, Soil (SC 66359%CL-E021 

This is the basic set for performing soil tests 
including sieve analysis, moisture content, At- 
terberg limits, CBR, and soil trafficability. The 
separately packaged Test Set, Soil Trafficability 
(SC 6635-97-CL-EOl) is included in this test set. 
Items such as Department of Army (DA) forms, 
pencils, tracing paper, labels and tags, towels, 
twine, and wax are not issued initially with the 
set, but must be requisitioned separately by 
stock or form number. 

Test Set, Asphalt (SC 6635-98-CL-E031 

This is issued in three chests: a laboratory 
centrifuge chest, a miscellaneous equipment 
chest, and a l,l,l-trichloroethane chest. This set 
is not complete within itself and therefore must 
be used with the soil test set. Items such as 
forms, brushes, cloth, and chemicals (alcohol, 
sodium hydroxide, and l,l,l-trichloroethane) are 
not issued with the set, but must be requisition- 
ed separately. 

Test Set, Concrete (SC 663598CGEO4) 

This is issued in three chests: a beam testing- 
machine test, a collapsible steel forms chest, and 
a miscellaneous equipment chest. This set 
normally is used with the soil test set. 
Chemicals, DA forms, and some other items are 
not issued with the set, but must be requisition- 
ed separately. 

Nuclear Moisture Density Gage (NSN 
6635-01-030-6896) 

This will perform moisture and density tests. 
The gage is issued in its case with all necessary 
equipment except test forms. Forms should be 
locally reproduced from the Engineer School or 
manufacturers’ samples. This equipment re- 
quires special storage considerations and licen- 
sing of operators. 
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Chapter 2 

Soils 

Section I. CLASSIFICATION, EXPLORATION, 
AND FIELD IDENTIFICATION 

DISCUSSION 

The soil in an area is an important considera- 
tion in selecting the exact location of any struc- 
ture. The military engineer, construction super- 
visor, and members of engineer reconnaissance 
parties must be capable of properly identifying 
soils in the field to determine their engineering 
characteristics. Because the military engineer 
must be economical with time, equipment, 
material, and money, site selection for a project 
must b, made with these factors in mind. 

soil 

Soil is a heterogeneous aggregation of 
uncemented or weakly cemented mineral grains 
enclosing voids of varying sizes. These voids may 
contain air, water, organic matter, or different 
combinations of these materials. The engineer 
must therefore be concerned not only with the 
sizes of the particles, but also with the voids bet- 
ween them and particularly what these voids 
enclose (water, air, or organic materials). 

Rocks 

Geologists classify rocks into three basic 
groups: igneous, formed by cooling from a 

molten state; sedimentary, formed by accumu- 
lation and cementation of existing particles 
and remains of plants and animals; and 
metamorphic, formed from existing rocks sub- 
jected to heat and pressure. Exposed to the 
atmosphere, these rocks disintegrate and decom- 
pose either by mechanical action (wind, water, 
ice, and vegetation) or chemical action, or both. 
The resulting material may remain where it is 
formed; or it may be transported by water, 
glaciers, wind, or gravity and deposited at a 
distance from the parent rock. This resulting 
material is called soil. 

Soil Formation 

This is a continuous process and is still in ac- 
tion today. The great number of original rocks, 
the variety of soil forming forces, and the length 
of time that these forces have acted produce 
many different soils. For engineering purposes, 
the soils are evaluated by their basic physical 
properties: gradation of sizes of the different par- 
ticles, bearing capacity as reflected by soil den- 
sity, and particle shapes. The engineer extends 
the evaluation by considering the effect of water 
action on the soils. With a complete evaluation, 
the engineer can determine whether the soil is 
adequate for the project. 
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Strata 

At a particular location there usually will be 
several layers or strata, one above the other, 
each composed of a different kind of soil. Strata 
may be a fraction of an inch or many feet thick. 
The upper layer is called the top soil or 
agricultural soil since it supports plant growth. 
Adequate soil evaluation for engineering uses 
requires that all strata be identified to whatever 
depth may be affected by the construction. A ver- 
tical cross section through the earth, with the 
depths and types of soil indicated, is called a soil 
profile. 

with screen openings of different sizes (the 
largest on the top and the smallest at the bot- 
tom) separate the soil into particle groups bas- 
ed on size. The amount remaining on each sieve 
is measured and described as a percentage by 
weight of the entire sample. Size groups in the 
USCS are shown in Table 2-l. Particles passing 
the No. 200 sieve, but larger than 0.002 
millimeter to 0.005 millimeter are called silt, 
Those finer are called clays. 

Table 2- 1. Grain size groups 

PHYSICAL PROPERTIES 

The physical properties of a soil aid in deter- 
mining the engineering characteristics. These 
properties are the basis for the system of soil 
classification used in engineering identification 
of soil types. Physical characteristics of soil par- 
ticles are size and shape. The proportions of par- 
ticles of different sizes determine the gradation 
of the aggregate. Compactness refers to the 
closeness of packing of the soil particles; the 
closer the packing, the greater the compactness, 
and the larger the weight of soil per unit of 
volume. Plasticity characteristics of fine-grained 
soil components include liquid and plastic limits, 
shrinkage ratios, dry strength, and unconfined 
compressive strength. Specific gravity of soil 
particles aids in their identification. The 
presence of organic matter is important to the 
engineering use of soils. Color, texture, odor, 
structure, and consistency are readily observed 
factors that aid in soil description. 

Grain-Size Groups 

Soils are divided into groups based on the size 
of the particle grains in the soil mass. Common 
practice distinguishes the sizes through the use 
of sieves. A sieve is a screen attached across the 
end of a shallow cylindrical frame. The screen 
permits smaller particles to fall through and re- 
tains the larger particles on the sieve. Sieves 

She Slave size 

groups 
Passing Retalned on 

Cobbles No maximum size* 3 in 
Gravels 3 in No. 4 
Sands No. 4 No. 200 
Fines No. 200 No minimum size 

*In military engineering, maximum size of cobbles is 
accepted as 40 inch based upon maximum jaw opening 
of the crushing unit. 

- 

Particle Shape 

The shape of the particles influences the 
strength and stability of a soil. Two general 
shapes are normally recognized: bulky and pla- 
ty (Figure 2-l). The bulky shapes include par- 
ticles which are relatively equal in all three 
dimensions. In platy shapes, one dimension is 
very small compared to the other two. For ex- 
ample, a thick book would be considered bulky, 
but a page of the book would be platy. 

Bulky shapes are subdivided depending on 
the amount of weathering that has acted on 
them. They may be angular, subangular, 
subrounded, or rounded (Figure 2-l). The 
angular shape shows flat surfaces, jagged pro- 
jections, and sharp ridges. The rounded shape 
has smooth curved surfaces and almost 
approaches a sphere. Cobbles, gravel, sand, and 
silt usually fall into the bulky shape group. 
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Platy shapes have one dimension relatively 
small compared to the other two. The faces at 
approximately right angles to this dimension 
will have relatively large areas, whereas the 
other surface will have edges and present small 
surfaces. Particles of clay soil exhibit this shape 
although they are too small to be seen with the 
naked eye. Coarse-grained soil particles are in- 
dividually discernible to the naked eye. Fine- 
g-rained particles with platy or bulky shapes are 
not. 

Soil Gradation 

The size and shape of the soil particles 
discussed above deal with properties of the in- 
dividual grains in a soil mass. Gradation 
describes the distribution of the different size 

BULKY 

Angular Subangular 

Subrounded Rounded 

PLATY 

Figure 2-l. Shapes of soil grains 

Well Graded 

(IEs-- 

Uniformly Graded 

Gap Graded 

Figure 2-2. Types of soil gradations 

groups within a soil sample. The soil may be 
well graded or poorly graded. 

Well-graded soils must have a good range of 
all representative particle sizes between the 
largest and the smallest. All sizes are 
represented, and no one size is either over- 
abundant or missing (Figure 2-2). 

Poorly-graded soils are either those contain- 
ing a narrow range of particle sizes or those lack- 
ing some intermediate sizes (Figure 2-2). Soils 
with a limited range of particle sizes are called 
uniformly graded. Soils which have some in- 
termediate size or sizes not well represented or 
missing are called gap graded, step graded, 
uniformly graded, or skip graded. 

Compactness 

The structure of the aggregate of soil par- 
ticles may be dense (closely packed) or loose 
(lacking compactness). A dense structure pro- 
vides interlocking of particles with smaller 
grains filling the voids between the larger par- 
ticles. When each particle is closely surround- 
ed by other particles, the grain-to-grain contacts 
are increased, the tendency for displacement of 
individual grains under load is lessened, and the 
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soil is capable of supporting heavier loads. 
Coarse materials that are well graded usually 
are dense and have strength and stability under 
load. Loose, open structures have large voids and 
will compact under load, leading to settlement 
or disintegration under foundation or traffic 
loads. 

Specific Gravity 

The specific gravity is the ratio between the 
weight per unit volume of the material and the 
weight per unit volume of water at a stated 
temperature, usually 20°C. There are three 
ways of determining and expressing specific 
gravity; specific gravity of the solids, the ap- 
parent specific gravity, or the bulk specific gravi- 
ty. Each kind of specific gravity is explained fur- 
ther, and test procedures are given for their 
determination in Section IV of this chapter. The 
specific gravity of the solid substance of most in- 
organic soils varies between 2.60 and 2.80. 
Tropical iron-rich laterite as well as some 
lateritic soils will generally have a specific 
gravity of 3.0 or more. Sand particles composed 
of quartz have a specific gravity around 2.65. 
Clays generally range from 2.68 to 2.75, but can 
have values as high as 3.50. The solids of soil 
particles are composed of minerals. Generally 
these minerals will have a specific gravity 
greater than 2.60. Therefore, values of specific 
gravity smaller than 2.60 indicate the possible 
presence of organic matter. 

Moisture 

The moisture content of a soil mass is often 
the most important factor affecting the engineer- 
ing behavior of the soil. The water may enter 
from the surface or may move through the sub- 
surface layers either by gravitational pull, by 
capillary action, or by hygroscopic action. This 
moisture influences various soils differently and 
usually has its greatest effect on the behavior 
of fine-grained soils such as silts and clays. 

l Surface water from precipitation or runoff 
enters the soil through the openings between the 
particles. This moisture tiay adhere to the dif- 
ferent particles, or it may penetrate the soil to 
some lower layer. 

l Subsurface water is collected or held in 
pools or layers beneath the surface by a restric- 
ting layer of soil or rock. This water is constantly 
acted upon by one or more external forces. 

Water controlled by gravity (free or gravita- 
tional water) seeks a lower layer and moves 
through the voids until it reaches some restric- 
tion. This restriction may be a bedrock or an im- 
pervious layer of soil whose openings or voids 
are so small they prevent water passage. 

The voids in a soil may form continuous 
tunnels or tubes and cause the water to rise in 
the tubes by capillary action (capillary 
moisture). Since the smaller the tube, the 
stronger the capillary action, the water will rise 
higher in the finer soils which have smaller in- 
terconnected voids. This area of moisture above 
the free water layer or pool is called the capillary 
fringe. 

l Absorption by the atmosphere is another 
force acting on soil water. As the moisture 
evaporates from the soil’s surface, it draws more 
moisture from the soil below. This process will 
continue until the soil moisture reaches an 
equilibrium with the water vapor in the air. The 
amount of water held by the soil is called the 
hygroscopic moisture. 

l The term moisture content (w) is used to 
define the amount of water present in a soil sam- 
ple. It is the proportion of the weight of water 
to the weight of the solid mineral grains (weight 
of dry soil) expressed as a percentage. 

vow = wt of water 

wt of dry soil 
x 100 
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l Grain size affects soil moisture. Coarse- 
grained soils with the larger voids permit easy 
drainage of water. They are less susceptible to 
capillary action. The amount of water held in 
these soils is less than in fine-grained soils, since 
the surface area is smaller and excess water will 
tend to drain off whenever possible. The fine 
grains and their small voids retard the move- 
ment of water and also tend to hold the water 
by surface tension. Many fine-g-rained soils made 
from certain minerals exhibit plasticity (putty 
like properties) within a range of moisture con- 
tents. These soils are called clays, and their 
properties may vary from essentially liquid to 
almost brick hard with different amounts of 
moisture. Further, clays are basically imper- 
vious to the passage of free or capillary moisture. 

Cohesive soils 

A cohesive soil has considerable strength 
when air dried, but has low strength when its 
moisture content is high. Such clay soils are 
composed of fine grained (less than 0.002 
millimeter1 particles of clay minerals. Clay par- 
ticles usually have flat, platy shapes and are 
capable of holding a film of adsorbed water on 
their surfaces. Adsorbed water is held by 
physicochemical forces and has properties 
substantially different from ordinary or 
chemically combined water. The attraction 
exerted by clay particles for water molecules 
gives these materials plasticity. Plasticity is a 
property of the fine-grained portion of a soil that 
allows it to be deformed beyond the point of 
recovery without cracking or appreciable 
volume change. This property permits a clay to 
be rolled into thin threads at some moisture con- 
tent without crumbling. Note that only clay 
minerals possess this property. Some minerals, 
such as quartz powder, cannot be made plastic 
no matter how fine the particles nor how much 
water is added. Thus, the degree of plasticity is 
a general index to the clay content of a soil. The 
terms fat and lean are sometimes used to 
distinguish between highly plastic and moder- 
ately plastic soils. 

In engineering practice, soil plasticity is 
determined by observing the different physical 
states that a plastic soil passes through as the 
moisture conditions change. The boundaries be- 
tween the different states as described by the 
moisture content at the time of changes are 
called consistency limits or Atterberg limits, 
named after the Swedish scientist who defined 
them years ago. 

l The liquid limit (LL) is the moisture con- 
tent at an arbitrary limit between the liquid and 
plastic states of consistency of a soil. Above this 
value, the soil is presumed to be a liquid and 
flows freely under its own weight. Below this 
value, it will deform under pressure without 
crumbling, provided the soil exhibits a plastic 
state. 

l The plastic limit (PL) is the moisture con- 
tent at an arbitrary limit between the plastic 
and brittle states. As the sample is dried, the 
semisolid state is reached when the soil is no 
longer pliable and crumbles under pressure. Be- 
tween the liquid and plastic limits is the plastic 
range. The numerical difference in moisture con- 
tents between the two limits is called the 
plasticity index (PI) (PI = LL - PL). It defines the 
range of moisture content of the soil in a plastic 
state. 

l The shrinkage limit is the boundary 
moisture content when the soil sample, upon be- 
ing dried, finally reaches a limiting or minimum 
volume. Beyond this point, further drying will 
not reduce the volume, but may cause cracking. 
The limit tests are described in Section VIII of 
this chapter. 

Organic Soils 

Soils having a high content of organic 
material are described as organic soils. They 
usually are very compressible and have poor 
load-maintaining properties. 
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Effects of Soil Characteristics 

The soil characteristics are a measure of the 
soil’s suitability to serve some intended purpose. 
Generally, a dense soil will withstand greater 
applied loads (have greater bearing capacity! 
than a loose soil. Particle size has a definite rela- 
tion to this capacity. Empirical tests show that 
well-graded, coarse-grained soils generally can 
be compacted to a greater density than fine 
grained soils because the smaller particles tend 
to fill the spaces between the larger ones. The 
shape of the grains also affects the bearing 
capacity. Angular particles tend to interlock and 
form a denser mass, and are more stable than 
the rounded particles which can roll or slide past 
one another. Poorly-graded soils, with their lack 
of one or more sizes, leave more or greater voids 
and therefore a less dense mass. Moisture con- 
tent and the consistency limits aid in describ- 
ing the soil’s suitability. A coarse-grained sandy 
or gravelly soil generally has good drainage 
characteristics and may be used in its natural 
state. A fine-g-rained clayey soil with a high 
plasticity index may require considerable treat- 
ment, especially if used in a moist location. 

SOIL CLASSIFICATION 

Soils seldom exist separately as sand, gravel, 
or any other single component in nature. They 
are usually mixtures with varying proportions 
of different sized particles. Each component con- 
tributes to the characteristics of the mixture. 
The USC.3 is based on the characteristics which 
indicate how a soil will behave as a construction 
material. 

The physical properties determined by 
appropriate tests and calculations are used to 
classify the soil. The criteria for identifying the 
different soil types are given in Appendix A and 
in the following paragraphs. The chart of Figure 
A-l (Appendix A) shows the procedures to be 
followed. Categories shown in the chart include 
soil groups, group symbols, and typical soil 
names; laboratory classification criteria; field 
identification procedures; and information re- 
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quired for describing soils. These charts provide 
a simple, systematic means of soil classification. 
Once an accurate classification is attained, the 
potential behavior of the soil under traffic or 
foundation loads can be judged. 

Categories 

In the system, all soils are divided into three 
major categories: coarse grained, fine grained, 
and peat. The first two are differentiated by 
grain size, whereas the third is identified by the 
presence of large amounts of organic material. 

Groups 

Each of the major categories is further sub- 
divided into groups and a letter symbol is 
assigned to each group. For example, the symbol 
assigned to gravel is G, to sand is S, to silt is 
M, and to clay is C. Refinements in the system 
also distinguish between well-graded (W) and 
poorly-graded (P) soils, and between high- 
compressibility (H) and low-compressibility (L) 
soils. Highly organic soils, such as peat, are sym- 
bolized Pt, whereas organic silts and clays use 
the letter 0 as a prefix. The following symbols 
are combined to describe soil mixture. 

Soil Groups Symbol 
Gravel G 
Sand S 
Silt M 
Clay C 

Soil Characteristics Symbol 
Well graded W 
Poorly graded P 
High compressibility H 
Low compressibility L 
Organic (peat) Pt 
Organic (silts and clays) 0 
Liquid limits under 50 L 
Liquid limits over 50 H 



NOTE 

Soil mixtures are identified by combining 
the symbols for each component. 

COARSE-GRAINED SOILS 

Coarse-grained soils are defined as those in 
which at least half the material by weight is 
larger than (retained on) a No. 200 sieve. They 
are divided into two major divisions: gravels and 
sands. A coarse-grained soil is classed as a 
gravel if more than half the coarse fraction by 
weight is larger than a No. 4 sieve. It is a sand 
if more than half the coarse fraction by weight 
is smaller than a No. 4 sieve. In general practice 
there is no clear cut boundary between gravelly 
and sandy soils. As far as behavior is concerned, 
the exact point of division is relatively unim- 
portant. Where a mixture occurs, the primary 
name is the predominant fraction (in percent by 
weight), and the minor fraction is used as an ad- 
jective. For example, a sandy gravel would be 
a mixture containing more gravel than sand by 
weight. It is desirable to further divide coarse- 
grained soils into three groups based on the 
amount of fines (materials passing a No. 200 
sieve) that they contain. 

NOTE 
If fines interfere with free draining proper- 
ties, as may occur with plastic fines, use the 
double symbol (GW-GM, GW-GC, and so 
on) meaning that such soils will be classed 
with soils having from 5 to 12 percent fines. 

Coarse-Grained Soils with Less Than Five 
Percent Nonplastic Fines 

These soils may fall into the groups GW, GP, 
SW, or SP, as follows, where the shape of the 
grain size distribution curve determines the 
second letter of the symbol. The terms well- 
graded (W) and poorly-graded (P) have been 
discussed earlier. However, as noted above, if 
the fines do interfere with the free drainage pro- 
perties, a dual or double symbol will be used. 

l GW and SW groups. The GW groups in- 
clude well-graded gravels and gravel-sand mix- 
tures which contain little or no nonplastic fines. 
The presence of the fines must not noticeably 
change the strength characteristics of the coarse- 
grained fraction and must not interfere with its 
free draining characteristics. The SW groups 
contain well-graded sands and gravel-sands with 
little or no plastic fines. 

l GP and SP groups. The GP group in- 
cludes poorly-graded gravels and gravel-sand 
mixtures containing little or no nonplastic fines. 
The SP group contains poorly-graded sands and 
gravel-sands with little or no nonplastic fines. 
These soils will not meet the gradation re- 
quirements established for the GW and SW 
groups. 

Coarse-Grained Soils Containing More 
Than 12 Percent Fines 

These soils may fall into the groups 
designated GM, GC, SM, and SC. The use of the 
symbols M and C is based upon the plasticity 
characteristics of the material passing the No. 
40 sieve. The liquid limit and plasticity index 
are used in specifying the laboratory criteria for 
these groups. Reference also is made to the 
plasticity chart shown in Table A-l which is 
based upon established relationships between 
the liquid limit and plasticity index for many 
different fine-grained soils. The symbol M is 
used to indicate that the material passing the 
No. 40 sieve is silty in character. An M usually 
designates a fine-grained soil of little or no 
plasticity. The symbol C is used to indicate that 
the binder soil is predominantly clayey in 
character. 

l GM and SM groups. Typical of the soils 
included in the GM group are silty gravels and 
gravel-sand-silt mixtures. Similarly, the SM 
group contains silty sands and sand-silt mix- 
tures. For both these groups, the Atterberg 
limits must plot below the A-line of the plasticity 
chart (Table A-l, Page A-2). or the plasticity 
index must be less than 4. 
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l GC and SC groups. The GC group in- 
cludes clayey gravels and gravel-sand-clay mix- 
tures. Similarly, SC includes clayey sands and 
sand-clay mixtures. For both these groups, the 
Atterberg limits must plot above the A-line with 
a plasticity index of more than 7. See Section 
VIII of this chapter. 

Borderline Soil Groups 

Coarse-grained soils which contain between 
5 and 12 percent of material passing the No. 200 
sieve are classed as borderline and are given a 
dual symbol (for example, GW-GM). Similarly, 
coarse-grained soils which contain more than 12 
percent of material passing the No. 200 sieve, 
and for which the limits plot in the shaded 
portion of the plasticity chart (Table A-l), are 
classed as borderline and require dual symbols 
(for example, SM-SC). It is possible, in rare in- 
stances, for a soil to fall into more than one 
borderline zone. If appropriate symbols. were 
used for each possible classification, the result 
would be a multiple designation consisting of 
three or more symbols. This approach is un- 
necessarily complicated. It is considered best to 
use only a double symbol in these cases, select- 
ing the two that are believed to be most 
representative of the probable behavior of the 
soil. In cases of doubt, the symbols representing 
the poorer of the possible groupings should be 
used. For example, a well-graded sandy soil with 
8 percent passing the No. 200 sieve, with LL 28 
and PI 9, would be designated as SW-SC. If the 
Atterberg limits of this soil were plotted in the 
shaded portion of the plasticity chart (for 
example, LL 20 and PI 51, the soil would be 
designated either SW-SC or SW-SM, depending 
on the judgment of the engineer, from the stand- 
point of the climatic region. 

FINE-GRAINED SOILS 

Fine-grained soils are those in which more 
than half the material is smaller than (passes) 
a No. 200 sieve. 
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Classification Criteria 

The fine-grained soils are not classified on the 
basis of grain-size distribution, but according to 
plasticity and compressibility. Laboratory 
classification criteria are based on the relation- 
ship between the liquid limit and plasticity 
index designated in the plasticity chart in Table 
A-l. This chart was established by the deter- 
mination of limits for many soils, with an 
analysis of the effect of limits upon physical 
characteristics. The L groups, which have liquid 
limits less than 50, and the H groups, which 
have liquid limits greater than 50, are the two 
major groupings of fine-grained soils. The sym- 
bols L and H have general meanings of low and 
high compressibility, respectively. 

Grouping of Fine-Grained Soils 

Fine-grained soils are further divided by 
their position above or below the A-line of the 
plasticity chart. 

l ML and MH groups. Typical soils of the 
ML and MH groups are inorganic silts. Those 
of low compressibility are in the ML group. 
Others are in the MH group. All of these soils 
plot below the A-line. The ML group includes 
very fine sands, rock flours (rock dust), and silty 
or clayey fine sands or clayey silts with slight 
plasticity. Loess-type soils usually fall into this 
group. Micaceous and diatomaceous soils 
generally fall into the MH group, but may 
extend into the ML group when their liquid 
limits are less than 50. This is true of certain 
types of kaolin clays which have low plasticity. 
Plastic silts will fall into the MH group. 

l CL and CH groups. In these groups, the 
symbol C stands for clay, while L and H denote 
low or high liquid limits. These soils plot above 
the A-line and are principally inorganic clays. 
The CL group includes gravelly clays, sandy 
clays, silty clays, and lean clays. The CH group 
contains inorganic clays of high plasticity in- 
cluding fat clays, the gumbo clays of the 
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southern United States, volcanic clays, and 
bentonite. The glacial clays of the northern 
United States cover a wide area in the CL and 
CH groups. 

l OL and OH groups. The soils in these two 
groups are characterized by the presence of 
organic matter, hence the symbol, 0. All of these 
soils generally plot below the A-line. Organic 
silts and organic silt-clays of low plasticity fall 
into the OL group. Organic clays of high plas- 
ticity plot in the OH zone of the plasticity chart. 
Many of the organic silts, silt-clays, and clays 
deposited by the rivers along the lower reaches 
of the Atlantic seaboard have liquid limits above 
40 and plot below the A-line. Peaty soils may 
have liquid limits of several hundred percent 
and will plot well below the A-line due to their 
high percentage of decomposed vegetation. A li- 
quid limit test, however, is not a true indicator 
where a considerable portion consists of other 
than soil matter. 

l Borderline soils. Fine-grained soils with 
limits which plot in the shaded portion of the 
plasticity chart are borderline cases and are 
given dual symbols (for example, CL-ML). 
Several soil types, exhibiting low plasticity, plot 
in this general region on the chart where no 
definite boundary between silty and clayey soils 
exists. 

HIGHLY ORGANIC SOILS 

A special classification (Pt) is reserved for the 
highly organic soils, such as peat, which have 
many characteristics undesirable for use as 
foundations and construction materials. No 
laboratory criteria are established for these 
soils, as they can be identified in the field by 
their distinctive color, odor, spongy feel, and 
fibrous textures. Particles of leaves, grass, 
branches, or other fibrous vegetable matter are 
common components of these soils. 

FIELD IDENTIFICATION 

Lack of time and facilities often makes 
laboratory soil testing impossible in military 
construction. Even where laboratory tests are to 
follow, field identification tests can reduce the 
number of laboratory test samples to a 
minimum. 

Preparation 

Several simple tests are used in field identi- 
fication. The number of tests depends on the type 
of soil and the experience of the individual 
employing them. Experience is the greatest 
asset in field identification, and learning the 
techniques from an experienced technician is the 
best method of acquiring experience. Lacking 
such assistance, experience is gained by getting 
the feel of soils during laboratory testing. An 
approximate identification can be made by 
examining a dry sample spread on a flat surface. 
All lumps should be pulverized until individual 
grains are exposed, but not broken, since this 
will change the grain size and the character of 
the soil. A rubber-faced or wooden pestle and a 
mixing bowl are recommended, but mashing the 
sample underfoot on a smooth surface will 
suffice for an approximate identification. 
Examination of the characteristics of the par- 
ticles in the sample makes it possible to assign 
the soil to one of the three principle groups; 
coarse-grained, fine-grained, or organic soils. 
Classification derived from these tests should be 
recognized as approximations. 

An approximate identification of a coarse- 
grained soil is made by observing grain size, 
gradation, grain shape, and hardness of the 
particles. 

Tests for identification of the fine-grained 
portions of any soil are performed on the portion 
of the material which passes a No. 40 sieve. This 
is the same soil fraction used in the laboratory 
for Atterberg limits tests, such as plasticity. If 
this sieve is not available, a rough separation 
may be made by spreading the material on a flat 
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surface and removing the gravel and larger sand 
particles. Fine-g-rained soils are examined 
primarily for characteristics related to plasticity. 

Organic soils are identified by significant 
quantities of organic matter. The presence of 
decayed roots, leaves, grasses, and other 
vegetable matter produces highly organic soil, 
which is usually dark in color when moist and 
has a soft spongy feel and a distinctive odor of 
rotting organic matter. Partly organic soils may 
contain finely divided organic matter detectable 
by color or odor. 

Equipment Required 

Field tests may be performed with little or 
no equipment other than a small amount of 
water. However, accuracy and uniformity of 
results will be greatly increased by the proper 
use of certain equipment available in nearly all 
engineer units. 

Sieves. At least the No. 40, and possibly the 
No. 4 and the No. 200. 

Digging rock. A hand earth auger or 
posthole digger is useful to secure samples from 
depths a few feet or more below the surface. 

Stirrer. 

Knife. 

Mixing bowl and pestle. 

Paper. 

Pan and heating element. 

Scales or balances. 

Factors Considered 

The USCS considers three soil properties: the 
percentage of gravel, sand, or fines; the shape 
of the grain-size distribution curve; and the 
plasticity. These are the primary factors to be 
considered, but other observed properties, 
whether made in the field or in the laboratory, 
should also be included in the soil description. 
The following information can be invaluable in 
the design phases: 
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Color. 

Grain size; estimated maximum grain size 
and estimated percent by weight of fines 
(material passing No. 200 sieve). 

Gradation. 

Grain shape. 

Plasticity. 

Predominant soil type. 

Secondary components. 

Classification (symbol). 

Organic, chemical or metallic content. 

Compactness (dense or loose). 

Consistency. 

Cohesiveness (ability to hold together 
without cementation). 

Dry strength. 

Source (residual or transported). 

Example of Soil Description 

A complete description with proper classifica- 
tion symbols conveys more to the user of the 
data than the symbol of any isolated portion of 
the description. An example of a soil description, 
using the sequence and considering the proper- 
ties is: 

Dark brown to white. 

Coarse g-rained, maximum particle size 3 
inches, estimated 60 percent gravel, 36 percent 
sand, and 4 percent fines passing through No. 
200 sieve. 

Poorly graded (gap-graded, insufficient fine 
gravel). 

Gravel particle subrounded to rounded. 

Nonplastic. 

Predominantly gravel. 

With considerable sand and a small amount 
of nonplastic fines (silt). 

GP !classification symbol). 
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Slightly calcareous, no dry strength, dense in 
the undisturbed state. 

TESTS FOR FIELD CLASSIFICATION 

The following tests produce observations that 
pertain to the Unified Soil Classification System 
(Table A-l, Appendix A), and permit field iden- 
tification as well as classification. Tests ap- 
propriate to the given soil sample should be 
made. Some tests appear to yield duplicate 
results. The purpose of these tests is to get the 
best possible identification in the field. Thus, if 
a simple visual examination will define the soil 
type, only one or two of the other tests have to 
be made to verify the identification. When the 
results from a test are inconclusive, some of the 
similar tests should be tried to establish the best 
identification. 

Visual Examination 

This test should establish the color, grain 
sizes, grain shapes of the coarse-grained portion, 
some idea of the gradation, and some properties 
of the undisturbed soil. 

l Color. Color helps in distinguishing be- 
tween soil types, and with experience, aids in 
identifying the particular soil type. Color may 
also indicate the presence of certain chemicals 
or impurities. Color often varies with the 
moisture content of a soil. Thus, the moisture 
content at the time of color identification should 
be included. Some of the more familiar color 
properties are stated below. Colors in general 
become darker as the moisture content increases 
and lighter as the soil dries. Some fine-grained 
soil (OL, OH) with dark, drab shades of brown 
or gray, including almost black, contain organic 
colloidal matter. In contrast, clean, bright 
shades of gray, olive green, brown, red, yellow, 
and white are associated with inorganic soils. 
Gray-blue or gray-and-yellow mottled colors fre- 
quently result from poor drainage. Red, yellow, 
and yellowish-brown result from the presence 
of iron oxides. White to pink may indicate con- 
siderable silica, calcium carbonate, or aluminum 
compounds. 

l Grain size. The maximum particle size of 
each sample considered should always be 
estimated if not measured. This establishes the 
upper limit of the gradation curve. Gravels 
range down to the size of peas. Sands start just 
below this size and decrease until the individual 
grains are just distinguishable by the naked eye. 
The eye can normally see individual grains 
about 0.07 millimeter in size, or about the size 
of the No. 200 screen. Silt and clay particles, 
which are smaller than sands, are in- 
distinguishable as individual particles. 

l Grain shape. While the sample is 
examined for grain sizes, the shapes of the 
visible particles can be determined. Sharp edges 
and flat surfaces indicate angular shape, while 
smooth, curved surfaces indicate rounded shape. 
Particles may not be completely angular nor 
completely rounded. These particles are called 
subangular or subrounded depending on which 
shape predominates. 

l Distribution of grain sizes. Laboratory 
analysis must be performed when accurate 
distribution is to be determined. However, an 
approximation can be made during the visual 
examination. 

Separate the larger grains (gravel and some 
sand particles) from the remainder of the soil by 
picking them out individually. 

Examine the remainder of the soil and 
estimate the proportion of visible individual par- 
ticles (larger than No. 200 sieve) and the fines 
(smaller than No. 200 sieve). 

Convert these estimates into percentages by 
weight of the total sample. If the fines exceed 
50 percent, the soil is considered fine g-rained (M, 
C, or 0). If the coarse material exceeds 50 per- 
cent, the soil is coarse grained (G or S). 

Examine coarse-grained soil for gradation of 
particle sizes from the largest to the smallest. 
A good distribution of all sizes means the soil 
is well graded (W). Overabundance or lack of any 
size means the material is poorly graded (PI. 
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Estimate the percentage of the fine-g-rained 
portion of the coarse-grained soil. If less than 5 
percent (nonplastic fines) of the total, the soil 
may be classified either as a GW, GP, SW, or SP 
type, depending on the other information noted 
above. 

If the fine-grained portion exceeds 12 percent, 
the soil will be either M or C and requires 
further testing to identify. 

Fine-grained portions, between 5 and 12 per- 
cent (nonplastic fines or fines not interfering 
with free drainage1 are borderline and require 
double symbols such as GW-GM or SW-SM. 

Fine-grained soils (M, C, or 01, require other 
tests to distinguish them further. Grain-size 
distribution of fine portions is not normally per- 
formed in field identification. However, if 
necessary, an approximation can be made by 
shaking the line portions in a jar of water and 
allowing the material to settle. The material 
will settle in layers of different sizes from which 
the proportion can be estimated. Gravel and 
sand settle into a much denser mass than either 

clay or silt. 

l Undistributed soil properties. Using 
characteristics determined up to this point, it is 
possible to evaluate the soil as it appeared in 
place. Gravels or sands can be described 
qualitatively as loose, medium, or dense. Clays 
may be hard, stiff, or soft. The ease or difficulty 
with which the sample was removed from the 
ground is a good indicator. Soils which have 
been cultivated or farmed can be further 
evaluated as loose or compressible. Highly 
organic soils can be spongy or elastic. In addi- 
tion, moisture content of the soil influences the 
in-place characteristics. This condition should 
be recognized and reported with the undisturbed 
soil properties. 

Breaking or Dry Strength Test 

This test is performed only on the material 
passing the No. 40 sieve. It is used to measure 
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the cohesive and plastic characteristics of the 
soil. The test distinguishes between the clayey 
(C) and the silty (M) soils. 

Separate the selected sample of the soil on 
the No. 40 sieve and prepare a pat of soil about 
2 inches in diameter and % inch thick by 
molding it in a wet, plastic state. Natural 
samples may be found in pats which are of the 
proper size, but may yield incorrect results. This 
is due to the variations in the natural drying and 
compaction processes. If natural samples are 
used, the results must be treated as approxima- 
tions and verified later. 

Allow the pat to dry completely, then grasp 
the pat between the thumbs and forefingers of 
both hands and attempt to break it. See Figure 
2-3 for the proper way to hold the pat. If the pat 
breaks, try to powder it by rubbing it between 
the thumb and forefinger of one hand. 

Figure 2-3. Breaking or dry strength test 

The results of this test indicate the following: 

l Pat cannot be broken nor powdered by 
finger pressure -Very highly plastic soil (CH). 

l Pat can be broken with great effort, but 
cannot be powdered-Highly plastic soil (CL). 



l Pat can be broken and powdered, but with 
some effort-Medium plastic soil (CL). 

l Pat breaks quite easily and powders 
readily-Slightly plastic soil (ML, MH, or CL). 

l Pat has little or no dry strength and 
crumbles or powders when picked up- 
Nonplastic soil (ML or MH) or (OL or OH). 

NOTE 

Dry pats of highly plastic clays quite often 
display shrinkage cracks. To break the 
sample along such a crack will give an in- 
dication of only a very small part of the true 
dry strength of the soil. It is important to 
distinguish between a break along such a 
crack and a clean, fresh break that in- 
dicates the true dry strength of the soil. 

Roll or Thread Test 

This test is performed only on the material 
passing the No. 40 sieve. A representative por- 
tion of the sample is mixed with water until it 
can be molded or shaped without sticking to the 
fingers. This moisture content is referred to as 
being just below the sticky limit. 

Prepare a nonabsorbent rolling surface by 
placing a sheet of glass or heavy wax paper on 
a flat or level support, then shape the sample 

I. 

Figure 2-4. Roll or thread test 

I 

into an elongated cylinder and roll the prepared 
soil cylinder on the surface rapidly into a thread 
approximately ‘/, inch in diameter. The tech- 
nique is shown in Figure 2-4. If the moist soil 
rolls into a thread, it is said to have some 
plasticity. The number of times it can be rolled 
into a thread without crumbling is a measure 
of the degree of plasticity of the soil. Materials 
which cannot be rolled in this manner are 
nonplastic or have a very low plasticity. 

The results of this test indicate the following: 

l Soil may be molded into a ball or cylinder 
and deformed under very firm finger pressure 
without crumbling or cracking-High plasticity 
(CH). 

l Soil may be molded, but it cracks or 
crumbles under finger pressure -Medium 
plasticity (CL). 

l Soil cannot be lumped into a ball or 
cylinder without breaking up-Low plasticity 
(CL, ML, or MH). 

l Soil forms a soft, spongy ball or thread 
when molded-Organic material (OL or OH), 
also peat. 

l Soil cannot be rolled into a thread at any 
moisture content-Nonplastic soil (ML or MH). 

NOTE 

Micaceous silts and sands can be rolled 
due to the flaky nature of the mica. The wet 
shaking test is the only way to distinguish 
this property. 

From the thread test, the cohesiveness of the 
material near the plastic limit may also be 
described as weak, firm, or tough. The higher 
the soil is on the plasticity chart (Table A-l, 
Appendix A), the stiffer the threads are as they 
dry out and the tougher the lumps are if the soil 
is remolded after rolling. 
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Ribbon Test 

This test is also performed only on material 
passing the No. 40 sieve. The sample is prepared 
as for the roll or thread test until the moisture 
content is just below the sticky limit. This test 
and the roll test complement each other and give 
a clearer picture of the soil. 

Form a roll of soil about % to “/, inch in 
diameter and 3 to 5 inches long. Lay the roll 
across the palm of one hand (palm up), and start- 
ing at one end, squeeze the roll between the 
thumb and forefinger over the edge of the hand 
to form a flat unbroken ribbon about ‘/, to ‘/, inch 
thick. Allow the ribbon as formed to hang free 
and unsupported (Figure 2-51. Continue squeez- 
ing and handling the roll carefully to form the 
maximum length of ribbon that can be sup- 
ported only by the cohesive properties of the soil. 

Figure 2-5. Ribbon test 
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The results of this test indicate the following: 

l Sample holds together for a length of 8 to 
10 inches without breaking-Highly plastic and 
highly compressive (CH). 

l Soil can be ribboned only with difficulty in- 
to 3-inch to 8-inch lengths-Low plasticity (CL). 

Wet Shaking Test 

The wet shaking test is performed only on the 
material passing the No. 40 sieve. For this test, 
enough material to form a ball of material about 
“/, inch in diameter is moistened with water. This 
sample should be just wet enough so that the soil 
will not stick to the fingers upon remolding or 
just below the sticky limit. 

Smooth the soil pat in the palm of the hand 
with the blade of a knife or small spatula, shake 
it horizontally, and strike the back of the hand 
vigorously against the other hand. The soil 
reacts to this test when, on shaking, water comes 
to the surface of the sample producing a smooth, 
shiny appearance. This appearance is frequently 
described as livery (Figure 2-6, 1 and 2). When 
the sample is squeezed between the thumb and 
forefinger of the other hand, the surface water 
will quickly disappear. The surface will become 
dull (Figure 2-6,3), and the material will become 
firm, resisting deformation. Cracks will occur as 
pressure is continued, with the sample finally 
crumbling like a brittle material (Figure 2-6,4). 
The vibration caused by the shaking of the soil 
sample tends to reorient the soil grains, decrease 
the voids, and force water which had been 
within these voids to the surface. Pressing the 
sample between the fingers tends to disarrange 
the soil grains, increase the voids space, and 
draw the water into the soil. If the water con- 
tent is still adequate, shaking the broken pieces 
will cause them to liquefy again and flow 
together, and the complete cycle may be 
repeated. This process can occur only when the 
soil grains are bulky in shape and noncohesive 
in character. 
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1. initial Sample 

3. Squeezing the Sample 

2. Livery Appearance 

4. Crumbling the Sample 

Figure 2-6. Wet shaking test 

Very fine sands and silts fall into this 
category and are readily identified by the wet 
shaking test. Since it is rare that fine sands and 
silts occur without some amount of clay mixed 
with them, there are varying reactions to this 
test. Even a small amount of clay will tend to 
greatly retard this reaction. 

The results of this test indicate the following: 

l A rapid reaction to the shaking test is 
typical of nonplastic, fine sands and silts (Figure 
2-6, 2). 

l A sluggish reaction indicates slight 
plasticity (such as might be found from a test of 
some organic silts) or silts containing a small 
amount of clay. 

l No reaction at all to this test does not in- 
dicate a complete absence of silt or tine sand. 

Odor Test 

Organic soils (OL and OH) usually have a 
distinctive, musty, slightly offensive odor. The 
odor can be used as an aid in identifying such 
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materials. This odor is especially apparent from 
fresh samples, but becomes less pronounced as 
the sample is exposed to air. The odor can be 
made stronger by heating a wet sample. 

Bite or Grit Test 

This test is a quick and useful one in identi- 
fying sand, silt, or clay. A small pinch of soil is 
ground lightly between the teeth. 

The results of this test indicate the following: 

l Sandy soils. The sharp hard particles of 
sand will grate very harshly between the teeth 
and will be highly objectionable. This is true 
even of the fine sands. 

l Silty soils. Silt grains are so much 
smaller than sand grains that they do not feel 
nearly as harsh between the teeth. They are not 
particularly gritty, although their presence is 
still quite unpleasant and easily detected. 

l Clayey soils. Clay grains are not gritty, 
but feel smooth and powdery like flour between 
the teeth. Dry lumps of clayey soils will stick 
when lightly touched with the tongue. 

Shine Test 

This test is another means of determining 
plasticity of a soil. A slightly moist or dry piece 
of highly plastic clay will produce a definite 
shine when rubbed with a fingernail or a smooth 
metal surface such as a knife blade. Lean clay 
will remain dull after this treatment. 

Feel Test 

This is a general purpose test and requires 
considerable experience and practice before 
reliable results can be expected. Its use will in- 
crease with growing familiarity with soils. Con- 
sistency and texture are two characteristics 
which can be determined. 

l Consistency. The natural moisture con- 
tent is an indicator of the soil drainage which 
may affect this characteristic. 

For the consistency test, squeeze a piece of 
undisturbed soil between the thumb and fore- 
finger to determine its consistency. Consistency 
is described by such terms as hard, stiff, brittle, 
friable, sticky, plastic, and soft. 

Remold the soil by working it between the 
hands and observe the results. This can indicate 
the natural water content. Clays which become 
fluid on remolding are probably near their liquid 
limit. If they remain stiff and crumble when 
reworked, they are probably below the plastic 
limit. 

l Texture. This term is applied to the fine- 
g-rained portion of the soil and refers to the 
degree of fineness and uniformity. 

Rub a portion of the soil between the fingers 
and observe the texture and describe it as floury, 
smooth, gritty, or sharp. To increase sensitivity, 
rub the soil on a more tender skin area such as 
the inside of the wrist. 

Typical results are similar to the bite test. 
Sand will feel gritty. Silts, if dry, will dust 
readily and feel soft and silky to the touch. Clays 
powder only with difficulty, but feel smooth and 
gritless like flour. 

Sedimentation Test 

From the visual observation test, it is easy 
to approximate the proportions of sand and 
gravel in a soil by spreading the dry sample out 
on a flat surface and separating the gravel par- 
ticles by hand. Separating the fines from the 
sand particles is more difficult although just as 
important. Smaller particles will settle through 
water at a slower rate than large particles. 
Placing a small amount of the fine fraction of 
soil (such as a heaping tablespoon1 in a 
transparent cup or jar, covering it with about 
5 inches of water, and agitating it by stirring 
or shaking will completely suspend the soil in 
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water. With most cohesive soils, it will be 
necessary to break up the lumps of soil before 
adding the water. This can be done by grinding 
the soil in a canteen cup with an improvised 
wood pestle. After the soil particles have been 
thoroughly dispersed in the water and then left, 
they will start to settle out, beginning with the 
larger sized particles, in time periods indicated 
in Table 2-2. 

Table 2-2. Sedimentation test 

Approxlmate 
tlme of Grain 

settlement dlameter 
through (mm+) Differentiates 

5 inches 
of water 

2 seconds 0.4 
30 seconds 0.072 
10 minutes 0.03 
1 hour 0.01 

Coarse sand-fine sand 
Sand-fines 
Coarse silt-fine silt 
Silt-clay 

* Millimeter 

The most important use of the sedimentation 
test is to differentiate the coarse (0.072 
millimeter) fraction from the fine fraction of a 
soil. Since all of the particles of soil larger than 
0.072 millimeter will have settled to the bottom 
of the cup or jar 30 seconds after the mixture has 
been agitated, it follows that the particles still 
remaining in suspension are fines. If the water 

containing the suspended fines is carefully 
poured into another container 30 seconds after 
agitation, if more water is added to the cup or 
jar containing the coarse fraction, and if the pro- 
cedure is repeated until the water-soil mixture 
becomes clear 30 seconds after mixing, then the 
cup or jar will contain the coarse fraction of soil, 
and the pan containing the suspension will hold 
the fines. If the water can be wicked or 
evaporated off, the relative amounts of fines and 
sand can be determined fairly accurately. Other- 
wise, a direct measurement of the settled out 
fines can be obtained as a guide. Thus, in a 
sense, the test acts like the No. 200 sieve. 

Most field identification tests are performed 
on the No. 40 sieve soil fraction (tines and fine 
sand portion). This fraction can be separated by 
using a procedure similar to that already out- 
lined except that the water is poured off within 
1 or 2 seconds after completion of agitation. The 
suspended portion will then include the particles 
of fine sand range. 

A difficulty is encountered with many clay 
soils because the clay particles will often form 
small lumps (flocculate) that will net break up 
in water. Usually this condition can be detected 
by examining the coarse fraction of the soil after 
several repetitions of the test. If substantial 
amounts of clay are still present, the sand will 
feel slippery and further mixing and grinding 
with a good stick will be necessary to help break 
up these lumps. 
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Identification Sequence 

Figure 2-7 gives the suggested sequence of 
tests for identifying and classifying a soil sample 
using the rapid field procedures just described. 

Figure 2-7. Suggested procedures for hasty field identification 

Section II. SOIL SURVEYS AND SAMPLING 

DISCUSSION TYPES OF SOIL SURVEYS 

The survey of soil conditions at the site of pro- 
posed military construction provides informa- 
tion about the nature, extent, and condition of 
soil layers; the position of the water table and 
drainage characteristics; and sources of possible 
construction materials. The soil survey is vital 
to both the planning and execution of military 
construction operations. 

A soil survey consists of gathering soil 
samples for examining, testing, and classifying 
soils and developing a soil profile. Two types of 
soil surveys are the hasty survey, which is made 
either under expedient conditions or when time 
is very limited, and the deliberate survey, which 
is made when adequate equipment and time are 
available. 
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Hasty Survey 

The hasty survey should be preceded by as 
careful a study of all available sources of infor- 
mation as conditions permit. If possible, from the 
air a trained person may observe soil conditions 
in the proposed construction area. Careful aerial 
observation gives an overall picture, which is 
often difficult to secure at ground level because 
important features may be obscurred in rough 
or wooded terrain. Rapid ground observation 
along the proposed road location or at the pro- 
posed airfield site will also yield useful informa- 
tion. Observation of the soil profile may be made 
along the natural banks of a stream, eroded 
areas, bomb craters, and other exposed places. 
As construction proceeds, additional soil studies 
will augment the basic data gained through the 
hasty survey and will dictate necessary modi- 
fication in location, design, and construction. 

Deliberate Survey 

The deliberate survey does not dismiss the 
fact that the time factor may be important. 
Therefore, the scope of a deliberate survey may 
necessarily be limited in some cases. A 
deliberate survey is often performed while 
topographical data is being obtained, so that the 
results of the soil survey may be integrated with 
other pertinent information. The principal 
methods of exploration used in soil surveys for 
roads, airfields, and borrow areas are soil 
samples obtained either by using hand augers 
or by digging a test pit. Other methods that may 
be used are power-driven earth augers, sounding 
rods, or earth-moving equipment under expe- 
dient conditions to permit a hasty approach to 
the underlying soil. 

OBJECTIVES OF A SOIL SURVEY 

The objective of a soil survey is to gather (ex- 
plore) as much information of engineering 
significance as possible about the subsurface 
conditions for a specified area. The explorations 
are conducted to determine the following 
information: 

Location, Nature, and Classification of Soil 
Layers 

These are required for adequate and 
economical earthwork and foundation design of 
a structure. By classification of the soils en- 
countered, a prediction can be made as to the ex- 
tent of problems concerning drainage, frost ac- 
tion, settlement, stability, and similar factors. 
While an estimate of the soil characteristics may 
be obtained by field observations, samples of the 
major soil types as well as less extensive 
deposits, which may influence design, should be 
obtained for laboratory testing. 

Condition of Soils in Place 

Conditions, such as moisture content and 
density of a soil in its natural state, play an im- 
portant part in design and construction. 
Moisture content of some soils in-place may be 
so high that the selection of another site for the 
airfield or other structure should be considered. 
If the natural soil is sufficiently dense to meet 
the required specification, no further compaction 
of the subgrade will be required. Very compact 
soils in cut section may be difficult to excavate 
with ordinary tractor scraper units. Scarifying 
or rooting may be needed before excavation. 

Drainage 

Drainage characteristics in both surface and 
subsurface soils are controlled by a combination 
of factors such as the void ratio, soil structure 
and stratification, temperature of soil, depth to 
water table, height of capillary rise, and the 
extent of local disturbances by roots and worms. 
The coarse-grained soils have better internal 
drainage than fine-grained soils. Remolding a 
soil also may change its drainage properties. 
Observations of the soil should be made in both 
the disturbed and undisturbed condition. 

Groundwater and Bedrock 

All structures must be constructed at such an 
elevation that they will not be adversely affected 
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by the groundwater table. The grade line must 
be raised, or the groundwater table must be 
lowered when a structure may be adversely 
affected by capillary rise or by the groundwater 
table itself. Bedrock within the depth of excava- 
tion tremendously increases the time and equip- 
ment required for excavation. If the amount is 
very extensive, it may be cause for a change in 
the grade or even the site location. 

SOURCES USEFUL IN PLANNING SOIL 
SURVEYS 

There are many sources of information 
available to the soils engineers. These should all 
be used to the fullest extent to eliminate as 
much detailed investigation as possible. These 
sources will be used to locate small areas, within 
a large general area, which are suitable for 
further investigation. For the final site selection 
actual field investigations must be made. A field 
party must secure reliable data rapidly, since 
final decisions are based on field observations. 

Intelligence Reports and Local Inhabitants 

Intelligence reports which include maps and 
studies of soil conditions usually are available 
for areas in which military operations have been 
planned. Among the best and most comprehen- 
sive of these are the National Intelligence 
Surveys and Engineer Intelligence Studies. 
These reports are a source of information on 
geology, topography, terrain conditions, climate 
and weather conditions, and sources of construc- 
tion materials. 

Local inhabitants may provide information 
to supplement intelligence reports or provide in- 
formation about areas for which intelligence 
reports are unavailable. Data obtained from this 
source would include possible location of borrow 
material, sand and gravel deposits, and peat or 
highly organic soils, as well as information on 
the climate the topography of the area. 

Maps 

Maps provide valuable information, especial- 
ly when planning the soil survey. Maps show- 
ing the suitability of terrain for various military 
purposes, prepared by friendly foreign or enemy 
agencies, may be useful. There are several kinds 
of maps which provide different types of infor- 
mation about an area under investigation. 

l Geological maps and brief descriptions of 
regions and quadrangles are available from the 
US Geological Survey (1200 South Eads Street, 
Arlington, VA 22202). Generally, the smallest 
rock unit mapped is a formation, and geological 
maps indicate the extent of these formations 
by means of symbolic letters, color, or patterns. 
Letter symbols on the map also indicate the 
location of sand and gravel pits, and the rear 
of the map sheet sometimes has a brief discus- 
sion entitled “Mineral Resources” describing the 
location of construction materials. 

l Ordinary topographic maps may be helpful 
in estimating soil conditions, particularly when 
used with geological maps. Topographic maps, 
especially when the contour interval is 20 feet 
or more, give only a generalized view of the land 
surface. Inspection of the drainage pattern and 
slopes can provide clues to the nature of rocks, 
depth of weathering, soil, and drainage. For 
example, sinkholes may indicate limestone or 
glacial topography; hills and mountains with 
gently rounded slopes usually indicate deeply 
weathered rocks; and parallel ridges are com- 
monly related to steeply folded, bedded rock with 
hard rock along the ridges. Features such as 
levees, sand dunes, beach ridges, and alluvial 
fans can be recognized by their characteristic 
shapes and geographic location. 

l Agricultural soil maps and reports are 
available for many of the developed agricultural 
areas of the world. These studies are concerned 
primarily with surface soils generally to a depth 
of 6 feet. Their value as aids in the engineering 
study of surface soils is apparent. For example, 
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if the same soil occurs in two different areas, 
it can be sampled and evaluated for engineer- 
ing purposes in one area, and the amount of 
sampling and testing can then be sharply re- 
duced in the second area. Factors considered in 
the field surveys upon which the maps are based 
include the careful study of the soil horizons in 
test pits, highway and railway cuts, auger bor- 
ings, and other exposed places. Information on 
topography, drainage, vegetation, temperature, 
rainfall, water sources, and rock location may 
be found in an agricultural report. Soils usually 
are classified according to their texture, color, 
structure, chemical and physical composition, 
and morphology. 

Air Photographs 

The use of air photographs in delineating and 
identifying soils is based upon the recognition 
of typical patterns formed under similar condi- 
tions of soil profile and weathering. Principal 
elements which can be identified on a photo- 
graph and which provide clues to the identifica- 
tion of soils to a trained observer are landform, 
slopes, drainage patterns, erosional character- 
istics, soil color or tone vegetation, and land use. 
Examples of the information which may be 
derived from the examination of air photographs 
follow: 

l The landform or configuration of the land 
in different types of deposits is characteristic and 
can be identified on aerial photographs. For ex- 
ample, glacial forms such as moraines, kames, 
eskers, and terraces have readily identified 
forms. In desert areas, characteristic dune 
shapes indicate areas covered by sands subject 
to movement by wind. In areas underlain by flat- 
lying, soluble limestone, the air photograph 
typically shows sinkholes. 

l Prevailing ground slopes generally repre- 
sent the texture of the soil. Steep slopes are 
characteristic of granular materials, while 
relatively flat and smoothly rounded slopes may 
indicate more plastic soils. 

l A simple drainage pattern is frequently 
indicative of pervious soils. A highly integrated 
drainage pattern is frequently indicative of im- 
pervious soils, which in turn are plastic and lose 
strength when wet. Drainage patterns also 
reflect underlying rock structure. For example, 
alternately hard and soft layers of rock cause 
major streams to flow in valleys cut in the softer 
rock. 

l Erosional patterns provide information 
from the careful study of gullies. The cross 
section or shape of a gully is controlled primarily 
by the cohesiveness of the soil. Each abrupt 
change in grade, direction, or cross section in- 
dicates a change in the soil profile or rock layers. 
Short, V-shaped gullies with steep gradients are 
typical of cohesionless soils. U-shaped gullies 
with steep gradients indicate deep, uniform silt 
deposits such as loess. Cohesive soils generally 
develop round, saucer shaped gullies. 

l The soil color is shown on photographs by 
shades of gray, ranging from white to black. Soft, 
light tones generally indicate pervious, well 
drained soils. Large, flat areas of sand are 
frequently marked by uniform light gray tones, 
a very flat appearance, and no natural surface 
drainage. Clays and organic soils often appear 
as dark gray to black areas. In general, sharp 
changes in the tone represent changes in soil 
texture. These interpretations should be used 
with care. 

l Vegetation may reflect surface soil types, 
although its significance is difficult to interpret 
because of the effects of climate and other 
factors. To interpreters with local experience, 
both cultivated and natural vegetation cover 
may be reliable indicators of soil type. 

l Agricultural land use facilitates identifica- 
tion of soils. For example, orchards require well 
drained soils, and the presence of an orchard on 
level ground would imply a sandy soil. Wheat 
is frequently grown on loess type soils. Rice 
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usually is found in poorly-draining soils 
underlain by impervious soils, such as clay. Tea 
grows in well-draining soils. 

FIELD INVESTIGATIONS 

The field investigation consists of the 
sampling operation in the field. The extent and 
methods used will depend upon the time avail- 
able. The three principal methods of sampling 
available to the military engineer are the taking 
of samples from the surface, from excavations 
already in existence, and from test pits or test 
holes. In the hasty survey, the number of test 
pits and test holes are kept to a minimum by 
using existing excavations for sampling 
operations. In the deliberate survey, where a 
more thorough sampling operation is conducted, 
test holes are used extensively and are 
augmented by test pits, governed by the 
judgment of the engineer. 

Methods 

l Test pits. A test pit is an open excavation 
which is large enough for a man to enter and 
study the soil in its undisturbed condition. This 
method provides the most satisfactory results for 
observing the natural condition of the soil and 

collecting undisturbed samples. The test pit 
usually is dug by hand. Power excavation by 
dragline, clamshell, bulldozer, backhoe, or a 
power-driven earth auger can expedite the 
digging if the equipment is available. 
Excavations below the groundwater table 
require the use of pneumatic caissons or the 
lowering of the water table. Load bearing tests 
can also be performed on the soil in the bottom 
of the pit. 

l Test holes. Test hole exploration, using 
the hand auger, is the most common method of 
digging test holes. It is best suited to cohesive 
soils, but can be used on cohesionless soils above 
the water table, provided the diameter of the 
individual aggregate particles is smaller than 
the bit clearance of the auger. The auger borings 
are principally used for work at shallow depths. 
By adding pipe extensions, the earth auger may 
be used to a depth of about 30 feet in relatively 
soft soils. The sample is completely disturbed 
but is satisfactory for determining the soil 
profile, classification, moisture content, 
compaction capabilities, and similar properties 
of the soil. 

Table 2-3 shows methods of underground 
exploration and sampling in a condensed form. 

Common name 
of method 

Auger boring 

Well drilling 

Rotary drilling 

Test pits 
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Table 2-3. Methods of underground exploration and sampling 

Materials in 
which used 

Cohesive soils and 
cohesionless soils 
above ground 
water elevation 

All soils, rock, 
and boulders 

All soils, rock, 
and boulders 

All soils. Lowering 
of ground water 
may be necessary 

Method of 
advancing the hole 

Augers rotated until 
filled with soil and 
then removed to 
surface 

Churn drilling with 
power machine 

Rotating bits operat- 
ing in a heavy 
circulating liquid 

Hand digging or 
power excavation 

Method of 
sampling 

Samples recovered 
from material 
brought up on 
augers 

Bailed sample of 
churned material 
or clay socket 

Samples recovered 
from circulating 
liquid 

Samples taken by 
hand from origi- 
nal position in 
ground 

Value for 
foundation purposes 

Satisfactory for high- 
way exploration at 
shallow depths 

Clay socket samples 
are dry samples 
Bailed samples are 
valueless 

Samples are of no 
value 

Materials can be in- 
spected in natural 
condition and place 
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Preparation 

The location of auger holes or test pits will 
depend upon the particular situation. In any 
case, the method described locates the minimum 
number of holes. The completeness of the 
exploration will depend upon the time available. 
A procedure for road, airfield, and borrow area 
investigations will be described. Soil tests should 
be made on samples representing the major soil 
types in the area. 

l First develop a general picture of the 
subgrade conditions. Field reconnaissance 
should be made to study landforms and soil 
conditions in ditches and cuts. Techniques have 
been developed using aerial photographs for 
delineating areas of similar soil conditions. Full 
use should also be made of existing data in 
agricultural soil maps for learning subsurface 
conditions. 

l Next, determine subgrade conditions in 
the area to be used for runway, taxiway, and 
apron construction. This usually consists of 
preliminary borings spaced at strategic points. 
Arbitrary spacing of these borings at regular 
intervals does not give a true picture and is not 
recommended. Intelligent use of the procedure 
described above, especially the technique of 
identifying soil boundaries from aerial 
photographs, will permit strategic spacing of the 
preliminary borings to obtain the most 
information with the least number of borings. 
In theater of operations cut areas, all holes 
should extend 4 feet below final subgrade 
elevation. In theater of operations fill areas, all 
holes should extend 4 feet below the natural 
ground elevation. These holes usually will result 
in borings below the depth of maximum frost 
penetration (or thaw in permafrost areas). 
Where the above requirements do not achieve 
this result, the borings must extend to the depth 
of maximum frost (or thaw in permafrost areas). 

Soil samples should be obtained in these 
preliminary borings. After these samples are 
classified, soil profiles should be developed, and 

representative soils should be selected for 
detailed testing. Test pits, or large-diameter 
borings, should then be made to obtain the 
samples needed for testing, or to permit in-place 
tests. The types and number of samples required 
will depend on the characteristics of the 
subgrade soils. Subsoil investigations in the 
areas of proposed pavement must include 
measurements of the in-place water content, 
density, and strength. These are used to 
determine the depth of compaction and the 
presence of any soft layers in the subsoil. 

In borrow areas, where material is to be 
borrowed from adjacent areas, holes should be 
made and carried 2 to 4 feet below the 
anticipated depth of borrow. Samples should also 
be classified and tested for water content, 
density, and strength. 

l Select material and subbase from areas 
within the airfield site and within a reasonable 
haul from the site. Exploration procedures for 
possible sources of select material and subbase 
are similar to those described for subgrades 
since the select material and subbase generally 
are natural materials (unprocessed). Test pits or 
large borings put down with power augers are 
needed in gravelly materials. 

l Base and pavement aggregates are 
materials which are generally crushed and 
processed. A survey should be made of existing 
producers plus other possible sources in the 
general area. Significant savings have been 
made by developing possible quarry sites near 
the airfield location. This is particularly 
important in remote areas where no commercial 
producers are operating and in areas where 
commercial production is limited. 

Recording 

The engineer in charge of the soil survey is 
responsible for properly surveying, numbering, 
and recording each auger boring, test pit, or 
other investigations. A log is kept of each test 
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hole which shows the elevation (or depth below 
the surface) of the top and bottom of each soil 
layer, the field identification of each soil 
encountered, and the number and type of each 
sample taken. Other information which should 

be included in the log relates to density of each 
soil, changes in moisture content, depth to 
groundwater, and depth to rock. A typical boring 
log is shown as Figure 2-8. 

Figure 2-8. Typical boring log 
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THE SOIL PROFILE 

Development 

A detailed field log is kept of each auger 
boring or test pit made during the soil survey. 
When the survey has been completed, the 
information contained in the separate logs is 
consolidated. In addition to the classification and 
depth of soil layers recorded in each log, it is 
desirable to show the natural water contents of 
fine-g-rained soils along the side of each log. Also, 
the elevation of the groundwater table should 
be noted. The elevation is determined during the 
soil survey by observing the level at which free 
water stands in the test holes. To get an accurate 
determination, holes should be covered and 
inspected 24 hours after being dug to allow the 
water to reach its maximum level. The soil 

profile (Figure 2-9) is a graph of a vertical cross 
section of the soil layers from the surface of the 
earth downward. It shows the location of test 
holes, profile of the natural ground to scale, 
location of any ledge rock encountered, field 
identification of each soil type, thickness of each 
soil stratum, and profile of the water table. 

Uses 

The soil profile has many practical uses in 
the location, design, and construction of roads, 
airfields, and structures. It has a great influence 
in the location of the grade line, which should 
be placed to take full advantage of the best soils 
available at the site. The profile will show 
whether soils to be excavated are suitable for use 
in embankments, or if borrow soils will be 

Figure 2-9. Typical soil profile 
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required. It may show the existence of unde- 
sirable conditions, such as peat or organic 
matter or bedrock close to the surface, which will 
require special construction measures. It will aid 
in the planning of drainage facilities to take 
advantage of the presence of well-draining soils. 
It may indicate that special drainage installa- 
tions will be needed with soils which are difficult 
to drain, particularly in areas where the water 
table is high. Considerations for capillary and 
frost action may be particularly important when 
frost susceptible soils are shown on the profile. 

RECOMMENDED PROCEDURES 
FOR SOIL SURVEYS 

The following guide and step-by-step 
procedures will help the military engineer when 
conducting soil surveys. 

l Considerations include soil types, securing 
of samples, density and moisture content of soil 
in place, drainage characteristics, and depth to 
groundwater and bedrock. 

l Published information includes geological 
and topographic reports with maps, and agri- 
cultural soil bulletins with maps, these require 
careful interpretation and knowledge of local 
terms. Aerial photographs used to predict sub- 
surface conditions and previous explorations for 
nearby construction projects are also useful. 

l Field information requires general obser- 
vation of road cuts, stream banks, eroded slopes, 
earth cellars, mine shafts, and existing pits and 
quarries. Test holes may be made with hand 
auger or power auger if necessary and available. 
Test pits are necessary where hand auger cannot 
penetrate or where large samples are required. 

l Local inhabitants, preferably trained 
observers such as contractors, engineers, and 
quarry workers, can provide valuable infor- 

mation. 

Preparation 

Planning of the general layout will 
determine the extent of the various soil types, 
vertically and laterally, within the zone where 
earthwork may occur. Large cuts and fills are 
the most important areas for detailed 
exploration. 

l Airfield exploration. Place borings at 
high and low spots, wherever a soil change is 
expected, and in transitions from cut to fill. 
There is no maximum or minimum spacing 
requirement between holes; however, the 
number of holes must be sufficient to give a 
complete and continuous picture of the soil 
layers throughout the area of interest. As a 
general rule, the number of exploration borings 
required on a flat terrain with uniform soil 
conditions will be less than in a terrain where 
the soil conditions change frequently. 

Exploration borings should be conducted at 
the point of interest and located in a manner to 
get the maximum value from each boring. This 
may require exploration borings in the 
centerline as well as edges of runways or roads, 
but no specific pattern should be employed 
except perhaps a staggered or offset pattern to 
permit the greatest coverage. It is accepted 
policy to conduct the exploration borings at the 
edge of existing pavements, unless these 
pavements have failed completely. In this case, 
the reason for the failure should be found. 

l Depth exploration. Take a cut section 4 
feet below subgrade, if possible, and a fill section 
4 feet below original ground level, if possible. 
Effort should be made to locate the groundwater 
table. 

Procedures 

l Log the exploration holes or pits. 

l Locate and number the samples. 

l Determine the elevation and exact location 
of each hole and tie into the site layout. 
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PREPARATION OF SOIL PROFILE 

This is used to locate grade line, for exca- 
vation and grading plan, and for drainage plan. 
Show the boundaries of soil strata, location and 
depth of test holes and samples, elevation of 
bedrock, and water table. Laboratory test results 
should be included when available. The officer 
in charge is responsible for seeing that each test 
pit, boring, or other exploratory excavation is 
properly surveyed, numbered, and recorded, a 
log is kept of each test hole or test pit, and each 
sample is properly numbered, tagged, or other- 
wise labeled, and prepared for shipment to the 
laboratory. 

Locating Samples 

Information obtained from each test pit, 
boring, or other exploratory excavation must be 

correlated with data obtained from other 
sources. In exploration for roads and airfields, 
locations are established by measurements 
along the centerline or at right angle offsets to 
the centerline, as required. Measurements may 
be made by pacing or taping. The soil test set 
contains a 100-foot steel tape for this purpose. 
The location, type, and identification of the ex- 
ploratory excavation are plotted on a 
photograph, map, or sketch made in the 
notebook as illustrated in Figure 2-10. A 
uniform system should be used for plotting ex- 
ploratory excavations. The symbols below are in 
common use. 

Type Abbreviation 
Pit P 
Boring B 
Trench T 

Symbol 
Square 
Circle 
Rectangle 

. L + *;, i : + + 1 * * a * + + ’ *~RoJEccr/vo:~~,~ 
I 

. * t i + / 1 , 
-. t * t ? 

_ J&&E- /?6 
* + * , + ! 

1, i* .+* +. 1 f 1 I. it-~, . . +, + *+. , 
I + + . * + . . . + ~+ . i . ip3.. + . + , . j . + 4 j + . . 1 
+ + 4. I.. .- i I. + f, lf]<f@i t. t. t + I +. *. , 
+ + 1 _ f . . 3 I , 
+ , * f * h &Bo: : : : : : : * < . I I . 

.‘~....*,,~....+. .*t++.“..*....,.. 
~,,‘.‘.t+++...*,+ .,ll....,.....,,_. 
-ii....r/+‘....t, .+,‘*.‘.,...“+... 

I I . * . * + f t . . . . . . . . . . . . . 
+ * 1 . 

Figure 2-70. Typical fieldbook page, locations of soil explorations 
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Recording Samples 

A detailed record or log of each exploratory ting the soil profiles. Interpretation of the log 
excavation (test pit) is kept in a field book as will be made easier if each of the soils en- 
shown in Figure 2-11. Logs must be complete countered is identified in the field and classified 
and contain all information which may be of under the USCS. Soil descriptions must be 
value in interpreting the test results and in plot- accurate and complete. 

- 

--- 

Figure 2-11. Typical field book page, log of test pits 
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Numbering Samples 

Each sample is identified by the following 
information: 

l A project number which consists of a 
number, an abbreviation, or a symbol. For ex- 
ample, BF might be used for Benton Field. 

l An excavation number which corresponds 
to the number of the exploratory excavation. For 
example, P3 would mean that the sample was 
obtained from test pit number 3. 

l A sample number, which is the number of 
the order in which the sample was obtained from 
each location. If more than one bag sample is 
taken from one location, the total number of 
bags comprising the sample also must be record- 
ed. An example of a complete designation 
number is as follows: 

Bl O-P3-2 

(Bag 1 of 2) 

This designation means that the sample was 
taken on project BlO, pit number 3, that it is the 
second sample taken in this pit, and that the bag 
is the first of a total of two bags. The sample 
number is printed with a glazed surface- 
marking pencil on two tags, one which is placed 
inside the bag, and the other which is tied on 
the outside, as shown in Figure 2-12. Gummed 
labels may be similarly used to mark samples 
which are contained in moisture content boxes, 
cylinders, or jars. 

BAG SAMPLES 

Disturbed soil samples taken by means of a 
shovel, auger, or any other convenient hand tool 
and placed in bags are known as bag samples. 
They are used for mechanical analysis, plas- 
ticity, specific gravity, frost susceptibility, com- 
paction, and laboratory compacted CBR tests. 
The size of the sample taken will depend upon 
the tests to be conducted. Two sizes of bags are 
issued in the soil test set. 

Individual Samples 

When exploring foundation conditions, take 
bag samples of each individual type of soil 
encountered. 

l To take individual samples from a pit, 
trench, or exposed face, shave off loose and dried 
soil to obtain a fresh surface and to expose clear- 
ly any variations in the soil. Then take a typical 
sample of each type of soil, or of those types 
which require further investigation (Figure 
2-13). 

l When sampling in auger holes, place 
typical portions of soil obtained along a row in 
correct order as indicated in Figure 2-14, page 
2-30. 

Figure 2-73. Obtaining individual bag samples 
from an exposed face Figure 2-72. Method of labeling bag samples 
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’ sx 
From Here 

Sample No. 2 
From Here 

Figure 2-14. Obtaining individual bag samples 
Figure 2- 15. Taking a composite sample with an 
exposed face 

Composite Samples 

A composite sample is a representative mix- 
ture of all soil within a profile or soil mass to 
be investigated, or of the material contained in 
a stockpile or windrow of soil excavated from a 
trench. A test sample is obtained from a com- 
posite sample by quartering in the laboratory. 

l To take composite samples from test pits, 
trenches, or power shovel cuts, the following 
steps are required: 

Remove any overburden or surface soil that 
is to be wasted. 

Shave off loose and dried soil to obtain a fresh 
surface for taking the sample. 

Spread a quartering cloth or tarpaulin at the 
top of the bank. 

Excavate a channel of uniform cross section 
from top to bottom @&r-e 2-E), and deposit the 
soil on the canvas. 

Collect and bag all material removed to en- 
sure that the sample contains the correct 
proportions. 

l To take composite samples from auger 
holes, collect all material excavated from the 
hole after first removing overburden. 

l To take representative composite samples 
from stockpiles or large windrows, take par- 
ticular care. When material is dumped on large 
piles the coarse material tends to roll to the bot- 
tom, leaving the finer material in the upper por- 
tion. The sample is taken from a full height strip 
after clearing the surface. 

l To sample a small windrow, excavate and 
bag material from a short section, as illustrated 
in Figure 2-16. 
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Figure 2-76. Taking a composite sample from a 
small windrow 

MOISTURE CONTENT SAMPLES 

The natural moisture content of soil is deter- 
mined from samples taken in the field and 
placed in a container which is sealed to prevent 
loss of moisture by evaporation. Natural 
moisture content determinations are valuable 
in interpreting information obtained from test 
borings or pits, in drawing the soil profile, and 
in estimating the physical properties of soils en- 
countered in the field. Generally, 100 grams of 
soil is enough to determine the moisture content 
of fine-grained soils. 

Larger samples are required for soils which 
contain gravel. Three sizes of metal dishes are 
provided in the soil test set. These have tight 
fitting covers and do not require sealing if the 
test is made within one day after the sample is 
taken, If a longer time interval will elapse 
between sampling and testing, the boxes may 
be sealed by the method illustrated in Figure 
2-17. Any other clean containers which can be 
adequately sealed may be used for moisture 
content samples. 

Wrap With Dip or Paint Wrap With 
Friction Tape With Paraffin Paraffin Coated 

Paper or Cloth 

Figure 2- 17. Sealing container to retain moisture 
content of a sample 

UNDISTURBED SAMPLES 

An undisturbed soil sample is one that is cut, 
removed, and packed with the least possible 
disturbance. They are samples in which the 
natural structures, void ratio, and moisture 
content are preserved as carefully as possible. 
Samples of this type are used for determining 
the density (unit weight) of soil in the laboratory, 
and investigating the strength of undisturbed 
soils in the laboratory by the CBR or unconfined 
compression tests. These samples may be 
shipped to more completely equipped labora- 
tories for shear, consolidation, or other strength 
tests. 

Types of undisturbed samples are chunk 
samples, cut by hand with shovel and knife, and 
cylinder samples, obtained by use of a 
cylindrical sampler or the CBR mold equipped 
with sampling cutter. Expedient methods of 
obtaining cylinder samples are also used. 

The method of sampling chosen depends upon 
the equipment available, the tests required, and 
type of soil. All undisturbed samples must be 
handled with care. Cohesionless soil samples 
must be kept in the container until ready for 
testing, and the container should be handled 
without jarring or vibration. Some soils are too 
hard or contain too many stones to permit 
sampling with the cylindrical samplers and can 
be sampled only by cutting out chunks by hand. 
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Taking of undisturbed samples frequently 
requires a great deal of ingenuity in adapting 
the sampling devices to job conditions and in 
devising schemes for their use. Whatever 
method is used, the sample must be taken and 
packed in the container for shipment without 
allowing its structure to change. Protection 
against change in moisture content during 
sampling and shipment is also required. 

CHUNK SAMPLES 

The simplest type of undisturbed sample is 
obtained by cutting out a chunk of soil of the 
desired size and covering it to prevent loss of 
moisture and breakage. This method can be used 
only with soils that will not deform, break, or 
crumble while being removed. 

The process of obtaining a chunk sample 
from a subgrade or other level surface, such as 
the bottom of a test pit, is illustrated in Figures 
2-18,2-19, and 2-20. The first step is to smooth 
the ground surface and mark the outline of the 
chunk. A trench is excavated around the chunk 
(Figure 2-18). Then the excavation is deepened, 
and the sides of the chunk trimmed with a knife 
(Figure 2-19). The chunk is then cut off at the 
bottom with a knife, trowel, or hacksaw blade, 
and carefully removed from the hole (Figure 
2-20). 

To obtain a chunk sample from the vertical 
face of a test pit or trench (Figures 2-21, 2-22, 
and 2-23.1, the first step is to carefully smooth 
the surface of the face and mark the outline of 
the chunk. Soil is excavated from the sides and 
back of the chunk (Figure 2-21). The chunk is 
shaped with the knife (Figure 2-22). Then the 
chunk is cut off and carefully removed from the 
hole (Figure 2-23). 

Step 1 -excavate trench 

Figure 2-18. Taking a chunk sample from a 
level surface 

Step 2-trim sample 

Figure 2-19. Taking a chunk sample from a 
level surface 
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Step 3-cut off and remove 

Figure 2-20. Taking a chunk sample from a 
level surface 

- _ _ .r,,- 
-/, - 

Step 1 -excavate pit and sample tunnel 

Figure 2-21. Taking a chunk sample from a 
vertical face 

Step 2-trim sample 

Figure 2-22. Taking a chunk sample from a 
vertical face 

Step 3-c& off and remove 

Figure 2-23. Taking a chunk sample from a 
vertical face 
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The chunk sample must be sealed after 
removing it from the hole. One method is to 
apply three coats of melted paraffin, as 
illustrated in Figure 2-24. Each coat is allowed 
to cool and become firm before applying the next 
coat. This gives adequate protection for strong 
samples that are to be used within a few days. 
Samples that are weak or that may not be used 
soon require additional protection. They should 
be wrapped with cheesecloth or other soft cloth 
(Figure 2-25) and sealed in paraffin. If cloth is 
not available, the sample can be reinforced with 
several loops of friction tape or twine. Three 
more coats of paraffin then are applied. Extreme 
care is required to prevent damage to the sample 
while performing these operations. 

Figure 2-24. Applying paraffin 
to seal chunk sample 

An alternate method of sealing a chunk 
sample is to dip the entire sample in melted 
paraffin (Figure 2-26) after the first brush coat 
has been applied and the sample wrapped. This 
requires a large container and more paraffin, 
but gives a more uniform coating. By repeated 
dipping, the layer of paraffin can be built up to 
a minimum ‘/,-inch thickness. 

Samples that are to be shipped require 
additional protection. This may be accomplished 
by placing the chunk in a small box and packing, 
as illustrated in Figure 2-27, or by applying 
many coats of cloth and paraffin. 

Figure 2-26. Dipping a chunk sample 
into melted paraffin 

Wood Box Slightly Dampened Excelsior, 
Sakdist or Newspaper 

Sample 

Cardboard Box %” Mm Paraffin 

Figure 2-25. Wrapping a weak chunk sample 
prior to final sealing 

Figure 2-27. Packing a chunk sample for 
transportation or shipment to laboratory 
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CYLINDER SAMPLES BY SOIL 
TRAFFICABILITY SAMPLER 

Apparatus 

The soil trafficability sampler (Figure 2-28) 
consists of a sample tube and an assembly to 
force the tube into the soil. It is forced by hand 
pressure, not by blows from a hammer. A 
movable piston is fitted within the cylinder and 
is attached to a rod which extends through the 
center of the drive tube and terminates in a flat 
dish or base plate at the upper end. The outer 
drive tube is attached to the sample cylinder at 
the bottom and has two handles at the top end. 
One of the handles is knurled and can be turned 
to lock the inner rod when the piston is in 
position. A long and a short spacer bar are bolted 
to the outer tube and are used to establish the 
size of the sample core. It is recommended that 
the sampler not be used for other than extremely 
soft and yielding soils. The walls of the cylinder 
are very thin and can be deformed if they come 
in contact with a hard object. Even hard or dry 
soil can damage the sampler. Its primary use is 
for samples to test the remolding characteristics 
in soils having initially low or very low 
supporting value. Additional information on the 
soil trafficability sampler and soil trafficability 
test set can be found in TM 5-330. 

Procedure I 
The piston is adjusted so that it is flush with 

the cutting edge of the sampler cylinder. The 
knurled handle is locked. 

l The sampler is placed firmly in contact 
with the soil to be sampled. 

l The disk at the top is held to prevent 
vertical movement, and the knurled handle is 
unlocked. Then the sampler cylinder is forced 
into the soil. 

l When the cylinder is fully in the soil, the 
knurled handle is locked to clamp the piston and 
keep the soil sample from slipping out due to the 
vacuum created. 

l The entire sampler is now rotated a half 
turn to shear the soil at the base of the cylinder, 
then carefully withdrawn from the hole and 
inverted so that the dish becomes a base plate. 
There is a spud on the side of the sampler for 
releasing the side friction and the vacuum 
caused by withdrawing the sampler from the 
ground. 

Piston 1 
Q 

Piston Rod Leather Washer 
I 

Setscrew 

’ 44 O’% 

0 Lr’ 
Sampling 



l The longer spacer bar is swung into 
position to act as a stop while the piston ejects 
the sample. 

l The knurled handle is released and the 
drive tube is pushed until the spacer bar hits the 
base plate and a portion of the sample is pushed 
up out of the cylinder. 

The portion of the sample flush with the 
cutting edge of the sampler is cut and discarded. 
This amount of soil discard offsets any uneven 
shearing at the bottom of the hole and gives the 
soil sample a true cylindrical shape. 

l The short spacer bar is swung into 
position, and the long bar is moved out of the 
way. 

The soil sample is ejected until the short bar 
stops the action. Some of the soil sample will still 
be in the cylinder. 

l The soil sample is cut off flush with the 
sampler cutting edge into a preformed plate 
made to fit around the cutter. Use the sample 
cutter (piano wire) for this operation. The sample 
is now exactly 1.87 inches in diameter and 3.45 
inches long. 

l The remaining soil in the sampler is 
discarded. 

This sampler can be used with a hand auger 
to obtain cores at depths up to 48 inches below 
the surface. The cores are sealed. 

Maintenance 

The soil trafficability sampler requires 
proper maintenance and adjustment to produce 
consistent results. It is essential to keep the 
inside of the sampling tube, the piston tube, the 
piston ring, and the leather washer reasonably 
clean. After 5 to 25 samplings, depending on the 
type of soil, the tube should be immersed, first 
in water and then in fuel oil, and the piston 

worked up and down five or six times in each 
liquid. After the excess fuel oil has been wiped 
off, light machine oil should be squirted into the 
tube. If the instrument becomes stiff and hard 
to work, the tube should be removed, the piston 
disassembled and thoroughly cleaned, and the 
leather washer oiled. Care should be taken in 
removing the tube to prevent its slipping from 
the head suddenly and bending the piston rod. 
The tube walls and cutting edges are relatively 
soft and should be handled with care. 

The effective piston rod length should be 
adjusted to keep the face of the piston flush with 
the cutting edge of the tube when the piston rod 
handle (disk) is fully depressed. This is done by 
loosening the setscrew on the handle, screwing 
the handle up or down to the correct position, 
and retightening the setscrew. 

CYLINDER SAMPLES BY CBR MOLD 

In soft, fine-grained soils, cylinder samples 
for undisturbed CBR or density tests may be 
taken directly in the CBR compaction cylinder 
by using the sampling collar (cutter) as 
illustrated in Figure 2-29. First, the surface of 
the ground is smoothed and the sampling collar 
and mold pressed into the soil with moderate 
pressure. A trench is excavated around the 
cylinder (Figure 2-30). The mold is again pressed 
firmly down over the soil, using the hand driver 
or loading bar if necessary (Figure 2-31). A 
loading bar may be improvised from any piece 
of timber of suitable size. The soil is carefully 
trimmed away from the sampling collar with a 
knife, cutting downward and outward to avoid 
cutting into the sample. The actual cutting to 
size is done with the sampling collar. The 
sampler may be forced down with the field CBR 
jack, although this jack has only approximately 
2 inches of travel. It is better to use a truck jack, 
if available. In either case, the sampler should 
not be forced down ahead of the trimming on the 
outside of the cylinder. The trench is then 
excavated deeper and the process repeated until 
the soil penetrates well into the extension collar 

2-36 



FM 5-530 

(Figure 2-29 - 2-32). If stones interfere, they are 
picked out carefully and the space filled with 
soil. This fact is recorded in the log of the sample 
where pertinent. 

Extension Collar CBR Compaction Mold 

Vgure 2-29. Section through CBR mold 

Figure 2-30. Trench cut around cylinder 

Figure 2-31. Using loading bar to drive cylinder 

Figure 2-32. Cylinder in position 
prior to cutting sample 
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The sample is cut off at the bottom of the 
mold, using a shovel, knife, or wire saw (Figure 
2-33). The mold and sample are then removed 
from the hole. 

The upper collar is removed and the top 
surface of the sample trimmed down into the 
mold a distance of about % inch. This recess is 
tilled with paraffin to seal the end of the sample 
(Figure 2-34). The mold is turned over and the 
cutting edge removed. This end is trimmed down 
into the mold about % inch, as before, and the 
resulting space is filled with paraffin. If the 
sample is to be handled very much prior to 
testing, the ends should be overfilled with 
paraffin and then trimmed exactly flush with a 
straightedge. Boards are placed over each end 
and clamped in place, using bolts, wire, or string 
(Figure 2-35). Samples which must be 
transported some distance or which may have 
to be handled quite a bit before testing should 
be wrapped in cloth and soaked in paraffin 
layers 

Figure 2-33. Cutting off cylindrical sample 
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Figure 2-34. Sealing sample in CBR mold 
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Figure 2-35. Protecting sample in CBR mold 

QUARTERING SAMPLES 

The process of reducing a representative 
sample to a convenient size, or of dividing a 
sample into two or more smaller samples for 
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testing, is called quartering. The procedure to 
be used varies somewhat, depending on the size 
of the sample. 

Samples Weighing Over 100 Pounds 

Quartering of a sample of this size is shown 
in Figures 2-36,2-37,2-38, and 2-39. The sample 
is first mixed and piled on the quartering canvas 
(Figure 2-36). Each shovelful is placed in the 
center of the cone so that the soil runs down 
evenly in all directions in order to mix the 
sample. The cone is then flattened with the 
shovel, spreading the material to a circular layer 
of approximately uniform thickness (Figure 
2-37). A stick or pipe is inserted under the center 
of the pile (under the canvas) and both ends of 
the stick are lifted, thus dividing the sample into 
two parts (Figure 2-38). The stick is removed, 
leaving a fold in the canvas. The stick is again 
inserted under the pile, this time at. right angles 
to the first division, and again lifted, dividing 
the sample into four parts (Figure 2-39, page 
2-40). Two diagonally opposite quarters are 
discarded and care is taken to clean the fines 
from the canvas. The remaining material is 

Figure 2-36. Mixing and piling a sample 
weighing more rhan 700 pounds 

remixed by taking alternate shovelfuls from 
each qimrter. The quartering process is repeated 
as necessary to reduce the sample to the desired 
size. 

1 

Figure 2-37. Flattening sample 
to uniform thickness 

Figure 2-38. Halving the sample 
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Samples Weighing 25 to 100 Pounds 

In quartering this size of sample, the soil is 
piled on the canvas and mixed by alternately 
lifting the corners of the canvas and pulling over 
the samples as if preparing to fold the canvas 
diagonally, as illustrated in Figure 2-40. The 
sample is then flattened and quartered. 

Figure 2-39. Quartering the sample 

Figure 2-40. Mixing a sample weighing 
25 to 100 pounds 

Samples Weighing Less Than 25 Pounds 

The process of quartering samples less than 
25 pounds is similar to the process for 100 
pounds and more. The sample is placed on the 
canvas or a clean sheet of paper. It is mixed 
thoroughly with a trowel and formed into a 
conical pile (Figure 2-41). The cone is flattened 
by pressing downward with the trowel (Figure 
2-42). The trowel is used to divide the sample 
into quarters. Diagonally opposite quarters are 
discarded (Figure 2-431. The process is repeated 
as necessary to reduce the size of the sample for 
testing. 

_) -- - _- 

Figure 2-4 1. Preparing a sample weighing 
less than 25 pounds 

Figure 2-42. Flattening a small sample 

- 

2-40 



FM S-530 

Figure 2-43. Quartering a small sample 

Section III. SIEVE ANALYSIS 

DISCUSSION 

Soil grains and gradation are discussed in 
Section I of this chapter, with some considera- 
tion of the effects of grain characteristics on the 
physical properties of soils. The use of grain size 
and grain-size distribution in soil classification 
and visual-manual tests and their use for field 
identification are also covered in Section I. 
Although estimates of grain size of coarser 
materials may be made in this way, the accurate 
determination of the grain-size distribution or 
gradation of coarse soil fractions requires a sieve 
analysis, or grain-size analysis. The proportion 
of material of each grain present in a given soil 
is determined by this test. Sieve separation of 
coarse and fine fractions of mixed soil is required 
to provide samples for further testing. 

GRAIN-SIZE DISTRIBUTION 

This refers to the portion of soil particles of 
different sizes which are contained in a given 

soil. The determination of the grain-size 
distribution of a soil, also called mechanical 
analysis, may be accomplished by a screening 
process (sieve analysis) for coarse-grained or 
cohesionless soils, by a settling process in water 
(wet mechanical analysis or hydrometer 
analysis) for tine-grained or cohesive soils, or by 
both the screening and settling processes on the 
same sample (combined mechanical analysis). 
Any grain-size distribution is valid only when 
the soil particles are completely separated one 
from the other, so that the particles can pass 
through the sieve opening or settle through the 
water individually. Sieve analysis is applicable 
to soil containing small amounts of material 
passing the No. 200 sieve, provided the grain 
size distribution of that portion passing the No. 
200 sieve is not of interest. The sieve analysis 
is conducted either on the entire sample or on 
the sample after the fines are removed by 
prewashing. 
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Preparation 

l Prewashing. The Corps of Engineers 
specifies a sieve analysis with prewashing 
unless otherwise allowed by the specifications. 
Even the most coarse grained and apparently 
the cleanest soil will at times produce a higher 
than expected percentage of fine particles. 
Where time is critical and lower accuracy is per- 
missible, cumulative prewashing may be 
eliminated. If there is any doubt as to the need 
for prewashing, a moist pat of the soil may be 
quickly dried on the stove or in the oven and its 
dry strength examined by crushing it between 
the fingers. If the soil can be crushed and 
powdered easily, sieve analysis can be made 
without prewashing (dry sieve analysis). In 
preparing a sample for dry sieve analysis, 
however, it may still be necessary to pulverize 
the finer portion of the sample to ensure separa- 
tion of the particles. Caution should be used so 
the natural particle shape is not crushed. The 
minimum sample weight required for a sieve 
analysis depends upon the maximum particle 
size in the sample as follows: 

Minimum 
Maximum particle size dry weight of 

(sieve opening) test specimen 

3 in 6,000 G 
11/2 in 3,000 G 
3/4 in 1,500 G 
3/s in 600 G 
No. 4 200 G 

l Drying. A majority of the large samples 
must be dried in preparation for tests such as 
mechanical analysis, compaction, and CBR. 

For air drying, the soil is placed in pans or 
spread on a canvas and exposed to the direct 
rays of the sun or to a draft of dry air. Frequent 
agitation or stirring speeds up the drying. A fan 
blowing air over the sample will greatly increase 
the rate of drying. Care must be taken not to 
blow away the fine material. 

For oven drying, samples are dried in an oven 
to constant weight. This is done most frequently 
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in connection with the determination of the 
moisture (water) content of the soil. 

Some samples, particularly coarse-grained 
soils which do not contain appreciable amounts 
of organic matter, can be dried quickly in a 
frying pan over a hot-plate or gasoline burner 
or by using the alcohol burn-off method. The 
sample must be stirred frequently and every 
precaution taken to prevent the sample from 
being heated beyond the temperature needed to 
evaporate the free water present, 110” i- 5°C. 

Apparatus 

The following equipment (Figure 2-44) is 
provided in the soil test set for sieve analysis: 

Balance, specific gravity determination, 
200-gram capacity (not shown) 

Brush, varnish, 1 inch 

Cover, test sieve, a-inch diameter 

Cloth, cotton duck, 60 x 60 inches 

Mortar, porcelain 

Oven, laboratory (not shown) 

Pan, test sieve, 8-inch diameter 

Pans or evaporating dishes, as required 

Pestle, must be rubber tipped as shown in 
Figure 2-44 

Scale, bench, three weigh beams, 2,610~gram 
capacity 

Scale, bench, twin weigh beams, 21,lOOgram 
capacity 

Scoop, kitchen 

Shaker, testing sieve, laboratory, hand 
operated (Figure 2-45, page 2-44). 

Sieves test, 8-inch diameter: 

Full Height (2 inches deep): 2, lx, 1, “/,, and 
‘/, inch 

Half Height (1 inch deep): Numbers 4,10,40, 
60, 100, and 200 (Figure 2-46, page 2-45). 

- 
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Sieves, Test 
8-tn. W/Cover and Pan 

Scale, Bench, 21,l 

Cloth, Cotton Duck Mortar & Pestle 

Brush 

Figure 2-44. Equipment for sieve analysis 
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a 

Figure 2-45. Hand-operated sieve shaker 
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Figure 2-46. Testing sieves for dry sieve analysis 

NOTE 

A full set of sieves includes 3,2, l/2, 3/4 inch 
and US Numbers 3, 4, 8, 10, 16, 20, 30, 
40, 50, 60, 80, 100, and 200 in addition to 
the above. A set consisting of 3, ll/*, 3/4, 
and 3/e inch and US Numbers 4,8, 16,30, 
50,100, and 200 is recommended by The 
American Society for Testing and Materials 
(ASTM) to give uniform spacing of points 
on the grain-size distribution graph, since 
each opening is twice the size of the one 
below. 

SIEVE METHOD 

Preparation 

Material to be analyzed using the sieve 
method is first air dried, after which any clusters 
of soil are thoroughly broken up using the 
lingers or a mortar and pestle. Care must be 
taken to separate only the individual particles 
and not to crush any of them. If the sample is 
larger than the recommended amount, it should 
be reduced in size by quartering until a 
representative sample about the correct size is 
obtained. Too large a sample can overload a 
sieve, and the result will be incomplete 
separation and errors in the test. 

Procedure 

The prepared sample is now ready for the 
actual test which is conducted according to the 
following directions: 

l Record all identifying information of the 
sample, such as project, excavation number, 
sample number, description of sample, and date 
on DD Form 1206 (Sieve Analysis Data) (Figure 
2-47, page 2-46). 
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SIEVE ANALYSIS DATA 
1 

12 OC’I‘ 8 3 
‘ROJECT 3 EXCAVATION 4 DATE COMPLETED 

Bravo Airfield 1+00 20 OC’I‘ 83 
6 SAMPLE NUMBER 

1 A 
Light brown handy soil 7 PREWASHED ,,m, 

s I YES 1 IN0 
3RIGINAL SAMPLE WEIGHT 9 + #ZOO SAMPLE WEIGHT 10 -Y2W SAMPLE WEIGHT 

‘459 .!159 100 
12 13 !4 IS 16 17 

‘ZEE 
WE;yE=44 OF 

WE:%: OF 
WEIGHT 

RETAINED 
CU~~,rwHn’:V’ PERCENT 

RETAINED 
SAMPLE RETAINED 

pP%%lNE 

uscs SP 

PERCENT. G ?I .?I 

PERCENT. 5 74.73 

PERCENT -F ii.06 

ERROR (rn 
ORIGINAL W-fm, 

X 100 I 

TECHNICIAN 27 COMPUTED BY c~~n,rvn, 26 CHECKED BY 6g,w~, 

Figure 2-47. Data sheet, example of dry sieve analysis 
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l Oven dry the sample at llO” f 5OC, and 
allow it to cool to a constant weight. 

l Weigh the dried and cooled sample and 
record the weight as the weight of the original 
sample. 

l Select a nest of sieves suitable to the soil 
being tested in accordance with specifications. 
Weigh each selected sieve and record its weight. 
The top sieve, if possible, should be able to pass 
the largest particles in the sample. Particles 
larger than the largest sieve must be measured. 
The remaining sieves are selected based on the 
knowledge of the use to which the grain-size 
distribution curve will be put. If this information 
is lacking, all the sieves below the largest one 
should be used. The sieves issued in the test set, 
in order of decreasing size openings, shown in 
parentheses (in millimeters), are as follows: 

2 inch (50.8 millimeters1 

1% inch (38.1 millimeters) 

1 inch (25.4 millimeters) 

“/, inch (19.0 millimeters) 

‘/, inch (6.35 millimeters) 

No. 4 (4.76 millimeters) 

No. 10 (2.00 millimeters) 

No. 40 (0.420 millimeters) 

No. 60 (0.250 millimeters) 

No. 100 (0.149 millimeters) 

No. 200 (0.074 millimeters) 

l Arrange the sieves in a nest with the 
largest opening sieve on top and each 
progressively smaller opening sieve in order 
below it. Attach the bottom pan to the smallest 
sieve used. 

l Place the sample on the top sieve of the 
nest and put on the cover plate. 

l Place the nest of sieves in the shaker and 
shake the nest for about 10 to 15 minutes at 

moderate speed. The length of time depends on 
the amount of fine material in the sample. 
Shaking should continue until the amount of 
material on any sieve does not show appreciable 
change. 

l Shake the nest by hand if a shaker is not 
available. Use a lateral and vertical motion 
accompanied by a slight jarring to keep the 
sample moving continuously over the screens. 
Jarring is accomplished by dropping the nest 
lightly on a stack of papers or magazines. Use 
extreme caution not to break the nest, and do 
not open it to rearrange or manipulate the 
particles. 

l Complete the shaking, set the nest down 
and remove the top cover. 

l Start with the top sieve. Weigh it and the 
material retained on it. 

l Record this weight (sieve and sample) on 
the line opposite the sieve size. 

l Set the weighed sieve and material aside 
until the weighing of all sieves is completed. Do 
not discard any of the material. 

l Remove the next sieve and material, 
weigh, record, and set the sieve and material 
aside. 

p Continue this process for each sieve and 
the bottom pan in the nest. 

Calculations 

Subtract the weight of the empty sieve or pan 
from the sieve plus material weight, for weight 
retained. Total the individual material weights 
(total weight of fractions) and compare the total 
to the original sample weight as determined 
above. The difference is the amount of error. The 
amount of error divided by the original sample 
weight will produce the percentage of error. If 
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the error exceeds ( k ) 1 percent, check each sieve 
fraction for possible error. If no error has been 
made in the weighing, but the weight error still 
exceeds 1 percent, rerun the test. 

SIEVE ANALYSIS WITH PREWASHING 

Samples containing cohesive soil must be 
washed prior to sieve analysis to break up the 
lumps and to remove the coating of cohesive 
particles. 

Preparation 

The sample is oven dried and weighed, then 
it is placed in a clean container, and clean water 
is added to cover the sample completely. Allow 
the sample to soak until the adhering and lumpy 
particles are completely disintegrated. This 
process may take from 2 to 24 hours depending 
on the amount and plasticity of the fine 
material. Stirring and breaking up lumps will 
hasten the process. Use caution not to lose the 
material. 

Procedure 

When the sample has disintegrated and no 
lumps exist, it is ready for prewashing according 
to the following procedures: 

l Transfer the sample and water from the 
container to a No. 200 sieve (no more than 200 
grams at a time). If the sample contains an 
appreciable amount of coarse particles, use a 
nest of a No. 4 or a No. 40 sieve and a No. 200 
sieve to prevent overloading the smaller opening 
sieve. Large particles may be washed indi- 
vidually over the No. 200 sieve and set aside for 
future use. 

l Wash the sample thoroughly until the 
material on the sieve and the wash water is 
clear (Figure 2-48). Rub or stir the sample 
carefully using the fingers. Rinse the fingers 
over the sieve so no material is lost. 

l The wash water and the material which 
has passed through the No. 200 sieve is decanted 
very carefully, then oven dried, weighed, and 
recorded as the original minus No. 200 sample 
before sieving. The entire minus No. 200 sample 
is set aside for future use. 

Figure 2-48. Prewashing a sample 

l The washed sample and any separately 
washed large particles are oven dried and 
reweighed, then recorded as the total plus No. 
200 sample before sieving. 

l The washed and dried sample is dry sieve 
tested. 

l The amount passing the No. 200 sieve 
(weight retained in pan) is added to the original 
minus No. 200 weight to obtain the total weight 
of minus No. 200 material. This total is added 
to the other fraction weights to compute the total 
weight of fractions after testing the error in 
weights. 
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Calculations 

The figures recorded during the test are used 
to compute the percentages and then to compile 
a grain-size distribution curve. 

l Weight retained, Subtract the weight of 
the empty sieve or pan from the weight of the 
sieve plus sample. This weight is the weight of 
material retained. 

l Error. Total the individual weights 
retained on each sieve, excluding material 
retained in the pan. Total retained on sieves plus 
total passing the No. 200 sieve (washed and 
sieved) equals total weight of fractions. 
Comparing the original weight to the total 
weight of fractions will determine the amount 
of error. 

l Percent of error. The amount of error 
divided by the original sample weight multiplied 
by 100 will equal the percentage of error. 

l Cumulative weight retained. Cumulative 
weights are determined when only a portion of 
the original sample is used. This procedure 
should only be used as an expedient method 
when the washing of a large amount of minus 
No. 200 material would be difficult. This may 
be determined by field identification. Expedient 
method results should not be used for design 
purposes. 

Computations 

Example. At Bravo Airfield, a 2,459-gram 
sample has a large amount of fines. 

l The total sample is split over a No. 4 sieve. 
The plus No. 4 is sieved and weighed as 
previously described. The minus No. 4 in the pan 
is then added to minus No. 4 from split. 

l The minus No. 4 material is weighed and 
recorded in remarks as original minus No. 4 

sample weight, then split down to a workable 
size, 522 grams, which is also recorded. The 
522-gram sample is washed, dried, sieved, 
weighed, and recorded. 

l Compare the 522-gram fraction to the 
original minus No. 4 sample weight. 

s = 3.52 

l The cumulative weight retained column is 
computed by multiplying the weights retained 
on the sieves smaller than No. 4 by 3.52 to bring 
the weight retained in sieves back into 
proportion with the original 1,836-gram sample 
of minus No. 4. The percent retained is then 
determined using the cumulative weights. The 
remaining portions of the data sheet will be 
determined as follows. 

l Percent retained. Individual weights 
retained on each sieve divided by the total 
weight of fractions will determine the percent 
retained on each sieve. 

l Percent finer. Percent finer is determined 
by subtracting the percent retained on each 
sieve from the total sample percentage (100 
percent). 

Percent finer - percent retained = 
percent finer than the next consecutive 
sieve. 

l Proportions of gravels, sands, and fines 
expressed in percent. 

100 percent - percent finer than No. 4 = 
percent gravel. 

Percent finer than No. 4 - percent finer 
than No. 200 = percent sand. 

Percent finer than No. 200 = percent 
fines. 
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Plotting the Curve 

The DD Form 1207 (Grain Size Distribution 
Graph-Aggregate Grading Chart) (Figure 
2-49) is used to show that the sieve analysis 
results in a graphic form. The graph uses 
semilogarithmic coordinates. The grain sizes 
are plotted on a logarithmic scale while the 
percentages are plotted on an arithmetical 
scale. The grain sizes are plotted using the 

sieve number along the top edge. The per- 
centage values from Figure 2-47 are plotted, 
and a smooth curve is drawn connecting the 
plotted points. The curve for the sample 
FT-PI-I (Figure 2-47, page 2-46) is shown as 
one of the curves on Figure 2-49. This is the 
final product of a sieve analysis. 

Figure 2-49. Data sheet, grain-size distribution graph 
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This curve clearly shows the distribution and 
range of particle sizes, and is particularly 
helpful in determining the soil classification and 
usability of the soil as a foundation or 
construction material. Coefficients of uniformity 
and curvature, used in the USCS to classify 
sands and gravels by their gradation 
characteristics, are determined from their grain- 
size distribution curve as follows: 

l The grain size, in millimeters, which 
corresponds to 10 percent passing on the grain- 
size distribution curve, is called Hazen’s 
effective size. It is designated by the symbol D,,. 
The uniformity coefficient (C,) is the ratio 
between the grain diameter, in millimeters, 
corresponding to 60 percent passing on the curve 
(that is D,, and the diameter of the 10 percent 
passing (D,,). Hence, C, = D,,/D,,. 

l The coefficient of curvature, designated by 
the symbol C, = (D,,)*/(D,, x D,,). D,, and D,, 
have meanings previously assigned while D,, is 

the grain diameter, in millimeters, corre- 
sponding to 30 percent passing on the grain size 
distribution curve. * 

l For example, the uniformity coefficient 
and coefficient of curvature of the well-graded 
sand, SW, in Figure 2-49 (DD Form 1207) is 
determined from the grain-size distribution 
curve as follows: 

D,, reads 0.72 millimeter. 

D,, reads 0.36 millimeter. 

D,, reads 0.09 millimeter. 

C 
” 

= E = 8.0 

c 0.36 x 0.36 
= = c 2.0 

0.72 x 0.09 

Both C, and C!, meet the criteria shown in 
Table A-l (Appendix A) for well-graded sand, SW 
(C, greater than 6 and C, between 1 and 3). To 
be classified as GH, gravel must have a C, 
greater than 4 and C, between 1 and 3. 

Section IV. SPECIFIC GRAVITY TEST 

DISCUSSION 

The specific gravity of a solid substance is the 
ratio of the weight of the solid to the weight of 
an equal volume of water. For exact analysis, 
the specifications require distilled or 
demineralized water and all measurements of 
water and solids to be made at stated 
temperatures. In dealing with soils, the specific 
gravity is necessary for certain soil tests, such 
as the wet mechanical analysis. It is also 
necessary for computations involving volume or 
weight relationships, such as computing the void 
ratio, percent saturation, and similar values. 
Specific gravity of a soil is largely dependent 

upon the density of the minerals making up the 
individual soil particles. However, as a general 
guide, some typical values can be given for soils 
based on their organic content. 

For most inorganic soils, specific gravity 
ranges from 2.60 to 2.80. Many within this 
group fall between 2.65 and 2.75. Occasional 
soils derived from unusually heavy material 
may have a specific gravity as high as 3.00. 

Soils with large amounts of organic matter 
or porous particles (such as diatomaceous earths) 
have specific gravities below 2.60. Some range 
as low as 2.00. 
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SPECIFIC GRAVITY OF SOIL Specific Gravity of Solids 

Soil particles generally contain pores or voids 
that may be large enough to be visible or too 
small to be seen even at high magnification. 
Thus, the specific gravity of the soil minerals 
can only be measured when particles are of such 
small size that there are no voids in the 
individual particles. The test procedure must 
ensure that no air trapped in surface pores is 
included in the measured particle volume. 
However, larger soil particles will contain voids 
that are impermeable. Hence, they are included 
in the measured volume and cause the apparent 
specific gravity to be less than the specific 
gravity of mineral solids. When the sample 
volume for determining buik specific gravity is 
measured, all surface pores that could hold 
capillary water are taken as part of the partial 
volume. The specific gravity of a soil mass can 
be expressed in one of three different forms- 
the specific gravity of the solids, the apparent 
specific gravity, and the bulk specific gravity. 

This is designated G, amd is the ratio of the 
weight in air of a given volume of soil particles 
to the weight of an equal volume of distilled 
water, both at a stated temperature. The specific 
gravity of solids is only applied to that fraction 
of a soil that passes a No. 4 sieve. 

Apparent Specific Gravity 

This is designated G, and is the ratio of the 
weight in air of a given volume of the 
impermeable portion of soil particles to the 
weight in air of an equal volume of distilled 
water, both at a stated temperature. The 
impermeable portion of a porous material, such 
as most large soil grains, includes the solid 
material plus impermeable pores or voids within 
the particles. 

-- 
Scale, Bench, 21,100-G 

\ Flask, Volumetic 500-ML 

I Scale, Bench, 2,610-G 

MO& & Pestle Dishes, Evaporating 

Thermometer 

Figure 2-50. Apparatus for determining specific gravity of soils 
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Bulk Specific Gravity 

This is designated G, and is the ratio of the 
weight in air of a given volume of a permeable 
material (including permeable and impermeable 
voids) to the weight of an equal volume of 
distilled water at a stated temperature. 

APPARATUS AND SAMPLE SELECTION 

Apparatus 

Apparatus used to perform specific gravity 
tests (Figure 2-50) follows: 

in 

Scale, bench, 21,OOOgram capacity 

Tares, moisture 

Dishes, Evaporating 

Filler, battery 

Flask, volumetric, 500-milliliter capacity (not 
test set) 

Funnel, metal (not shown) 

Hot plate, electric 

Mortar and pestle 

Scale, bench, 3 weigh beams, 2,610~gram 
capacity 

Centigrade thermometer, general laboratory 

The test also requires some equipment that 
is not in the test set, but must be procured from 
commercial sources. Otherwise, use expedient 
substitutes from local sources. 

Sample Selection 

Particular care must be taken to obtain 
representative samples for a specific gravity 
test. 

l It is easier to begin the test with an oven- 
dried sample. However, some soils, particularly 
those with a high organic content, are difficult 
to rewet. These should be tested at their natural 
water content and the oven-dried weight 
determined at the end of the test. 

l When the sai :ple contains large and small 
particles, it should be separated on the No. 4 
sieve. The specific gravity of the fine fraction 
and the apparent specific gravity of the coarse 
fraction are determined separately. A composite 
specific gravity for the entire sample is 

computed on the basis of the percent, by weight, 
of the fine and coarse material. 

l If the specific gravity is to be used in 
conjunction with a hydrometer analysis (Section 
Vl, it must be determined only on the fraction 
of the sample which passes the No. 200 sieve. 

PROCEDURES 

The specific gravity test is made in one of two 
ways, depending on whether the requirements 
call for soil at natural water content or oven- 
dried soil. The weight of the volumetric flask 
and water must be calibrated over the range of 
temperatures likely to be encountered in the 
laboratory. Selection of a representative soil 
sample and its handling during transfers from 
container to container are critical in this testing 
procedure. 

CALIBRATION OF THE 
VOLUMETRIC FLASK 

Calibration consists of direct weighing of the 
flask and water over a selected temperature 
range likely to be encountered during testing, 
using the following steps. 

1. Determine the dry weight of the flask 
(Wb), weight of bottle. 

2. Fill the flask with distilled water to 
slightly below the calibration mark. 

3. Place the filled flask into a water bath of 
about 30” to 35% and allow it to remain until 
the water and flask reach the bath temperature. 

4. Remove the flask from the bath and add 
or remove a slight amount of water until the bot- 
tom of the meniscus is even with the calibration 
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mark. Dry the outside of the flask and remove 
any excess moisture which may be adhering to 
the inside of the neck above the water surface. 

5. Weigh the flask and water to the nearest 
0.01 gram. 

6. Shake the flask gently immediately after 
the weighing, and immerse a thermometer to 
about mid-depth in the water. Read and 
estimate the temperature of the water to the 
nearest 0.1 OC. 

7. Repeat the preceding six steps at approxi- 
mately the same temperature (30° to 35V). 

8. Make two more determinations (preceding 
seven steps), one at room temperature and 
another at approximately 5OC! cooler than room 
temperature. 

9. Plot the weight of flask and water (W,,) 
against the temperature (T) for each determina- 
tion and draw a smooth curve through the plot- 
ted points (Figure Z-51). This is the calibration 
curve for the particular flask, which should be 
labeled and maintained for future reference. 

TESTING 

Specific gravity tests are usually easier to 
make if they begin with an oven dried sample. 

However, they may begin with the natural 
water content still present in the soil, and the 
oven-dried weights obtained after the test has 
been performed. 

Soils with Natural Water Content. 

Conduct the test using the following steps: 

1. Record all identifying information for the 

sample on DD Form 1208 (Specific Gravity Test) 
(Figure 2-52, page 2-56). 

2. Select a representative sample of approxi- 
mately 50 to 80 grams and place it in a dish. The 
sample may be weighed directly in a preweigh- 
ed flask to avoid possible loss of soil during 
transfer. 

3. Add sufficient distilled water to form a 
slurry while mixing the sample with a spatula 
or stirrer. 

4. Transfer the slurry to the volumetric flask 
and add distilled water until the flask is half 
full. Use a battery filler to ensure that all of the 
sample is washed into the flask. Allow the 
suspension to soak 4 to 6 hours. Soaking is not 
required on clean sands. 
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639 

637 

636 10 15 20 25 30 35 40 

TEMPERATURE, T, ‘C 

CALIBRATION CURVE FOR 
VOLUMETRIC FLASK NO. ONE 

Figure 2-5 1. Calibration curve for a volumetric flask 

2-55 



FM 5-530 

SPECIFIC GRAVITY TESTS 21 Aug 83 
2 PROJECT 3 BORING NUMBER 4 JOE NUMBER 5 EXCAVATION 

i’/Stol tIirf lrld 
NUMBER 

Test Pit 
I I 

SPECIFIC GRAVITY OF SOUDS (C,) 

R I 1 I I . .._-_ 

APPARENT (C.) AND BULK (G,) SPECIFIC GRAVITY 

TP-1 
LTER AN0 SOIL (1, ‘Cl 20.0 20.2 I 
SURFACE. DRY SOIL 1174.0 3111.0 I 

221 I 
B 953 

Gravel = 60 % 
c+ C4) 

Sand & Fines = 40 % 

(- 44) 
TP-1 = 2.119 

Composite (;= ll’-2 = 2.56 

- 

_ 

Figure 2-52. Data sheet, specific gravity test 
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5. Connect the flask to a vacuum line and 
apply a vacuum of approximately 29.0 inches of 
mercury. Agitate the flask gently at intervals 
during the evacuation process. Soils of high 
plasticity will require about 6 to 8 hours to 
remove the air; soils of low plasticity require 
about 4 to 6 hours. A vacuum pump is not 
available in the test set. 

6. Remove entrapped air by boiling the 
suspension gently for at least 10 minutes while 
occasionally rolling the flask to aid in the 
removal of entrapped air. A slow boil should be 
used as fast boiling may cause material to be 
boiled out of the flask. The use of indirect heat 
such as a sand bath is recommended. This 
consists of placing a pudding pan of clean Ottawa 
sand directly onto a heat source. Allow the flask 
and contents to cool before proceeding. 

7. Fill the flask with deaired, distilled water 
to about “/4 inch below the 500-milliliter 
graduation. 

8. Test the deairing by applying a vacuum 
of 29.0 inches of mercury and observe the water 
surface in the flask, then carefully remove the 
vacuum. When a vacuum is not available, boil 
the suspension a second time. The suspension 
can be considered deaired sufficiently when the 
water surface in the flask is lowered less than 
‘/8 inch during this process. 

9. Use a pipette to add more deaired, distilled 
water to the flask until the bottom of the 
meniscus is even with the calibration line on the 
neck of the flask. 

10. Dry the outside of the flask and any 
moisture above the water surface inside the 
flask. 

11. Weigh the flask and contents to the 
nearest 0.01 gram and record the information. 
This is (Wb,,). 

12. Stir the suspension immediately after 
weighing to assure even temperature distribu- 

tion. Immerse a thermometer to the mid-depth 
of the flask. Read and record the temperature 
to the nearest O.l°C. 

13. Carefully transfer the contents of the 
flask to an evaporating dish. Rinse the flask 
with distilled water until the sample is entire- 
ly transferred to the evaporating dish. 

14. Oven dry the sample at a temperature 
of 1 loo f 5OC until it reaches a constant weight. 
Allow the soil to cool in a tightly covered con- 
tainer and weigh the soil and container. 

15. Determine the dry weight of the test 
specimen, (W,), to the nearest 0.01 gram and 
record the weight on the data sheet. 

Oven-Dried Soils 

When the soil can be dried before the test, use 
the following steps: 

1. Record the information identifying the 
soil sample. 

2. Oven dry a representative fraction approx- 
imately 50 to 80 grams of the sample to a con- 
stant weight at 110’ * 5 “C, and cool the sample 
in the desiccator or airtight container to room 
temperature. 

3. Weigh the sample to the nearest 0.01 
gram and record the weight. 

4. Transfer the soil to a volumetric flask 
taking care not to lose any material during the 
operation. As a check, reweigh the soil and flask 
after the transfer or weigh the sample in a 
preweighed tare initially. 

5. Fill the flask about half full with distilled 
water. 

6. Connect the flask to a vacuum of approx- 
imately 29.0 inches of mercury for 2 to 4 hours. 
Entrapped air may be removed using the 
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primarily stated procedure and to include a 
second boil. 

7. Continue with the remainder of the test 
as described in steps 6 to 12. Procedures 13 to 
15 can be used as a check on the initial weights. 

CALCULATIONS 

The test furnishes the following information 
(first column in Figure 2-52, page 2-56): 

Weight of flask (bottle) plus water, plus solids 
at the test temperature (Wbws in grams). 

Weight of dish/flask (container) plus dry soil 
(in grams). 

Weight of dry soil, CW,), obtained by sub- 
tracting the weight of the container from above. 

Weight of flask plus water at test tempera- 
ture (Wbw in grams) obtained from the calibra- 
tion curve (figure 2-51, page 2-55). 

To compute the specific gravity, (G,), the 
following formula is used: 

G s= W 
ws + wbw = Wbws 

where K is a correction factor based on the den- 
sity of water at 20°C (Table 2-4, page 2-62). 

APPARENT AND BULK 
SPECIFIC GRAVITY 

Apparent specific gravity and bulk specific 
gravity were defined earlier. The test is de- 
scribed below. 

Preparation 

Bulk specific gravity is usually determined 
for the coarser materials (retained qn the No. 4 
sieve) of a soil sample. Large stones may be 
determined individually. 

l Separate the soil sample on a No. 4 sieve 
and use the material retained on the sieve for 
the test. A representative sample of approx- 
imately 2 kilograms is required. 

l Do not oven dry the sample if at all possi- 
ble. Air drying is permissible. 

l Wash the sample to remove dust or 
coatings from the surface and immerse the 
sample in water for 24 hours. 

l Just before making the test, remove the 
sample from the water and roll it in a large ab- 
sorbent cloth to remove the excess surface 
moisture. Large particles may be wiped in- 
dividually. The surfaces may still appear damp. 

l Take care to avoid excessive evaporation 
during the surface drying. 

Apparatus 

The apparatus must be set up in a special 
manner to perform this test. The apparatus re- 
quired for a bulk specific gravity test consists 
of the following: 

Balance (capacity of 5 kilograms or more; sen- 
sitive to 0.1 gram) 

Mesh, wire basket (approximately 8 inches 
in diameter and 8 inches high) 

Container (large enough to permit immers- 
ing the wire basket) 

Suitable equipment for suspending the wire 
basket from the center of the balance scale pan 

Thermometer (range 0” to 5O”C, graduated 
to O.lOCl 

Procedures 

Perform the first step in the test as quickly 
as possible after the surface drying to avoid ex- 
cessive evaporation. 

l Weigh the saturated surface dry sample 
and record the value to the nearest 1.0 gram. 

- 
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l Place the sample into the wire mesh 
basket and immerse the basket and sample in- 
to the water container. 

NOTE 

The weight of the wire basket in water must 
be determined and subtracted from the 
overall weight. 

l Hang the basket from the balance and sup- 
port the container so that the basket hangs 
freely in the water. 

l Determine the weight of the sample in 
water and record the value. 

l Measure and record the water 
temperature. 

l Oven dry the sample at llO” f 5% to a 
constant weight. 

l Cool the sample to room temperature, 
weigh the sample and record the weight. 

Calculations 
The test furnishes the dry soil weight (oven 

dried), the saturated surface dry weight, and the 
weight of the sample in water. Table 2-4, page 
2-62, lists the bulk correction factor (K) based 
on water temperature. 

l To determine the bulk specific gravity 
(G, 1: 

G, = 
weight of dry soil in air x K AK =- 

weight of saturated sample in air - weight of sample in water B-C 

l To determine the apparent specific gravity 

G,): 

G, = 
weight of dry soil in air x K _ AK 

weight of dry soil in air - weight of sample in water A-C 
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l To determine the specific gravity (G) of an 
entire soil sample (larger and smaller than the 
No. 4 sieve) from the component determinations: 

1tX-l 

G = % passing No. 4 sieve + o/o retained on No. 4 sieve 

Record the composite G in the remarks col- 
umn of the data sheet. The percentages of plus 
No. 4 and minus No. 4 can be determined for the 
original specific gravity. If all samples are 
representative, use the percentages from the 
sieve analysis. 

EXPEDIENT METHODS 

The method described above are the 
laboratory tests performed to determine the 
specific gravity of a soil sample. On occasion, the 
accuracy of these methods is not required or a 
quick determination is requested. 

For instance, the water density correction 
factor (K) and the associated water temperature 
measurement, may be ignored in bulk specific 
gravity determination. 

At times, there are stones present in the soil 
sample. An expedient method to determine the 
specific gravity of these particles is to tie a string 
or thread around the circumference and 

0.1 l‘hc weight of’thc 
thread or string is considered 

Figure 2-53. Expedient method of determining 
specific gravity.. weighing in air 

- 

Figure 2-54. Expedient method of determining 
specific gravity: weighing in water 

2-60 



is disregarded in the calculations. The specific 
gravity (G,) is calculated as follows: 

G, = 
weight of specimen in air 

weight of specimen in air - weight of sample in water 

A simple, quick method uses only a gradu- 
ated cylinder. The air-dried sample is weighed 
to the nearest 0.1 gram. The graduate is filled 
with water to a predetermined volume. The 
sample is submerged in the water, and the 
change in the volume of water is noted. The 
change in water volume reading (in cubic cen- 
timeters) is equal to the volume of the sample. 
The same number (in grams) is the weight of an 
equal volume of water. The average specific 
gravity (Gavg) is computed as follows: 

Gavg = air dry weight of sample 

weight of equal volume of water 

When a sample is too large to be submerged 
in a graduated cylinder another method can be 
used. A can or container large enough to take 
the sample is placed in a pan that will catch any 
overflow. The can is filled with water to the top. 
The air-dried and weighed sample is submerged 
in the can, and the overflow volume of water 
caught in the pan is measured. This value con- 
verted to grams is the weight of a sample. The 
formula for computing Gavg is: 

G 
m 

= weight of air dried sample (in grams) 

weight of an equal volume of water (in grams) 
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Table 2-4. Relative density of water and correction factor (K) at virrious temperatures 

Temp 
“C 

Relative Correction Temp Relative Correctlon Temp 
density factor, K q C density factor, K “C 

Relative Correction 
density factor, K 

18.0 0.99862 1.0004 23.0 0.99756 0.9993 28.0 0.99626 0.9980 
.l 60 4 .l 54 3 .l 23 0 
.2 58 4 .2 51 3 .2 20 0 

.3 56 3 .3 49 3 .3 17 0 

.4 54 3 .4 46 2 .4 14 0.9979 

.5 52 3 .5 44 2 5 11 9 

.6 50 3 .6 42 2 .6 08 9 

.7 49 3 .7 39 2 .7 06 8 

.8 47 2 .8 37 1 .8 03 8 

.9 45 2 .9 34 1 .9 00 8 

19.0 0.99843 1.0002 24.0 0.99732 0.9991 29.0 0.99597 0.9977 
.l 41 2 .l 29 1 .l 94 7 

.2 39 2 .2 27 0 .2 91 7 

.3 37 1 .3 24 0 .3 88 6 

.4 35 1 .4 22 0 .4 85 6 

.5 33 1 .5 20 0 .5 82 6 

.6 31 1 .6 17 0.9989 .6 79 6 

.7 29 1 .7 14 9 .7 76 5 

.8 27 0 .8 12 9 .8 73 5 

.9 25 0 .9 09 9 .9 07 5 

20.0 0.99823 1 .oooo 25.0 0.99707 0.9988 30.0 0.99567 0.9974 
.l 21 0 .l 04 8 .l 64 4 

.2 19 0 .2 02 8 .2 61 4 

.3 17 0.999 .3 0.99699 8 .3 58 3 

.4 15 9 .4 97 7 .4 55 3 

5 13 9 .5 94 7 .5 52 3 
.6 10 9 .6 91 7 .6 49 3 
.7 08 8 .7 89 7 .7 46 2 
.8 06 8 .8 87 6 .8 43 2 
.9 04 8 .9 84 6 .9 40 2 

21.0 0.99802 0.9998 26.0 0.99681 0.9986 31 .o 0.99537 0.9971 
.l 00 8 .l 76 6 .l 33 1 
.2 0.99798 8 .2 76 5 .2 30 1 

.3 96 7 .3 73 5 .3 27 0 

.4 93 7 .4 70 5 .4 24 0 

.5 91 7 .5 68 4 .5 21 0 

.6 89 7 .6 65 4 .6 18 0.9969 

.7 87 6 .7 63 4 .7 15 9 

.8 85 6 .8 60 4 .8 12 9 

.9 83 6 .9 57 3 .9 09 9 

22.0 0.99780 0.9996 27.0 0.99654 0.9983 32.0 0.99505 0.9968 
.l 78 6 .l 51 3 .l 02 8 
.2 75 5 .2 48 2 .2 0.99499 8 
.3 73 5 .3 46 2 .3 96 7 

.4 70 5 .4 43 2 .4 93 7 

.5 68 5 .5 40 2 .5 90 7 

.6 65 4 .6 37 1 .6 86 6 

.7 63 4 .7 34 1 .7 83 6 

.8 61 4 .8 32 1 .8 80 6 

.9 58 4 .9 29 1 .9 77 5 

Note: Relative density of water based on density of water at 4°C equal to unity )ata obti ed from Smithsonian Tables, 
compiled by various authors. Correction factor, K, is found by dividing the relative density of water at the test temperature 
by the relative density of water at 20°C. 

- 
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Section V. HYDROMETER ANALYSIS 

DISCUSSION 

Hydrometer analysis is based on Stokes’ law 
which relates the terminal velocity of a free- 
falling sphere in a liquid to its diameter. The 
relation is expressed by the following equation. 

v _ Gs - Gw D2 

18 n 

where : 

v = 

G, = 

G, = 

n = 

D = 

terminal velocity 

specific gravity of solids 

specific gravity of the liquid in 
which the sphere is falling 

viscosity of the liquid 

diameter of the sphere. 

It is assumed that Stokes’ law can be applied 
to a mass of dispersed soil particles of various 
shapes and sizes. Larger particles settle more 
rapidly than the smaller ones. The hydrometer 
analysis is an application of Stokes’ law that per- 
mits the calculation of the grain-size distribu- 
tion in silts and clays, where the soil particles 
are given the sizes of equivalent spherical 
particles. 

The density of a soil-water suspension de- 
pends upon the concentration and specific 
gravity of the soil particles. If the suspension is 
allowed to stand, the particles will gradually 
settle out of the suspension, and the density will 
be decreased. The hydrometer is the instrument 

used to measure the density of the suspension 
at a known depth below the surface. The density 
measurement, together with knowledge of 
specific gravity of the soil particles, determines 
the percentage of dispersed soil particles in 
suspension at the time and depth of measure- 
ment. The depth at which the measurement is 
made is found by calibrating the hydrometer. 
Stokes’ law is used to calculate the maximum 
equivalent particle diameter for the material in 
suspension at this depth and for the elapsed time 
of settlement. A series of density measurements 
at known depth of suspension and at known 
times of settlement gives the percentages of par- 
ticles finer than the diameters given by Stokes’ 
law. Thus, the series of readings will reflect the 
amount of different sizes of particles in the fine 
grained soils. The particle diameter (Dl is 
calculated from Stokes’ equation using the cor- 
rected hydrometer reading. Use the nomo- 
graphic chart for the solution of Stokes’ 
equation. 

PREPARATION 

Prior to making the test, the hydrometer 
must be calibrated and a meniscus correction 
determined. A dispersing agent should be 
acquired. 

Hydrometer Calibration 

The hydrometer must be calibrated to deter- 
mine its true depth in terms of the hydrometer 
reading (Figure 2-55A, page 2-64). 
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2 -. 

;1 .,;: 

a 

- 

I NOTE: 

Hl A = INSIOEAREAOF 
GRADUATE IN SD CM 

VR = VOLUME OF HVDROM. 
ETER IN CC. 

i 
h = HEIGHTOF HYOROM- 

ETER BULB IN CM. 

HR = TRUE HEIGHT OF SUS- 
PENSION ABOVE CEN. 
TER OF HVDROMETER 
BULB IN CM. 

HR=H,+$(h-!k) 

DETERMINATION OF TRUE HEIGHT 

_ OFSUSPENSION ABOVECENTER OF 

HYDROMETER BULB 

Figure 2-55A. Hydrometer calibration 

I I 1 

0 5 10 15 20 25 30 

HYDROMETER READING, R 

Figure 2-558. Typical hydrometer calibration curve 

9 Determine the volume of the bulb, either 
by measuring the volume of water displaced or 
by weighing the hydrometer. Since the specific 
gravity of the hydrometer is about 1, the weight 
in grams may be recorded as the volume in cubic 
centimeters. 

l Compute the area of the graduate (A). 
Measure the distance between two graduations. 
The volume between two measured marks is 
divided by the measured distance to obtain the 
area. 
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Figure 2-56. Combined mechanical analysis, sedimentation method 
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HYDROMETER ANALYSIS 

Figure 2-57. Data sheet, hydrometer analysis 
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Mortar and Pestle 

Flask, 1,000 ML 

Sieve, No. 10 

Sieve, No. 200 

Dish, Evaporating 

Figure 2-58. Apparatus for grain size distribution by hydrometer analysis 

Measure the distance from the lowest 
graduation to the other major graduation (R). 

l Measure the distance from the neck of the 
bulb to the lowest graduation, The distance Hl, 
corresponding to a reading, R, equals the sum 
of the two distances measured in the following 
steps. 

height of the bulb, and h/2 locates the center of 
volume of a symmetrical bulb. If a nonsym- 
metrical bulb is used, the center of volume can 
be determined with sufficient accuracy by pro- 
jetting the shape of the bulb onto a sheet of 
paper and locating the center of gravity of the 
projected area. 

l Measure the distance from the neck of the 
bulb to the tip of the bulb. This value is h, the 
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l The measured values are substituted in 
the following formula: 

HR = H, + ‘/* (h A”“) 

where: 

HR = 

H, = 

h = 

VR = 

A = 

true height of suspension above 
the center of the hydrometer bulb in 
centimeters) 

distance corresponding to the reading 
on the hydrometer (in centimeters) 

height of hydrometer bulb (in centi- 
meters) 

volume of hydrometer (in cubic centi- 
meters) 

inside area of graduate (in square 
centimeters) 

l By plotting the true height (HR) against 
the reading (R) for the major graduations, a 
calibration curve can be drawn. This relation is 
essentially a straight line for a hydrometer hav- 
ing a streamlined shape, Figure 2-55B, page 2-64 
shows a typical calibration curve. 

Meniscus Correction 

Hydrometers are calibrated to read correct- 
ly at the surface of the liquid. Soil suspensions 
are not transparent, and the reading is made not 
at the surface, but where the upper rim of the 
meniscus touches the glass. A correction for this 
meniscus (CM 1 must be determined using clear 
distilled or demineralized water. This correction 
will be constant for a given hydrometer. The 
hydrometer is immersed in the water, and the 
difference in height between the surface and the 
meniscus is carefully determined. This value 
(CM) is approximately 0.5, which may be used 
for routine work where greater accuracy is not 
required. 

Preparation of Sample 

The soil is separatgd on the No. 10 or No. 200 
sieve depending on the soil of interest, and the 
percentage finer than this sieve is determined. 
Samples for hydrometer analysis are taken from 
representative material finer than the No. 10 
sieve as illustrated in the flow chart (Figure 
2-56, page 2-65). 

l The approximate size of a sample for 
hydrometer analysis varies according to the type 
of soil being tested. 

Soil type 

Fat clays 
Lean clays and silty soils 
Sandy soils 

Dry weight 
in grams 

30 
50 
75 

l The exact dry weight of the sample in 
suspension must be determined either before or 
after the test. For economy of time and labor, 
it is preferable to oven dry and weigh the sam- 
ple before the test. In this case, any loss of 
material during the test will affect the results. 
Also, for some clays, drying may cause perma- 
nent changes in the grain sizes. Samples of such 
soils should be preserved at natural water con- 
tent, if possible, and tested before oven drying. 
The dry weight is determined at the conclusion 
of the hydrometer analysis. 

Dispersing Agent 

Very fine soil grains in suspension normally 
tend to flocculate (adhere to each other in 
clusters) and to settle through the solution as 
a larger unit. This leads to errors in the analysis. 

l To prevent flocculation, a dispersing agent 
is added to the solution which keeps the in- 
dividual particles separated. In most instances, 
15 milliliters of a dispersing agent solution is 
adequate. If flocculation does occur, another 
sample must be prepared using an increased 
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amount of dispersing agent (20 milliliters). The 
agents listed in Table 2-5 are satisfactory for 
most types of soil. They are listed in the approx- 
imate order of effectiveness. 

Sodium silicate should not be used. 
Phosphate solutions are somewhat unstable and 
should not be stored for extended periods of time. 

Table 2-5. Dispersing agents 

Dispersing agent 

Sodium tripolyphosphate 

Sodium polyphosphate 

Sodium tetraphosphate 
Quadrofos* 

Sodium hexametaphosphate 

(Calgon)* * 

r Stock solution 

Concen- 
tration 

0.4N 
0.4N 

0.4N 

0.4N 

GIL 

29 

36 

31 

41 

*Trade names 
**Calgon is buffered with NapC03 

l A dispersing agent increases the liquid 
density, and a correction must be made to the 
observed reading. The correction (Cd 1 is deter- 
mined by first adding the amount of dispersing 
agent to be used to a graduate partially filled 
with distilled or demineralized water. The 
graduate is then filled to the 1,000 milliliter 
mark with distilled or demineralized water and 
stirred or shaken to mix the solution. A 
hydrometer reading is taken (Figure 2-56, page 
2-65). The Cd is the difference between this 
reading and another taken in pure distilled or 
demineralized water. 

Other Considerations 

l Temperature changes can affect a hydro- 
meter test. The test should be conducted where 
temperature variations are at a minimum. The 
solution should be kept away from heat sources 
such as radiators and sunlight and from places 

where temperatures can change, such as near 
open windows. 

l If oven-dry weight is required before the 
test, the sample should be dried in the oven, 
allowed to cool to room temperature, and weigh- 
ed to the nearest 0.1 gram. This dry weight 
should be recorded. 

HYDROMETER TEST 

Apparatus 

Equipment for performing this test, 
SC663598-CL-E02-HR, 19 APR 82, is not in 
the soil test set (Figure 2-58, page 2-67). The ap- 
paratus required includes the following: 

l Soil hydrometer (calibrated at 20°C - 
graduated in specific gravity; range 0.995 to 
1.040, accuracy f 0.001; or graduated in grams 
per liter, range 0 to 50, accuracy f 1) 

l Dispersion cup and stirrer to keep the soil 
particles dispersed, (Figure 2-59, page 2-70). 

l Sedimentation cylinder of glass (essential- 
ly 18 inches high, 2% inches in diameter, and 
marked for a volume of 1,000 milliliters). 

Centigrade thermometer range O” to 50°C, 
and accurate to 0.5OC 

Timing device (watch or clock) with second 
hand 

Balance, sensitive to 0.1 gram 

Oven 

A sheltered location for taking readings is re- 
quired. The sedimentation cylinders must not be 
disturbed during the test. A steady bench or a 
level floor in a location having adequate light 
for taking readings should be provided. 

Preparation 

l Record all identifying information for the 
sample on DD Form 1794, Hydrometer Analysis 
(Figure 2-57, page 2-67). 
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l Record the C, and the (Cd). l Determine or estimate the specific gravity 
of the solids and record this value. 

Stirring Blades 

Dispersion Cups 

Figure 2-59. Detail of stirring paddle and dispersion cups 
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Procedure 

Place the sample in a numbered dish and add 
sticient distilled or demineralized water until 
the sample is submerged. Add the dispersing 
agent. Allow the sample to soak overnight or 
until all soil lumps have disintegrated. 

l Transfer the soil-water slurry from the 
dish to a dispersing cup, washing (with distill- 
ed water) any residue in the dish into the cup. 
Add distilled water to the cup until the surface 
is 2 to 3 inches below the top, or too much water 
will splash out during the mixing and carry out 
some of the soil sample. Place the cup into the 
dispersing machine and mix for 1 to 10 minutes 
depending on the plasticity of the soil; the lower 
the plasticity, the shorter the mixing time. 

l Transfer the mixed suspension into a 1,000 
milliliter sedimentation cylinder, rinse any 
material clinging to the sides of the dispersing 
cup, and add distilled or demineralized water 
until the volume equals 1,000 milliliters. At this 
time, bring the suspension to the temperature 
expected to prevail during the test. 

l One minute before starting the test, hold 
the graduate in one hand and place the other 
hand or a suitable rubber cap over the open end 
to act as a stopper. Shake the suspension 
vigorously for a few seconds to raise any sedi- 
ment from the bottom of the graduate into 
suspension. Continue the agitation for the re- 
mainder of the minute by turning the cylinder 
upside down and back. In some cases, the sedi- 
ment at the bottom may have to be loosened 
with a glass rod before shaking. Figure 2-60 
illustrates a type of hand agitator which may 
be used instead of shaking. This agitator 
prevents the accumulation of sediment at the 
base and on the sides of the graduate. It is mov- 
ed up and down through the suspension for the 
minute. 

1 1 

Figure 2-60. Hand agitator 
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l After 1 minute of agitation, set the 
cylinder on a table. If foam has developed on the 
surface of the suspension, remove it by touching 
it lightly with a piece of soap. Slowly immerse 
the hydrometer in the liquid, wait 20 to 25 
seconds, and take a reading. Take care in inser- 
ting and removing the hydrometer to prevent 
disturbing the suspension. 

l Observe and record hydrometer readings 
after 1 and 2 minutes have elapsed from the 
time the cylinder was set down. Make all 
readings at the top of the meniscus. As each 
reading is completed, remove the hydrometer 
carefully and place it in a container of clean 
water. The soil material will settle on or adhere 
to the hydrometer if it is left in the suspension 
and cause an error in the readings. 

l Repeat the readings and record them after 
elapsed times of 4,15, and 30 minutes and 1,2, 
4, and 24 hours. Remove the hydrometer from 
the suspension after each reading and place it 
in a graduate of clean water. When the 
hydrometer analysis is used for soil classifica- 
tion purposes, the 4 hour and 24 hour readings 
may not be required. 

l With hydrometers graduated to read 
grams per liter, record the actual reading. With 
hydrometers graduated to read specific gravity, 
read only the last two figures and estimate the 
third. Record the specific gravity indicated 
reading, minus 1,000, multiplied by 1,000. For 
example, a reading of 1.0225 is recorded as 22.5. 

1.0225 - 1 .ooo = .0225 
.0225 x 1.000 = 22.5 

l At the end of the 2-minute hydrometer 
reading and after each subsequent reading, 
place a thermometer in the suspension and 
record the temperature to f O.G~~C. Temper- 
ature changes will affect the test results. 

l If the dry weight had not been determined, 
carefully wash all of the suspension into an 
evaporating dish. Oven dry the material, allow 
it to cool, and determine the sample weight. 

Calculations 

The recorded readings must be corrected and 
converted into size distribution of the particles. 

l Corrected hydrometer readings CR). Add 
the C, to the actual hydrometer readings, (R’). 
The result is the corrected hydrometer readings, 
(RX 

l Particle diameter. The particle diameter 
is calculated for each reading on the basis of 
Stokes’ equation using the nomograph shown in 
Figure 2-61. The hydrometer calibration fur- 
nishes the true height (Ha) on the hydrometer. 
The R-scale is designed for the particular 
hydrometer used in the test. The nomograph 
contains the key which shows the steps to follow 
in computing the diameter (Dl at each reading. 
Place a straightedge (engineer’s triangle or 
transparent scale) on the specific gravity of 
solids (point one) and the temperature at the 
time of reading (point two). Mark the intersec- 
tion of this line on the A-scale (point three). 
Refer to the hydrometer calibration for the HR 
and locate it on the scale (point four). Using the 
straightedge, connect point four and the time of 
reading (point five) to locate point six, the veloci- 
ty of settlement. Place the straightedge on 
points three and six and read the particle 
diameter (D) (point seven) in millimeters at the 
intersection of this line and the scale of 
diameters. Record the diameter (D) found on the 
data sheet. 

l Temperature correction. The temper- 
ature at each reading is used to determine the 
correction factor (m) from Table 2-6, page 2-74. 

l Percent passing. Before determining the 
percent passing, the dispersing agent correction 

- 

- 

2-72 



FM 5-530 

and the temperature correction must be added 
to the corrected hydrometer reading, R - Cd + 
m. 

l Partial percent passing. The grain size 
distribution is computed as a percentage. 

Hydrometer calibrated in specific gravity. 

where: 

G = specific gravity of solids 

WI = oven-dry weight of soil (in grams) 
used for hydrometer analysis 

R-Cd = corrected hydrometer reading plus 
dispersing agent correction and 
temperature correction. 

Percent finer (by weight) = -!?k_ x %! x (R + m) 
G 4, Sl 

Hydrometer calibrated in grams per liter. 

Percent finer (by weight) = g x (R - Cd + m). 
0 

Figure 2-67. Stokes’ law nomograph 
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l Total percent passing. Total percent pass- 
ing = partial percent passing x W, - WI/W, 

where: 

W, = total oven dry weight of sample used 
for combined analysis 

W, = oven dry weight of sample retained on 
plus No. 200 sieve 

Presentation of Results 
Hydrometer analysis separates the fine par- 

ticles of a soil into a grain-size distribution. 
The percentages can be plotted on a grain size 
distribution graph (111) Form 1207, Figure 2-62) 
using the particle diameters (I)), and the 
percentages. 

Table 2-6. Temperature correction factor (m) 
for hydrometer analysis 

“C “F m 

14.9 57.2 -0.9 
14.5 58.1 -0.8 
15.0 59.0 -0.8 
15.5 59.9 -0.7 
16.0 60.8 -0.6 
16.5 61.7 -0.6 
17.0 62.6 -0.5 
17.5 63.5 -0.4 
18.0 64.4 -0.4 
18.5 65.3 -0.3 
19.0 66.2 -0.2 

19.5 67.1 -0.1 

20.0 68.0 0.0 
20.5 68.9 +0.1 

21.0 69.8 +0.2 
21.5 70.7 +0.3 
22.0 71.6 +0.4 
22.5 72.5 +0.5 

23.0 73.4 +0.6 

23.5 74.3 +0.7 

“C 

24.0 
24.5 
25.0 
25.5 
26.0 
26.5 
27.0 
27.5 
28.0 
28.5 
29.0 
29.5 
30.0 
30.5 
31.0 
31.5 
32.0 
32.5 
33.0 
33.5 
34.0 

“F m 

75.2 +0.8 
76.1 +0.9 
77.0 +1.0 
77.9 +1.1 
78.8 +1.3 
79.7 +1.4 
80.6 +1.5 
81.5 +1.6 
82.4 +1.8 
83.3 +1.9 
84.2 +2.1 
85.1 +2.2 
86.0 +2.3 
86.9 +2.5 
87.8 +2.6 
88.7 +2.8 
89.6 +2.9 
90.5 +3.0 
91.4 +3.2 
92.3 +3.3 
93.2 +3.5 

- 
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Figure 2-62. Data sheet, grain-size distribution graph - aggregate trading chart 
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Section VI. COMBINED MECHANICAL ANALYSIS 

DISCUSSION 

Sieve analysis and hydrometer analysis (Set- 
tions III and V of this chapter) are performed in- 
dividually when the requirement for some in- 
dividual characteristic, such as frost susceptibili- 
ty or grain-size distribution, is specified. Many 
natural soils are mixed, that is, they contain 
both fine and coarse-grained materials. Soil 
stabilization is accomplished in some cases by 
mixing finer graded soils with coarse sands and 
gravels. A complete grain-size analysis is need- 
ed to classify such mixed materials. To obtain 
a complete grain-size distribution curve of coarse 
and fine particles when there is a particular in- 
terest for both, a combined mechanical analysis 
is conducted. The analysis is performed in one 
of two ways, depending on the method of deter- 
mining the fraction finer than the No. 200 sieve; 
by hydrometer analysis or by sedimentation. 

COMBINED SIEVE AND HYDROMETER 
ANALYSIS 

Apparatus 

The apparatus for each of the two analyses 
is the same as used for the individual test. The 
equipment should be assembled and checked 
prior to starting the analysis. 

Sample Preparation 

A representative sample is selected and 
prepared as for sieve analysis. The size of the 
sample should be large enough to yield sufficient 
amounts of materials for both sieve and 
hydrometer analyses. 

l A visual inspection of the sample will 
usually indicate the need for any intermediate 
steps such as large screen separation of sizes 
larger than the No. 4 sieve or prewashing to 
separate the sizes. 

2-76 

l Samples with fines of little or no plastici- 
ty are oven dried, weighed, and separated on the 
No. 200 sieve. The plus and minus No. 200 sieve 
fractions are preserved for sieve and hydrometer 
analyses respectively. 

l Soils containing plastic fines may be oven 
dried initially. However, if the fines tend to 
adhere to the large particles and to form large 
lumps, the sample must be soaked in a pan with 
enough water to cover the material. Soaking 
must continue until all lumps and coatings have 
disintegrated. This will vary from 2 to 24 hours 
depending on the amount and plasticity of the 
fines. 

l The water-soil mixture is washed over a 
No. 200 sieve with a No. 10 sieve placed over 
the No. 200 sieve to retain excess coarse 
material, if necessary. The coarse fractions are 
preserved for sieve analysis, and the fines and 
water passing the No. 200 sieve are set aside for 
hydrometer analysis. 

l Excess water with the fines is removed by 
evaporation, filtration, or wicking. 

l If there is a possibility of altering grain 
size of the fines by oven drying, the dry weight 
measurement should be made after the 
hydrometer test. 

Procedure 

The combined analysis is performed as 
follows: 

l Record all identifying information for the 
sample on both sieve analysis (Figure 2-49) and 
the hydrometer analysis (Figure 2-57) data 
sheets. 

- 

- 
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l 

Calculations 

The computations consist of the following 
steps. 

l Compute the percentage of the total sam- 
ple retained on the No. 200 sieve. 

Percent retained on No. 200 sieve = 
Wl 

- x 100 
WS 

where: 

WI = dry weight of sample retained on the 
No. 200 sieve 

WS = total dry weight of sample used for 
combined analysis. 

Compute the sieve analysis data as previous- 
ly described except that the percent retained on 
each sieve is based only on that portion of the 
total material used for the sieve analysis. The 
portion may be less than the amount retained 
on the No. 200 sieve, and a partial percent re- 
tained must be computed as follows: 

partial percent retained = 
weight retained on a sieve 

x 100 
total weight used for sieve (W,) 

The total percent retained is computed as 
follows: 

total percent retained = partial percent retained x 

total percent finer = 100 - total percent retained. 

Wl 

W, 
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l Compute the hydrometer analysis data as 
previously described except that the results are 
shown as a partial percent finer. As in the sieve 
analysis above, the amount of material used for 
hydrometer analysis may be less than the 
amount which passed the No. 200 sieve or less 
than CW,) - (WI). A partial percent finer is com- 
puted as follows: 

with hydrometer calibrated in specific gravity 

partial percent finer = ~ ~ (GS) loO(R-Cd+m) 
(GM) W, 

with hydrometer calibrated in grams per liter 

partial percent finer = F (R - Cd + m) 
0 

where: 

w, = 

G, = 

R = 

m = 

C,, = 

oven-dry weight in grams of soil used 
for hydrometer analysis 

specific gravity of solids 

corrected hydrometer reading 

temperature correction 

dispersing agent correction. 

l The total percent finer is computed as 
follows: 

total percent finer = partial percent finer (4 - W) 

W 

Presentation of Results 

The combined mechanical analysis results in 
the percent fine by weight in terms of the dif- 
ferent sized particles in the soil sample. The 
tabulated results are useful for comparison to 
a set of specifications. An easily interpretable 
form is the grain-size distribution chart (Figure 
2-49). The values of percent finer per grain size 
are plotted on a semilogarithmic chart. The plot- 
ted points are joined by a smooth curve. This 
curve can be used to determine the uniformity 
coefficient (C,,) and the coefficient of curvature 
(Cc). - 
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The data in the example shown on the data 
sheet of Figure 2-61 are plotted on DD Form 
1207 (Figure 2-621, to give an example of such 
a curve for a mixed soil. For this soil, the 
diameter corresponding to 60 percent passing 
CD,) is 1.2 millimeters. That for 10 percent pass- 
ing (D,,) is 0.11 millimeter. Hence the uniformi- 
ty coefficient is- 

D60 - 1.2 - c 

’ DIO 
10.9 

0.11 

The diameter for 30 percent passing (D,,) is 0.4 
millimeter. Thus, the coefficient of curvature 
is- 

GOP (0.4)2 

Cc (DCO) (Dlo) = (1.2) (0.11) = 1’21 

Section VII. MOISTURE CONTENT TESTING 

DISCUSSION 

Moisture content (WI is the ratio, expressed 
as a percentage, of the weight of water in a soil 
mass to the weight of the soil matter (dry 
weight): 

w = weight of water 
x 100 

weight of dry soil 

With many soils, close control of moisture 
content during field compaction by rolling is 
necessary to develop a required density and 
strength in the soil mass. The amount of com- 
paction effort that must be exerted to obtain a 
specified density depends upon having the 
moisture content at or very close to optimum. 
Because the specified density is in terms of dry 
unit weight, the moisture content must be deter- 
mined with the wet unit weight to determine 
whether moisture must be added or removed 
from the in-place soil to achieve the optimum 
moisture content. This is a necessary field pro- 
cedure in the construction of embankments and 
compaction of highway subgrades. Adjustment 
of moisture during construction can be done only 
if the moisture content is known promptly. The 
time required for oven drying often cannot be 
afforded. 

There are several methods of determining 
moisture content of soils. The most accurate 
method uses an oven with temperature control. 
For expedient determinations, soils are some- 
times dried in a frying pan or container heated 
by an external source, either stove or exhaust 
manifold. However, heating most soils to ex- 
cessive temperatures results in chemical 
changes that lead to errors in moisture content 
results. Hence, drying soils by an uncontrolled 
heat source is generally less accurate than dry- 
ing in a thermostatically controlled oven. Other 
expedient methods for determining moisture 
content are the calcium carbide gas pressure 
method and the nuclear moisture-density gage. 

OVEN DRYING METHOD 

Apparatus 

The apparatus needed for the oven drying 
method is as follows: 

Oven, preferably with fan forced circulation, 
thermostatically controlled to 110’ f. 5°C 

Balance, sensitive to 0.1 gram 

Desiccator (unnecessary if samples are 
weighed immediately after cooling) 
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Specimen containers, with snug-fitting 1 
aluminum or stainless steel 

ids, 

Procedure 

The determination is accomplished by 
oven method in the following manner: 

the 

l Record identifying information of the 
sample on the data sheet, DD Form 1205 (Soil 
Moisture Content) (Figure 2-63). 

l Weigh and record the weights of the con- 
tainers to be used in the test. 

l Place the sample in a container, weigh it, 
and record the total weight of the container 
(tare) and wet soil. If the weight of the sample 
is less than 100 grams, weigh it to the nearest 
0.1 gram. Otherwise, the weight should be to the 
nearest 1.0 gram. 

- 
l Place the open container and sample in an 

oven heated to 110“ f 5°C and dry it until the 
sample weight becomes constant. The time re- 
quired will vary with the amount and kind of 
soil being dried and the characteristics of the 
oven. Most samples can be dried overnight. 
However, large samples of fat clay may require 
longer drying times. 

l Remove the container from the oven, cover 
it, and place it in the desiccator to cool. If the 
container is too large for the desiccator, allow 
the sample to cool to nearly room temperature 
in the open air. 

l Weigh the cooled sample and the container 
and record the weight (tare and dry soil) on the 
data sheet. 

Calculations 

The moisture content (in percent) is equal to: 

percent water content = 
weight of water 

weight of dry soil 
x 100 

= weight of wet soil - weight of dry soil x ,oo 

weight of dry soil 

WW 

= w x loo S 
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SOIL MOISTURE CONTENT I 
DATE 

9 nnt,/G7n I 

EXCAVATION NUMBER SAMPLE NUMBER 

FA-LQ-/ 
FORMUm W 

w*wr Concsnt. w = & 100 

RUN NUMOER I I 
TARE NUMBER 

A WEIGHT OF TARE + WET SOIL I I 

TECHNICIAN /Syw:unl COMPUTED BV CHECKED BY (Symalure/ 

Figure 2-63. Data sheet, soil moisture content 
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The computations are made on the data sheet 
(Figure 2-63, page 2-81). Item A minus item B 
equals the weight of water (W,). Item B minus 
item D equals the weight of dry soils (W,). The 
division is made, converted to a percentage, and 
recorded as water content (WI. 

Example: A pan weighing 44.0 grams was 
used to contain a sample of soil to determine its 
moisture content. The total weight, including 
the pan, was 189.3 grams which after drying 
was reduced to 170.0 grams. The resulting per- 
cent of moisture in the soil is: 

Weight of water = (weight of wet sample 
plus tare) - (weight of dry sample plus tare) = 
189.3 - 170.0 = 19.3 grams 

Weight of dry soil = (weight of dry sample 
plus tare) - (weight of tare) = 170.0 - 44.0 = 
126.0 grams 

Water content = 

,oO x weight of water 

weight of dry soil 
= 100 x $ 

S 

w = 100 x 19.3 = 15.3 percent 
126.0 

CALCIUM CARBIDE 
GAS PRESSURE METHOD 

Apparatus 

Calcium carbide pressure (speedy) moisture 
tester to hold a 26 gram soil specimen 

Balance, readable to 0.1 gram 

Two 1% inch (31.75 millimeter) steel balls 

Cleaning brush and cloth 

scoop 

Calcium carbide reagent. 

Procedure 

l When using the 26 gram tester, place ap- 
proximately 24 grams of calcium carbide and 
two 1% inch (31.75 millimeter) steel balls in the 
larger chamber of the moisture tester. 

l Weigh a 26 gram specimen of the soil to 
be tested. Place the soil sample in the cap of the 
tester and, with the pressure vessel in an ap- 
proximately horizontal position, insert the cap 
in the pressure vessel. Seal the unit by tighten- 
ing the clamp, taking care that no carbide comes 
in contact with the soil until a complete seal is 
achieved. 

l Raise the moisture tester to a vertical posi- 
tion so that the soil in the cap will fall into the 
pressure vessel. 

l Shake the instrument vigorously for 10 
seconds and rest for 20 seconds. Then repeat 
shaking so that all lumps will be broken up to 
permit the calcium carbide to react with all 
available free moisture. When steel balls are be- 
ing used in the tester, shake the instrument 
with a rotating motion so that the steel balls will 
not damage the instrument or cause soil par- 
ticles to become embedded in the orifice leading 
to the pressure diaphragm. Continue shaking for 
at least 1 minute with granular soils and for up 
to 3 minutes for other soils to permit complete 
reaction between the calcium carbide and the 
free moisture. Allow time for the dissipation of 
the heat generated by the chemical reaction. 

l When the needle stops moving, read the 
dial while holding the instrument horizontally 
at eye level. Record the dial reading as the per- 
cent of moisture by wet mass. 

l Record the specimen mass and the dial 
reading. 

l With the cap of the instrument pointed 
away from the operator, slowly release the gas 
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pressure. Empty the pressure vessel and ex- 
amine the material for lumps. If the sample is 
not completely pulverized, repeat the test using 
a new sample. 

Calculation 

l Determine the percentage of moisture by 
dry mass of the soil from the calibration curve 
(Figure 2-64, page 2-84) and the conversion chart 
(Figure 2-65, page 2-85). 

The calibration curves, moisture content 
determination by the calcium carbide gas 
pressure method (Figure 2-64), are used for 
materials that need the pulverizing steel balls. 
Using the highest reading obtained during the 
test (direct reading), read over to the curve and 
then down to oven dry moisture percentage. The 
curve to be used will depend on the test time. 

The conversion chart (Figure 2-65) is used to 
determine oven-dry moisture contents of 
materials that do not need the steel balls. If 
direct readings are not on the conversion chart, 
interpolate the difference between the two 
known direct readings. 

Example: A speedy test is performed on a 
sand. The highest reading obtained was 3.5 (per- 
cent wet weight). The difference between 3.0 per- 
cent (which has a known dry weight of 3.2 per- 
cent) and 4.0 percent (which has a known dry 
weight of 4.3 percent) must be interpolated for 
3.5 percent. 

The following values are known: 

Percent Wet Weight Percent Dry Weight 
3.0 3.2 
3.5 X 
4.0 4.3 

Step 1 3.0% 
Step 2 3.5% 
Differences 4.0% 

Step 3 

Step 4 

2.2% 
X 

4.3% 

step 1 - 0.5 . step 3 -X 
1 .O ’ step 2 - step4 - 1.1 

0.5 
1.0 . 

& Cross multiplied X = 0.55 

3.5% wet weight = 3.2% + 0.53% = 3.75% 
comparable oven dry 

l The curves and charts are normally sup- 
plied with the moisture tester. However, each 
moisture tester should be checked for the ac- 
curacy of its gage and the accuracy of the con- 
version curve. Check the accuracy of the tester 
gage by using a calibration kit (obtained from 
the tester manufacturer) equipped with a stan- 
dard gage. In case of discrepancy, adjust the gage 
on the tester to conform with the standard gage. 
For checking the accuracy of the conversion 
curve, make a calibration for meter readings 
versus oven-dry moisture contents using local 
soils. Also, additional testing may be necessary 
to extend the conversion curve (Figure 2-65) 
beyond 44 percent moisture content. 

l It may be more convenient for field use of 
the apparatus to prepare a table of moisture 
tester readings versus oven-dry moisture con- 
tent for the moisture tester. 

To find the value of X, place the differences 
in the following steps into a ratio. 
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bloistm Content Determination by the 
CaleinmCarbide Gas Pressure Method 
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Figure 2-64. Calibration curve 
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THE ALPHA-LUX COMPANY, INC. 
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Figure 2-65. Speedy moisture rester conversion chart 
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Section VIII. LIQUID AND PLASTIC LIMITS 

DISCUSSION 

Clays and some other fine-grained soils ex- 
hibit the physical property of plasticity if the 
proper amount of water is present in the soil. A 
plastic soil is one that can be deformed beyond 
the point of recovery without cracking or change 
in volume. Such soils can be remolded. The 
liquid limit (LL) is the greatest water content 
which the material may contain and still remain 
plastic. More water causes it to become a thick 
liquid. The plastic limit (PLl is the lowest water 
content which the material may contain for 
plastic behavior. With less water, the soil 

becomes brittle and breaks into fragments if 
remolding is attempted. The plasticity index (PI) 
is the numerical difference between the liquid 
and plastic limits: 

(PI) = (LL) - (PL) 

A large PI indicates a very plastic soil; a small 
one denotes a soil having little plasticity. As 
water content decreases below the plastic limit, 
the soil mass shrinks and becomes stiffer. The 
shrinkage limit is the water content where, with 
further drying, shrinkage ceases. Since there is 
no sharp distinction between the liquid, plastic, 
and brittle solid states of consistency, stand- 
ardized procedures have been established for 
determining the liquid and the plastic limits. 

Research with large numbers of clay soils was 
used to establish the soil plasticity chart for 
laboratory classification of tine-grained soils (Ap- 
pendix A, Table A-1) that is part of the USCS. 
Values of LL and PI are coordinates that locate 
a particular soil sample on the chart. The region 
on the chart in which the sample falls gives the 
classification based upon the behavioral 
characteristics of the particular soil. 

Additional information on the liquid limit 
and plastic limit tests are available in 
MIL-STD-621A. 

L lQUID LIMIT TEST PREPARATION 

The liquid limit of a soil is the water content 
expressed as a percentage of the weight of the 
oven dried soil at the boundary between the 
liquid and the plastic states and reported as a 
whole number. This boundary is arbitrarily 
defined as the water content at which two halves 
of a soil cake placed in a standard cup and divid- 
ed into two sections by a standard grooving tool 
will flow together for a distance of 0.5 inch along 
the bottom of the groove when the cup is drop- 
ped 25 times from a distance of one centimeter 
(0.394 inch) at the rate of two drops per second. 

Preparation of Samples 

Soil samples should be at natural water con- 
tent when prepared for the test. Although the 
effects of drying may be negligible for many 
soils, it is significant for some. Any drying which 
occurs before testing may change the limit 
values. Certain soil colloids undergo an irrevers- 
ible change on air or oven drying. Liquid and 
plastic limit tests performed on these soils after 
drying will yield improper results. Factors 
which must be considered before testing are: 

l The liquid limit is performed on material 
finer than the No. 40 sieve. 

l Samples should be large enough to produce 
150 to 200 grams of material for testing. 

l The selected sample must not be subjected 
either to air drying or oven drying before 
testing. Occasionally additional moisture may 
be required to produce the liquid limit. Allow 
the sample to set 4 to 6 hours. 
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l If the sample contains no material coarser 
than the No. 40 sieve, it should be thoroughly 
mixed. It will then be ready for testing. 

l If the sample contains material coarser 
than the No. 40 sieve, it is soaked in clean water 
for 24 hours and washed over a No. 40 sieve us- 
ing a minimum of wash water. The fines and 
wash water are caught in a large dish or collec- 
ting pan and saved. 

l Material retained on the No. 40 sieve is 
oven dried at llO* f 5*C, and then dry sieved 
through the No. 40 sieve. 

l The portion that passed through the No. 
40 sieve during the dry sieving is combined with 
the wash-through portion for testing. 

l The combined (passing No. 40) sample is 
dried to a thick, syrupy consistency by decanta- 
tion or evaporation. Care is taken to prevent the 
sample from caking or lumping during the 
process. 

l Neither chemical substances nor dry soil 
are added to hasten settlement or to speed 
drying. 

l The soil sample should be thoroughly 
mixed just before starting the test. 

Preparation of Liquid Limit Devices 

The liquid limit testing machine (Figure 
2-66, page 2-88) must be inspected, checked, and 
adjusted prior to the test to determine that it is 
in good working condition. 

l Check the pin connecting the cup for wear. 
It must not be worn to the point where it per- 
mits side play of the cup. 

l Check the screws connecting the cup to the 
hanger arm. They should be tight. 

l Check the cup for wear. Long use will 
develop a groove through the cup. This can be 
felt by running the fingers over the inside sur- 
face. If the cup is worn to this extent it should 
be replaced. 

l Check the grooving ‘001 for wear. The 
dimensions which control the size of the groove 
are shown in Figure 2-66. The tool should be 
discarded when the point width exceeds 0.086 
inch. 

l Each time the test is run, or at proper in- 
tervals, verify the height of the drop of the cup. 
The gage for this check is on the handle of the 
grooving tool (Figure 2-66). Using the gage, ad- 
just, the height by means of adjusting screw (A) 
until the point on the cup that strikes the base 
(B) is exactly one centimeter (0.394 inch) above 
the base. Tighten the screws (Cl to secure the 
adjustment and check it, by turning the crank 
at approximately two revolutions per second. If 
the adjustment is correct, a slight click will be 
heard. Ifthe cup is lifted off the gage or no sound 
is heard, further adjustment is necessary. 

LIQUID LIMIT TEST 

Apparatus 

The apparatus for a liquid limit test consists 
of the following as shown in Figure 2-67, page 
2-89). 

Balance, readable to 0.01 gram. Specimen 
containers, stainless steel or aluminum, approx- 
imately 2 inch diameter by ‘/, inch high, with 
snug fitting lids. 

Dishes, evaporating 

Filler, battery 

Liquid limit machine, complete with brass 

cup 

Grooving tool 

Mortar, porcelain 

Oven, thermostatically controlled to llO* f 
5*c 
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Side View 

-11 CM 

Grooving Toot 
(For highly plastic soils) t 

Grooving Tool, ASTM 
(For less plastic and silty soils) 

Front View Section 

Figure 2-66. Apparatus for determining Attenberg limits 

- 

Pan, sieve, a-inch frame 

Pestle, rubber-tipped 

Screwdriver 

Sieve, testing, &inch frame full height, US 
No. 40 

Spatula 

Tongs, crucible 
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Moist 

200G Balance 

Grooving Tool _ n 

Liguid Limit Machine 

.ure-Content Boxes 
I 

I r \ 
Spatula 

Evaporating Dish 

Giound Glass 6” x 6” % ” 

Figure 2-67. Mechanical liquid limit device 
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AlTERBERG LIMITS DETERMINATION 
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Figure 2-68. Data sheet, Atterberg limits determination 
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Procedure 

l Record all identifying information for the 
sample on the top section of the data sheet, DD 

Form 1209 (Atterberg Limits Determination) 
(Figure 2-68). 

l Place 50 to 80 grams of the prepared sam- 
ple in the cup and level it off to a depth of ap- 
proximately 1 centimeter at the point of greatest 
thickness (Figure 2-69). When leveling the soil, 
squeeze it downward and spread it using as few 
strokes of the spatula as possible. Be careful to 
prevent entrapping air bubbles in the mass. 
Return the unused soil to the sample stock. . . 

‘-7 6 B r-., ‘L ‘.‘, 
F--\C.. 1 Cm. 
. . -. .. 

: 
Point 

of Contact 

Figure 2-69. Leveling sample in the cup 

l Hold the grooving tool and the cup as 
shown in Figure 2-70 and make the groove by 
drawing the tool down through the sample along 
the diameter through the centerline of the cam 
follower so that a clean, sharp groove of the pro- 
per dimensions will be formed. 

More than one stroke may be necessary to 
make the groove. Each stroke should be a little 
deeper than the preceding one until the last 
stroke scrapes the bottom of the cup clean. 
However, do not exceed six strokes and be 
careful not to tear the sides of the groove or to 
allow the soil cakes to slip in the cup. 

Figure 2-70. Holding cup and grooving tool 

Note that with some sandy and highly 
organic soils, it is impossible to draw the tool 
through the sample without tearing the sides of 
the groove. In such cases, the groove is made 
with the spatula (Figure 2-71) and shaped with 
the grooving tool. 

I 

Figure 2-71. Cutting groove with spatula in 
sandy soil 
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m-m 1 % n 
_ -_ 

T 

Before Test After Test 

Figure 2-72. Liquid limit test 

Before laying the grooving tool aside, clean 
the cutting edge by running the thumb over the 
tool or by washing it. This prevents the soil from 
drying on the tool and lost time trying to scrape 
or wash it clean. 

l Attach the cup to the carriage of the device 
and turn the crank at the rate of two revolutions 
per second. Count the number of blows until the 
two halves of the soil cake come into contact at 
the bottom of the groove for a distance of % inch 
(Figure 2-72). Record the number of blows. 

l Remove about 10 grams from the cup by 
drawing the spatula from edge to edge perpen- 
dicular to the groove and through the portion 
of the cake that closed (Figure 2-73). This sam- 
ple is used to determine the water content. All 
weighing should be accurate to + 0.01 gram and 
the water content computed to one decimal 
place. 

Transfer the remaining soil in the cup to the 
mixing dish. Wash and dry the cup and groov- 
ing tool. Repeat steps two through five for three 

additional samples, each of which has had the 
water content reduced by drying. Drying is ac- 
complished by continued mixing with the 
spatula and aided by a small electric fan, if 
desired. The water content adjustment must be 
sufficient to produce a noticeable change in the 
number of blows to close the groove, and results 
in a series with some more and some less than 
25 blows which close the groove. Preferably, the 
range should be from 15 to 35 with two tests be- 
tween 15 and 25 blows and two tests between 
25 and 35 blows. 

l Material remaining in the mixing dish 
should be reserved for the plastic limit test. 

Calculations 

Computing the liquid limit is done graphical- 
ly by plotting a flow curve with the number of 
blows and the water content as coordinates (Fig- 
ure 2-68, page 2-90). The water content (on the left 
edge) is plotted on an arithmetic scale and the 
number of blows (along the bottom) is plotted on 
a logarithmic scale. If the points are relatively 
close to lying on a straight line, a straight line 
is drawn as nearly as possible through the plot- 
ted points, thus establishing an average between 
the points. However, if the plotted points do not 

Remove About ,/I-- 

- 

Figure 2-73. Removing moisture content portion 
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define a straight line, additional tests should be tion is replaced from the prepared sample. 
made and new points plotted. The liquid limit Remix the entire amount in the cup without add- 
is the water content corresponding to the point ing water. Regroove the specimen and operate 
where the straight line crosses the 25 blow coor- the device once again. The number of blows to 
dinate. The liquid limit is read to the nearest close the groove should be within two blows of 
0.1 percent, but is reported to the nearest whole the first measurement. If the difference is 
number (Figure 2-681. In a given test, the deter- greater than two blows the mixing was insuffi- 
minations resulted in the following values: cient and the entire test must be repeated. 

Number of Blows Water Content 

(1) 16 47.3 

(2) 24 46.6 

(3) 29 46.3 

(4) 33 45.5 

After plotting these four points and drawing a 
straight line as nearly as possible through them, 
the water content corresponding to the 25 blow 
coordinate is 46.3. Thus, the liquid limit for this 
sample would be reported as 46. 

ONE POINT LIQUID LIMIT TEST 

The one point test is based on the premise 
that the slope of the flow curve for soils within 
a given geologic environment is essentially con- 
stant. Thus, the liquid limit flow curve could be 
drawn using only one test point provided that 
a test slope has been established by experience 
with other soils in the area. The simplified test 
should only be used in geologically similar areas 
and where adequate correlations have been 
made to define the slope of the flow curve. 

Apparatus 

See liquid limit test. The sample is prepared 
as for a standard test except that its consisten- 
cy is controlled to result in 20 to 30 blows to 
cause closure. 

Procedure 

See liquid limit test. The amount removed 
from the cup for the water content determina- 

Calculations 

Determine the liquid limit by using the 
following equation: 

LL = W” 0 
(25) 

tan B 

where: 

W” = water content at N blows 

N = number of blows to close the 
groove 

tan B = slope of the flow line 

Values of (N/251°.12 are given in Table 2-7. The 
exponent 0.12 is an average value to be used in 
this simplified method if the slope of the flow 
curve is not known for the particular soil. If the 
correct slope is known, use the exponent cor- 
responding to this slope in the calculation. 

Table 2-7. Values of (N/25)0.12 for liquid limit test 

N I (N/25)0.‘? 

20 0.974 
21 0.979 
22 0.985 
23 0.990 
24 0.995 
25 1.000 
26 1.005 
27 1.009 
28 1.014 
29 1.018 
30 1.022 
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PLASTIC LIMIT TEST 

The plastic limit of a soil is the water con- 
tent, expressed as a percentage of weight of oven 
dried soil, at which the soil begins to crumble 
when rolled into a thread y8 inch in diameter. 
Approximately 20 grams of material is required 
for the plastic limit test. The sample is prepared 
as described for a liquid limit test, or is the 
material remaining after the liquid limit is 
tested. 

Apparatus 

The apparatus for the plastic limit test con- 
sists of the following: 

Surface for rolling, such as a ground glass 
plate, a piece of linoleum, or a tabletop of close 
grained wood. Paper may be used as a rolling 
surface provided that it does not give off lint 
which can be picked up by the sample during 
rolling. The use of the lint free paper towel as 
a rolling surface will enable faster testing. 

Spatula 

Containers (boxes, stainless steel, such as 
those used in the liquid limit test) 

Balance, sensitive to 0.01 gram 
Oven, thermostatically controlled to 1 loo + 5% 

Evapsrating dish. 

Procedure 

l Record all identifying information for the 
sample on the data sheet, bottom half (Figure 
2-68). 

l Take approximately 5 grams of the 
prepared material. The sample should be taken 
at any stage of drying when the mass is just 
plastic enough to be shaped into a ball that will 
not stick to the fingers when squeezed. 

l Shape the test sample into an ellipsoid and 
roll it between the fingers and rolling surface 
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Figure 2-74. Rolling the soil, plastic limit test 

(Figure 2-74) using enough pressure to form the 
soil mass into a thread ‘/, inch in diameter. The 
rate of rolling should be between 80 and 90 
strokes per minute. One stroke is considered a 
complete forward and backward motion return- 
ing to the starting position. 

l When the thread diameter reaches ‘/, inch 
without crumbling, remold the sample into a 
ball and repeat the rolling process. Continue 
remolding and rolling until the ball has dried 
sufficiently for the rolled thread to crumble 
(Figure 2-75). The plastic limit has been reached 
when the thread crumbles (regardless of 
diameter) if the original ‘/,-inch diameter has 
been reached at least once. Do not precipitate 
crumbling at exactly the ‘/,-inch diameter by 
reducing the rate of rolling, the hand pressure, 
or both; and do not roll beyond the ‘/,-inch 
diameter. It is permissible, however, to reduce 
the total amount of deformation for poorly 
plastic soils by making the initial diameter of 
the ellipsoidal mass nearer the required ‘/,-inch 
final diameter. Continue to roll the sample un- 
til all the soil has crumbled. It does not crum- 
ble all at the same time. 



FM 5-530 

j 

,. 

< 

Figure 2-75. Rolled threads, uncrumbled and 
crumbled 

l Collect the crumbled portions and deter- 
mine the water content. 

l Repeat the process with an additional por- 
tion of the prepared sample to obtain an average 
value for the plastic limit. The two tests should 
agree within f 1 percent moisture content, or 
the test must be repeated. 

l Record the sample weight and computa- 
tions on the data sheet. Weighing should be ac- 
curate to 0.01 gram and water content computed 
to one decimal place. Report the limit to the 
nearest whole number. 

Calculations 

Compute the plastic limit as follows: 

water content for each run = 

weight of water 
x 100 

weight of oven dried soil 

plastic limit = average of water content from 
two or more runs (Figure 2-68) 

plasticity index = liquid limit - plastic limit; 
or PI = LL - PL 

Example (Figure 2-68): In this example, the 
following data was obtained. Determine the 
plasticity index. 

liquid limit = LL = 46 

plastic limit = PL = 18 

plasticity index = PI = LL - PL; PI = 46 - 
18 = 28 

Results: The PI and LL values are then plot- 
ted on the plasticity chart (Figure 2-76, page 
2-96) to determine the types of fines within the 
sample. 
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Figure 2-76. Plasticity chat-l 

Section IX. COMPACTION TEST 

DISCUSSION 

Compaction is one of the basic construction 
procedures involved in building subgrades and 
bases for roads and airport pavements, em- 
bankments, earthfill dams, and similar struc- 
tures. Compaction is the process of increasing 
the amounts of solids per unit volume of soil by 
mechanical means. This increase in density has 
an important effect in improving such soil pro- 
perties as strength, permeability, and com- 
pressibility. In the field, compaction is ac- 
complished by rolling or tamping with special 

equipment, or by the passing of construction 
equipment. Laboratory compaction may be ac- 
complished by the impact of hammer blows, 
vibration, static loading, or any other method 
which does not alter the water content of the 
soil. In general, efficient and adequate compac- 
tion in the field is attained by compacting the 
soil at a moisture content and to a density 
established in the laboratory. 

As related to compaction, the term dry den- 
sity means dry unit weight, that is, pounds per 
cubic foot of soil computed on an oven-dry basis. 
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Laboratory compaction generally is accom- 
plished by placing the soil in a cylinder of known 
volume and dropping a tamper of known weight 
onto the soil from a known height for a given 
number of blows. The amount of work done to 

the soil per unit volume of soil in this dynamic 
compaction procedure is called compactive effort. 
For most soils and for a given compactive effort, 
the density of the soil will increase to a certain 
point as the moisture content is increased and 
then start to decrease with any further increase 
in moisture content. The moisture content at 
which maximum density occurs is called the op- 
timum moisture content (OMC!) for that compac- 
tive effort. Each compactive effort for a given soil 
has its own OMC. As the compactive effort is in- 
creased, the maximum density generally in- 
creases and the OMC decreases. 

Compaction tests in the laboratory are per- 
formed to determine such properties of the soil 
as the effect of varying percentages of water on 
dry density, the maximum density obtainable 
under a given compactive effort, and the OMC. 

PREPARATION 

The ASTM compaction procedure may be per- 
formed either in the standard Proctor mold or 
the larger laboratory CBR mold. The mold to be 
used is determined by the maximum particle 
size of the soil sample. Soils which do not con- 
tain gravel are compacted in the Proctor mold, 
whereas soils continuing up to x-inch material 
should be compacted in the CBR mold. 

Apparatus 

The apparatus used in the compaction test 
consists of the following: 

Compaction cylinder (Proctor mold). A cylin- 
drical metal mold 4 inches in diameter and 4.584 
inches high having a volume of x0 cubic foot. The 
mold is fitted with a detachable base plate and 
a removable extension collar 2% inches high. 

Compaction cylinder (CBR mold). This is a 
cylindrical metal mold 6 inches in diameter and 

7 inches high. The compacted sample is controlled 
to 4.5 inches by means of a spacer disk. The 
spacer disk is %, inch smaller in diameter than 
the mold and 2% inches high. The CBR mold is 
used for samples containing material retained 
on the No. 4 sieve and for any type of sample 
needed for the CBR test. The volume of the mold 
is 0.0736 cubic foot using the 2x-inch spacer 
mold. Details of the mold used for CBR testing 
can be found in MIL-STD-621A. 

Compaction tamper. The tamper has a drop 
weight which weighs 10.0 pounds and has a 
striking face 2.00 inches in diameter. The 
tamper is held in a guide sleeve or on a shaft 
that regulates the height of drop to 18.0 inches. 
The tamper is illustrated in Figure 2-77. 

Balances, 20 kilogram capacity (readable to 
1 gram) and 1 kilogram capacity (readable to 0.1 
gram). 

Tamper Guide 

Figure 2-77. Soil compaction in a mold 
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‘I’hree sieves to process the soil (2 inch, ‘/I- 
inch, and No. 4) 

Straightedge, steel, beveled along one edge 

Mixing tools, such as pans, spoon, trowel, 
spatula, or electric mixer 

Other general laboratory equipment in- 
cluding that necessary to perform moisture con- 
tent determinations. 

Preparation of Sample 

The amount of soil required for the standard 
compaction test varies with the kind and grada- 
tion of the soil to be tested. For soils passing the 
No. 4 sieve that are to be tested in the 4-inch 
mold, 30 pounds of soil is normally sufficient. 
For samples containing gravel that are to be 
tested in the CBR mold, approximately 75 
pounds of processed material is required for five 
molds. The soil to be tested will be air dried. 
Break the lumps present in the sample, but take 
care that the natural size of the individual par- 
ticles is not reduced. Then screen the material 
through a “/, inch and a No. 4 sieve. 

l If 

more than 10 per- 
cent retained on the %-inch sieve, remove the 
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material retained on the %-inch sieve and replace 
it with an equal weight of material passing the 
3/,-inch sieve, but retained on the No. 4 sieve. 
One method of doing this is to sieve an addi- 
tional sample through the nest of sieves (“/, inch 
and No. 41, saving only the material retained in 
between the two sieves (minus “/, inch and plus 
No. 4) to form a stockpile. As each 15 pound sam- 
ple is sieved over the S/,-inch sieve, the plus 
%-inch material is weighed and replaced by an 
equal amount of weight of the minus x-inch and 
plus No. 



Table 2-8. Results of soil compaction test 

Screen size 

3/4 in 
No. 4 

Passing No. 4 

Total 

Natural sample Processed sample 

Desired Computed 
Retained on screen percentage weight 

lb % % lb 

16.0 14.6 0 0 

44.0 40.0 54.6 44.0 

50.0 45.4 45.4 36.5 

110.0 100.0 100.0 80.5 

in equal compactive efforts for the two mold sizes 
and soil volumes. Use the following steps for the 
test: 

1. From the prepared material, weigh out 12 
to 15 pounds (CBR mold) or 5 to 7 pounds 
(Proctor mold) dry weight of soil. This is an 
estimation of OMC. 

2. Determine the quantity of water which, 
when mixed with the soil, will cause it to adhere 
or ball together slightly when squeezed firmly 
in the palm of the hand. Add the water to the 
sample and mix it thoroughly. This is an estima- 
tion of OMC. 

3. Store the water-mixed material in an air- 
tight container for approximately 24 hours to 
permit the moisture content to become uniform. 

4. Weigh out at least four additional 
specimens as above. Two specimens will be 
below OMC at 2 percent intervals, and two 
specimens will be above OMC at 2 percent in- 
tervals. Mix and store each specimen in a 
separate airtight container. Note that sandy 
soils absorb moisture readily, and 24 hour 
storage may not be required. In this case, 
separate the five or more specimens and add the 
water before testing. Do not reuse a tested 
specimen. 

5. Cover the proper mold with a light coat of 
oil and weigh it to the nearest gram. Do not in- 
clude the spacer disk and extension collar. 

Record the weight on the data sheet, DD Form 
1210 (Figure 2-79, page 2-1001. 

Figure 2-78. Trimming the compacted soil 
sample 

6. Prepare the mold by attaching the collar 
and setting it on a concrete floor or other rigid 
support, such as a pedestal. If using the CBR 
mold with the spacer disk, place filter paper on 
the top of the disk. 
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7. Place enough of the first prepared 
specimen into the mold to produce a compacted 
layer slightly less than 1 inch thick. This is 
usually 1% inch uncompacted thickness. 

8. Compact the soil with the tamper, using 
25 blows when compacting in the 4-inch mold 
and 55 blows when compacting in the CBR mold. 
Hold the tamper vertically, place its face on top 
of the soil, raise the handle until it reaches the 
top, and let the weight fall freely onto the soil. 
Change the position of the guide and tamper and 
repeat the process until the soil layer has re- 
ceived the prescribed number of blows. Be sure 
that the tamping is evenly distributed over the 
soil in the mold. 

Each compacted layer should be 1 inch thick. 
(If more than 1 inch, add less soil for the next 
layer. If less than 1 inch, add more soil for the 
next layer.) Fill the mold by compacting the soil 
in five layers so that the last layer completely 
fills the mold and extends slightly into the col- 
lar. The final layer should extend no more than 
“/8 inch into the collar. 

Use a sharp pointed instrument and scarify 
the surface of the compacted layer to a depth of 
about % inch. A grid of scratch lines “/, inch to 
1 inch apart provides the proper degree of scari- 
fying. Add the next layer of the specimen and 
repeat the tamping process. Continue adding 
and tamping until five layers have been com- 
pacted in the mold. The fifth layer should extend 
slightly above the top of the mold and into the 
collar. 

9. Cut around the inside edge of the collar to 
prevent shearing the compacted soil when 
removing the collar. Remove the collar and use 
the straightedge or spatula to trim the excess 
portion above the exact level of the top of the 
mold (Figure 2-78, page 2-99). Use a sawing mo- 
tion of the straightedge to trim the excess soil; 
start at the center of the mold and work out- 
ward, first to one side and then to the other. 

10. Remove the mold with the compacted 
specimen from the base plate, invert and remove 
the spacer disk, and fasten the mold to the base 
plate. Weigh the mold and base plate plus the 
specimen. Record the weight of the mold plus the 
soil on DD Form 1210 (Soil Compaction Test 
Data) (Figure 2-79). 

11. Take two tares of the compacted soil (two 
samples from each layer), for a moisture content 
determination. Weigh these samples to 0.1 gram 
and save them for the remaining moisture con- 
tent procedures, 

12. Repeat steps above for the remaining spe. 
cimens. 

13. After completing the compaction portion 
of the test, complete the moisture content 
determinations. 

Calculations 

Compute the following quantities for each 
compacted specimen: 

Wet unit weight. The weight of the com- 
pacted specimen and the mold, step (11) above, 
minus the weight of the mold alone, step (5), is 
the weight of the compacted specimen. The wet 
unit weight is equal to the weight of the com- 
pacted specimen divided by the volume of the 
mold. The volume of the 4-inch mold is %,, cubic 
foot; the volume of the CBR mold is 0.0736 cubic 
foot. 

Moisture content (w). 

w _ weight of water x 100 
weight of dry soil 

Dry unit weight. 

wet unit weight 

(4 dry unit weight = 1 + ~ 
(100) 
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Compaction Curve 

The compaction curve on DD Form 1211 (Soil 
Compaction Test Graph) (Figure 2-80) is the 
curve obtained by plotting moisture content 
versus dry density for each test. For a typical 
cohesive soil, dry density increases as the mois- 
ture in the soil increases. The dry density begins 
to decrease with increasing moisture content. 
The primary reason for performing the com- 
paction test is to determine the moisture content 
at which the maximum dry density can be ob- 
tained. After plotting the compaction curve for 
any given soil, it is possible to determine the 
moisture content which will give the maximum 
dry density for the particular soil directly from 
the plotting curve. 

The compaction curve shows the OMC. This 
is the moisture content at which the maximum 
dry density is obtained for a given compaction 
procedure. 

By determining the highest point on the com- 
paction curve (apex) and dropping vertically 
down to the horizontal moisture scale or line, it 
is found that OMC for this particular soil, Figure 
2430, is 10.9 percent. 

The compaction curve also shows maximum 
dry density (100 percent). The maximum dry 
density of 100 percent effort may be obtained by 
running a tangent from the highest point on the 
compaction curve for the particular soil to the 
vertical dry density scale (see Figure 2-80), in 
this case 127.2 pounds per cubic foot. 

Compaction Specifications 

To determine if a soil has been compacted suf 
ficiently in the field, some specifications for 
roads and airfields must exist. In a theater of 
operations the recommended specifications for 
airfields, at least for the more permanent fields 
in rear and support areas, state that at least 100 
percent compaction (or 95 percent of maximum 
dry density) should be obtained for all the base 
course construction plus at least 6 inches of the 
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subgrade. The standard compaction range is 5 
percent (100 to 105 percent). All other soil con- 
struction fill and embankment construction 
should be compacted to not less than 95 percent. 
For theater of operations roads, all of the base 
course construction, plus at least the upper six 
inches of the natural subgrade soil, should be 
compacted to not less than 95 percent of max- 
imum dry density. In the zone of interior, and 
for special airfields, the specifications are essen- 
tially the same. The only exception is that the 
upper base course material is compacted to 100 
percent of maximum CE55 dry unit weight, and 
the depth of compaction varies according to the 
design wheel loads. 

l Percent moisture. To obtain the maximum 
dry unit weight or density in the field, it is 
necessary to control the moisture content of the 
construction soil, as close as possible, to the op- 
timum determined from the laboratory compac- 
tion test. If the moisture content is not close to 
the OMC, it will require extra time and equip- 
ment effort to obtain the maximum dry density 
because more passes of the rollers will be re- 
quired to compact the soil properly. In the 
specifications for each job the limits for moisture 
contents should be specified. If not specified, the 
limits should be assumed as -+ 2 percent ( -+ 2 O) 
of OMC. Using Figure 2-80, where OMC is 10.9 
percent, the moisture limits would be from 8.9 
to 12.9 percent. This gives a limit for a workable 
and practical specification block. 

l Percent compaction. Some soils will not or 
cannot be compacted to 100 percent at a 
reasonable equipment effort regardless of com- 
bination. In those cases it is not mandatory to 
compact to 100 percent. For each job the 
specifications will state the percent compaction 
required for the particular loadings. Assume 
that the specifications require 90 percent of max- 
imum dry density. To find the dry density re- 
quired, multiply the maximum dry density (100 
percent), regardless of its value, by .90. This will 
give the density limit. If the specifications state 
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Figure 2-81. Effect of water on density 

between 90 and 95 percent, the 90 percent den- 
sity will constitute the lower limit with 95 per- 
cent as the upper limit. A specification block 
(Figure 2-801 can now be constructed. 

soil grains. This water does 
not aid compaction by acting as a lubricant since 
it is firmly attached to the surface of the soil par- 
ticles. Adding additional water brings the soil 
to a point where a slight change in moisture 
begins to produce a large increase in density. 
This rapid increase indicates that the lubrica- 
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tion phase of the compaction curve has been 
reached and it characterizes this phase. 

The first portion of the compaction curve to 
the right of OMC is known as the swell phase. 
The addition of water increases the film around 
the soil particles, forcing the soil particles apart 
and decreasing the dry density. With further in- 
creases in moisture content, free water added to 
the soil will find the void spaces. This is known 
as the saturation phase. In the swell and satura- 
tion phases the water begins to take the place 
of the solids, thus decreasing the dry density. 

l Effect of different compactive efforts on 
density. The mass per unit volume of a soil 
varies directly with the amount of energy ex- 
pended to compact that soil. Therefore, the 
greater the compactive effort, the greater the 
amount of solids per unit volume. This results 
in a stronger and more stable soil. 

As the compactive effort is increased, the dry 
density of the soil increases. This means that if 
more energy is used to compact a soil, the in- 
creased energy will cause the particles to be 
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rearranged to a greater extent, thus increasing 
the mass of soil particles per unit volume. If the 
compactive effort is decreased, the particles will 
not be rearranged to as great an extent, thus 
decreasing the dry density. See Figure 2-82, 
which shows how the dry density will vary with 
compactive effort. 

The OMC varies inversely with respect to 
compactive effort. If the compactive effort is in- 
creased, the soil does not have to be as wet to 
obtain the maximum dry density. In other 
words, the OMC will be decreased with increas- 
ing compactive effort (Figure 2-82). 

l Effect of different types of soils on densi- 
ty. Different soils will have varying compactive 
characteristics. Gravelly and sandy soils have 
a lower OMC and higher densities under the 
same compactive effort compared with silty and 
clay soils (Figure 2-83, page 2-106). Note from 
the sharpness of the curves that moisture 

content is much more critical in optaining max- 
imum density for coarse-grained soils than for 
the fine grained soils. 

COMPACTION EQUIPMENT 

Equipment normally available to the 
military engineer for the compaction of soils in- 
cludes rollers of the sheepsfoot, pneumatic tire, 
and steel wheel types. Other construction equip- 
ment and loaded hauling units may also be used. 
Crawler-type tractor units are efficient in com- 
pacting free-draining sands and gravels which 
should be kept wet during the compaction pro- 
cess. This equipment is not efficient for the com- 
paction of cohesive soils. Compaction equipment 
utilization is covered in TM 5-331A. 

For this equipment to be used efficiently, the 
moisture content at which maximum compac- 
tion can be obtained, the OMC, and the max- 
imum density to which the soil can be compacted 

Figure 2-82. Effect of different cornpactive efforts on density 
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Figure 2-83. Effects of different soil types on density 

are required. This data may be obtained by per- 
forming the laboratory compaction test. The 
stability or strength of the base course in the 
field can only be obtained if the moisture con- 
tent allows proper compaction and if compaction 
is obtained at or above the amount specified. 

COMPACTION THEORY 

A knowledge of the theory of compaction is 
essential for a job to fulfill its intended purposes. 
Compaction is the process of increasing the mass 
of soil particles per unit volume, thus increas- 
ing the strength and stability of the soil. 

The moisture content of the soil affects the 
dry density. This is the basis for the compaction 
test. By varying the moisture content and com- 
pacting the soil, it is possible to obtain various 
dry densities. The dry density is plotted versus 

the moisture content. The various points are 
joined by a smooth curve. The peak of this curve 
gives the maximum dry density and the op- 
timum moisture content. The optimum moisture 
content is the moisture content at which it is 
easiest to obtain the maximum dry density with 
that particular compactive effort. 

After the compaction curve is obtained, it is 
possible to determine the specification block. 
This block will vary with the specification for 
a particular project. If the field results fall 
within the specification block, the job is meeting 
specification. 

ADJUSTMENT OF MOISTURE CONTENT 

The compaction curve is drawn with dry den- 
sity and moisture content as coordinates. To con- 
struct an acceptable curve, at least two of the 
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plotted points should fall on one side 2nd two on 
the other side of the OMC. It is important to 
remember that during the testing period the on- 
ly density that can be determined is the wet soil 
density or wet unit weight. To compute the dry 
density, the moisture content must be de- 
termined. This can take up to 24 hours. 

Compaction Curve Construction 

An acceptable curve can be obtained by start- 
ing at a water content to produce a sample just 
wet enough to ball together when it is squeezed 
and released. Additional points can be obtained 
by increasing the water content by _t 2 to 4 per- 
cent for each of four subsequent samples. 

One method to determine when the OMC has 
been reached while testing is to compare the wet 
weights of the various samples after compaction. 
The OMC and maximum density have been 

passed when the wetter compacted sample 
shows a decline in weight over the previous drier 
sample. If this occurs with the third or fourth 
sample, the curve will have at least two plotted 
points on either side of the OMC. 

To aid in the selection of increments (2 per- 
cent to 4 percent increases), hints can be taken 
from typical curves. Generally, the more plastic 
the soil, the flatter the curve, and the higher the 
OMC. 

Calculations 

Compute the amount of water required to 
raise the moisture content of a soil to a certain 
percentage using the following data: 

Weight of soil sample 

Present moisture content 

Desired moisture content. 

An example of the computation is given below. 
Assume a 12 pound sample with a 3 percent 
moisture content must be raised to 10 percent. 

wet unit weight 12 12 

Dry weight = l+ w = 1 + (3) = 1.03 = 11.65 pounds 

100 (100) 

where moisture content (w) is- 

vow = weight of water x 100 
weight of dry soil 

thus: weight of water = 
moisture content x dry weight of soil = 

100 

7 x 11.65 
100 

= 0.816 pounds 
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The 7 percent moisture content is derived from 
the required value (10 percent) minus the con- 
tent in the soil (3 percent). 
To convert to grams: 

0.816 x 454 = 370 

x 100 = 

100 

Ex___- 7 12 
3 100 1.03 

x .07 = 0.8155 
pounds 

DEGREE OF SATURATION 

At complete saturation the voids (space be- 
tween particles) in the solid mass are completely 
filled with water. That is, no air is present. 
and the degree of saturation (S) is equal to 100 
percent. The zero air voids curve (100 percent 
saturation) for the soil used (specific gravity, G, 
equal to 2.72) is shown on the plot of Figure 2-80, 
page 2-103. This curve is obtained by plotting 
dry densities corresponding to complete satura- 
tion at different moisture contents. 

Complete Saturation 

When S = 100 the moisture content (w& 
required to fill all voids depends upon only the 
specific gravity of the soil particles (G) and the 
dry unit weight (~~1. 

YlOO) = 
62.43 _ l 

WC! G 

(The unit weight of 1 cubic foot of water is 62.4 
pounds.) This expression may be used to com- 
pute points for plotting the zero air voids curve. 
Table 2-9 gives values of water content and den- 
sities at zero air voids (complete saturation) for 
the usual range of specific gravity and dry 
density. The specific gravity of the soil is deter- 
mined by the described methods. 

Zero Air Voids 

This curve represents theoretical values 
which are practically unattainable because it is 
not possible to remove all the air contained in 
the voids of a soil by compaction alone. 
Typically, at moisture contents beyond 
optimum, the actual compaction curve closely 
parallels the theoretically perfect compaction 
curve. Any values of dry density which plot to 
the right of the zero air voids curve are in error. 
The error may be in the test measurement, the 
calculations, or the specific gravity. 

Degree of Saturation and Actual 
Compaction Curve 

With the plot of Figure 2-80 available, the 
degree of saturation corresponding to any point 
on the moisture-density curve may be calculated 
by dividing the actual water content of the 
specimen by water content which corresponds to 
100 percent saturation (at the same density). 

For example: at maximum density for the 
soil represented by the plot of Figure 2-80, the 
actual water content is 10.9 percent. At 100 per- 
cent saturation and the same density, the cor- 
responding moisture is 12.3 percent. Therefore, 
the degree of saturation and maximum density 
is as follows: 

10.9%/12.3% = 0.89 or 89%. 

OTHER COMPACTIVE EFFORH 

Under some circumstances it may be 
necessary to use a compactive effort in the 
laboratory. Usually this is done to study the 
effect of variation in density upon some proper- 
ty of the soil, such as the CBR. In this case, 
samples are compacted using the procedures 
previously described, except that the variation 
in density is achieved by varying the number 
of blows applied to each layer as described in 
MIL-STD-621A. In unusual circumstances the 
laboratory compaction procedure may be 

-- 

__ 
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changed to produce a compactive effort which ment. In the CBR test, the compaction procedure 
more closely resembles the energy that can be calls for 12, 26, 55, or 72 blows per layer. This 
put into the soil using available rolling equip- is discussed under the CBR (Section XI). 

Table 2-9. Data for zero air voids curve 

Specific 
Gravity 
of soit 

Water Content, wIOO, in Percent of Dry Weight for Dry Unit Weight, wd, in Pounds per Cubic Foot of 

2 40 
2 45 
2 50 

2 51 
2.52 
253 
2.54 
2 55 
256 

2 57 
256 
259 

2.60 
2 61 
2 62 
2 63 

264 
265 
266 
267 
268 

2.69 

2 70 
2 71 

2 72 
2.73 
2.74 
2.75 

2 76 
2.77 

2.76 
2.79 

2.80 
2.81 
282 
283 
2.84 
2.85 

2.86 
2.07 

2.88 
2.89 

2 90 
295 
300 

305 
315 

50 55 60 65 70 75 80 85 90 95 100 105 110 115 120 125 130 135 140 145 

832 71.6 624 54.4 475 41.6 364 31.8 277 241 206 178 151 126 10.4 83 64 46 29 19 
840 727 632 55.2 484 424 372 32.6 286 249 216 166 159 135 112 91 72 5.4 38 2.2 
849 735 641 56.1 492 43.2 380 33.5 294 257 224 195 168 143 12.0 99 60 6.2 46 3.1 
850 737 642 56.2 494 43.4 382 33.6 295 259 226 196 169 145 122 101 62 64 46 3.2 
65.2 73.6 644 56.4 495 43.6 364 33.8 297 260 226 196 171 146 124 103 63 66 49 3.4 
853 74.0 645 56.5 497 43.7 385 33.9 296 26.2 22.9 199 172 148 125 104 6.5 6.7 51 3.5 
855 74.1 647 56.7 496 43.9 38.7 34.1 300 26.4 231 201 174 149 127 106 67 69 52 3.7 
856 74.3 646 56.6 500 44.0 388 34.2 302 26.5 23.2 202 175 151 126 107 66 70 54 3.6 
858 74.5 650 57.0 50.1 44.2 390 344 303 26.7 234 20.4 177 152 130 109 90 72 55 4.0 
860 74.6 651 57.1 503 44.3 391 34.5 305 268 235 206 176 154 131 110 91 73 57 4.2 
861 74.8 653 57.3 504 44.5 393 34.7 306 270 237 207 160 15.5 133 112 9.3 75 58 4.3 
66.3 74.9 654 57.4 506 446 394 348 306 271 236 20.9 161 15.7 134 113 9.4 76 60 4.5 

864 75.1 656 57.6 507 448 396 35.0 309 27.3 240 210 163 15.8 136 115 9.6 78 61 4.6 
866 75.2 65.7 57.7 509 449 397 35.1 311 274 241 212 184 16.0 137 116 97 79 63 4.6 
867 75.3 659 579 51.0 451 399 353 312 276 243 21.3 166 16.1 139 118 9.9 8 1 6.4 4.9 
86.6 755 660 56.0 512 452 400 354 314 277 244 214 167 16.3 140 119 100 82 66 5.0 
87.0 75.6 662 582 513 454 402 356 315 278 24.6 216 169 16.4 142 121 10.1 84 67 5.2 
87.1 758 66.3 583 51.5 455 403 35.7 316 260 247 217 190 16.6 143 122 10.3 8.5 69 5.3 
87.3 75.9 665 58.5 51.6 45 7 405 35 9 31 6 28 1 248 21 9 19 2 16.7 14.4 12.4 10.4 8 7 7.0 5.5 
67.4 761 66.6 586 517 458 406 360 319 283 250 220 193 16.8 146 125 106 88 71 5.6 
67.6 762 66.7 587 519 459 40.7 361 321 284 251 222 194 17.0 147 126 107 89 73 58 
67.7 763 66.9 589 52.0 461 40.9 363 322 286 25.3 223 196 17.1 149 128 109 91 74 59 

67.8 765 67.0 590 522 462 410 364 323 287 254 224 197 173 150 12.9 11.0 92 
88.0 766 67.2 592 52.3 46.3 411 366 32.5 266 255 226 199 174 151 130 111 93 
88.1 768 67.3 593 52.4 465 41.3 36 7 32.6 29.0 25.7 22 7 20.0 17 5 15 3 13.2 11 3 95 
88.2 769 67.4 59 4 52.6 466 41.4 36.8 32.7 29 1 25.8 22 6 20.1 177 154 13.3 11 4 9.6 
68.4 770 67.6 59 6 52.7 46.7 41.5 370 32.9 29 2 25.9 230 20.3 17 6 155 13.4 11 5 9 7 
88.5 772 67.7 59 7 52.8 46.9 41.7 37 1 33.0 29 4 26.1 23.1 20.4 179 15.7 13.6 11 7 9.9 
886 77 3 67.8 598 53.0 470 41.6 37 2 33.1 29 5 26.2 23.2 20.5 18 1 15.8 13.7 11 6 100 
88.8 774 68.0 600 53.1 471 419 374 33.3 296 26.3 234 20.7 182 159 138 119 10.1 

889 775 68.1 6C.l 53.2 473 421 375 334 298 26.5 235 20.8 18.3 161 14.0 121 10.3 
89.0 77.7 682 60.2 534 474 422 376 335 299 26.6 236 209 18.5 16.2 141 122 10.4 

892 77.8 683 603 535 475 423 377 337 300 267 238 210 186 16.3 142 123 105 
893 77.9 685 60.5 536 477 425 379 336 30.1 266 239 212 167 16.4 144 124 10.7 
894 78.1 686 60.6 537 476 426 36.0 339 30.3 270 240 213 186 166 145 126 10.8 
895 78.2 667 60.7 539 479 427 38.1 340 30.4 271 24.1 214 190 167 146 127 10.9 
89.7 78.3 68.8 60.6 540 48.0 426 38.2 342 30.5 272 243 215 191 166 147 126 110 
898 76.4 690 61.0 541 48.2 430 38.4 343 30.6 273 24.4 217 192 169 149 12.9 112 
89.9 78.5 69 1 61.1 54 2 46.3 43 1 36.5 344 30.8 27.5 24.5 21.8 19.3 17 1 15 0 13.1 11 3 

90.0 78.6 69.2 61.2 54.4 46.4 43.2 36.6 34 5 30.9 276 24.6 21 9 19.5 17 2 15 1 13.2 11 4 
90.1 76.8 693 61.3 54.5 48.5 433 36.7 34 7 31 0 27 7 24.7 22.0 19.6 17 3 15 2 13.3 11 5 
90.3 78.9 695 61.5 54 6 46.6 434 38.9 34 8 31.1 27.6 24.9 22 2 19.7 17.4 15 3 13.4 11 6 

7.6 60 
7.7 62 

7.8 63 
8.0 6.4 
6.1 6.6 
8.2 6.7 
8.4 6.8 
85 70 

8.6 71 
8.6 7.2 

89 74 
90 75 
91 76 
93 77 
94 7.9 
95 8.0 
9.6 6.1 
98 6.2 
99 8.3 

10.0 8.5 

10 1 8.6 
10.7 9.2 
11.3 9.7 
11.6 103 

904 79.0 69.6 61.6 54 7 48.6 43 6 39.0 34 9 31.2 280 25.0 22 3 19.8 176 15 5 13.5 11.8 
91.0 79.6 70.2 62.2 55.3 493 44 1 39.6 35 5 31 8 28 5 256 22 9 20.4 18 1 160 14.1 12.3 
915 80.2 707 627 559 499 447 401 360 324 291 261 234 21.0 18.7 166 14.7 129 
921 80.7 713 633 564 50.5 453 407 366 329 296 267 240 215 192 172 15.2 13.5 
931 816 723 643 574 515 463 417 376 340 307 277 250 225 203 18.2 163 145 12.8 113 

Note: Zero r voids curve equwalenl to a degree of saturation, S, equal lo 100 percent Data for zero ald voids curve computed from the 
Degree of Saturallon formula In this sectlon 
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Section X. DENSITY DETERMINATION 

DISCUSSION 

Proper field control is essential in earthwork 
construction. The control tests are conducted on 
the soil at the job site as construction proceeds. 
If at any time a test indicates that operations 
are not producing a soil condition specified by 
the design tests, immediate action should be 
taken to remedy the situation. 

The stress deformation characteristics of a 
soil are directly related to the moisture content 
and density of the soil, allowing specifications 
to be set for a given soil as construction proceeds. 
Densities obtained are compared with minimum 
density requirements established for the par- 
ticular job. Water contents are compared with 
the optimum moisture previously established to 
see that compaction is taking place within the 
desired range or to permit its adjustment. 

An undisturbed sample of known or 
measurable dimensions provides information for 
computing the density and the moisture content 
of the soil. If the soil is not in proper condition 
during construction to remove an undisturbed 
sample, the density may be determined by 
measuring the volume of the hole after the sam- 
ple is removed. The procedure consists of filling 
the hole with a measured quantity of a known 
density material (such as sand, oil, or water) and 
computing the volume of the hole, which is equal 
to the volume of soil removed. The soil’s 
moisture content and density are then 
determined. 

The method for in-place density depends 
upon the type of soil encountered and the equip- 
ment available. On moist, cohesive, fine-grained 
soils, undisturbed samples taken by samplers 
may be sufficient. Coarse-grained soils or cohe- 
sionless soils make it difficult to obtain an un- 

disturbed sample. In these soils density deter- 
mination may require the displacement method. 
Sand displacement may be used on any type of 
base course or subgrade material. Oil displace- 
ment cannot be used on highly pervious soils, 
crushed stone, or slag-base courses. If the pave- 
ment to be used is asphaltic concrete, the 
residual oil and spillage will tend to soften the 
asphalt. Water displacement requires the use of 
a balloon to contain the water and can be used 
on any type of soil. 

If the density determined by the methods 
described below is equal to or greater than that 
required, compaction may be judged to be 
satisfactory and the placing of another lift may 
proceed. If the density is lower than that re- 
quired, additional rolling may be necessary or 
the moisture content may have to be adjusted. 
If these methods fail, the weight of the roller 
may have to be increased, the thickness of lift 
reduced or other methods used to obtain ade- 
quate compaction. The possibility that the soil 
which is being compacted in the field is not the 
same one which was tested in the laboratory 
should never be overlooked. Under normal field 
conditions (the work is proceeding smoothly and 
uniform soils are being compacted), the number 
of density and moisture checks required should 
be limited after the initial period of compacting. 
If adequate densities are being obtained and the 
proper moisture content is being maintained, 
the job of inspection may be determining and 
verifying the number of passes and the combina- 
tion of the rollers to achieve the desired result 
with minimum effort. Where conditions are 
more variable, density and moisture checks may 
be needed more often for a fill of even moderate 
length. The exact number of checks needed 
should be determined by the engineer in charge 
of the job. 

- 
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SAND DISPLACEMENT METHOD 

The sand-displacement method may be used 
in either fine-grained or coarse-grained 
materials. Calibrated sand is used to determine 
the volume of the hole from which a sample has 
been taken. This test method is described in 
MLSTD-621A and is abbreviated in the follow- 
ing paragraphs: 

Preparation 

The test consists of digging out a sample of 
the material to be tested, determining the 
volume of the hole, and determining the dry 
weight of the sample. There are three re- 
quirements that must be met for this test. 

l The volume of the sample should be close 
to the same volume at which the sand was 
calibrated. Samples of 0.05 cubic foot volume are 
satisfactory for materials with a maximum ag- 
gregate size of % inch. For l-inch particles, a 
minimum of 0.075 cubic foot is required; for 
2-inch particles, 0.100 cubic foot is required. 

l A double-cone cylinder must be used. This 
permits calibrating the sand for each test 
performed. 

l The sand must be clean, dry, and free flow- 
ing with a constant moisture content during the 
test. Uniformly-graded and well-rounded sand, 
preferably having a gradation where all the 
sand passes a No. 20 sieve and is retained on a 
No. 40 sieve, is most suitable for this test. There 
should be practically no material finer than the 
No. 200 sieve in the sand. 

Apparatus 

The essential equipment, some of which is 
shown in Figure 2-84, page 2-112, follows: 

Can, 1 gallon capacity, with close fitting lid 

Cylinder, soil compaction 

Chisel 

Hammer 

Knife 

Nails, twentypenny (20d) common 

Scale, bench, twin weigh beams, 21,100 gram 
capacity 

Spoon, cooking 

Straightedge, steel 

Tester, soil density, sand method, double cone 
assembly, with 1 gallon sand jug and sand 

Tray, template, soil density, 4 inch hole or 6 
inch hole 

Bake pan and moisture content cans 

Paint brush with moderately long bristles 

Modeling clay. 

Calibration 

The volume of the jar and connecting cone up 
through the valve and the empty weight of the 
apparatus must be known before the sand can be 
calibrated. A data sheet (Figure 2-85, page 2-113) 
should be prepared for recording the information. 
The sand calibration is repeated prior to each test 
day. Surface calibration must be made to ac- 
count for surface irregularities between the sur- 
face of the cone base and the surface to be tested. 

l Apparatus calibration. To determine the 
weight and volume of the apparatus, the pro- 
cedure is as follows: 

Weigh the empty dry cone and jar and record 
the weight (in grams). 

Screw the cone tightly on the jar, place the 
apparatus upright, and open the valve. 

Fill the apparatus with water at room 
temperature until the water level stands some 
distance up in the top cone. Make sure no air 
bubbles are trapped in the apparatus. 
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cone, Sand-Density 

Compaction Cylinder, Soil 

I Scale, Bench, 21,100 G 

\ \ 
Spoon, Cooking I 

txusn, varnbsn 
I 

Hammer 
Can, Friction Top, 1 Gal Straightedge, Steel 

Tray, Template 

Figure 2-84. Sand displacement method apparatus 

Close the cone valve, pour off the excess 
water, shake the apparatus to check for entrap- 
ped bubbles, and dry the cone and outside of the 
apparatus. 

Weigh the water-filled apparatus and record 
the weight (in grams). 

Empty the water from the apparatus. 

Repeat all steps above two or more times. 

Compute the volume of the apparatus by 
averaging the measured weights, converting the 
average to pounds (divide by 453.6 grams per 
pound), and converting the average weight in 
pounds to volume in cubic feet. Note the 
example of the computation in Figure 2-85. 

l Sand calibration. The bulk density of sand 
is affected by changes in temperature and 
humidity. Sand calibration must be checked 
prior to each test day. The information is 
recorded on DD Form 1215 (Unit Weight Deter- 
mination) (Figure 286, page 2114). The pray+ 
dure is as follows: 

Weigh the empty cone and jar and record the 
weight (figure 2-86, line 2). 

Check the cone to see that it is screwed tight- 
ly on the jar and place the apparatus on a firm, 
level surface. 

Close the cone valve and fill the upper cone 
with air dried sand. 
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CALIBRATION OF SAND-CONE APPARATUS 

Sane No.! Batch No. ~ P Date 

1 2 3 / Avg 

Weight of apparatus filled with water, grams 

Weight of apparatus empty and dry, grams 

Weight of water, grams 7047 7050 7053 7050 

Weight of water in pounds = 
Weight in grams 

453.6 
= m = K5c/2 pounds 

i5.3.6 

Volume of apparatus = Weight water in pounds =a = o 2y9 cubic feet 
62.3 62.3 . 

Figure 2-85. Data sheet, calibration of sand-cone apparatus 

Open the cone valve. As the sand runs into 
the jar keep adding more sand to the upper cone 
to maintain a steady, full stream of sand through 
the valve. Be careful not to jar the apparatus 
while the sand is being poured. 

Close the valve when the jar and lower cone 
are filled and the sand stops flowing. 

Dump the excess sand from the upper cone. 

Weigh the sand filled apparatus and record 
the weight (Figure Z-86, line 1). 

Compute the calibrated density (in pounds 
per cubic foot) by subtracting the empty ap- 
paratus from the weight of the filled apparatus 

(Figure 2-86, line 1 minus line 1 equals line 3) 
and dividing first by 453.6 to convert grams to 
pounds and then by the volume of the apparatus 
(Figure 2-86, line 4). 

An alternate and faster method of sand 
calibration is to use a container of known 
volume, such as the Proctor or CBR mold: 

Weigh the empty mold with the base plate 
attached. 

Attach the collar and place the sand cone 
with the valve open on top. 
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UNIT WEIGHT DETERMtNATlON 
DATE 

“VOLUME OF HOLE- METHODS 2 APU /47c 

‘ROJECT TEST SITE SAMPLE NUMBER 

HIGH WAY *Zo3 h SrFl so+m zo-z- 6 

k s-r/q sz+oo 203-T 

4DDITIONAL ZPECIFICATIONS 

FILL COW’ACTl Oh) 

:ONVERSION FACTORS 

I I” = 2.54 cm 

I lb. = 463.6 gm. 

I gm ICC. or 62.4 lb./cc ft. = Unit weight of water 

I cu. ft. = 1126 cu. ,n. 

Figure 2-86. Data sheet, unit weight determinations 
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Close the valve on the cone when the sand the holes in the template to hold it firmly in 
stops running into the mold. position. 

Carefully remove the sand cone and the mold Close the valve, turn the apparatus over, 
collar in turn. large cone down, and place it over the hole in 

Strike off the excess sand remaining on top 
of the mold. 

Brush off any sand adhering to the outside of the 
mold. 

the plate. Do not jar or shake the container and 
keep the heavier equipment at a distance. 
Jarring will increase the amount of sand that 
falls into the hole and will pack the sand. 

Weigh the full mold. 

Repeat the entire process and average the 
two weights (fuil mold). 

Subtract the weight of the empty mold from 
the average of the full weights. Divide the dif- 
ference in weights by the known volume of the 
container to determine the density of the sand. 

l Surface calibration. This must be made 
prior to starting the test. It is performed after 
the surface is prepared and the template tray 
is in place, and it is part of the test procedure. 

Procedure 

The preparation and calibration up to this 
point have dealt solely with the equipment. The 
next procedures are performed on the soil at the 
site where the test is required. 

l Surface calibration. The surface irregu- 
larities inside of the metal tray must be con- 
sidered. To do this the volume of space between 
the inner surface of the upper cone and the test 
surface must be checked. 

Prepare the ground surface where density is 
to be determined by clearing and leveling. Do 
not attempt to pack or smooth the surface with 
a spatula, trowel, or other tool. 

Seat the template tray CFigure 2-84, page 
2-112) flush on the surface, especially around the 
center hole. 

Seal any spaces on the inside edge under the 
plate with modeling clay and force nails through 

Open the valve carefully and permit the sand 
to fill the space under the cone, taking care not 
to shake or vibrate the container. Avoid perform- 
ing the test while heavy equipment is operating 
in the area because vibrations may affect test 
results. 

Close the valve and weigh the apparatus and 
remaining sand. Record this weight (Figure 
2-86, line 8). The difference in weight between 
the starting and final valves (lines 7 and 8) is 
the weight of sand in the template and cone (line 
9). 

Make the calibration and recover as much of 
the sand from the plate as feasible without 
disturbing the template or the soil on the hole. 
Brush the remaining sand particles lightly from 
within the template. Place the sand removed in- 
to a can and save. 

l Digging the sample. The next procedure is 
to dig into the soil through the center hole in 
the plate. This requires a hole which is about 
4- or 6-inches deep and approximately the same 
diameter as the hole in the plate. The digging 
of samples in nonplastic coarse-grained soils is 
difficult, especially in keeping the walls of the 
hole undisturbed. Do not try driving a chisel or 
other tool with a hammer unless no other 
method works and then only near the center of 
the hole. Keep the inside of the hole as free of 
pockets and sharp projections as possible. 
Coarse-grained material with plastic fines or 
fine-grained material with plastic fine-grained 
soils are easier to dig. Take care to remove all 
loose particles from the hole and to see that all 
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the removed particles are included in a con- 
tainer whose weight has been previously deter- 
mined and recorded (Figure 2-87, line 23). Keep 
the lid on the container as much as possible to 
prevent excessive moisture loss until it can be 
weighed. Weigh the sample and container im- 
mediately and record the weight (line 15). Mark 
the container for later identification when the 
soil moisture content is determined. 

Sand Density Procedure 

After the soil sample has been removed from 
the hole, the sand density procedure is as 
follows: 

Place the sand cone apparatus on the metal 
plate over the hole. Do not jar or shake the con- 
tainer. This causes compaction of the sand. 

Open the valve and allow the sand to fill the 
hole in the ground and the space under the cone. 

When the sand stops flowing close the valve, 
remove the apparatus, and weigh it and the re- 
maining sand. Record this weight (Figure 2-86, 
line 11, page 2-114). 

The weight of sand required to fill the hole 
equals the weight of the apparatus and sand 
(line 8 transferred to line 10) minus the final 
weight from step (3) above and minus weight of 
sand in the template and cone (line 9). 

Compute the volume of the hole by dividing 
the weight of sand in the hole by the calibrated 
density or unit weight (line 6). 

Density Determination 

With the volume of the hole computed, the 
remaining requirements are the moisture con- 
tent and the dry’density of the soil sample. 

l The container with the sample is oven 
dried and weighed. Record this weight (Figure 
2-87, line 16). The difference (line 15 - line 16 
= line 17) is the weight of water in the sample. 
Subtracting the tare weight (line 18) from the 
dry soil and tare weight (line 16) results in the 

weight of dry soil (line 191. Moisture content (line 
20) is the weight of water (line 171 divided by 
the dry weights (line 19) and expressed as a 
percentage. 

l If drying the entire sample with container 
is not possible, an alternate but less desirable 
method is to select a specimen from the con- 
tainer and determine the water content for it by 
using a speedy moisture tester conversion chart 
(Figure 2-65, page 2-85). 

l The wet density or unit weight (line 251 is 
computed by dividing the wet soil weight (line 
24) by 453.6 to convert the grams to pounds and 
then by the volume of the hole (line 14). The dry 
density or unit weight is computed as follows: 

wet density 

dry density (line 26) = 1 + (w) 

(100) 

The calcium carbide gas pressure method 
may be used when time is critical. 

NUCLEAR MOISTURE DENSITY GAGE 

This method is used to determine the dry den- 
sity and moisture content of soils. Although in- 
dividual models of equipment will vary in pro- 
cedure, the general principles in performing this 
test are similar for all gages. One model is 
shown in Figure 2-88, page 2-118. 

Each gage contains two sources of radioactive 
material, typically cesium and a combination of 
americium mixed with beryllium powder. The 
cesium emits gamma radiation which the detec- 
tor in the gage can count when it is passed 
through the soil. This count can be translated 
into density. The americium/beryllium emits 
neutrons following collisions with hydrogen 
which are moderated and detected by the gage. 
The moisture content can be determined by 
counting the hydrogen in the soil. 
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Figure 2-87. Reverse of data sheet, unit weight determination 
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Preparation 

Prior to testing, a standard is obtained to in- 
dicate the radioactivity level of the source on 
that day. The gage is placed on a reference block, 
usually made of Teflon, and a 4-minute count 
procedure is started. The moisture and density 
counts obtained will serve as standard counts for 
testing that day. 

Figure 2-88. Nuclear method density tester 

Procedure 

To get a reading, the test site is smoothed 
with a guide plate. The gage may be placed 
directly on the soil for a backscatter reading to 
measure the top 2 to 3 inches, or a hole is made 

by driving a drill pin through a hole in the guide 
plate. The gage’s source rod can be extended in- 
to this hole to obtain readings of depths up to 
8 inches. 

Calculations 

To determine the density and moisture con- 
tent, the counts obtained by the gage are divid- 
ed by the standard counts, giving two ratios. 

A calibration chart is entered with the ratios, 
and wet density and moisture content are read 
from the charts. Wet density divided by one plus 
the moisture content (expressed as a decimal) 
gives dry density. Newer gages may perform 
these calculations and report the moisture con- 
tent and dry density directly. 

NOTE 
Nuclear moisture-density gages require 
proper storage and transportation. 
Operators must be personnel in the 
Materials Quality Specialist (SIG) career 
management field, who have received train- 
ing and licensing on the gage. This train- 
ing is conducted by the Engineer School, 
Fort Belvoir, VA, during the Materials Quali- 
ty Specialist course. 

Further information is available in 
manufacturer’s operating instructions and 
in TM 5-6635-386-l 2&P. 

WATER DISPLACEMENT METHOD 

The volume of the hole from which a soil den- 
sity sample is taken can be measured by plac- 
ing a rubber balloon in the hole and observing 
the volume of water required to fill the balloon. 
A water balloon device is a water tight container 
with a float attached to a calibrated scale, 
graduated directly in cubic feet. A balloon is at- 
tached to the bottom of the device to make the 
test. The cylinder in the device is filled with 
water and the apparatus is placed over the area 
where the sample is to be removed. The balloon 

-- 
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is allowed to fill with water and an initial 
reading is taken. After the sample is removed 
from the ground, the device is replaced over the 
dug hole in the original position. The water is 
allowed to flow by gravity into the balloon in the 
hole. Blowing through the hose attached to the 
device increases the air pressure on the water 
surface and forces the water filled balloon in the 
hole to conform to all the contours of the hole. 
Observing the scale attached to the float results 
in a reading of the water volume left in the 
device. Subtract this value from the original 
reading. The result is the volume of the hole in 
cubic feet. 

DRIVE CYLINDER METHOD 

The drive-cylinder method of determining in- 
place density can be used satisfactorily in moist, 
cohesive, fine-grained soil and in many sands 
which exhibit tendencies towar’d cohesiveness. 
The drive samplers are thin-walled cylinders 
driven into the soil to obtain an undisturbed 
sample. These may be driven samplers or an ex- 
pedient form of a sampler. 

Preparation 

To obtain an equal sample at all times the 
sample must be cut flush with the ends of the 
cylinder. This is done with a steel straightedge 
sharpened on one edge, with a knife, or with a 
special cutter used with the soil trafficability 
sampler. The samples are dug out to produce an 
undisturbed soil sample. A balance, capable of 
weighing to 0.1 gram, is needed to weigh the soil 
sample in its different states, and an oven is 
needed to dry the sample. A complete descrip- 
tion of equipment and procedures for this 
method is given in MIL-STD-621A. An 
abbreviated procedure is given below. 

Procedures 

l Near surface. The weight of the cylinder 
(in grams) and the volume ( in cubic inches) are 

determined and recorded prior to starting the 
test. 

The soil at the point of testing is prepared by 
clearing all loose material and exposing a soil 
surface. The drive cylinder is placed in position 
on the surface and driven into the soil so that 
the top of the cylinder is at least % inch below 
the original surface. The cylinder is dug from 
the ground by cutting soil away from around the 
cylinder for several inches and undercutting the 
cylinder several inches below its lower edge. The 
sample is trimmed flush with the ends of the 
cylinder. If the sample is disturbed during trim- 
ming or a large particle is encountered during 
driving, the sample is discarded and another one 
is dug. 

The wet weight of the sample is determined 
as quickly as possible after the trimming is com- 
pleted. A moisture content specimen (of about 
100 grams) is removed from the center of the 
sample. Compute the moisture content. 

l Below surface. Samples from below the 
surface require digging a hole to reach the 
desired level. Shallow holes may be dug with a 
shovel until the desired depth is reached. For 
deeper holes the auger is used to dig the hole 
to the required level. For the loose material a 
drive sampler is used that will reach the level, 
and a sample is taken by driving the top of the 
cylinder about % inch below the surface. The 
cylinder is removed and the sample is trimm- 
ed. Determine wet weight, dry weight, and 
moisture content. 

Calculations 

The in-place dry density is expressed as- 

dry weight of soil (pounds per cubic foot) 

volume of soil (pounds per cubic foot) 
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Applying the moisture content to the cylinder 
specimen, the dry weight is calculated as 
follows: 

(weight of cylinder + wet specimen - weight of cylinder) 

dry weight = 1 + (moisture content in percent) 

100 

The soil volume is computed from 
measurements of the drive cylinder. The dry 
weight and soil volume are entered into the for- 
mula to obtain the dry density. Note that the 
drive cylinder is usually constructed to standard 
specification and, once the volume is computed, 
it can be used as a standard for the tests. By in- 
cluding necessary conversions, it is possible to 
multiply the dry weight of the sample in grams 
by a precomputed factor to obtain the dry den- 
sity. For example: a drive cylinder having an 
inner diameter of 2.58 inches and a length of 
14.1 inches is used to secure a sample. The emp- 
ty cylinder weighs 2.65 pounds, and the cylinder 
containing the wet sample weighs 6.89 pounds. 
Moisture content of the sample is determined to 
be 6.4 percent. Then the dry density is computed 
as follows: 

dry weight = 6.8q i6f.65 = 3.98 pounds 

volume of cylinder = 
4 (2.58)* x 14.1 = 0.0426 cubic foot 

1728 

- 

3.98 
in-place dry density = ___ = 

0.0426 
93.4 pounds per cubic foot 
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Section XI. CALIFORNIA BEARING RATIO TEST 

DISCUSSION 

The California Bearing Ratio (CBR) method 
of design for flexible pavements started as an 
essentially empirical method. Developments and 
thorough testing led to the establishment of a 
distinct pattern for design relations. From this 
pattern, standard procedures evolved for con- 
structing any desired set of CBR curves. 

The Corps of Engineers adopted the method 
and made it applicable to the design of flexible 
pavements for airfields in locations where frost 
action is not the controlling factor. 

The test procedure determines the CBR to be 
used in the design of a specific airfield and con- 
sists of two principal steps. First, the soil test 
specimens are prepared; second, the penetration 
test is performed upon the prepared soil samples. 
Although one standardized procedure has been 
established for the penetration portion of the 
test, it is not possible to establish one procedure 
for the preparation of test specimens since soil 
conditions and construction methods vary wide- 
ly. The soil test specimens are prepared to 
duplicate the soil conditions existing (or ex- 
pected to occur later) in the field. 

The method of preparing the test specimens 
and the number of specimens depend upon the 
type of airfield, the soils encountered at the site, 
and other factors. The soil sample should be 
tested in the laboratory at a density comparable 
to the density required on the construction site. 
There are situations where moisture conditions 
are favorable and the subgrade will not ac- 
cumulate moisture approaching a saturated con- 
dition. Samples should be tested at a moisture 
content approximating actual moisture condi- 
tions expected during the time the road or air- 
field is used. In all other conditions, samples are 
laboratory tested in a saturated condition. 

Although penetration tests are most fre- 
quently performed upon laboratory specimens, 
they also may be performed upon undisturbed 
soil samples or in the field upon the soil in place. 

THE CBR TEST 

The basic operations for conducting the CBR 
test are the same regardless of variations in soil 
conditions and types of construction. 

The test essentially measures the soil 
resistance to penetration prior to reaching its 
ultimate shearing modulus since the confining 
effects of the molds do exert some influence. The 
CBR is designated as a ratio in percent from 0 
to 100 with a crushed well-graded (passing 
through a x-inch sieve) limestone serving as the 
100 percent material. 

Minor variations in the CBR test will 
cause wide variaticns in the results. For this 
reason, the step-by-step procedures are detailed. 
Difficulties may still arise. Material with gravel 
or stones does not yield entirely satisfactory 
results. A number of tests must be conducted to 
establish a reasonable average value. 

The CBR values range from as low as three 
to as high as 80 depending on the type of soils. 
The fine-grained soils vary from three for 
organic clays to 15 for micaceous or 
diatomaceous silts and sands. The sand-silt-clay 
coarse-grained combinations range from 10 for 
the clayey mixtures to 40 for the gravelly and 
silty sands. Gravelly soils range from 20 for the 
clayey group to 80 for the well-graded gravels 
and gravel-sand mixtures. Table A-l (Appendix 
A) lists the typical range for soils classified 
under the USCS. 

APPARATUS 

The equipment used for preparing and 
testing remolded specimens is listed below. 
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Some of it is illustrated in Figure 2-89. A more 
detailed description of the equipment can be 
found in MIL-STD-621A: 

CBR mold 

Spacer disk, 2.5 inches high 

Compaction tamper, sleeve type, having a 10 
pound drop weight and an 18 inch height of drop 

Adjustable stem perforated base plate with 
tripod support and dial gage (read to 0.001 inch) 
attachments for measuring soil expansion. One 
base plate is required for each mold 

Set of slotted annular surcharge weights for 
loading the cylinder during the test 

Penetration piston with an end area of 3 
square inches (1.95 inches in diameter) and long 
enough to pass through the surcharge weights 
and to penetrate the soil 

CBR screw jack or testing machine capable 
of forcing the piston into the specimen at a rate 
of 0.05 inch per minute 

An extensometer for measuring the rate of 
penetration 

Other general equipment such as mixing 
bowls, spatulas, straightedges scales, soaking 
tanks or buckets, oven, and moisture content 
cans. 

NOTE 

If a 2-inch spacer is used in CBR testing the 
resulting change in volume and compactive 
effort may not meet ASTM, American 
Association State Highway and Transpor- 
tation Officials (AASHTO) or recognized 
standards for the CBR test. 

Preparation of Specimens 

CBR values are most useful when the 
specimens tested duplicate the density and 

moisture content expected in the field. The most 
critical condition for most materials will exist 
when the maximum amount of water has been 
absorbed. For this reason, the CBR test is made 
on specimens which have soaked for four days 
while confined in molds under a surcharge equal 
to the weight of the planned base and pavement. 

l Size of materials. The soil to be used is 
air dried and mixed thoroughly. Artificial dry- 
ing may be used provided that the sample 
temperature does not exceed 100° f 5 OF. Clods 
of soil should be thoroughly broken up, but the 
individual particles must not be broken. A 
representative amount is screened first over the 
3/,-inch sieve and then the No. 4 sieve. For soils 
that contain particles over “/, inch in size, all of 
the material retained on the x-inch sieve is 
removed and replaced with an equal percentage 
by weight of material between the No. 4 sieve 
and the 3/,-inch sieve. The sample is recombined 
and thoroughly mixed. 

l Compaction of samples. Compaction tests 
are carried out and the data is entered on DD 
Form 1212, California Bearing Ratio Test Data 
(Figures 2-90 and 2-91). The compactive effort 
used and the number of compacted samples re- 
quired will depend upon the soil type, weight 
and type of field compaction equipment, and 
other job conditions. Normally, compactive ef- 
forts of 12, 26, and 55 blows per layer (for five 
layers) are used in each of three successive com- 
paction tests. This permits plotting the moisture, 
density, and CBR relationship curves. Compac- 
tion will always be accomplished in the 6-inch 
diameter CBR mold with a 2x-inch spacer disk 
in the mold beneath the sample. Since the mold 
is 7 inches high, the sample will be 4% inches 
high. The compaction tamper is the sleeve type 
tamper which weighs 10 pounds and falls 18 
inches. 

l Soaking the sample. After the sample has 
been compacted and excess material has been 

- 
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Figure 2-89. Laboratory Cf3R test apparatus 

trimmed away so that the sample is flush with 
the top of a mold, the perforated base plate and 
the spacer block are removed. A piece of filter 
paper is placed over the trimmed end (top dur- 
ing compaction) and the perforated base is placed 
on this end. The top of the compacted sample will 
become the bottom of the soaked sample. 

l Invert the mold so that the portion next to 
the spacer block during the compaction becomes 
the top surface. 

l Place the adjustable stem with the per- 
forated plate on the top surface with a filter 
paper underneath. 

l Apply surcharge weights equal to the ex- 
pected base and pavement weight (within + 5 
pounds, but in no case less than 10 pounds). One 
5 pound surcharge weight is equivalent to 3 
inches of overlying material. 
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Figure 2-90. Data sheet, CBR test data 
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Figure 2-91. Reverse of data sheet, CBR test data 
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l Enter the amount of the surcharge used in 
the appropriate space on DD Form 1212 (Figure 
2-90, page 2-124). 

l Immerse the mold in water in a bucket or 
other suitable container to allow a free access 
of water to the top and bottom of the specimen, 
as illustrated in Figure 2-92. The adjustable 
stem extending from the perforated swell plate 
is set so that the tripod dial can travel in either 
direction (the sample may consolidate, or it may 
swell). In order to register consolidate, the swell 
gage must be turned initially one complete 
revolution so that the 0 day reading is + 0.100. 
Therefore, one can determine if the sample is 
consolidating. 

l Use the tripod and extensometer to obtain 
an initial reading for swell measurements and 
record it on the top line on the reverse of DD 
Form 1212. 

l Normally, the required soaking period is 
4 days. A shorter immersion period for pervious 
soils is permissible, if it is apparent that a max- 
imum degree of saturation has been obtained. 
Take dial readings at 1 day intervals during the 
soaking period. 

l When the soaking period is ended, read the 
extensometer to determine the amount of con- 
solidation or swell. The amount of swell or con- 
solidation is computed as a percent of the initial 
height of the specimen. More than 3 percent 
swell is considered excessive. 

l After soaking the sample, free surface 
water is removed and the specimen is allowed to 
drain for about 15 minutes prior to conducting 
the penetration portion of the test. Care must be 
taken not to disturb the surface of the specimen 
during the removal of free water. It may be 
necessary to tilt the sample. The surcharge 
weight and the perforated swell plate are remov- 
ed, and the specimen is weighed. This weight is 

entered in the lower portion of the data sheet. For 
computing percent saturation, the tare weight of 
the mold must be determined before the start or 
at the conclusion of the test. The weight of the 
dry soil is calculated by using moisture content 
samples from the top and bottom of the mold, and 
the penetrating portion of the test is completed. 

PENETRATION TEST 

The penetration test is always the same, 
regardless of variations in specimen prepara- 
tion. The following procedure also is applicable 
to undisturbed mold samples and in-place tests. 

Apparatus 

The parts of the CBR apparatus, including 
proving ring, penetration piston, and penetra- 
tion dial, are assembled as shown in Figure 2-93. 

Figure 2-92. Soaking CBR test sample 

2-126 



Three proving rings having capacities of 2,000, 
5,000, and 7,000 pounds are included in the 
equipment for this test. The total load on the 
penetration piston should be estimated on the 
basis of the expected CBR. The proper proving 
ring should be selected so that its capacity will 
not be exceeded, since overloading can do per- 
manent damage to a proving ring. Standard unit 
loads on the piston at 0.3 inch, 0.4 inch, and 0.5 
inch penetration are 1,900, 2,300, and 2,600 
pounds per square inch, respectively. 

Procedure 

l Surcharge. A penetration surcharge is ap- 
plied and must be sufficient to produce an inten- 
sity of loading equal to the weight of base and 
pavement. To prevent the soil from being 
squeezed into the hole of the surcharge weights, 
one 5 pound annular disk, if available, is placed 
on the sample; the penetration piston is seated; 
and finally, the remainder of the weights 
are applied. It should be noted that for 
laboratory molded samples the penetration test 
is performed on the bottom of the sample as 
originally molded, since the sample is inverted 
before penetration. 

l Seating piston. The penetration piston is 
seated by bringing it into contact with the sam- 
ple with sufficient pressure to cause the load dial 
to register a load of one pound. This ensures a 
satisfactory seating of the piston and is con- 
sidered as the zero load in further tests. 

l Application of load. Load is applied to the 
penetration piston by cranking the jack at such 
a rate that the piston travels at 0.05 inch per 
minute. The extensometer is set on the pistons 
and mold as a guide. The mechanical jack must 
be calibrated for the rate of 0.05 inch per minute, 
or the rate of penetration may be determined by 
comparing the progress of the hand on the 
penetration dial with the second hand of the 
clock or watch. Readings of the proving ring dial 

Figure 2-93. Assembled apparatus, CBR 
penetration test 

are made at the following depths of penetra- 
tion: 0.025, 0.050, 0.075, 0.1, 0.150, 0.2, 0.250, 
0.3,0.4, and 0.5 inch. Proving ring dial readings 
are recorded at each reading and later converted 
to load in pounds using the calibration sheet pro- 
vided with each proving ring or the calibration 
constant engraved on the proving ring block. 

l Moisture content. The sample is removed 
from the loading device and a moisture content 
sample is taken from the upper inch beneath the 
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penetration piston. Another sample is taken 
from the bottom inch of the sample. 

l Presentation of test results. When the CBR 
test is completed, the results should contain the 
following information: 

Calculations 

l Plotting tests data. The unit load obtained 
in pounds per square inch (psi) by the computa- 
tion indicated in Figure 2-90, page 2-124. Using 
the reverse side of DD Form 1212 (Figure 2-91, 
page 2-1251, the unit load in psi is plotted against 
depth of penetration in inches. To obtain true 
penetration loads, it is sometimes necessary to ad- 
just the zero point of the curve to correct for sur- 
face irregularities, and for an initial concave- 
upward shape which develops on some soils under 
certain conditions. The correction is made by ex- 
tending downward a line tangent to the steepest 
portion of the curve which extends for a distance 
of not less than 0.1 inch in the .penetration 
range. The point at which this line intersects the 
zero load line then becomes the zero penetration 
point of the curve. The 0.1 inch and 0.2 inch 
points are moved to the right on the curve and 
the same distance that the zero point has been 
advanced to the right. In Figure 2-91, necessary 
corrections have been made to two of the curves 
shown. Corrected unit loads are entered in the 
appropriate places on DD Form 1212. If no cor- 
rection is needed, the corrected unit load will re- 
main the same as the unit load. 

l Calculation of CBR. The correct load 
values are determined at 0.1 inch and 0.2 inch 
penetrations. CBR values are obtained by 
dividing the loads at 0.1 inch and 0.2 inch by 
the standard loads of 1,000 and 1,500 psi, respec- 
tively. The standard loads of 1,000 and 1,500 psi 
are always constant and represent the loads re- 
quired to penetrate a well graded, minus 3/a inch, 
crushed limestone sample compacted using 
CE55 compactive effort. Each ratio is multiplied 
by 100 to obtain the CBR in percent. The CBR 
is usually selected at 0.1 inch. If the CBR at 0.2 
inch is greater, the test should be rerun. If check 
tests give similar results at 0.2 inch penetration, 
the CBR at 0.2 inch should be used. 

Compaction procedure (Modified AASHTO) 

Compaction effort (12, 26, or 55 blows/layer) 

Molding water content (moisture content 
prior to soaking) 

Density (prior to soaking) 

Soaking and penetration surcharges 

Expansion of sample (percent swell) 

Moisture content after soaking (saturated 
condition) 

Density after soaking (saturated condition1 

Stress-penetration curve and corrections, if 
necessary 

Calculations and selection of corrected CBR 
value. 

REMOLDED SAMPLE TEST 

In determining CBR, remolding of the test 
soil produces a change in the shearing resistance 
of some types of soils. Natural clays, for instance, 
show a decrease in shearing resistance even 
when the moisture content remains unchanged. 
This loss in strength is attributed to a 
breakdown of the adsorbed water films and the 
soil’s natural structure. Some soils exhibit a 
swelling tendency upon remolding, and this 
must be considered. The soils are grouped into 
three classes with respect to behavior during 
saturation: cohesionless sands and gravels, 
cohesive soils, and highly swelling soils. 
Separate procedures are given for each of the 
groups. 

Cohesionless Sands and Gravels 

This group includes the GW, GP, SW, and SP 
classifications (Table A-l). Cohesionless soils 
compact readily, and specimens should be 
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prepared at high densities and at the range of 
moisture content anticipated in the field. If soak- 
ing does not lower the CBR, it may be omitted 
from the further tests of the same material. In 
the construction phase, the material should be 
placed in an almost saturated condition. 

Cohesive Soils 

This group of soils usually falls into the GM, 
GC, SM, SC, ML, CL, and OL classifications 
(Table A-l). They are tested in a manner to show 
their behavior over the entire range of an- 
ticipated moisture content. Compaction curves 
are developed for 55,25, and 12 blows per layer. 
Each specimen is soaked and penetrated to 
develop a complete family of curves showing the 
relationship between density, molding water 
content, and corrected CBR. 

Swelling Soils 

This group of soils usually comprises the MH, 
CH, and OH classifications. The test procedures 
are the same as for cohesive soils. However, the 
objectives of the testing program are different. 
Tests on swelling soils are made to determine 
a moisture content and unit weight which will 
minimize expansion. The proper moisture con- 
tent and density are not necessarily the op- 
timum values as computed from the Modified 
AASHTO compaction tests. Since the minimum 
swell and the highest soaked CBR occur at a 
moisture content slightly wetter than the op- 
timum value, it may be necessary to prepare 
high swelling samples for a wider range of 
moisture and density than normal. The test 
results can be evaluated by an experienced 
engineer who will select the proper values re- 
quired by the design. 

UNDISTURBED SAMPLE TEST 

Tests on undisturbed samples are used when 
the base design calls for uncompacted soil, such 
as highly compressible clay which loses strength 
upon remolding, or when correlating field in- 

place tests to the design moisture condition. For 
this latter condition, duplicate samples should 
be tested to determine the correction necessary 
for the in-place tests. The reduction that occurs 
from 4 days of soaking is applied as a correction 
to the field in-place test. 

Care and patience are necessary to maintain 
the relatively undisturbed samples in this con- 
dition. If proper lateral support is not given on 
the sides of the samples, erroneous CBR values 
will result. In fine-g-rained materials, molds or 
metal jackets are satisfactory. With samples cut 
or trimmed from a pedestal, paraffin of a mix- 
ture of 10 percent resin and paraffin is used to 
fill the annular space and offer support. For 
gravelly soils, the box method is desirable. Wax 
paper or paraffin is used to cover the sample and 
prevent moisture loss during transportation to 
the laboratory. 

Soaking and penetration tests are performed 
after removal of the paper or paraffin from the 
end of the specimen and after the surface is 
leveled (with a thin layer of sand, if necessary). 

FIELD IN-PLACE TEST 

Under certain conditions, the field in-place 
test is used to determine the load-carrying 
capacity of a soil. The penetration phase of the 
test is the same as described previously. 

Conditions for Use 

The field in-place test is used under any one 
of the following conditions: 

When the in-place density and moisture con- 
tent are such that the degree of saturation 
(percentage of voids filled with water) is 80 per- 
cent or more. 

When the material is coarse-grained and 
cohesionless so that the changes in moisture con- 
tent will not greatly affect it. 

When the material has been in place and 
undisturbed for several years. The moisture 
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content in such material does not become con- 
stant but fluctuates within rather narrow 
ranges. The time required for the moisture con- 
tent to stablize cannot be stated definitely, but 
the minimum time is approximately three years. 
The field in-place test is considered a satisfactory 
indicator of the load-carrying capacity in this 
case. 

Apparatus 

l The following equipment is needed to con- 
duct the field in-place CBR tests. 

l Soil test apparatus, field in-place CBR. 
This includes a jack to apply the load, calibrated 
proving rings, penetration piston with exten- 
sions, dial gages and support, surcharge 
weights, and surcharge plate. This apparatus is 
furnished in a field CBR chest as part of the soils 
test set. The in-place test is performed in con- 
junction with a loaded truck to provide 
resistance for the CBR screw jack. 

l Beam kit, field CBR. This kit includes a 
loading beam, a penetration beam, and a beam 
clamp packed in a beam and weight chest as part 
of the soil test set. 

l Other equipment. This includes the 
moisture content cans, truck jack, carpenter’s 
level and plumb, stopwatch, and wrenches. 
These items are all included in the regular soil 
test set. 

Preparation 

l The apparatus is assembled on the rear 
bumper of a standard Army 2% ton truck, which 
is positioned directly over the spot where the test 
is to be performed. 

l The truck is jacked up so that no weight 
rests on the tires. A short section of 6 inch I- 
beam to bridge the bumpers and a clamp for 
securing the jack to the beam are provided. 
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l The ground surface is leveled and prepared 
by removing loose material. The apparatus is 
assembled and positioned under the bumper 
(Figure 2-94). The swivel head must be adjusted 
so that the penetration piston is plumb, and the 
device is locked in position. The dial foot must 
rest upon a firm, hard object which has a solid 
foundation far enough from the area affected by 
the test so it is not influenced by the reaction 
of the test through the soil. Except in the case 
of an extremely high CBR material which is 
thoroughly interlocked or cemented, this in- 
fluence will seldom make any difference beyond 
a l-foot radius. 

l The steel plate (as an initial 10 pound sur- 
charge weight) should be seated in a layer of fine 
sand to distribute the surcharge reaction 

Figure 2-94. Assembled apparatus, 
CBR test 

field in-place 
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uniformly below all points of the plate. The 
penetration piston is seated, and an initial load 
of 1 pound is applied to establish a firm bear- 
ing. The deflection gages and the load gages are 
zeroed before starting the test. Surcharge 
weights are applied to the steel plate to establish 
the equivalent load intensity of the expected 
load (Table 2-10). The in-place also has an ex- 
tensometer and expansion I-beam for register- 
ing the depths. 

1. Jack the penetration piston at a rate of 
0.05 inch per minute. 

2. Read the proving ring (load) readings at 
the following depths of penetration: 0.025,0.050, 
0.075, 0.100, 0.150, 0.200, 0.250, 0.300, 0.400, 
and 0.500 inch, the same as for the laboratory 
CBR. 

3. Use the proving ring calibration and 
determine the bearing value in psi. 

4. Plot the penetration versus load deforma- 
Procedure 

With the penetration piston set, the sur- 
charge weights added, and the load and penetra- 
tion dials set to zero, the test is performed using 
the following steps: 

tion curve with corrections if necessary (Figure 
2-91). 

5. Compute the corrected CBR in percent. 

6. Obtain a sample of the soil at the point of 
penetration for moisture content determination. 

Table 2-10. Surcharge weights, depth versus density 

Depth 
inches 

Wet Density, lblcu ft 

80 85 90 95 100 105 110 115 120 125 130 135 140 145 150 

4 15 15 16 17 18 19 20 21 22 23 24 25 25 26 27 

6 22 23 25 26 28 29 30 31 33 34 35 37 38 40 41 

8 29 31 33 1 35 36 38 40 42 44 45 47 49 51 53 55 

10 36 39 41 43 45 48 50 52 55 57 59 61 64 66 68 

12 44 46 49 52 55 57 60 63 65 68 71 74 76 79 82 

14 51 54 57 60 64 67 70 73 76 80 83 86 69 92 

16 58 62 65 69 73 76 80 84 87 91 95 98 102 105 

18 65 70 74 76 81 86 90 94 1 98 102 106 110 115 119 

20 73 77 96 100 105 109 114 118 123 127 132 

22 80 85 90 95 100 105 110 115 120 125 130 135 139 145 

24 87 93 115 120 126 131 136 142 147 152 158 

26 95 100 106 112 118 124 130 136 142 148 154 159 165 171 

28 102 108 14 121 127 134 140 146 153 159 165 172 178 184 

30 109 116 123 129 136 143 150 157 164 170 177 184 191 198 

*30 lb surcharge on surface and above line. 

**90 lb surcharge IS maximum surcharge that will be used for ordinary lest. In special cases additronal werght may 
be needed, therefore surcharge wecght up lo 198 Ibs has been computed 
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7. Repeat the procedure in steps 1 through 
6 two or more times (for total of three tests) in 
the same type of soil. 

If the results do not show reasonable agree- 
ment, three additional tests should be made. The 
numerical average of the six tests is used as the 
CBR at that location. Reasonable agreement is 
designated as the following: 

CBR Range 

Less than 10 
1 O-30 
30-60 
Above 60 

Permissible 
Tolerance 

3 
5 

10 
unimportant 

For example: Test results of 6, 8, and 9 are 
reasonable and average 8. Test results of 23, 18, 
and 20 are reasonable and average 20. Values 
below 20 are rounded off to the nearest unit. 
Values above 20 are rounded off to the nearest 
5 units. 

PRESENTATION AND ANALYSIS OF CBR 
DATA 

The CBR value, molding water content, and 
dry density for each speciment can be presented 
in several ways that facilitate analysis. These 
are illustrated in DD Form 2463 (California 
Bearing Ratio (CBR) Analysis) as shown in Fig- 
ure 2-95, pages 2-137 - 2141. 

Test Program for Nonswelling Soils 

This test program applies to the majority of 
the soils used in construction. As Table 2-11 in- 
dicates, soils which fall into this group might be 
used as compacted subgrade, select, or subbase 
materials depending upon their strengths and 
location regarding the construction site. To il- 
lustrate the methods of evaluating the design 
CBR, the data given on the CBR analysis sheet 
for Airfield Delta will be used. The data was 
taken from the subgrade along a proposed road 
alignment. The object of the following analysis 
is to determine a soil placement moisture con- 

tent range for a specified level of compactive ef- 
fort which gives the ‘greatest assured design 
CBR. This technique for determining a design 
CBR provides for a strength measure of at least 
9.2 when the associated density and moisture 
content ranges are followed. Greater strengths 
will be realized within t.he specified limits, but 
the value obtained allows the engineer to size 
the structure for the worst condition. Note that 
for this soil and the limits used, the greatest 
assured strength does not occur for the 4 percent 
moisture content range centered on OMC. This 
occurs for many soils having an appreciable clay 
content. Also note that the analysis is based 
upon an initial selection of density limits. The 
engineer may find it better to evaluate other 
density limits that meet the minimums given 
in Table 2-12, page 2-134 to see if an adjustment 
to these limits yields greater strengths. To 
develop the data, the soils analyst must do the 
following steps: 

1. Establish the OMC of the soil at 55 blows 
per layer. This is done using the standard CE55 
compaction test. For this example, OMC equals 
14 percent. 

2. Establish a moisture range for CBR in- 
vestigation. The moisture range for CBR is OMC 
f 4 percent. This is a time saving guide as ex- 
perience shows that the maximum CBR will nor- 
mally occur at compaction moisture contents 
within this range and that testing soils beyond 
these limits is wasted effort. For this example, 
the moisture content range of investigation is 
10 to 18 percent. 

3. Compact the samples within the moisture 
content range of investigation at different levels 
of compactive effort. This allows for evaluation 
of soil strength when field placement is other 
than 100 percent CE55. The levels of compac- 
tive effort selected in the laboratory are based 
on the compaction requirements (Table 2-12). If 
the soil is to be used as compacted subgrade or 
select material, it will be placed at less than 100 
percent CE55. Laboratory compactive efforts of 

- 
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Table 2-17. Summary of CBR test programs 

Test Program 
Type Soil 
Normally 
Tested* 

Compaction 
Blows/Layer 

Probable Use 
of 

Test Results 

Nonswelling 
soils 

All except CH, 
MH, OH, GW, 
GP, SW & SP 

Swelling soils CH, MH & OH 

Free draining GW, GP, SW 
soils & SP 

Remolded Laboratory Tests 

For CBR 2 20 
26, 55, 72 

For CBR > 20 
12, 26, 55 

12, 26, 55 

26, 55, 72 

For compacted 
subgrade, select, 
and subbase 
material 

Low quality 
compacted 
subgrades 

Compacted sub- 
grade, select, and 
subbase material 

Tests for lnsitu Strengths 

Field CBR All N/A Uncompacted 
subgrade 

Undisturbed CH, MH & OH N/A Uncompacted 
subgrade - 
allows evaluation 
of swell 

*This categorization is intended to serve as a guide for planning laboratory activities. Devia- 
tions may be noted in the initial stages of a test program which will dictate adjustments. 

12, 26, and 55 blows per layer are usually 
selected. If the soil is a very high quality 
subgrade (CBR 201 or a subbase, the laboratory 
tests should include samples compacted in ex- 
cess of 55 blows per layer. Normally 26,55, and 
72 blows per layer are adequate. The only 
stipulations placed on the levels of compactive 
effort are that a 55 blow per layer compaction 
curve be obtained and that data be developed at 
two other levels of compactive effort encompass- 
ing the specified placement densities. In this ex- 
ample the soil is a CL (cohesive) subgrade, so 
samples were compacted at 12,26, and 55 blows 
per layer. 

4. Soak the samples and measure the swell. 
The first assumption from Table 2-11 was that 
this is a nonswelling soil. Note that this is based 
upon USCS classification and is only an ap- 

proximation. The swell must be monitored to 
verify that the soil being tested is in fact 
nonswelling. 

5. Perform CBR penetration tests and deter- 
mine the corrected CBR for each sample. This 
is done according to the technique discussed in 
Section XI. Note that accumulating the required 
data involves a considerable amount of work. At 
a minimum, 15 molds (five per level of compac- 
tive effort) must be made. In this example 21 
molds were compacted, soaked, and then 
penetrated. The results are compiled on the data 
summary sheet. 

6. Plot the data on graphs of dry density ver- 
sus molding moisture content and corrected 
CBR versus molding moisture content. 
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Table 2- 12. Summary of compaction requirements 

Material 
Percentage Compaction of 
Materials with Design CBR 

Values of 20 and Above 

Base course 

Subbase and 
subgrade 

No less than 100% of CE55 
maximum density 

No less than 100% of CE55 
maximum density 

Percentage Compaction of 
Materials with Design CBR 

Values Below 20 

Select material Cohesionless fill will not be 
and subgrade placed at less than 95% of 
in fills CE55 maximum density. 

Cohesive fill will not be 
placed at less than 90% of 
CE55 maximum density. 

Note: A cohesive soil IS one with a PI above 5. A coheslon- 
less soil IS one with a PI 5 5. 

7. Reformat the data on the CBR family of 
curves data sheet. This step is performed to iden- 
tify values of dry density and CBR for whole in- 
teger moisture contents within the range of in- 
vestigation at each level of compactive effort. 
Some of this data may be transferred directly 
from the data summary table. The remainder 
must be interpolated from the CBR/dry density 
versus molding moisture content graphs. 

8. Plot the CBR family of curves. This step 
places the laboratory data in a form which lends 
itself to analysis. The trends of strength varia- 
tion is determined as the moisture content and 
dry density change. The blank places between 
actual data points are filled in. Drawing a CBR 
family of curves involves considerable practice, 
numerous attempts, and subsequent ad- 
justments. The example shows that the 
available data has been plotted on a graph of cor- 
rected CBR versus molded dry density for cons- 
tant moisture contents. For low molding water 
contents (from 10 to 12 percent) there was an in- 

crease in strength with dry density, and at high 
moisture contents (16, 17, and 18 percent) the 
reverse was true. For the intermediate moisture 
contents, there was an increase in strength to 
some point and then a decrease as the dry den- 
sity increased. 

9. Proceed with engineering analysis. The 
work done to this point is the job of the 
laboratory technician. However, it is the respon- 
sibility of the engineer to insure that the CBR 
data is properly obtained and presented. The 
engineer must analyze the data and understand 
how the results affect the design and economic 
factors. Before considering the details of the 
analysis, it is possible to observe two points of 
interest about the soil being used for the exam- 
ple. First, the maximum strength of this soil 
does not occur at OMC but at 1.4 percent dry (see 
corrected CBR versus molding water content). 
Second, the CBR family of curves shows that, 
for some moisture contents, the soil loses 
strength as the dry density or level of compac- 
tive effort increases. The impact of these two fac- 
tors is important because, if maximum strength 
from this soil is desired, that strength might be 
achieved at a moisture content dry of OMC and 
at some level of compactive effort less than 
CE55. The reasons for these two phenomena are 
highly speculative. It is essential that the 
engineer realize that soil placement at OMC and 
the most compactive effort possible are not 
always the answers to good construction. 

10. Establish a density range at which soil will 
be placed in the field. Minimum limits for field 
compaction requirements are based on settle- 
ment criteria (Table 2-12). To facilitate construc- 
tion, it is common to specify a reasonable range 
of densities which can be economically obtain- 
ed and then examine the strength values which 
would occur without that range. Establishing 
the density range depends greatly on economics. 
The more latitude given to the builder, the bet- 
ter the chances of placing the soil within 
established limits. However. if an extreme range 
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is stipulated, the CBR value allowed for design 
might be reduced and thicker pavement struc- 
ture could be required. Experience shows that 
a 5 percent range (90 to 95 percent of maximum 
CE55 dry density) is reasonable. Another factor 
is the actual field compaction experience obtain- 
ed from either a test strip or prior construction. 
Such data can be accumulated by measuring the 
in-place dry densities for different numbers of 
passes with the available compaction equipment 
and determining the point where additional 
passes give little increase in density. For this ex- 
ample the soil must be placed at least 90 per- 
cent of maximum CE55 dry density (Table 2-12). 
Assuming that experience with the soil shows 
that 93 to 98 percent of maximum CE55 dry den- 
sity can be achieved with reasonable effort, the 
limits of densities in pounds per cubic feet (pcf) 
will be the following: 

0.93 x 130 = 120.9 pcf 
0.98 x 130 = 127.4 pcf 

These limits can be imposed on the CBR family 
of curves by drawing two vertical lines at 120.9 
and 127.4 pcf. 

11. Determine the assured CBR values be- 
tween the specified density limits. If the builder 
is allowed to place the soil between 120.9 and 
127.4 pcf, this step involves determining the 
CBR values obtained for each moisture content. 
The change in CBR for any specific moisture 
content line between the two density limits 
shows that a range of strengths is possible. Since 
the builder will be allowed to place the soil 
anywhere between the established density 
limits, the CBR value selected as a potential 
design strength should represent the worst case. 
Using 10 percent moisture as an example, the 
CBR at 120.9 pcf is 8.5. At 127.4 pcf the CBR 
is a maximum of 11.3. 

Of the two, the 8.5 is the minimum strength 
for the specified density range. This procedure 
was followed for the remaining moisture con- 
tents, and the results are tabulated as follows. 

w(moisture) CBR 

10 8.5 
11 9.2 

12 10.0 
12 10.3 
13 11.3 
14 13.6 
15 10.3 
16 7.4 
17 5.4 
18 4.2 

12. Determine the CBR values for potential 
moisture content specification ranges. Like the 
density range, a moisture content range which 
can be economically achieved in the field is 
desired. Within the overall range of investiga- 
tion (OMC f 4 percent), a smaller specification 
range giving the greatest assured CBR will be 
determined. Experience shows that a 4 percent 
range ( f 2 percent) is a reasonable requirement; 
however, this span is not intended to represent 
an absolute rule. The engineer may specify a 
smaller range to achieve a larger design CBR 
and a reduction in pavement thickness re- 
quirements. This savings in pavement materials 
may be offset by increased costs associated with 
the difficulties in meeting the more stringent re- 
quirements. Conversely, for some soils an ex- 
panded moisture content specification may have 
little effect on the design CBR. The example 
problem uses a 4 percent specification range. One 
possible range is 10 to 14 percent. If the engineer 
specified that the soil be placed within these 
limits, the worst possible strength would be a 
CBR of 8.5 (see tabulation under step 10). Such 
an analysis can be done for the other possible 
4 percent ranges, and the result is as follows: 

w (range) CBR 

10-14 8.5 
11-15 9.2 

12-16 7.4 
13-17 5.4 
14-18 4.2 
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13. Select the moisture content range which 
gives the greatest design CBR. In steps 10 and 
11 CBR values were selected, assuming that the 
engineer is going to allow the builder to place 
the soil anywhere between potential moisture 
content and density specification limits. Now the 
engineer selects the set of limits he desires. The 
tabulation in step 11 shows that the soil, if 
placed between 11 and 15 percent moisture, will 
give the largest of the possible CBR values. 
Thus, 9.2 becomes the design CBR, and the field 
quality control measures to be used to ensure 
that a CBR of 9.2 is achieved are; compaction 
from 93 to 98 percent of maximum CE55 dry 
density or; 120.9 to 127.4 pcf. 

Test Program for Swelling or Expansive 
soils 

There is a small group of soils which expand 
objectionably after being compacted and 
saturated. This presents a problem in pavement 
design as this expansion or swell can damage 
the structure through reverse-settlement. The 
measure of swell used by the Corps of Engineers 
is the free swell index which is expressed as a 
percentage of the initial sample height. Objec- 
tionable swell is defined as that in excess of 3 
percent. The expansive nature of a soil is main- 
ly due to the type of clay minerals present. Mont- 
morillonitic clay, for example, consists of the 
smallest and most highly charged particles 
found in nature. The combination of large sur- 
face area per unit volume and high surface 
charge causes a tremendous affinity for water, 
and ability to expand or shrink as water is taken 
in or removed from the soil. 

Experience shows that the PI is an excellent 
indicator of expansive soils. The following 
guidelines are suggested. 

Swell Potential 

PI o-14 not expansive 
PI 14-25 marginal 
PI 25-40 critical 
PI 40 highly critical 
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Although a high PI does not guarantee that the 
soil is expansive, critical soils should be check- 
ed more closely for swell tendencies. 

‘Ibble 2-11, page 2-133) indicates that the 
potentially expansive soils by USCS classification 
are CH, MH, and OH. The test procedure to de- 
termine a design CBR for an expansive soil is 
similar to that discussed for the nonswelling soil, 
but the objective is different. For nonswelling soils 
the object was to find the greatest assured CBR 
value for some range of densities and moisture 
contents. The object of the test program for the 
expansive soils is to find the moisture content 
ranges which will prevent objectionable swell 
and provide the highest soaked CBR. General- 
ly, the minimum swell and the highest soaked 
CBR will occur at a molding moisture content 
wet of OMC. The following is an example of such 
a test for a CH soil taken from the subgrade at 
the proposed Airfield Delta (Figure 2-95, page 
2-141). As most of the steps are similar to those 
developed for the case of nonswelling soils, only 
differences will be discussed. 

Establish the OMC of the soil at 55 blows per 
layer, then establish a moisture range for CBR 
investigation. The OMC + 4 percent range of 
investigations may not apply. It may be 
necessary to prepare samples over a wider range 
of moistures with most of the work being done 
on samples wet of OMC. In the example, samples 
were prepared over a range of OMC & 8 percent. 
It will be illustrated later that much of the 
laboratory work done on samples dry of OMC 
is not essential. Continue the test using the 
following steps: 

1. Compact the samples within the moisture 
content range of investigation at different levels 
of compactive effort. As the type of soil being 
tested will be cohesive and have a CBR less than 
20, ‘I?able 2-12, page 2-134, indicates compaction 
must be at least 90 percent of maximum CE55 dry 
density. An upper limit can be established as ex- 
pansive soils are very difficult to compact at levels 
greater than 100 percent of maximum CE55 dry 
density. Laboratory compactive efforts of 12,26, 
and 55 blows per layer are adequate for nearly 
all cases. 
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CALIFORNIA BEARING RATIO (CBR) ANALYSIS 

PROJECT 
R lRF/txD CXL-DV 

’ DATE 7 IJUG -7 5 

SOIL CtASSlFlCATlON 4 LOCATION OF SOIL 

CH Bvambd PIT *5 

DATA SUMMARY 
I CII-MOISTURE I 

MOLDING’WATER CONTENT (W) 

IN PERCENT OF DRY WEIGHT 

MOLDING WATER CONTENT (WI 

,w PERCENT OF DRY WEIGHT 

i TECHNlClAN 

94 w-L& 
D Form 2463, DEC 86 

Figure 2-95. Sample test results Airfield Delta 
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CALIFORNIA BEARING RATIO (CBR) ANALYSIS 
PROJECT 

SOIL CLASSIFICATION 4 LOCATION OF SOIL 5 GROUP N,JMBER 

MOLDING WATER CONTENT b-t) 

IN PERCENT OF DRY WEIGHT 

D Form 2463. DEC 86 sage of d pager 

Figure 2-95. Sample test results, Airfield Delta (continued) 
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CBR FAMILY OF CURVES DATA 

DRY DENSITY 

IN LB ‘C” FT 

20 CORRECTED CBR 

IN PERCENT 
/. z /. 0 0.s 

DRY DENSITY 

IWyiB C” FT 

CORRECTED CBR 

lh PERCENT 

30 Form 2463. DEC 86 :aye: ‘J3aqrr 

Figure 2-95. Sample test results, Airfield Delta (continued) 
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Figure 2-95. Sample test results Airfield Delta (continued) 
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DESIGN CBR 

COMPACTION RANGE 

% TO 95 “0 
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D Form 2463, DEC 86 ~agesof4~aqer 

Figure 2-95. Sample test results, Airfield Delta (continued) 

2-141 



FM 5-530 

- 

2. Soak the samples and measure the swell. 
This step deviates from the same step for the 
nonswelling soil. For each sample the expansion 
is measured and the percent of swell is computed 
and plotted against the molding water content. 
As an example, the triangular data point at 10 
percent moisture on the swell data curve (Figure 
2-96) was obtained as follows: 

initial sample height = 4.50 inches 

height after soaking = 4.72 inches 

molding water content = 10.0 percent 

level of compactive effort = blows per layer 

free swell index 
4.72 - 4.50 

or = x 100 = 4.9 percent 
percentage of swell 453 

After obtaining the swell index for each mold 
to be penetrated, plot the points on a swell 
versus molding moisture content graph (Figure 
2.96). A curve is then usually fit to only the 
CE55 data points. This particular curve shows 
that only soil placed and compacted at molding 
moisture contents of 14 percent or greater will 
swell 3 percent or less. 

3. Perform CBR penetration tests and deter- 
mine the corrected CBR for each sample. 

4. Plot the data on graphs of dry density ver- 
sus molding moisture content and corrected 
CBR versus molding moisture content. 

5. Reformat the data on the CBR family of 
curves data sheet. 

6. Plot the CBR family of curves. 

7. Establish a density range at which soils 
will be placed in the field. This example assumes 
that prior experience or benefit of a test strip is 
not available. Hence, only the guidelines from 
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DD Form 1211, OEC 86 

Figure 2-96. Swell data curve, Airfield Delta 
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Table 2-12 (page 2-134) will be used. The 
minimum level of compaction is 90 percent of 
maximum CE55 dry density. Assuming a 
reasonable specification range, the upper limit 
will be set at 95 percent of maximum CE55 dry 
density. The actual densities are as follows: 

(110)(.90) = 99 pcf 

(110) C.95) = 104.5 pcf 

As in the previous example, the above limits are 
shown by two vertical lines on the CBR family 
of curves. 

8. Determine the assured CBR values be- 
tween the specified density limits. As more than 
3 percent swell is not acceptable, evaluation of 
the CBR values at moisture contents less than 
14 percent is needless. The CBR values of the 
applicable moisture contents are as follows: 

W CBR - 

14 3.4 
15 4.2 
16 3.2 
17 2.2 

18 1.3 
19 .9 
20 .4 

9. Determine the CBR values for potential 
moisture content specification ranges. 

w(range) CBR 

14-18 1.3 
15-19 .9 
16-20 .4 

10. Select the moisture content range which 
gives the greatest design CBR. Step 9 shows 
that the 14 to 18 percent range gives the largest 
CBR. Thus the design CBR is 1.3, and this value 
is obtained when the soil is placed at: 

w = 14-18 percent 

d = 99.0 -104.5 pcf 

11. Analyze the results. Note that obtaining 
this design value was done at the expense of 
strength. This technique does not provide for 
drying the soil to a moisture content less than 
the amount of placement. Should such extreme 
drying take place, excessive shrinkage and pave- 
ment failure might be expected. However, it is 
an advantage that it takes considerable effort 
to remove water from expansive soils and such 
soils will normally be protected from drying by 
the overlying pavement. The first thing the 
engineer must consider when encountering an 
expansive soil is to test another location. 
However, this is not always feasible, and this 
technique does not allow for determination of a 
design CBR at which swell is not excessive. 

Expansive soils can be chemically stabilized, 
allowing building. The addition of small 
amounts of lime considerably reduces the poten- 
tial for shrinkage and swell. Soils stabilization 

is in TM 5330/AFM 863, Vol II. 

Test Program for Free-Draining Soils 

Determining a design CBR for this group of 
soils requires the least testing of the three 
remolded laboratory test programs. Table 2-11 
(page 2-133) gives the USCS classification and 
the uses of the soils in this group. 

The ease in testing is due to the free drain- 
ing characteristics or lack of fines in the soil. The 
CBR analysis sheet for Borrow Pit A (Figure 
2-97) shows that the density versus moisture con- 
tent curves have a concaved upward shape and 
show maximum densities between 7 and 9 per- 
cent moisture depending upon the level of com- 
pactive effort. For each curve, there is a limiting 
moisture content (shown by the triangle, dia- 
mond, or circle) at which moisture above that re- 
quired to fill the voids after compaction is 
squeezed or drained from the soil. The dashed 
lines of the right of the limiting moisture content 
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represent attempts to compact the soil in a 
saturated condition, but the results after com- 
paction are densities and moisture contents at 
the limiting condition. This means that for such 
soils field placement is relatively easy. lb ensure 
maximum dry density for any level of compac- 
tive effort, the only control measure necessary 
is to have more water available than that re- 
quired for the maximum dry density at the ap- 
propriate level of compactive effort. The cor- 
rected CBR versus molding water content curves 
show the same pattern in relation to moisture 
content as the dry density. Soils placed wet of 
the limiting moisture content achieve the max- 
imum CBR possible for that level of compactive 
effort. In other words, moisture contents of loose 
soils above the limiting values have little bear- 
ing on the strength of a soil after compaction. 
This makes laboratory testing, field placement, 
and field control relatively easy matters. To 
arrive at a design CBR, the steps outlined in the 
previous examples will again be followed. 

l Establish the OMC of the soil at 55 blows 
per layer. The OMC for this example is the 
limiting moisture content of 8 percent. To en- 
sure that a free-draining soil is being tested, this 
curve should display a maximum dry density at 
a limiting moisture content. 

l Compact the samples at different levels of 
compactive effort. Compaction curves must be 
made for three levels of compactive effort up to 
the limiting moisture contents. As these soils 
frequently have CBR values greater than 20, the 
placement compactive effort is in excess of 100 
percent of maximum CE55 dry density. 
Therefore, 26, 55, and 72 blows per layer are 
usually used. 

l Soak the samples and measure the swell. 
Swell measurements are not required, and soak- 
ing can be eliminated when it is determined that 
saturation does not affect the strength. 

l Perform CBR penetration tests. Only the 
samples at the limiting moisture contents for 

20 

0 
0 4 a 12 

1 

-0 4 a 

MOLDING WATER CONTENT(W) 
IN PERCENT OF DRY WEIGHT 

t 

Figure 2-97. CBR analysis sheet, borrow pit “A” 

each level of compactive effort need be tested. 
Normally, more than one sample at the limiting 
conditions will be made for each level of compac- 
tive effort. and all sh uld be tested. 
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figure Z-97. C5R analysis sheet borrow pit “A” (continued) 

l Plot the data on graphs of dry density ver- from Table 2-12 (page 2-134) and noting that the 
sus molding moisture content and corrected CBR for this soil is always greater than 20, the 
CBR versus molding moisture content. Only the minimum level of compaction allowed is 100 per- 
plot of dry density versus molding water content cent of maximum CE55 dry density. Because ad- 
is required. The corrected CBR versus molding ditional information is lacking, specify 100 to 
water content graph is presented only for 105 percent of maximum CE55 dry density. This 
discussion. means compaction as follows: 

l Plot the CBR family of curves. This graph 
can be condensed into a single line. The three 
data points are obtained by plotting the cor- 
rected CBR against the associated dry density 
at the limiting moisture content. 

(1.00) (120) = 120 pcf 

(1.05)(120) = 126 pcf 

l Establish a density range at which the soil 
will be placed in the field. Using the criteria 

l Determine the design CBR and placement 
moisture content. The CBR family of curves 
show that the minimum CBR is 70 at 120 pcf. 
The placement moisture content necessary to 
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ensure that this strength is obtained is 8 per- 
cent or greater. 

Considerably greater CBR values can be 
achieved if more field compaction is applied to 
the soil. If this is not too costly, it may be ad- 

vantageous to specify greater densities, Note 
that the short cuts used in this procedure depend 
upon the fact that the soil is actually free drain- 
ing. This can be determined from the shapes of 
the compaction curves. 

Section XII. PLATE BEARING TEST 

DISCUSSION Equipment 

In designing concrete 3avements for roads or 
airfields, certain features must be considered. 
These include the anticipated loads, the type and 
amount of planned traffic, the supporting value 
of the subgrade, and the characteristics of the 
concrete. The anticipated traffic and loading are 
design factors and are beyond the scope of this 
manual. The materials testing technician may 
be called upon, however, to perform the plate 
bearing test to determine the modulus of sub- 
grade reaction (k) of the subgrade for a concrete 
pavement. The modulus of subgrade reaction is 
the load per unit area required to produce a soil 
defoi mation of the subgrade. It is expressed in 
pounds per square inch per inch of deformation. 
A detailed discussion of the plate bearing test 
can also be found in MIL-STD-621A. 

The following equipment is needed to conduct 
the plate bearing test: 

Hydraulic jack, 25,300 pound minimum 

capacity 

Proving ring or hydraulic gage 

Bearing plates, S-inch, 24-inch, and-30 inch 
diameter steel plates, each 1 inch or 1% inch 
thick aluminum allo! ,,late 

Dial indicators, 0.001 inch, three required 
iwith extensometers) 

Dial support beam and clamps (A frame for 
three-sided support) 

Load reaction beam (steel I or H beam) 

Load reaction equipment having a dead load 
of at least 25,000 pounds. 

PREPARATION AND TEST 
PROCEDURES 

The test is performed on representative 
areas, and corrections or adjustments can be 
made by the designer. These are based on ex- 
perience or knowledge of the local conditions 
which can alter the load supporting value of the 
subgrade. Moist soils exhibit a marked reduc- 
tion in modulus with an increase in moisture 
content. However, since the design is not too sen- 
sitive to small changes in k, a bracket or range 
of values is sufficient. 

Preparation of Test Area 

A small area of subgrade should be stripped 
free of overburden to the elevation of the 
subgrade surface which will be used. It should 
be uncovered for a sufficient area to eliminate 
any surcharge or confining effects. If the 
subgrade is to be fill material, a test embank- 
ment about 30 inches high should be constructed 
after the necessary stripping. The subgrade 
should be compacted to the specified densities 
at OMC. The test should be made with the soil 
as close to OMC as practical. It is advisable to 
conduct comparative tests on the subgrade 
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representing conditions after the pavement has 
been in place for some time. Methods of correc- 
tion are available when it is impractical to 
simulate actual conditions. On granular 
subgrades, the natural condition of the soil 
should not be disturbed while the test area is be- 
ing prepared. Prior to placement of the 30-inch 
diameter plate, all loose material and boulders 
which protrude more than 1 inch above the 
lowest point should be removed and replaced by 
a layer of sand or plaster of paris mixture to pre- 
vent the plate from resting on these points. The 
thickness of this layer should be held to the ab- 
solute minimum needed to prevent point 
bearing. 

Loading System 

Loads are applied by a hydraulic jack work- 
ing against a jacking frame and through a steel 
bearing plate 30 inches in diameter and 1 inch 
thick (Figure Z-98). The load must be applied in 
the exact center of the plate to reduce the 
possibility of tilting the plate during the test. 
A nest of plates (30-inch, 24-inch, and l&inch 
diameter) is used to assist in the centering. If 
cribbing is needed, it is best to place such fill- 
ing members between the top plate and the jack. 
If a proving ring is used to measure the load, it 
should be placed on top of the jack. A ball joint 
should be used between it and the load reaction 
device. The load reaction device must be long 
enough so the its supports will be at least 8 feet 
from the bearing plate. Aluminum alloy plates 
which have the same rigidity as the l-inch steel 
plates may be used if weight reduction is 
necessary. 

Load Reaction pevices 

The load reaction from the jack can be taken 
by bearing against a truck trailer, anchored 
frame, or any other device big enough for the 
test. Granular subgrades require a reaction of 
at least 25,000 pounds. For most cohesive 
subgrades, 10,000 pounds is sufficient. 

Deformation Measuring 

The movement of t’he plate due to the applied 
loads should be measured in three places spaced 
120 degrees apart around the circumference of 
the 30-inch plate and f/, inch from the rim. Dial 
gages, accurate to 0.0001 inch, are needed for 
granular subgrades. However, gages accurate to 
0.001 inch, may be used if time readings are 
made. 

Loading Procedure 

The loading system and bearing plate should 
be seated by applying a load of 707 pounds (one 
psi) on the 30-inch diameter plate for light load 
pavements less than 15 inches thick or 1,414 
pounds (two psi) for heavy load pavements more 
than 15 inches. The seating load must be allowed 
to remain until complete deformation of the 
subgrade occurs. The dial gages are read, and 
the values are recorded as a zero correction. 

l An additional load of 7,070 pounds (10 psi) 
is applied and held until complete deformation 
has taken place. Before releasing the load, a 
value of k’, (preliminary subgrade modulus1 is 
computed from the average deflection on the 
rim: 

k’, = 10 psi 

average deflection in inches 

where the deflection readings on the dials at 10 
psi are averaged and the units are psi/inch. 

l For cohesive subgrades, where k’, is less 
than 200 psi/inch, the test is considered com- 
plete, and the load may be released. Some clay 
soils may require a time settlement curve to 
determine when complete deformation has been 
reached. The load is held until the rate of deflec- 
tion is less than 0.0002 inch per minute (0.002 
inch in 10 minutes) which indicates that most 
of the consolidation has taken place. A field plot 
of average dial reading versus time on 

- 
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Plan 

Support for Load Reaction Must Be 
at Least 6 Ft from Bearing Plates 

12,500 Lb Min 

a- 0 Proving Ring 

01% for Dial Support 
Be at Least 4 Ft 

1” Max Thickness 
Ottawa Sand or 
Plaster of Paris 

24” Diam Plate 

30” Diam Plate 

Elevation 

Figure 2-98. Plate bearing rest loading 
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arithmetical coordinates may be made to show 
settlement rates. 

l For granular subgrades or some cohesive 
subgrades with a k’, of 200 psi/inch or more, the 
load is applied in successive increments of 3,535 
pounds (5 psi) to a maximum load of 21,210 
pounds (30 psi). The load is not released between 
increments. Each increment loading is held for 
at least 16 minutes and until less than 0.0002 
inch per minute deformation is read. The final 
load (30 psi) is held until almost complete defor- 
mation is reached, but not less than 16 minutes. 
In general, this will be when the rate of defor- 
mation is less than 0.0001 inch per minute 
(0.001 inch per 10 minutes) and most of the con- 
solidation has occurred. 

Unit Load Deformation Curve 

A curve of unit load versus deformation 
should be plotted for material with a k’, of 200 
psi/inch or more. The plotted points are joined 
with a smooth curve (Figure 2-99). If the curve 
approximates a straight line between 10 psi and 
30 psi loadings and goes through the “0” point, 

no correction is needed. If it does not approx- 
imate a straight line or the straight line does 
not extend through the “0” point, a straight line 
is drawn through the origin parallel to the 
straight line or the straight line portion of the 
curve (Figure 2-100). If no portion approx- 
imates a straight line, the correction line is 
drawn parallel to the average slope as determin- 
ed by at least three points in the area of least 
curvature (Figure 2-100). A new value of defor- 
mation is then read at the 10 psi point on the 
corrected curve. 

EVALUATION OF RESULTS 

Deflection Correction 

There is some bending in the bearing plate 
when load is applied, even when a nest of plates 
is used, and bending results in a greater deflec- 
tion at the center than on the rim. Since the 
deflection is measured at the rim, the measure- 
ment is smaller than if taken at the center, and 
the k’, is higher. For k’, of less than 100, the 
bending correction is negligible and can be omit- 
ted. For k’, between 100 and 200, the correction 

PENETRATION IN INCHES 

Figure 2-99. Load-deformation curve from plate bearing test 
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Deformation - Inches 

.Ol .02 .03 

Note: Corrected Curve May Lie Above or Below 
Actual Curve 

Figure 2-100. Zero corrections to load- 
deformation curves 

graph (Figure 2-101, page 2-152) is used. A k’, 
greater than 200 requires a load deformation 
curve to be drawn and a new value of k’, 
determined. 

This value is used to enter the curve and to 
read the corrected value k’,,the subgrade 
modulus corrected for plate deflection. 

Saturation Correction 

For a better evaluation, a correction for 
subgrade saturation should be considered. The 
most applicable method is an adaptation of the 

consolidation test. The samples are selected from 
the location where the tests are to be perform- 
ed. The correction is determined by loading two 
samples of the undisturbed subgrade material, 
one with the moisture content in place (sample 
A) and the other (sample B) with the undisturb- 
ed subgrade in a saturated condition. The same 
seating load used in the plate bearing test is ap- 
plied to both samples. When the vertical dial 
becomes stable, a zero reading is taken and an 
additional 10 psi load is applied (total of 11 or 
12 psi). After the dial becomes stable again, the 
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Figure 2- 107. Plate bending correction for Ku 

reading reflects the deformation under a 10 psi 
load. Certain soils may swell under saturation 
and cause the material to squeeze up over the 
restraining ring when pressure is applied. The 
top of both A and B samples should be trimmed 
about %, inch to allow for swelling so that the 
height of both samples is the same at the start 
of the test. The correction for saturation is ap- 
plied in proportion to the deformation of both 
samples under a load of 10 psi. The value of the 
corrected subgrade modulus (k) is: 

K=-+.k, 
s 

where: 

k = subgrade modulus corrected for 
saturated and bending of the plate 

k, = subgrade modulus, uncorrected 
for saturation, but corrected for 

bending of the plate when 
necessary 

d, = deformation of a standard 
specimen under a unit load of 10 
psi in inches 

d = deformation of a specimen at field 
conditions under a load of 10 psi 
in inches. 

NOTE 

The value of g is limited to less than one. 
S 

Interpretation of Corrections 

The k, is rarely used in design without a cor- 
rection. For coarse granular soils, k, may be 
used without a correction if compaction re- 
quirements are met. Cohesive soils in arid 
regions with a low water table may have smaller 
saturation corrections than those determined by 
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the test. If examination of other pavements in 
the area indicates no loss in support at the joints 
due to infiltration or leakage and the moisture 
content is lower than optimum for compaction, 
the uncorrected (for saturation) value of k, may 
he used. In some instances, the correction does 
not fulfill the intended purpose and is not 
satisfactory. Two examples of these soils are the 
cohesionless or nearly cohesionless silts and line 
sands which pump and the uniform, poorly- 
graded and poorly-compacted sand that tends to 

shift at pavement joints. For these conditions, 
a k value is assumed for the design. 

Correlation of Subgrade Modulus and CBR 
If time and equipment are not available for 

a full scale loading test, an approximate k value 
may be determined from the CBR value. This 
must be done for each soil type encountered. 
Table A-2 (Appendix A) shows typical k and CBR 
design values based on the classification of the 
subgrade soil. 

Section XIII. UNCONFINED COMPRESSION TEST 

DISCUSSION 

The unconfined compression test is used to 
estimate the shearing strength of clay soils. It 
cannot be performed on cohesionless soils or soils 
which cannot stand unsupported. The test is 
most applicable to saturated clay soils and is per- 
formed upon relatively undisturbed samples at 
their natural moisture contents. In some cases 
the test is also run on remolded samples of the 
same soils at the same moisture content. This 
manual does not describe this procedure. 

The test is usually performed on a small 
cylindrical sample. It resembles the compression 
test on a concrete cylinder except that the 
sample and loads are much smaller. The prin- 
cipal information obtained is the value of the 
compressive unit stress which corresponds to 
failure of the cylinder or to 15 percent com- 
pressive strain (reduction in height). This value, 
designated as qU, is expressed in pounds or tons 
per square foot. The unconfined compressive 
strength is assumed to be equal to twice the 
shearing strength (cohesion) of such soils. This 
relationship is stated as qu = 2c, in which c is 
the cohesion and q, is the unconfined com- 
pressive strength. The relationship between 

stress and strain (unit deformation, or in this 
case, unit shortening) may also be determined 
during the test. Since the test is made on a 
sample which must stand by itself with no sup- 
port, and is made immediately after the sample 
is placed in the test machine, the shearing 
strength is regarded as a minimum. The use of 
the test value is, therefore, conservative in many 
instances. 

PREPARATION AND TEST PROCEDURE 

The testing is done by loading the sample in 
the frame provided for the CBR test. Samples 
are secured with the soil trafficability sampler, 
or samples from soils stabilization may be 
determined. 

Apparatus 

Apparatus for conducting the test is assem- 
bled from components found under soil test 
apparatus. A penetrometer plus other items may 
be necessary. The assembled apparatus for the 
unconfined compression test is shown in Figure 
2-102 (page 2-154). Moisture contents are deter- 
mined by oven drying the total specimen. 
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Figure 2-l 02. Assembled apparatus, 
unconfined compression test 

l The CBR frame with the jack down is 
placed on a table and positioned so the crank can 
be turned. Preferably, it should be clamped in 
place. The sample is placed directly on the jack 
plunger or on a metal plate which rests firmly 
on the plunger plate. 

l A cone penetrometer proving ring is 
selected from the soil trafficability apparatus. 
Note that when the unconfined compression test 
is completed, care must be taken to return the 
proper dial to the proving ring, since the 

penetrometer’s dial indicator is calibrated for 
one particular ring only. If the face of the 
penetrometer is graduated so that 0 to 300 
equals exactly 360 degrees of the dial face, 
assume that a deflection of 0.1 inch equals 150 
pounds. Therefore, a deflection of 0.001 inch 
equals 0.15 pound. However, the readings taken 
frequently will be in the lower range of the 
ring’s capacity, and much greater accuracy will 
be assured by a recalibration of the ring with 
the 0.0001 inch dial in place. The ring may be 
calibrated simply for the unconfined compres- 
sion test (seldom more than 100 pounds total 
load except for very stiff or hard clays). This is 
accomplished by attaching the ring vertically in 
the vise, using a convenient thread on the 
penetrometer shaft, and by balancing known 
weights on it or an adapter above it. Calibrated 
weights may be used or weights may be 
prepared by weighing them on the solution 
balance. A series of weights should be used (for 
example, %, 1, 2, 4, 6, 8, 10, 20, 30 pounds up 
to the limit of the anticipated test loads), and the 
corresponding dial readings should be recorded. 
Some penetrometer rings have been made whose 
dials have been calibrated to the ring. Therefore, 
360 degrees on the dial will not be equal to 
precisely 300 cone index, but will be slightly 
more or less. If such a ring is used with the 
0.0001 inch dial, the ring must be calibrated for 
the dial. 

l The recalibrated ring is attached to the 
CBR ring-to-frame adapter and to the field CBR 
piston by means of the two penetrometer ring 
adapters. Piston extensions may be used as 
needed. The ring dial should be set at zero with 
the piston to be used hanging free. 

l The strain or deformation of the sample is 
read from a 0.001 inch sensitivity dial attached 
to the dial clamp on the CBR frame and posi- 
tioned to read the travel of the jack upward. A 
zero reading is recorded as the sample is lifted 
upward on the jack and comes into contact with 
the CBR piston. There should be no play 

- 

-- 
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whatsoever between the ring-to-frame adapter 
and the frame. If play is found, the adapter 
should be forced tightly into the clamp using 
paper shims. 

Procedures 

The sample used for an unconfined compres- 
sion test is obtained with the soil trafficability 
sampler. 

l Any protective coating or wrapping used 
to preserve the sample must be carefully re- 
moved before testing. The sample obtained by 
the soil trafficability sampler is 1.87 inches in 
diameter and 3.45 inches long. The sample 
should be tested immediately after being 
extruded from the sample tube and weighed. 
The height of the sample and the area of its cross 
section must be accurately known. The area may 
be determined by measuring the circumference 
with a flexible tape and then computing the 
diameter. If tape is not available, a strip of paper 
about % inch wide is wrapped around the 
sample, marked for length, and measured. The 
average of at least three measurements should 
be used for both the height and area. DD Form 
1213 is provided for the unconfined compression 
test (Figure 2-103. page 2-156). 

l Weigh the test specimen and record the 

weight on 111) Form 1213 (Unconhned Compres- 
sion Test) (Figure 2-1(X1). This permits a)mputi+ 
tion of the unit weight of the specimen. 

l The sample is placed in the loading frame, 
the loading apparatus is adjusted, and both the 
vertical dial and proving ring dial are set at zero. 
The sample is loaded by turning the jack handle 
causing the jack to move upward at a rate of 0.05 
inch per minute. This is the same rate required 
for the CBR penetration test. During the early 
stages of the test, readings on both dials should 
be taken corresponding to every 0.01 inch move- 
ment of the vertical dial. Later, as the stress- 
strain curve (Figure 2-104, page 2-157) begins 
to flatten, readings may be taken at 0.02 inch 
and, still later, at 0.05 inch intervals in the 

vertical dial readings. Readings of both dials are 
recorded in the appropriate spaces on the data 
sheet. Stop the test when the axial load remains 
constant or when 20 percent axial strain has 
been produced. Record the duration of the test, 
in minutes, to peak strength (time to failure) and 
type of failure (shear or bulge). Sketch the 
specimen after failure on the stress-strain plot 
sheet, Figure 2-104. 

l After the sample has failed, place the en- 
tire specimen in a preweighed container and 
determine the moisture content in the usual way 
by the oven-drying method. 

Calculations 

Necessary calculations are indicated on the 
data sheet (Figure 2-103). 

9 The unit strain, E, is computed by the 
following equation. 

E=.“.L 
Lo 

where: 

.‘,L = 

Lo = 

the change in length of the speci- 
men, in inches determined from the 
vertical dial readings 

the initial length of the specimen, in 
Inches. 

l The average corrected area, A in square 
feet, which corresponds to any axial of strain is 
computed from the following expression: 

A =-!k 
1-E 

where: 

A, = the initial area of the test sample, in 
square feet. 
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Figure 2-103. Data sheet, unconfined compression test 
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Figure 2- 104. Stress-strain curve, unconfined compression test 

2-157 



FM 5-530 

l The total axial (P) load in pounds is deter- 
mined by multiplying the quantity (proving ring 
reading minus initial proving ring reading) by 
the calibration factor for the proving ring or by 
using a calibration curve. 

l The unit stress is determined by dividing 
pounds by the corresponding corrected area (A) 
in square feet. 

l The stress-strain curve is drawn as in- 
dicated in Figure Z-104 (page 2-157) by plotting 

411L . 
the strain or deformation, - 

Lo 
in percent, on 

the horizontal scale and the unit stress (P/A) in 
pounds per square foot on the vertical scale. 

l The unconfined compressive strength (qJ 
is normally taken to be the peak value (P/A) on 
the stress-strain curve. As previously noted, the 
shearing strength is expressed as c = q,/2. In 
the example shown (Figure 2-1041, c equals 795 
pounds per square foot. 

Section XIV. TECHNICAL SOILS REPORT 

DISCUSSION 

A good program for soils testing not only re- 
quires that careful and complete tests be per- 
formed, but also that the tests be completed as 
quickly as possible and that the data be 
presented in a clear, logical manner. A delay in 
presenting a soil report results in a delay in con- 
struction, usually when time is critical. 
Therefore, the Materials Quality Specialist must 
be familiar with the sequence of testing, with 
the presentation of results, and with the tests 
themselves. 

OUTLINE OF SOILS TESTS REQUIRED 

The tests required by any program depend 
upon the type of construction being planned. 
However, there are a number of tests run con- 
sistently on road and airfield construction pro- 

grams. A complete testing program should 
include: 

REFERENCE TO 
TEST PROCEDURE 

Soils exploration Pages through 

Compaction Pages through 

Plasticity tests 
Liquid limit Pages through 
Plastic limit Pages through 

Mechanical analysis 
Sieve analysis Pages through 
Hydrometer 

analysis Pages through 

California Bearing Ratio Pages through 

Soil trafficability TM 5330, Chapter 9 
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PURPOSE OF THE TES’IS 

The soil tests listed above are specific tests 
used to gain knowledge about general questions 
that must be answered for the control of soils 
during construction. 

l Suitability of subgrade and borrow 
materials. 

l Degree to which soil can be compacted. 

l Bearing value of the subgrade and borrow 
material under projected future conditions. 

l Location of ledge rock and groundwater 
table. 

l Susceptibility to detrimental frost action. 

Each test supplies data to the soils engineers 
which enables them to answer questions about 
a particular soil based on the engineering 
evaluation of scientific data rather than a mean- 
ingless guess. This makes the soils technicians 
valuable because they are first required to ob- 
tain accurate information and then to evaluate 
the meaning of the data from an engineer’s 
viewpoint. 

ORGANIZATION AND SCOPE 
OF THE TESTS 

Because of the number of tests to be per- 
formed for a particular project, careful planning 
may avert considerable delays in the presenta- 
tion of the results. The technician should list the 
tests required and list their sequence in a man- 
ner that will permit running the tests con- 
tinuously, without delays due to time needed for 
soaking or drying samples. The following discus- 
sion of soil tests cites some considerations that 
may be helpful in setting up a continuous soil 
testing program. 

Exploration 

Before any tests can be performed, represen- 
tative samples of the soil involved in a given 
project must be obtained. This, however, is only 
one objective of soil exploration. Other considera- 
tions include plotting a profile of boring results, 
location of ledge rock, depth to the groundwater 
table, field moisture content, and field identitica- 
tion of the soils sampled. 

Compaction Test 

The compaction test indicates the maximum 
dry density that can be obtained practically in 
the field. It also indicates the OMC at which 
this dry density can be obtained. Since this will 
be a test used for control purposes, it should be 
run as soon as possible. While moisture content 
samples from this test are drying, the plasticity 
and mechanical analysis tests can be started. 

Plasticity Tests 

One use of liquid limit and plastic limit test 
results is to predict how the fine-g-rained portion 
(No. 200 fraction) will affect the engineering 
value of a particular soil sample. This evalua- 
tion, attained through the classification of soils, 
is to ensure that the sample being tested meets 
specifications set on the liquid limit and 
plasticity index for the particular project for 
which it will be used. These tests should be per- 
formed during periods while the technician is 
waiting for compaction test moisture content 
samples to dry, CBR samples to soak, or any 
time between other tests. 

Mechanical Analysis 

The mechanical analysis is another test 
which should be used to occupy periods between 
other tests. The test is an evaluation of the 
grain-size distribution used to establish the 
gradation of the soil sample. The sieve analysis 
and hydrometer analysis may be used in obtain- 
ing the required information. 
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California Bearing Ratio Test (CBR) 

The CBR test is determined by an arbitrary 
penetration procedure to obtain a modulus of 
shearing resistance of a subgrade or base course 
soil. This value is used to determine the required 
thicknesses of the various base courses through 
its application to empirically derived design 
curves. Because the procedure for this test may 
involve a 4 day soaking requirement, CBR 
samples should be prepared as soon as the 
necessary information from the results of the 
compaction tests is available. This information 
may be obtained from approximated values of 
optimum moisture content. 

Soil Trafficability 

Tactical information concerning soil traf- 
ficability may be required on a large scale in the 
future. For this purpose soil test set Number 2 
(Trafficability Equipment) has been designed. It 
includes the cone penetrometer and sampling 
equipment. This subject is discussed in TM 
5330, chapter 9/AFM 863, Vol II. 

COMPILATION OF RESULTS 

In writing technical reports, one of the most 
important aids is a clear, logical outline of the 
subject. Outlines will vary according to the pro- 
gram conducted and the data required, but the 
suggested format to follow should help organize 
a report. 

Frequently portions of the information shown 
in the outline will be required at different times. 
For this reason, a preliminary report and several 
supplementary reports may actually be made 
before the project is completed. However, if all 
of the information provided follows the same 
basic outline, filing the data and assembling the 
final report will be simplified. 

RECOMMENDED OUTLINE FOR 
A SOILS REPORT 

The following outline is recommended to 
organize a technical soils report: 

1. Project 
l-01 General description of project 
l-02 Extent and authority for propos- 

ed construction 
l-03 Purpose and scope of report 

2. Description of the Site 
2-01 Description of location and ex- 

isting facilities 
2-02 Topography, cultivation, and 

drainage 
2 -03 Climate 

3. Geology 
3-01 Description of origin of subsur- 

face material at or near the site 
3 -02 Description of overburden and 

bedrock 
3 - 03 Influence of geologic features on 

design 

4. Aggregates 
4-01 Field exploration 
4 -02 Field tests 
4 - 03 Laboratory tests 
4-04 Results of field and laboratory 

investigations 

5. Mix Designs 
5 - 01 Asphaltic concrete 
5-02 Portland cement concrete 

6. Foundation Conditions 
6-01 Field investigations 

7. Fill and Borrow Materials 
7 -01 Field explorations 
7-02 Field tests 
7 -03 Laboratory tests 
7-04 Results of field and laboratory 

investigations 

--- 

- 
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8. Design Criteria and Other Conditions 
B-01 Design loads and tire pressures 
8-02 Factors of safety used 
8 - 03 Allowable settlements 

9. Design 
9-01 Analysis (Separate paragraphs 

for each item: flexible pavement, 
rigid pavement, settlement, 
stability and seepage) 

9-02 Alternate solutions 
9-03 Cost estimates for analysis and 

alternates 

10. Conclusions and Recommendations 
lo-01 Site selection (if possible) 
lo-02 Economical design 
lo-03 Minimum specifications 
lo-04 Solutions for difficult problems 

NOTE 
Paragraphs 6, 7, 8, 9 and 10 may have to 
be repeated for each different runway or 
facility. 

Annexes 

A. General plan drawings (geology should be 
indicated) 

B. Location plan drawings (existing and propos- 
ed features) 

C. Profiles 

D. Cross section 

E. Boring logs 

F. Laboratory testing data 

G. Field testing data 

H. Detailed numerical analysis (settlement and 
stability). 

NOTE 
Not every subject in the outline will apply 
to every report. In many reports some of the 
items may be covered in a sentence or two, 
while others may require a page of dis- 
cussion. 
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Chapter 3 

Bituminous Mixtures 
Section I. DESCRIPTION OF BITUMINOUS MATERIALS 

DISCUSSION 

Bituminous pavements are a mixture of 
mineral aggregates, mineral filler, and a 
bituminous material or binder. They are used 
as the top portion of a flexible pavement struc- 
ture to provide a resilient, waterproof, load- 
distributing medium which protects the base 
course from detrimental effects of water and the 
abrasive action of traffic. This chapter discusses 
the materials used in the construction of 
bituminous surfaces and the methods of testing 
these materials and the mixes prepared from 
them. The design considerations, such as bear- 
ing capacity and thickness of pavement, are 
described in TM 5-:K1O/AE‘M 86-:3, Vol II. 
Mixing and placing operations, as well as the 
considerations for preparing the mixes, are 
described in TM 5337. 

The aggregate may consist of crushed stone, 
crushed or uncrushed gravel, slag, sand and 
mineral filler, or a combination of some of these 
materials. Other materials which may be used 
as aggregate in certain geographical areas in- 
clude vesicular lava and coral. Aggregates nor- 
mally constitute 90 percent or more by weight 
of bituminous mixtures, and their properties 
greatly effect the finished product. 

BITUMINOUS MATERIALS 

The bituminous material is the adhesive 
agent in the bituminous mixture and may be 
either a tar or an asphaltic material. These are 
sometimes combined with rubber in efforts to 
enhance the performances of the pavement, par- 
ticularly to improve the temperature suscep- 
tibility of tar. The asphalts are generally 
obtained from the distillation of crude petroleum 
(Figure 3-1, page 3-2). Asphalt may also be 
obtained from natural deposits. The tars are 
obtained from the destructive distillation of 
bituminous coal (Figure 3-2, page 3-3). The func- 
tions of a bituminous cement are to seal the sur- 
face which then resists the penetration of water. 
All bituminous materials possess these 
qualities. 

The bituminous cements are available in 
several forms suitable for different procedures 
of mixing or application under wide variations 
in temperature. Some bituminous materials are 
solid or semisolid at room temperatures. Other 
grades are relatively viscous (thick) liquid at 
room temperatures. Mixing bituminous 
materials with solvents or water produces cut- 
backs or emulsions that are liquid at at- 
mospheric temperatures. Such liquid asphalts 
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Figure 3-l. Simplified flow chart showing recovery and refining of petroleum asphaltic materials 
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Figure 3-2. Simplified flow chart showing production of road tars from bituminous coals 

and tars are used for cold mixes or are applied 
as sprays in building pavements. 

ASPHALTS 

Asphalts may be natural or manufactured 
and may be solid, semisolid, or liquid in con- 
sistency. Natural asphalts occur in lakes (as lake 
asphalt), pits, or rock structures (as rock 
asphalt). Asphalt cement is one of the com- 
ponents from the refining of crude petroleum. 

The military engineer is seldom concerned 
with the natural asphalts because they are not 

usually available in those areas of interest. The 
engineer depends most generally upon the 
manufactured asphalts which are obtained 
when crude petroleum is refined for the purpose 
of separating the various fractions (Figure 3-l). 
The crude oil vapors are separated into gasoline, 
kerosene, and fuel oils, while the residue is 
asphalt cement and lubricating oils. The longer 
the process and the higher the temperatures, the 
harder the residue becomes because of the in- 
creased loss in volatiles. This distillation may 
be accomplished either under vacuum or under 
atmospheric conditions and may or may not in- 
clude air blowing. The refineries also often use 
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a solvent precipitation process to achieve the 
above described separations. All asphalt 
cements are solid or semisolid at room 
temperature (77OF) and must be converted to a 
fluid state by heating, emulsifying, or dissolv- 
ing in a petroleum solvent. 

Grading 

Asphalt cements are graded in three ways. 
The penetration grade is determined by the 
distance a standard needle under a standard 
loading will penetrate a sample in a given time 
under a given temperature condition. The 
asphalt petroleum (API number is a number 
from 00 to 7 assigned to these penetration 
ranges. The viscosity grade is determined using 
a standard viscometer under standard condi- 
tions. Table 3-1 lists the ranges presently 
recognized along with the relative consistencies. 

Table 3-1. Penetration grades and AP numbers 
of asphalt cement 

Penetration grade AP No. 

40-50 7 

60-70 5 

85-100 3 

120-150 1 

200-300 00 

Relative 
consistency 

Hard 

Medium 

Soft 

Fluidity 

When heating equipment is not available or 
is impractical to use, asphalt cement can be 
made fluid by adding solvents (called cutter 
stock or flux oils). Cutter stock may be any one 
of the more volatile petroleum distillate pro- 
ducts. The resulting combination is called 
asphalt cutback. Exposure to air causes the 
solvents to evaporate and leave the asphalt ce- 
ment to perform its functions. 

l The classification of the cutback is based 
on the rate of evaporation of the distillate that 
is in the mixture. Gasoline or naphtha (high 
volatility) produces a rapid curing cutback CRC); 
kerosene (medium volatility) produces a medium 
curing cutback (MC); and fuel oil (low volatility), 
produces a slow curing cutback (SC). Road oils, 
referred to occasionally, are a heavy petroleum 
oil in the SC grade of liquid asphalt. Table 3-2 
shows the percentage of components by grade for 
the three types of asphalt cutbacks. 

l As more cutter stock is mixed with a given 
amount of asphalt cement, a thinner liquid 
results. In practice, different amounts of cutter 
stock are added to a given amount of asphalt 
cement to obtain various viscosities, or grades, 
of cutbacks. The Corps of Engineers has approv- 
ed a set of specifications for cutbacks based on 
kinematic viscosity. The number assigned to 

Table 3-2. Asphalt cutback composition (expressed in percent of rota/ volume) 

Type 

Rapid curing 
RC 

Medium curing 
MC 

Slow curing 
SC 

Components Grades 

Solvent 30 70 250 800 3000 

Asphalt cement 65 75 83 87 
Gasoline or naphtha 35 25 17 13 

Asphalt cement 54 64 74 82 86 
Kerosene 46 36 26 18 14 

Asphalt cement 50 60 70 80 
Fuel oil 50 40 30 20 
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each grade corresponds to the lower limit of 
kinematic viscosity as determined by a standard 
test. The upper limit of each grade is equal to 
twice the lower limit or grade number. The units 
used in the test are stokes or centistokes. 

(stokes) 

(100) . 

Thus a number 70 cutback refers to a vis- 
cosity range of 70 to 140 centistokes. The other 
grades and their limits are 250 (250-500), 800 
(800-1,600), and 3,000 (3,000-6,000). In addition, 
the MC has a 30 grade. Figure 3-3 shows the 
scale of viscosity grades. The higher the vis- 
cosity, the thicker the liquid. 

l Asphaltic penetrative soil binder is a 
special cutback asphalt composed of low penetra- 
tion grade asphalt and a solvent blend of 
kerosene and naphtha. It is similar in character 
to standard low viscosity, medium-curing cut- 
back asphalt, but differs in many specific pro- 
perties. It is used as a soil binder and dust 
palliative. 

Emulsion 

Emulsified asphalt is a mixture of asphalt 
and water in which soaps, colloidal clays, and 
numerous other organic agents are used as 
emulsifiers. It is a heterogeneous system in 
which water forms the continuous phase of the 
emulsion and the minute globules of asphalt 

VISCOSITY COMPARISONS 

COMMON WATER LIGHT SYRUP SYRUP MOLASSES HEAVY BARELY SOLID 
MATERIALS MOLASSES DEFORM 

RTCB 
I 5 I 6 I 

ASPHALT 
CUTBACKS 

ASPHALT CEMENT 

Figure 3-3. Viscosity grades at room temperature 
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form the discontinuous phase. There is also an 
inverted asphalt emulsion in which the con- 
tinuous phase is asphalt (generally liquid 
asphalt) and the discontinuous phase is minute 
globules of water in relatively small quantities. 
Emulsified asphalts may be anionic (negative- 
ly charged asphalt globules) or cationic (positive- 
ly charged asphalt globules) depending upon the 
emulsifying agent. 

l Emulsions are classified according to set- 
ting time. Setting or breaking rate is the speed 
at which the emulsion breaks or the asphalt and 
water separate. This rate is generally dependent 
upon the emulsifier used and the proportion of 
water to asphalt. Emulsions are described as 
rapid setting (RS), medium setting (MS), and 
slow setting (SS), and also by viscosity numbers 
(Figure 3-3, page 3-5). 

l Emulsions are also grouped according to 
their ability to mix with damp aggregate. The 
RS emulsion breaks so fast that it cannot be 
mixed and is therefore called a nonmixing type. 
The MS and SS emulsions break slowly enough 
to permit good mixing until each particle of the 
aggregate is uniformly coated. Emulsions may 
also be satisfactorily used as a tack coat for 
bituminous pavements. 

TARS 

Tars are a product of the distillation of coal. 
No natural source of tars exists. Coal tar is a 
general term applied to all varieties of tar ob- 
tained from coal. It is produced by one of several 
methods depending on the desired end product. 

When bituminous coal is destructively distil- 
led, coke and gas are formed. Tar, ammonia, 
light oils, sulfur, and phenol may be recovered. 
Coke-oven tar is produced in the greatest 
amount. Its chemical, physical, and adhesive 
characteristics make it most suitable for road tar 
purposes. Water-gas tar is obtained in the 
manufacture of carbureted water-gas. The 
nature of the carbureting oil largely determines 

the character of the water-gas tar produced and 
may vary widely in specific gravities, viscosities, 
and other physical and chemical properties. 

Road tars are manufactured in 12 grades of 
viscosity (Figures 3-2 and 3-3). There are also 
some special grades for use in rubberized-tar 
binders. Grades 1 through 7 are liquid at room 
temperature, while grades 8 through 12 are 
semisolid or solid. The difference is due to the 
liquid coal distillates in the tar; the more 
distillate, the more liquid (or less solid) the tar. 
The road tar cutbacks (RTCB) are products of 
cutting back the heavier or harder grades with 
coal tar distillates. RTCBs are manufactured in 
2 viscosity grades (5 and 61 only. 

Tar, which is insoluble in petroleum 
distillates, is sometimes mixed with oil resis- 
tant, unvulcanized rubber to form a rubberized- 
tar binder material. 

CHARACTERISTICS AND USES OF 
BITUMENS 

Tables 3-3 and 3-4 (pages 3-10 and 3-ll), list 
the bituminous materials, sources, curing, 
temperatures, and grades associated with 
bituminous operations. 

Safety Precautions 

Extreme caution must be observed when 
handling bituminous materials. Asphalt 
cement, which is solid at room temperature, is 
heated to high temperatures to make it 
workable as a binder material. Heated asphalt 
can cause severe burns if allowed to come in con- 
tact with the skin. Asphalt cutbacks contain 
highly flammable volatiles. The vapors will 
ignite at relatively low temperatures, and the 
lowest temperature at which they will ignite is 
called the flash point. Minimum flash point for 
RC-250, RC-800 and RC-3,000 is 80°F; for 
MC-30 and MC-70, about lOOoF; for MC-250 to 
3,000 and SC-70, about 150OF; and for the re- 
maining SC grades, about 25°F higher per grade 
up to 225OF for SC-3,000. 
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Table 3-3. Characteristics of bituminous materials 

Material Form 

Penetrative 
Soil Binder 

Cutback (RC) 

(MC) Same as above 

(SC) 

Asphalt Cements 

(AC) 

Liquid 130-150 55-65 80 27 

Liquids - asphalt 
residues fluxed 
with more 
volatile petro- 
leum distillate. 

RC -70 !105-175 2 41-79 95-135 35-57 
-250 145-220 63-104 135-175 57-79 
-800 180-255 2 82-124 170-210 77-99 

RC -3000 r215-290 2102-143 200-240 93-116 

80 27 
80 27 
80 27 

Same as above 

Solids 

Grade 
designation 

MC-30 70-l 40 21-60 55-95 13-35 100 37 
-70 105-175 41-79 95-135 35-57 100 37 
-250 145-220 63-104 135-175 57-79 150 65 
-800 180-255 82-124 170-210 77-99 150 65 
-3000 215-290 102-143 200-240 93-116 150 65 

SC -70 105-175 41-79 95-135 35-57 150 65 
-250 145-220 63-104 135-175 57-79 175+ 79+ 
-800 180-225 82-124 170-210 71-99 200+ 93+ 
-3000 215-290 102-143 200-240 93-116 225+ 107+ 

40-50 
60-70 
85100 

120-150 
200-300 

285-350 141-177 
285-350 141-177 
285-350 141-177 
260-325 127-163 

300-350 149-177 
275-325 135-163 
275-325 135-163 
275-325 135-163 
200-275 93-135 

F Temperature of application ranges 

Spraying’ T 
“F. “C. 

Mixing 

“F. “C. 

T Flashpoint 
(min) 

“F. “C. 

Remarks 

Contains naphtha. 
Caution: Highly flammable. 

Rapid curing cutbacks contain 
highly volatile naphtha 
cutterstock. Naphtha evapo- 
rates quickly leaving asphalt 
cement binder permitting 
early use of surface. 
Caution: Highly flammable. 

Medium curing cutbacks con- 
tain less volatile kerosene 
cutterstock. Kerosene evapo- 
rates less rapidly than 
naphtha. 
Caution: Flammable. 

Slow curing cutbacks contain 
slightly volatile diesel fuel 
cutterstock. Diesel fuel 
evaporates slowly. 
Caution: Flammable. 

Penetrations 40 to 100 used 
for crack and joint fillers. 
Penetrations 70 to 300 used 
for plant mixes, penetration 
macadam, and surface treat- 
ment. Use test (FM 5-530) 
to determine flashpoint. 

E 
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Powdered 
Asphalt (PA). 

Asphalt 
Emulsions (RS). 

(MS) Same as above 

69 

Road Tars (RT). Liquids 

Road Tar Cut- 
backs (RTCB). 

Rock Asphalt. 

Same as above 

Solids 

Hard and solid 
asphalts ground 
to powder. 

Liquids - asphalt 
particles held 
in an aqueous 
suspension by 
an emulsifying 
agent. 

Same as above 

Table 3-3. Characteristics of bituminous materials (continued) 

RS-1 50-l 40 1 O-60 Nonmixing 1 O-60 
RS-2 50-l 40 1 O-60 50-140 1 O-60 
RS-2K 50-140 1 O-60 50-140 lo-60 
RS-3K 50-140 1 O-60 50-140 lo-60 

MS-2 
SM-K 
CM-K 

ss-1 
SS-1 h 
SS-K 
SS-Kh 

RT-1 
RT-2 
RT-3 

RTCB-5 
RTCB-6 

50-l 40 
50-l 40 
50-l 40 

50-l 40 
50-140 
50-140 
50-l 40 

60-l 25 
60-l 25 
80-150 

60-120 
60-120 

1 O-60 
1 O-60 
lo-60 

lo-60 
1 O-60 
1 O-60 

1 O-60 
1 O-60 
1 O-60 
1 O-60 

15-52 
15-52 
27-66 

16-49 
16-49 

10-60 
10-60 
10-60 
1 O-60 

Freezing destroys emulsion. 
Use for road and plant 
mixes with coarse aggre- 
gates (SS). All emulsions 
with “K” suffix are cationic. 

Priming oils. RT-4 through 
RT-12 not generally used. 

Patching mixtures. 
Caution: Flammable. 

Mixed and used locally 
where found. Cutback may 
be added if necessary. 

‘Low temperature IS based on a viscosity of 200 centistokes kinematic viscosity and the higher temperature is based on a 50 centistokes viscosity. 
WC Cutbacks are seldom used for spraying. 

Used with SC to produce 
extra tough road surfaces. 
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NOTE 

The spraying and mixing temperatures 
(Table 3-3) in many cases are above the 
flash point. Use extreme caution when 
handling these mixtures. Do not expose 
their vapors to an open flame. 

Advantages and Disadvantages 

Advantages and disadvantages of the 
bituminous materials used in construction are 
as follows. 

l Asphalt cement cutbacks are flammable. 
Asphalt pavements are susceptible to damage by 
the blast from jet planes, and they can be dis- 
solved by petroleum products which may be spill- 
ed on them, such as during refueling at an air- 
field. Tars, on the other hand, are not affected 
by petroleum derivatives since they are products 
of coal. lars, when used as a prime for base 
courses, seem to possess better penetration 
qualities than asphalts and are less susceptible 
to stripping (loss of bond to aggregate) in the 
presence of water. Tars are affected by 
temperatures and have a wide range in viscosi- 
ty with normal surrounding temperature 
changes. ‘I& can become so soft during warmer 
weather that the pavement will rut under traf- 
fic. In colder weather it can become so brittle 
that the pavement will crack. The temperature 
susceptibility of tar binders is improved by 
blending with oil resistant rubber. Asphalt 
pavements and tar pavements are generally 
ready for traffic within a very few hours after 
placement since they can be used as soon as they 
reach normal temperature. 

l Asphalt emulsions are not flammable and 
are liquid at normal temperatures. Since they 
are mixed with water, they can be used with 
more damp aggregate than required for the cut- 
backs. Additional water may be added to the 
emulsion up to proportions of 1:3 for use in 
slurry seal coats. Because emulsions contain 
water, they have certain disadvantages. During 

freezing weather, the emulsions can freeze and 
the components separate. Emulsions are difficult 
to store for extended periods because they tend 
to break even in unopened drums. When ship- 
ped, the water in the emulsion takes up valuable 
space which could be used to transport hard-to- 
obtain materials. 
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Table 3-4. Typical uses of bituminous materials 

Purpose or Use 

Dust palliative 

Prime coat: 
Tightly bonded surfaces 
Loosely bonded - fine grained surfaces 
Loosely bonded - coarse grained surfaces 

Tack coat 

Surface treatment and seal coat: 
Coarse sand cover 
Clean coarse aggregate cover 
Graded gravel aggregate cover 
Gravel mulch 

Mixed in-place - Roadmix: 
Open-graded aggregate: 

Sand 
Maximum diameter 1 in, high 

percentage passing No. 10 

Macadam aggregate 

Dense-graded aggregate: 
High percentage passing No. 200 
Maximum diameter 1 in, medium 

percentage passing No. 200 

Premix or cold patch: 
Open-graded aggregate 
Dense-graded aggregate 

Cold-laid plant mix: 
Open-graded aggregate: 

Sand 
Maximum diameter 1 in, high 

percentage passing No. 10 
Macadam aggregate 

Dense-graded aggregate: 
High percentage passing No. 200 
Maximum diameter 1 in, medium 

percentage passing No. 200 
Aggregate precoating followed with 

asphalt 

Hot-laid plant mix 

Penetration macadam: 
Cold weather 
Hot weather 

Grade or Designation’ 

CB - Asphalt Cytbackz 

RC 
Rapid Curing 

DCA-703 

RC-250, 800 

W-70, 250 
RC-250, 800, 3000 

RC-70, 250 

RC-250. 800 

RC-250 

RC-250, 800 
RC-800 

RC-800, 3,000 

RC-3,000 

RC-800, 3,000 

MC 
Medium Curing 

MC-30, 70, 250 
A.P.S.B.4 

MC-30 
MC-70 
MC-250 

MC-250, 800 

MC-250, 800 
MC-800 
MC-250, 800 
MC-250 

MC-800 
MC-800 

MC-250 
MC-250, 800 

MC-800 
MC-250 

MC-800 
MC-800 

MC-30 

MC-3,000 

SC 
Slow Curing 

SC-70, 250 

SC-70 
SC-250 

SC-800 
SC-250 

SC-250 
X-250, 800 

SC-800 
SC-250 

SC-800 

SC-800 
SC-800 

SC-70 

SC-3,000 

SC-3,000 

‘Prevailing temperature during construction also affects selection of bitumen and may be the determining factor rather 
than size and gradation of aggregate. 

Xaution: Do not overheat aggregate when cutbacks are used to produce hoi mixes. 

SDCA-70 is a water emulsion of a polyvinyl acetate containing chemical modifiers (formerly UCAR-131). Proprietary product 
of Umon Carbide Corporation, New York, N.Y. 

‘Asphaltic penetrative soil binder. 
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Table 3-4. Typical uses of bituminous materials (continued) 

AC 
Asphalt Cement with 

a Penetration of - 

200-300 

120-l 50, 200-300 

85-100 

85-100, 120-150 

120-150 w-1 
85-100 RS-1 

AE 
Anionic and Cationic 

Asphalt Emulsion 

SS-1. lh 

RS-1, 2 

RS-1, 2 

MS-2 

MS-2 

SS-1 h 
ss-1 

MS-2 

MS-2 
MS-2 

ss-1 
ss-1 

RT-RTCB 
Road Tar and 

Road Tar Cutback 

RT-1 

RT-2 
RT-3 
RT-4 

RT-4, 5, 6, 7, 8, 9 

RT-6, 7, 8, 9, 10 

RT-6 

RT-7 

RT-5, 6, 7 
RT-6, 7, 8, 9 

RT-5, 6, 7, 8 or 
RTCB-5, 6 

RT-5, 6, 7, 8, 9 

RT-11, 12 

RT-10, 11 
RT-12 
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Section II. SAMPLING MATERIALS 

DISCUSSION 

The materials used in conducting tests must 
represent those that will be used in construction. 
Otherwise, test results will be misleading. 
Sampling of materials for testing should receive 
close attention. When large samples must be 
subdivided into small units for the actual tests, 
care must be taken to keep the sample represen- 
tative of the original mass. Aggregate samples 
should be reduced to proper size for testing by 
means of quartering. Methods for sampling 
natural deposits of sands and gravels are 
discussed in soil surveys and are applicable here. 

Samples of bituminous materials may be 
taken at the place of manufacture or at the point 
of delivery. This manual assumes that sampling 
is done at the point of delivery. Samples may be 
taken for either of two purposes; to obtain an 
average of the delivered material and to find the 
maximum variation in the material’s 
characteristics. Samples may be taken for 
analysis to identify bituminous materials if 
records are not available. 

AGGREGATE SAMPLING 

Aggregate varies in size from the larger 
stones or rocks to the gravels and sands. These 
materials for paving may still be in their natural 
deposits or may be in stockpiles previously 
gathered. 

Stone from Ledges and Quarries 

Separate samples of unweathered stone 
weighing at least 50 pounds each should be ob- 
tained from all strata that appear to vary in 
color and structure. A sketch plan with eleva- 
tion, showing the thickness, length, width, and 
location of the different layers should be 
prepared so that the quantity available can be 
estimated. 
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Natural Deposits of Sand and Gravel 

Samples should be selected which represent 
the different materials available in the deposit. 
The area should be sketched and the approxi- 
mate quantities of different materials indicated. 
If the deposit is an open-face bank or pit, the 
sample should be taken by channeling the face 
so that it will represent material that visual 
inspection indicates may be used. The face 
should be cut immediately before sampling, and 
any material which has fallen from the surface 
along the face discarded. Any overlying material 
(overburden) that is not suitable for use as an 
aggregate is not included in the sample, since 
this material would be stripped away when the 
aggregate is removed from the pit. It may be 
necessary to make test borings or dig test pits 
to determine the approximate extent of the 
material. If test pits are dug, they must be ade- 
quately shored to prevent material from caving 
in on personnel working in the pit. Represen- 
tative samples for each change in strata can be 
obtained from the pit. If the material being 
sampled is all sand, about 25 pounds is sufficient 
for the tests. If it consists of sand and gravel, a 
somewhat larger sample (about 100 pounds) will 
be required for preliminary tests. The coarser 
the gravel portion, the larger the sample 
required. 

Stockpiles 

If the material has been stockpiled pre- 
viously, great care must be exercised in obtain- 
ing samples. There is a natural tendency toward 
separation of similar size fractions into groups 
in the stockpile. The material near the outer 
edges and near the base of the pile is likely to 
be coarser than the average. A face shouid be 
cut into the stockpile near the base, the center, 
and the top, on at least two opposite sides. 
Samples obtained from these different sections 
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of the pile are combined to give a representative 
sample. 

Commercial Aggregates 

It is preferable, when possible, to obtain 
samples of commercial aggregates at the plant 
during loading from stockpiles or bins. Separate 
samples should be obtained at different times 
while the material is being loaded in order to 
determine variations in the grading of the 
material. Samples from a bin should be taken 
from the entire cross section of the flow of 
material as it is being discharged. Testing 
separate samples will give a better idea of varia- 
tions that occur, but samples should be mixed 
and reduced by quartering when the average 
condition is desired. When it is not practicable 

to visit the plant to obtain samples, the next 
preferred method is to sample the material in 
cars or trucks, or while it is being unloaded. 
Samples from railroad cars should be taken from 
three or more trenches dug across the car at 
points that appear on the surface to be represen- 
tative of the material. When obtaining the 
sample, remember that segregation of the dif- 
ferent sizes has probably taken place and choose 
samples which are representative. 

BITUMINOUS MATERIALS SAMPLING 

Clean, dry containers must be used in sampl- 
ing, and the containers must be tightly closed 
and properly marked. A sample for routine 
examination should not be less than 1 quart. 

Liquid Materials 

When sampling liquid bituminous materials 
from storage tanks or tank cars, take samples 
from near the top, middle, and bottom. Semisolid 
and solid materials shipped in tank cars may be 
made fluid by the application of heat and 
sampled in the same way. Samples can be taken 
from drain cocks on the side of the tank or car. 
If cocks are not present, the samples can be 
obtained by lowering weighted bottles or cans 

into the material, as illustrated in Figure 3-4. 
The bottle or can should be fitted with a stop- 
per which can be removed by a string or wire 
after it has been lowered to the proper depth. 
The samples from the three levels should be 
tested separately to detect stratification. 

Solid and Semisolid Materials 

When sampling semisolid or solid materials 
in drums, barrels, or cakes, take samples at least 
3 inches below the surface and 3 inches from the 
side of the container or cake. A clean hatchet 
may be used on hard material and a stiff putty 
knife on soft material. An auger, brace with a 
S/,-inch or larger bit, or other suitable tools may 
also be used. 

Note: Wide mouthed 
glass bottle can be 
improvised, using 
wire or rope sling. 

Wire or Rooe Lines 

Approximate Sample Locations 

Figure 3-4. Sampling liquid bituminous 
materials from rank car or storage tank 
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Section III. FIELD IDENTIFICATION 

DISCUSSION 

Laboratory tests conducted on bituminous 
materials to check compliance with specifica- 
tions are not considered field tests. They are 
described in this section for information only. 
The field tests discussed in this section are 
limited to the bitumen identification procedures, 
flash point tests, and the penetration tests. They 
are applicable to both tars and asphalts. They 
are conducted to determine safe uses for a 
material. 

Field identification enables the military 
engineer to determine the type of surface that 
can be constructed with the type and grade of 
material available. With the type of surface 
known, the construction procedure may be 
outlined and scheduled. This procedure will then 
determine the proper equipment and the 
necessary safety procedures. 

The aggregate materials must also be tested 
for acceptable bituminous construction use. 

BITUMEN IDENTIFICATION 

Field tests may be performed to identify the 
bituminous paving materials as asphalt cement, 
asphalt cutback, asphalt emulsion, road tar, or 
RTCB. In addition, the viscosity grade of the 
bitumen (Figure 3-3, page 3-5) must be iden- 
tified. In order to distinguish among the several 
asphaltic and tar products, it is necessary to 
know something of their origin, physical proper- 
ties, and the manner in which they are normal- 
ly used. Some of this information is contained 
in Tables 3-3 and 3-4 (pages 3-7 - 3-10). The 
identification procedure outlined in Figure 3-5 
is based upon a consideration of the physical 
properties of these materials. 

Asphalts and Tars 

The first procedure in the identification of an 
unknown bituminous material is to determine, 
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by a solubility test, whether it is an asphalt or 
a tar. Attempt to dissolve an unknown sample 
(a few drops, if liquid, or enough to cover the 
head of a nail, if solid) in any petroleum 
distillate. Kerosene, gasoline, diesel oil, or jet 
fuel is suitable for this test. Since asphalt is 
derived from petroleum, it will dissolve in the 
petroleum distillate. Road tar will not dissolve. 
If the sample is an asphalt, the sample distillate 
mix will consist of a dark, uniform liquid. 
Asphalt cements or cutbacks dissolve com- 
pletely. Asphalt in emulsions dissolves and 
forms black beads or globules in the bottom of 
the container. A road tar sample will be a dark, 
stringy, undissolved mass in the distillate. A 
check can be made by spotting a piece of paper 
or cloth with the mix. Asphalt dissolved in 
distillate will produce a brown to black stain. 
The clear distillate above the settled tar will not 
cause a stain. The solubility test provides a 
positive method of identification. 

Cements and Cutbacks 

The various grades of asphalt cement are 
solid at room temperatures while cutbacks are 
liquid, and a pour test will distinguish between 
them. Place a sample of the material in a small 
container and attempt to pour it. If the material 
does not pour, it is an asphalt cement. If it pours, 
it is a cutback or emulsion. Note that, at 77’F, 
even the softest asphalt cement will not pour or 
deform if the container is tilted. 

Grades of Asphalt Cement 

The various grades of asphalt cement are 
distinguished principally by their hardness, as 
measured by a field penetration test. The infor- 
mation obtained may be sufficient for planning 
for or starting emergency construction. The 
exact penetration grade is not determined, but 
the field test will distinguish between hard, 
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1 Unknown Bituminous Material 1 

Dissolves 

Asphalt 

Beads 

Emulsions 

I 
(Color Test) 

(Water Mixlng Test) 
(Flame Test) 

Stone Coating Test 

Strings 

Tar 

Will Not Mix Will Mix 

MS or SS 

Will Not Will 
Asphalt Cutback 

POUR TEST 

z 

9 oily 

RTCB UT 

Hard 

facky Oily ’ 

RC MC or SC 

Definite Kerosene Odor 

MC 

No Odor 

SC 

Figure 3-5. Identification of unknown bituminous materials 
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medium, or soft groups of asphalt cement. The 
test is performed by attempting to push a 
sharpened pencil or nail into the container of 
asphalt (at about 77OF) using a lo-pound force. 
If only a slight penetration is made with 
considerable difficulty, a hard asphalt cement is 
present. If the penetration is made with some 
difficulty, a medium asphalt cement is present. 
Ifthe penetration is made with ease, the asphalt 
cement is a soft asphalt cement in the high 
penetration scale. Even the highest penetration 
will not pour or deform at 77OF if its container 
is tilted. 

Grades of Asphaltic Cutback 

As stated previously, an asphalt cement 
would not pour at 77O, but a cutback would. The 
pour test can be used to determine whether the 
unknown material is an asphalt cutback. If the 
material pours, it is an asphalt cutback. The 
approximate viscosity grade number of the cut- 
back is found by comparing the flow to well 
known materials such as water, syrup, and 
others. In this test, if made at a temperature 
below 77”F, the materials will appear more 
viscous than at 77OF, and the opposite if pour 
tested when warmer than 77OF. It has been 
found that the cutbacks of a given viscosity 
grade will pour in a manner similar to the 
following: 

30 - Water 
70 - Light syrup 

250 - Syrup 
800 - Molasses 

3,000 - Barely deform 

After the pour test, the approximate viscosity 
grade of the cutback is known, but the type CRC, 
MC. or SC) is not. 

l Perform the smear test to determine if a 
cutback is an RC. This is done by making a 
uniform smear of the substance on a piece of 
glazed paper or other nonabsorbent surface. 
Volatile materials, if present, will evaporate. 
Since RC materials are cut back with a very 

volatile substance, most of the volatiles will 
evaporate within 10 minutes. The surface of the 
smear will then become extremely tacky. This 
is not true of the lighter grades (MC and SC) 
which remain fluid and smooth for some time. 
An MC will not result in a tacky surface for a 
matter of hours. SC materials may require 
several days. 

l Perform a prolonged smear test to identify 
an 800 or 3,000 grade MC or SC cutback. This 
is necessary because these grades contain such 
small quantities of cutter stock that they, too, 
may become tacky in the lo-minute period 
specified above. A thin smear of the material is 
made on a nonabsorbent surface and left to cure 
for at least 2 hours. By the end of that time, 
if the material being tested is not an MC or SC, 
the smear will be hard, or just slightly sticky. 
However, if the material being tested is an MC 
or SC, the smear will be uncured and still quite 
sticky. Ifthe material is an RC 3,000, it will cure 
completely in 3 hours, whereas an RC 800 will 
take about 6 hours to cure. Even after 24 hours, 
an MC or SC will still be sticky. 

l Cut back MC materials with kerosene and 
SC materials with oil. This helps to differentiate 
between them. Heat is used to drive off the 
kerosenes, if present, and an odor from the 
vapors results. Heat the unknown sample in a 
closed container to capture the escaping vapors, 
using minimal heat. An MC sample will have 
a strong petroleum or kerosene odor. An SC 
sample will have no kerosene or petroleum odor 
but may have a slight hot motor oil odor. The 
ability to tell an RC from an MC, and an SC 
from either, is an essential part of field 
identification. 

Asphalt Emulsions 

Another asphaltic material used in paving 
work is asphalt emulsion, which is a mixture of 
asphalt, water, and an emulsifying agent. It is 
usually distinguished by its dark brown color, 
while the other bitumens are black. If mixed 
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with kerosene or some other petroleum 
distillate, the emulsion can be detected by the 
appearance of small black globules or beads 
which fall to the bottom of the container. If 
mixed with water, an emulsion will accept the 
extra water and still remain a uniform liquid. 
The other bitumens will not mix with water. 
Since an emulsion contains water, a small piece 
of cloth saturated with it will not burn if a flame 
is applied. The other bitumens will burn or 
flame. After it has been established that the 
material is an emulsion, determine whether the 
emulsion is a mixing grade (slow setting, MS or 
SS) or a nonmixing grade (fast setting, RS). Try 
to mix a small amount (6 to 8 percent by weight) 
with damp sand using a metal spoon. A fast- 
setting emulsion cannot be mixed. It breaks 
immediately, gumming up the spoon with the 
relatively hard original asphalt cement. A slow- 
setting emulsion mixes easily, coating the sand. 
Do not add too much emulsion to the sand. This 
would saturate the sand and give inconclusive 
results. 

Road Tars 

If the unknown bituminous material did not 
dissolve in the solubility test, but formed a 
stringy mass (Figure 3-5, page 3-15) the material 
is a tar. The next step is to determine its viscosi- 
ty grade by the pour test. By comparing the flow 
to that of the common materials (Figure 3-3, 
page 3-51, the viscosity of the tar may be closely 
estimated. The grades vary from RT-1 to RT-12. 
If the identified tar has a viscosity in the range 
of an RT-4 to RT-7 material, a smear test must 
be performed to determine whether it is a road 
tar or a road tar cutback. The smear test is per- 
formed in the manner previously described for 
cutback asphalt. The material is a road tar if 
stickiness increases in about 10 minutes. It is 
not important which grade of cutback is 
available since both are used under approx- 
imately the same conditions. 

AGGREGATE IDENTIFICATION 

Aggregate is identified by roughness, hard- 
ness, cleanliness, impermeability and gradation, 
and is selected for the best combination of these 
characteristics. Availability, length of haul and 
overburden must also be considered. 

Angular and Rough 

The aggregate in a pavement must transmit 
the traffic load to the base, usually by the inter- 
locking and surface friction of the different par- 
ticles. Angular particles with a rough texture 
are the best for this purpose since they do not 
tend to slide past each other. However, more 
binder may be required since the angular shape 
has a greater surface area per unit volume than 
a round particle. 

Hard and Durable 

The aggregate must withstand the loads 
without cracking or being crushed. Resistance 
to weathering is also a function of the durability. 
An aggregate’s resistance to wear can be deter- 
mined by the Los Angeles abrasion test. The 
Mohs hardness scale may be used to determine 
the hardness of the aggregate. This scale is fully 
explained in TM 5-545. It ranges from 1 for talc 
or mica to 10 for diamond. By trying to scratch 
the aggregate or the common materials, it is 
possible to establish which is harder; this deter- 
mines the hardness of the aggregate. If both are 
scratched, the hardness of both is the same. Rub 
the scratch mark to see that it is really a scratch 
and not a powdering of the softer material. Some 
common materials and their level of hardness 
are: 

fingernail - about 2 

copper coin - between 3 and 4 

knife blade - about 5 

window glass - about 5.5. 
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Clean and Dry 

The bituminous binder must penetrate into 
the pores of the aggregate and also adhere to the 
surface of the particles. Aggregates coated with 
clay or dust or having water-filled pores will pre- 
vent the penetration or the adherence of 
bitumen and result in stripping of the binder. 
If the aggregate is not clean, it should be 
washed, either as part of the crushing operation 
or by spreading it on a hard surface and hosing 
it with water. When washing is impractical, dry 
screening may remove a great deal of dust and 
clay. Hand picking may have to be done if no 
other method can be used. The aggregate should 
be made as clean as possible with the equipment 
and work hours available. 

Impermeable 

Affinity for water can make an aggregate 
undesirable. If the aggregate is porous and 
absorbs water easily, the binder can be forced 
out of the pores, the bond between the aggregate 
and binder weakens and breaks, and stripping 
occurs. Stripping is the loss of bituminous 
coating from the aggregate particles due to the 
action of water, leaving exposed aggregate sur- 
faces. One of the three following tests can be 
used to determine the detrimental effect of water 
on a bituminous mix. 

l Stripping test. A test sample is prepared 
by coating a specific amount of aggregate with 
bituminous material at the right temperature 
for the grade of bitumen to be used. The mix- 
ture is spread in a loose, thin layer and air cured 
for 24 hours. A representative sample is placed 
in a jar (no more than one-half full) and covered 
with water. The jar is closed tightly and allowed 
to stand 24 hours. At the end of 24 hours the jar, 
with the sample, is shaken vigorously for 15 
minutes. A visual examination is made to deter- 
mine the percentage of exposed aggregate sur- 
face which is then reported as the percent of 
stripping. 

-- 
l Swell test. Asphaltic mixtures containing 

fines of doubtful quality are sometimes 
measured for swell as a basis for judging the 
possible effects on a pavement. This test is more 
frequently used with dense graded mixtures 
using liquid asphalts. A sample of the mix is 
compacted in a metal cylinder and cooled to 
room temperatures. A height measurement is 
obtained for the specimen. The specimen and 
mold are placed in a pan of water, and a dial 
gage is mounted above the sample in contact 
with the surface. An initial reading is taken. 
The specimen is allowed to soak for a specified 
period (usually 24 hours) or until there is no 
further swelling. Another reading of the dial is 
taken. The difference in readings divided by the 
original height and expressed in percent is the 
swell of the mixture. Experience has shown that 
bituminous pavement made with clear, sound 
stone, slag, or gravel aggregate and mineral 
filler produced from limestone will show test 
values of swell of less than 1.5 percent of the 
original specimen thickness. 

l Immersion-compression test. This test is 
intended to measure the loss of Marshall stabili- 
ty resulting from the action of water on com- 
pacted bituminous mixtures containing penetra- 
tion grade asphalt. The result is a numerical in- 
dex of reduced stability obtained by comparing 
the Marshall stability with the stability of 
specimens that have been immersed in water for 
a prescribed period. Eight standard Marshall 
specimens (4 inches in diameter and 2fL f I/16 
inches high) are prepared for each test. The 
specific gravity of each of the specimens is deter- 
mined. The set of eight are separated into two 
sets of four so that the average specific gravity 
of one is essentially the same as the other set. 
One set is now tested using the Marshall 
method, and the other set is first immersed in 
water (at 140° + 1°F) for 24 hours and then 
tested. The result is computed as a ratio of 
soaked stability to unsoaked stability, expressed 
as a percentage as follows: 
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index or reduced stability = 
s2 

- x 100 
Sl 

where: 

S, = average stability of unsoaked 
specimens 

S2 = average stability of soaked specimens. 
Mixes with an index of less than 75 percent are 
rejected or an approved method of processing ag- 
gregate and treating asphalt is required to in- 
crease the index to a minimum of 75 percent. 

Particle Size 

In bituminous construction, it is common 
practice to designate aggregates according to 
particle size. There are three types of designa- 
tions under this system, based on two sieve sizes, 
No. 4 and No. 200. 

l Coarse aggregate is all material too large 
to pass the No. 4 sieve. 

l Fine aggregate passes the No. 4 sieve, but 
is retained on the No. 200 sieve. In bituminous 
paving, the fine aggregate is usually a sand, but 
small pieces of crushed rock may be used. 

l Mineral filler or mineral dust refers to all 
nonplastic materials which pass the No. 200 
sieve. Most clays are too plastic and are not used. 
Generally, crushed rock dust, agricultural 
mineral tiller, lime, or portland cement may be 
used as the mineral filter. 

Gradation 

l Uniform gradation. All particles are ap- 
proximately the same size and normally less 
than 1 inch. 

l Macadam gradation. This group consists 
of uniformly sized particles except that they are 
in excess of 1 inch. 

l Open gradation. The sizes of particles in 
this group may have a considerable range from 
large to small, usually containing little or no 
mineral filler. The void spaces in the compacted 
aggregate are relatively large. 

l Dense gradation. There is a good repre- 
sentation of all particle sizes, coarse, fine, and 
mineral filler. 

Section IV. TESTS ON BITUMENS 

DISCUSSION 

The field identification tests on bitumens 
identify the material during expedient condi- 
tions or until more detailed tests can be per- 
formed. The identification determines whether 
the material is an asphalt or a tar and whether 
it is a cutback or an emulsion. 

Bituminous materials are manufactured to 
meet specifications established by the federal 
government, AASHTO, and ASTM. These 
specifications define the extreme limits permit- 

ted in the manufacture of the material and 
assure the user that the material will possess 
definite characteristics and fulfill the project 
requirements. Conformi- g to specifications tests 
includes determining the specific gravity of the 
material, its solubility, its analysis by distilla- 
tion, and its softening point. The equipment for 
performing these tests is not included in the 
asphalt test set and is not normally available 
to the materials technician. However, these tests 
are described for information and, when the 
equipment is available, to identify the material 
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beyond field identification, to furnish infor- 
mation for mix design, or to establish safe 
handling procedures. 

SPECIFIC GRAVITY TEST 

Specific gravity of a bituminous material is 
defined as the ratio of the weight of a given 
volume of the material at 77OF (25%) to the 
weight of an equal volume of distilled water at 
the same temperature. The results of a bitumen 
specific gravity test are used in the selection of 
the temperature-volume-weight correction fac- 
tor to convert volumes to volume at 77OF (25%). 
Space is provided on 111) Form 1216 (Specific 
Gravity of Bituminous Mix Components) 
(Figure 3-6) to make this determination. A 
pycnometer (specific gravity bottle) is weighed 
empty and reweighed filled with water. The 
water is emptied from the bottle, and the 
bitumen is added. The pycnometer and bitu- 
men are weighed. Water is added to the same 
level as the start of the test, and the entire 
combination is weighted. The procedure out- 
lined on the form is followed to compute the 
weight of water displaced by the bitumen and 
the bitumen’s apparent specific gravity. The 
specific gravity of asphalt cements will gen- 
erally be in the range of 1.00 to 1.06 with the 
higher values being characteristic of the 
harder materials. 

The specific gravity of an asphalt has little 
bearing on quality or other properties of the 
asphalt. However, the specific gravity is need- 
ed for other tests and computations. It is need- 
ed to adjust the specific gravity of the water bath 
in the ductility test. In acceptance and control 
testing on a job, it is used as a check on the 
uniformity of succeeding shipments of asphalt. 

FLASH POINT AND FIRE POINT TESTS 

These tests are applicable to asphaltic 
materials and are of some use in the identifica- 
tion of these materials. Their greatest 
usefulness, however, is in determining safe 
heating temperatures. Material heated above its 

flash point presents a very real danger, par- 
ticularly if it is exposed to an open flame. 

FLASH POINT AND FIRE POINT BY 
CLEVELANDOPENCUP 

This test is used for all petroleum products 
except fuel oils and those having open cup flash 
points below 175OF (7OOC). 

Apparatus 

The equipment consists of: 

Flash point apparatus. (Figure 3-7, page 3-22) 

Knife 

Frying pan or copper beaker 

Hot plate 

Stopwatch. 

Procedure 

It is best to perform this test away from any 
bright light or to shield the apparatus, if 
necessary. The cup should be cleaned thoroughly 
before starting. The bituminous material may 
be heated until it is fluid enough to pour into 
the cup. Within the last 30”F, before the ex- 
pected flash point is reached, the cup and its con- 
tents should not be moved or disturbed. Air 
movement or drafts across the specimen surface 
should be prevented. The procedure of the test 
is as follows: 

l Set up the open cup apparatus. 

l Adjust the thermometer in a vertical posi- 
tion f/, inch above the bottom of the cup and 
about midway between the center and back of 
the cup. 

l Fill the cup with the heated material until 
the top of the meniscus is exactly at the filling 
line, and let the material cool. 
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SPECIFIC GRAVITY OF BITUMINOUS MIX COMPONENTS 

‘ROJEC’ IJOB 

//IG#WAY *263 

Figure 3-6. Sample data sheet, specific gravity of Bituminous mix components (DD Form 1216) 
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Figure 3-7. Flash point apparatus; Cleveland 
open cup 

l Apply heat to the cup so that the specimen 
temperature is raised at a rate of 25O to 30°F 
per minute until a temperature of about 100° 
below the probable flash point is reached. 

l Reduce the heat at this time and adjust it 
so that for the last 50°F before the expected flash 
point, the temperature rise will be not less than 
9OF and not more than 1 1°F per minute. Use the 
stop watch to regulate this rate. Failure to set 
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the rate of rise between these limits will result 
in inaccurate readings. 

l Adjust a test flame to ‘/8 to %, inch in 
diameter, the size of the comparison bead if one 
is mounted on the apparatus. 

l Start at least 50°F (28°C) below the ex- 
pected flash point and pass the test flame in a 
straight line across the center of the cup at right 
angles to the thermometer and level to the up- 
per edge of the cup. The time for each pass 
should be no more than 1 second. Repeat the test 
flame pass for each successive 5OF (2.8OC). The 
flash point is reached when a flash (distinct 
flicker) appears at any point on the surface of 
the material. Read the thermometer at this time 
and record the temperature as the flash point. 

Continue heating at the same rate and apply- 
ing the test flame at the same interval until the 
oil ignites and continues to burn for at least 5 
seconds. Record the temperature at this point as 
the fire point. 

Precision 

Duplicate tests on the same material by the 
same operator should not differ by more than 
15OF (8.3”C). Results by different laboratories 
should be considered suspect if the flash points 
differ by more than 30°F and the fire points 
differ by more than 25OF. 

FLASH POINT BY TAG OPEN CUP 

This test is used for the RC and MC asphalt 
cutbacks having a flash point below 200OF. 

Apparatus 

The equipment for this test consists of: 

Flash point tester 

Tag open cup (Figure 3-B) 

Hot plate 
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Thermometer (20 OF to 230 OF in 1 O divisions) 

Torch or test flame. 

Figure 3-8. Flash point apparatus, Tag open cup 

Procedure 

The tester should be set up in a draft free and 
dimly lit locationThe copper water bath is to be 
filled to f/, inch below the top (when the top is 
in place). The bath may have an overflow to 
control the water level. The glass cup is cleaned 
and dried, and the water bath is assembled. The 
procedure of the test is as follows: 

l Place the thermometer vertically midway 
between the center and the outer edge of the cup, 

and diametrically across from the guide wire. 
Set the bottom of the bulb about ‘/, inch above 
the bottom of the glass cup. 

l Fill the glass cup with the sample to just 
%,, inch below the edge. 

l Place the guide wire in position touching 
the rim of the glass cup. 

l Adjust the heat for the sample temper- 
ature to rise at 2O f ‘/,“F per minute. The 
thicker material should be stirred occasionally. 

l Adjust the test flame to not greater than 
ys2 inch in diameter, the size of the comparison 
bead if one is mounted on the apparatus. (Some 
instruments have a &inch hole in comparison 
instead of the bead.) 

l Remove any bubbles which may have 
formed on the surface before starting the flame 
test. 

l Pass the flame at successive 2OF intervals, 
pass the flame across the sample in a continuous 
motion making each pass last 1 second. 

l Record as the flash point the temperature 
at the time the test flame application causes a 
distinct flash in the interior of the cup. 

l Repeat the test using a fresh sample and 
starting at least 20°F below the previously 
determined flash point. 

Calculation 

The results of two properly conducted tests 
by the same operator on the same asphalt should 
not differ by more than 180OF. The results of two 
properly conducted tests from two different 
samples of the same asphalt should not differ by 
more than 27OF. 
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PENETRATION TEST 

The grade of an asphalt cement is based upon 
the results of the standard penetration test. 
Penetration is def?ned as the distance that a 
standard needle vertically penetrates a sample 
of the material under standard conditions of 
time, temperature, and loading. Standard condi- 
tions a : 5 seconds, 25OC (77OF) and 100 grams, 
respectively. The units of penetration are hun- 
dredths of a centimeter. Other conditions of 
temperature, load, and time that are used for 
special testing are given. 

Apparatus 

Equipment required for this test is as follows: 

Bath, hot water 

Copper beaker or frying pan 

Stainless steel box 

Electric hot plate 

Sieve pan, S-inch diameter 

Penetrometer, asphalt testing (Figure 3-9) 

Thermometer (66” to SOoF) 

Stopwatch. 

Procedure 

The described test is dependent upon the use 
of the water bath maintained as closely as possi- 
ble to the standard temperature of 77OF. Since 
the penetration of an asphalt cement varies with 
temperature, the bath is maintained at 77OF. If 
this is impractical or less accuracy is required, 
the test may be performed with the sample at 
room temperature. The procedure of the test is 
as follows: 

l Melt the sample at the lowest possible 
temperature, using the electric hot plate and fry- 
ing pan or copper beaker. Stir thoroughly until 
the sample is homogeneous and free of air 
bubbles. 

Figure 3-9. Asphalt penetrometer 

l Pour the sample into the sample container 
(moisture content box) to a depth of not less than 
“/, inch for the harder grades and “/, inch for the 
softer grades. Protect the sample from dust and 
allow it to cool in an atmosphere not lower than 
65°F for 1 hour. 

l Place the sample in its container in the 
sieve pan (or any other small, flat-bottomed pan 
or container which is about 2 inches deep) and 
immerse the pan and sample in the water bath 
maintained at 77OF (25OC) for 1 hour. 

- 
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l Keep the sample in the pan which is filled 
with water from the water bath. The water 
should completely cover the sample container in 
order to maintain the temperature during the 
test. The transfer dish containing the sample in 
its container and the water should be placed on 
the stand of the penetrometer. 

l Adjust the needle to make contact with the 
surface of the sample. Place a light in a position 
so that the actual needle point and its image 
reflected on the surface of the specimen are 
clearly defined. Contact may be judged with the 
point and its image touch on the surface. 

l Note the reading of the dial or bring the 
indicator on the dial to zero. 

l Release the needle for a period of 5 seconds. 
Then read the distance penetrated on the 
thermometer. The needle and plunger are 
designed to have a standard weight of 100 
grams. The dial is divided into 38 major divi- 
sions, each marked in 10 smaller subdivions. 
Each of the smaller subdivisions represents a 
penetration by the needle of x0, centimeter. 
Thus, readings on the dial give penetration 
values without conversion. 

l Test at least three points on the surface not 
less than “/, inch from the side of the container 
and not less than “/8 inch apart. After each test, 
return the sample and pan to the water bath, 
and carefully wipe the needle toward its point 
with a clean, dry cloth to remove all adhering 
asphalt. 

Results 

The reported penetration is the average of at 
least three tests whose values do not differ by 
more than the following. 

oto 50to150to 
PENETRATION 49 149 249 250 

Maximum difference 
between highest and 2 4 6 8 
lowest determination 

The penetration test, as pointed out previously, 
is used to classify asphalt cements for purchas- 
ing and Identifying purposes, but it has other 
uses as well. It can be used to detect overheating 
or prolonged heating of asphalts in storage 
tanks. Also, when an asphalt is extracted from 
a pavement, the penetration test affords a means 
of estimating how the asphalt has changed with 
time and weathering. 

DUCTILITY TEST 

In this test, dumbbell-shaped specimens of 
asphalt are molded under standard conditions. 
The dumbbell-shaped specimens are conditioned 
in a water bath to standard temperature 
(usually 77OF) then extended at the rate of 5 cen- 
timeters per minute until the threads connec- 
ting the two ends break. The difference in cen- 
timeters between the final length at break and 
the original length is the ductility. 

The ductility test is helpful in estimating the 
ability of an asphalt to resist cracking and ravel- 
ing. High-ductility asphalts have greater flex- 
ibility and tenacity. Conversely, low-ductility 
asphalts are considered more likely to crack 
under heavy load or severe changes in 
temperature. Ductility is affected by various fac- 
tors such as method of refining and consisten- 
cy. Blown asphalts (asphalts that have been 
hardened by blowing air through them, which 
causes oxidation) have low ductility. This is one 
reason why they are not used as paving 
asphalts. Within the group of asphalts produced 
by steam and vacuum distillation, ductility 
will vary according to the consistency at a given 
temperature. Note that the ductility test is also 
sensitive to other factors, such as imperfections 
in the specimens or impurities such as mineral 
filler in a sample of asphalt recovered from a 
pavement. 

SOFTENING POINT TEST 

In the softening point test, a x-inch diameter 
steel ball is positioned on a brass ring filled with 
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asphalt. The assembly is placed in the beaker 
containing freshly boiled, distilled water and is 
slowly heated. As the asphalt becomes warmer, 
it begins to soften, and the weight of the ball 
forces the asphalt out of the ring. The 
temperature at which the asphalt touches the 
bottom of the beaker is recorded as the soften- 
ing point. 

The softening point is another consistency 
test and varies inversely with the penetration 
test. Like the penetration test, the softening 
point test can be used to determine changes in 
an asphalt due to excessively high or prolonged 
heating. An abnormal increase in the softening 
point is an indication of excessive heating. The 
softening point test is used in studies on asphalts 
recovered from pavements after extended ser- 
vice to determine effects of aging. If an asphalt 
shows an unusual increase in softening point, 
considerable aging and hardening have 
occurred. 

VISCOSITY TESTS 

Saybolt-Furor Test 

This test measures the time in seconds re- 
quired to pass 60 cubic centimeters of liquid 
asphalt material at a given temperature 
through a tube of standard dimensions. Its pur- 
pose is to determine the viscosity of the material 
from which the spraying temperatures are 
established for field application of the bitumen. 

Kinematic Viscosity Test 

This test, like the Saybolt-Furol, measures 
the time that a given amount of liquid asphalt 
material will flow through a tube of standard 
dimensions under rigidly controlled conditions 
of temperature and pressure (or vacuum). The 
test establishes the viscosity of the liquid and, 
when correlated with the specific gravity of the 
material at the same temperature, results in a 
numerical designation called kinematic vis- 
cosity. The units used for kinematic viscosity are 
the stokes (square centimeters per second) or 
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centistokes (‘&0 stok,eses). The kinematic viscosi- 
ty test requires special laboratory equipment 
that is not available in the field. 

SOLUBILITY OF BITUMINOUS 
MATERIALS 

The solubility of asphalt cement can be deter- 
mined using carbon disulfide, carbon 
tetrachloride, benzene, or trichloroethylene. 
Trichloroethylene has the advantage of presen- 
ting no fire hazard and also has relatively low 
toxicity. Because of these factors, trichloro- 
ethylene is most often used in the solubility test 
for asphalt cements. Whichever solvent is used, 
the procedure is similar. 

About 2 grams of the sample are dissolved 
in 100 milliliters of solvent. The mixture is 
poured into and washed through a tared Gooch 
crucible. The crucible is then dried and weighed. 
The increase in the weight of the crucible is 
the portion of the sample that is insoluble in the 
solvent. 

The solubility test is a quality control test 
used in specifications to ensure getting an 
asphalt cement that is not contaminated with 
mineral matter or improperly refined. 

SPOT TEST 

The spot test (often called the Oliensis spot 
test) is a solubility test that takes advantage of 
the selective solvent action of certain hydrocar- 
bons; usually standard naphtha is specified. The 
test is applicable only to petroleum asphalts and 
should not be applied to natural asphalts con- 
taining nonbituminous matter insoluble in 
xylene. 

A 2-gram sample of asphalt is dissolved in 
10 milliliters of naphtha. The mixture is 
thoroughly stirred with a stirring rod. A drop 
of the asphalt and solvent is then placed on a 
piece of Whatman No. 50 filter paper. After 5 
minutes, the filter paper is examined. Ifthe drop 
forms a yellowish-brown stain with a darker 
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nucleus, the test is said to be positive. If the stain 
is uniformly brown, the test is negative. In the 
latter case, the sample is stoppered and set aside 
for 24 hours, and the test is repeated. If the stain 
with the darker nucleus again develops, the test 
is said to be positive and is so reported. A 
negative result is an indication that the asphalt 
sample is a homogeneous material. A positive 
result may indicate that the sample is not a 
homogeneous material. A negative result is 
regarded as favorable to the sample; a positive 
result is unfavorable and may be used to reject 
the asphalt. 

Considerable importance is attached to the 
spot test by some asphalt technologists and pav- 
ing engineers. It is relied on principally as a 
means of detecting a cracked asphalt, which is 
a nonhomogeneous material not regarded as a 
good paving asphalt. The test can also be used 
to detect an asphalt that has been overheated 
or coked. Overheating or coking can occur in 
storage tanks or when the asphalt is added to 
aggregate that is too hot. In such cases the 

asphalt is no longer a homogeneous substance, 
and the spot test will often show a nonuniform 
(positive) stain. 

THIN-FILM OVEN TEST 

The thin-film oven test was developed to over- 
come the deficiencies of the standard loss-on- 
heating test. The test uses the same oven as the 
loss-on-heating test except for a modification of 
the rotating shelf. The test has the same period 
and temperature of heating (5 hours at 325°F). 
The significant difference is in the sample. In- 
stead of the 50-gram sample in a 3-ounce oint- 
ment can, a j/,-inch thick layer of asphalt is 
poured into a wide, shallow aluminum dish. The 
dish has a flat bottom and is 5% inches in 
diameter and “/, inch deep. The sample is weighed 
before and after the heating period and the 
loss in weight is computed. A penetration or 
viscosity test may also be conducted on the sam- 
ple after the heating period to evaluate changes 
in the asphalt. 

Section V. TESTS ON AGGREGATE AND FILLERS 

DISCUSSION 

The aggregate transmits the load, takes the 
abrasive wear of traffic, and provides a nonskid 
surface. 

Desired aggregate characteristics include 
angular shape, rough surface, hardness and 
gradation. Some of these characteristics, such as 
shape, surface, and cleanliness, are determined 
visually. Durability and hardness cannot be seen 
but require knowledge based either on ex- 
perience or some form of abrasion testing. Rocks 
that soak up water will eventually reach the 
condition where the binder is forced from the 
surface pores and the cementing action breaks 
down. Gradation may be established to some ex- 

tent by observation. However, the grain-size 
distribution (sieve) tests will define the particle 
sizes and amounts much more accurately. 

In bituminous paving, the aggregate con- 
stitutes the bulk of the pavement. Common prac- 
tice subdivides the bituminous aggregates into 
a coarse aggregate, a fine aggregate, and a 
mineral filler. The No. 10 sieve separates coarse 
from fine aggregate, and the No. 200 sieve size 
is the lower limit for fine aggregate. Usually 65 
percent or more of the mineral filler will pass 
the No. 200 sieve. The distribution of the dif- 
ferent sizes determines how many voids will re- 
main and aids in determining how much 
bitumen will be needed. 
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Bituminous pavement specifications define 
acceptable gradation limits. The bitumen con- 
tent for the mix is then determined from the 
trial mix properties which are defined in the 
specifications. 

SIEVE ANALYSIS 

A sieve analysis of the aggregates to be used 
in a paving mixture is required to determine the 
particle-size distribution. 

Mineral Filler 

In bituminous paving, particles finer than 
the No. 200 sieve are referred to as a mineral 
tiller. To measure the amount of filler in a 
selected sample, a washed sieve analysis is per- 
formed using the No. 40 and No. 200 sieves. 
After all the material possible has passed the 
No. 200 sieve and has been discarded, the 
materials on the sieves are returned to the 
origina! washed sample, oven dried, and weighed. 
The amount of mineral filler is computed as: 

Table 3-5. Aggregate sizes and weights 

Approximate aggregate size 
Approximate 
dry weight of 
sample, grams 

Fine aggregate 

At least 95% finer than No. lO* 

more than 5% coarser than No. lO* 

Coarse aggregate 

s/s-inch maximum size 1,000 
l/s-inch maximum size 2,500 
s/I-inch maximum size 5,000 
l-inch maximum size 10,000 
1 l/s-inch maximum size 15,000 
2-inch maximum size 20,000 
21/s-inch maximum size 25,000 
3-inch maximum size 30,000 
31/z-inch maximum size 35,000 

*Note: ASTM specifies No. 6, 16, 30, and 50 instead of 
No. IO,40 and 60. Tests based on ASTM standards 
identify the appropriate sieve sizes. 

original dry weight-washed dry weight 
percent finer than No. 200 = -- x 100 

original dry weight 

Fine and Coarse Aggregate (Washed) 

When definite amounts or limits of coarse 
and fine aggregate are specified, the sieve 
analysis with prewashing must be made using 
suitable sieves. If no limits have been 
designated, a range of sieves is selected to give 
adequate information about gradation. The 
results are recorded on DD Form (Figure 2-47, 
page 2-46) and then plotted as a gradation curve 
on DD Form 1207 (Figure 2-49, page 2-50). In 
testing aggregates, a representative sample is 
obtained by quartering, if necessary. The 
minimum size of the sample depends on the 
maximum size of particles in the material (Table 

3-5.) 
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SPECIFIC GRAVITY 

The specific gravities of aggregates and 
mineral filler used in bituminous paving mix- 
tures are required to compute the percent of air 
voids and percent of voids filled with bitumens. 
Apparent specific gravity used with aggregate 
blends showing water absorption of less than 2% 
percent is based upon the apparent volume of 
the material, which does not include those pore 
spaces in the aggregate which are permeable to 
water. Bulk-impregnated specific gravity is used 
for aggregate blends with 2% percent or greater 
water absorption. The methods for determining 
absorption of aggregates are described in 
Chapter 4. 
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APPARENT SPECIFIC GRAVITY 

The apparent specific gravity may be deter- 
mined using the method described for apparent 
and bulk specific gravity, or it may be deter- 
mined using the Dunagan apparatus furnished 
with the concrete test set. 

Apparatus 

The apparatus using the concrete test set 

Evaporating dishes 

Electric oven 

Pans. 

Procedure 

l Select approximately 5,000 grams of ag- 
gregate from the sample, not including particles 
smaller than the y&inch sieve. A y&inch sieve 
is provided. 

includes: 

Dunagan apparatus (Figure 3-10) 

Sieves (2, lx, %, “/,, and Numbers 4, 10, 40, 
60, 80, 100, 200) 

l Wash the aggregate to remove any dust or 
other coating and dry it to constant weight in 
the oven. Record the total weight of the oven-dry 
aggregate on DD Form 1216 (Figure 3-6). 

Figure 3-l 0. Specific gravity test, Dunagan apparatus 
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Immerse the aggregate in water at 15O to 
25% for a period of 24 hours. 

l Soak the sample and place it in the copper 
bucket which is filled with water. Turn the 
bucket and aggregate sharply back and forth to 
assist in removing any air. 

l Suspend the bucket from the brass hanger 
and bring the water level to the overflow pipe. 

l Determine the submerged weight using 
weights placed in the scoop on the right-hand 
pan. Record the weights. 

Calculations 

The calculations required to determine the 

apparent specific gravity of coarse aggregate are 
shown on DD Form 1216 (Figure 3-6, page 3-21) 
and are self-explanatory. 

APPARENT SPECIFIC GRAVITY OF FINE 
AGGREGATE (CALIBRATED FLASK) 

Apparatus 

Balance, 2,000 grams 

Evaporating dish 

Battery filler 

Volumetric flask, 500 milliliters 

Electric oven 

Pan 

Volumetric Flask I I 

Evaporating Dish 

I 
A- -m 

Thl 

n - 

Battery Filler Pie Plate’ 

Figure 3-7 1. Calibrated f/ask apparatus for determining apparent speciftc gravtty ot tine aggregate 
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Thermometer (O” to 300°F, in lo gradations) 

Absorbent paper or cloth 

This equipment, with the exception of the oven, 
is shown in Figure 3-11. 

Procedure 

The test procedure for particles finer than the 
%-inch sieve is as follows (data is recorded on 
DD Form 1208, Figure 2-52, page 2-56): 

l Calibrate a 500-milliliter volumetric flask. 

l Dry a representative sample weighing 
about 500 grams to constant weight in the elec- 
tric oven. 

l Determine the oven-dry weight of the cooled 
sample and record it on DD Form 1208, Figure 
2-52. 

l Transfer the sample to the 500-milliliter 
flask, being careful not to lose any of the 
material. 

l Add clean water until the level just 
reaches the neck of the flask. Allow the sample 
to soak for 24 hours. 

l Hold the flask containing the soaked sam- 
ple by the neck and roll it back and forth on a 
smooth surface until air bubbles cease to come 
from the sample. This procedure is illustrated 
in Figure 3-12. 

l Use the battery filler to bring the water 
level up in the neck of the flask until the bot- 
tom of the meniscus coincides with the calibra- 
tion mark on the flask. Use absorbent paper or 
cloth to remove any drops of water from the in- 
side of the neck and on the outside of the flask. 

l Determine the weight of the flast, aggre- 
gate, and water and record it on DD Form 1208, 
Figure 2-52. 

l Measure and record the temperature. 

Figure 3-72. Manipulation of calibrated flask 
to remove air 

Calculations 

The calculations for apparent specific gravity 
are the same as those indicated for soil in Figure 
2-52, page 2-56. 

APPARENT SPECIFIC GRAVITY OF FINE 
AGGREGATE (UNCALIBRATED FLASK) 

When a calibrated flask is not available, the 
following procedure can be used. 

Apparatus 

The same equipment is required as for the 
test specified above, with the addition of a water 
bath maintained at 68OF (ZOOC). This procedure 
cannot be used unless the temperature can be 
maintained. 

Procedure 

Conduct the test using the following steps: 

1. Obtain a representative sample of ag- 
gregate passing the x-inch sieve weighing about 
500 grams. Dry it to constant weight in the elec- 
tric oven maintained at a temperature of 212OF 
(1OOOC) to 230°F (110°C). 
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2. Obtain and record the dry weight after the 
sample has cooled in air. 

3. Transfer the sample to the flask, being 
careful not to lose any of the material. 

4. Add clean water until its level just reaches 
the neck of the flask, and allow the sample to 
soak for 24 hours. 

5. Roll the flask back and forth on a smooth 
surface, after the sample has soaked for 24 
hours, until air bubbles cease to come from the 
sample, as illustrated in Figure 3-12, page 3-31. 

6. Use the battery filler to bring the water 
level up in the neck of the flask to slightly above 
the calibrated mark. 

7. Place the flask with water and aggregate 
in the water bath maintained at a temperature 
of 68OF (2OOC). Use the glass thermometer to 
check the temperature of the water in the flask 
from time to time. 

8. Bring the water in the flask to a uniform 
temperature of 68OF (20°C), and use the battery 
filler and absorbent paper to adjust the bottom 
of the meniscus to coincide with the calibration 
mark. Remove any drops of water inside the 
neck of the flask. 

9. Remove the flask from the bath and dry the 
outside thoroughly. Determine and record the 
weight of the flaak plus the aggregate, plus the 
water at 68°F (20°C). It does not matter if the 
level of the water in the neck of the flask 
changes after removal from the bath. The proper 
adjustment was made at 68°F (2O”C), and the 
total weight is not affected by the subsequent 
change in volume. 

10. Repeat the procedures in steps 6 through 
9 above using water only. Enter the weight of 
the flask filled with water at 68OF (2OOC) on DD 
Form 1216. This needs to be done only once for 

a given flask; this value can be tabulated and 
used in subsequent tests. It is required because 
the weight of the flask filled only with water at 
68OF (2OOC) must be known. 

Calculations 

Indicate calculations necessary to determine 
the apparent specific gravity of fine aggregate 
using an uncalibrated flask on DD Form 1216, 
Figure 3-6, page 3-21. 

SPECIFIC GRAVITY OF BULK- 
IMPREGNATED AGGREGATE 

This test is intended for use in determining 
the specific gravity of the blended aggregates 
(including filler) used in hot asphaltic mixtures. 
This method is to be used only when the water 
absorption for the entire blend of aggregate 
selected for the job mix formula exceeds 2% per- 
cent. The method is not applicable to determine 
specific gravity of mineral filler except when in- 
cluded in the blended aggregate. See method 
105, MIL-STD-62OA, for additional testing 
details. 

Apparatus 

The following equipment is required for per- 
forming this test: 

Dunagan concrete test apparatus 

Electric oven (sensitive to + 5OF in the range 
of 275O-325°F) 

Gallon capacity pails 

Balance, 5-kilogram capacity sensitive to 0.1 

gram 

Bake pans 

Heavy sheet metal strip for stirring contents 
of the pail. 

A wire handle is convenient for handling the 
pail, but is not essential, since the container will 
be placed in the copper bucket of the Dunagan 
apparatus to determine weight submerged in 
water. A No. 10 can (an empty fruit or vegetable 
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can) with the top smoothly cut out is satisfac- 
tory, but care must be taken to eliminate air 
trapped under the bottom when the can is 
submerged. 

Samples should consist of 1,500 grams of 
blended aggregate (ensuring that the sample 
represents prototype grading), and 85-100 
penetration grade asphalt cement. 

Procedure 

The procedure is as follows: 

l Dry the aggregate sample to constant 
weight at a temperature not less than 230°F nor 
greater than 290“F. After cooling the sample in 
air, weigh it to the nearest 0.1 gram. 

l Heat the asphalt to 280” f 5OF using care 
to ensure that the temperature never exceeds 
285OF, and add a sufficient amount to the 
l-gallon pail to fill it about % full. 

l Insert the sheet metal stirrer and allow the 
pail and its contents to cool to room temperature. 
Allow 8 hours for cooling (preferably overnight). 

l Weigh the pail plus the asphalt and stir- 
rer in air at room temperature and submerged 
in water at 72OF f 2OF. 

l Place the pail of asphalt, with stirrer and 
also the sample of aggregate in an oven at 280° 
f 5°F until temperatures of both are equalized. 
(A minimum of 4 hours is usually required.) 

l Remove the aggregate and asphalt from 
the oven, and gradually add aggregate to the 
asphalt, stirring thoroughly. After all the ag- 
gregate is added, continue stirring until the total 
elapsed time from the start of mixing to the end 
of stirring is 2 minutes. During the cooling 
period, apply a flame to the surface to remove 
air bubbles. Cool the sample to room temper- 
ature (preferably overnight). 

l Weigh the sample in air and in water at 
72O + 2OF. - - 

Calculations 

Calculate the bulk-impregnated 
gravity as follows: 

bulk-impregnated specific gravity 

where: 

A= 

B= 

c= 

D= 

E= 

(D - E) ” (B - Cj 

specific 

= 

weight of oven dry aggregate in grams 

weight of pail plus stirrer plus asphalt in 
air 

weight of pail plus stirrer plus asphalt in 
water 

weight of pail plus stirrer plus asphalt 
plus aggregate in air 

weight of soil plus stirrer plus asphalt plus 
aggregate in water. 

Duplicate determinations should check 
within 0.04. If the values are within the 0.04 
tolerance, an average value should be used. If 
the initial duplicate tests are not within the 0.04 
tolerance, repeat tests should be made in 
duplicate. If the second set of test values is 
within the tolerance, the first two test values 
should be discarded, and an average value of the 
second two tests should be used. 

SPECIFIC GRAVITY OF MINERAL FILLER 

The specific gravity of mineral tiller used in 
bituminous mixes is required for void computa- 
tion. The methods described in the specific gravi- 
ty test, including procedures, calibration, testing 
and calculations, apply. Note that when the 
bulk-impregnated specific gravity is used, the 
mineral filler is included in the blended 
aggregate. 
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LOS ANGELES ABRASION TEST 

Apparatus 

This test requires a special machine con- 
sisting of a revolving drum which is rotated at 
the rate of 30 to 33 revolutions per minute by 
an electric motor. Inside the drum is a shelf that 
picks up the aggregate sample along with a 
charge of steel balls and drops them together on 
the opposite side of the drum. 

Procedure 

The test is conducted using various numbers of 
drum revolutions, sizes of samples, and numbers 
of steel balls, depending on the grading of the 
sample. For a sample which passes the 3/,-inch 
sieve and is retained on the x-inch sieve, 5,000 
grams of material is used with 11 balls and 500 

revolutions. The sample should be washed and 
dried to constant weight prior to placing it in the 
machine. After the 500 revolutions are com- 
pleted, the sample is removed from the drum 
and sieved over a No. 12 sieve. The portion re- 
tained on the No. 12 sieve is washed, dried to 
constant weight, and weighed. The difference 
between the original weight and the final weight 
of the sample is expressed as a percentage of the 
original weight of the sample. 

Calculations 

Job specifications usually require that the 
loss in weight as determined in the Los Angeles 
abrasion test shall not be greater than 40 per- 
cent for pavement aggregates and 50 percent for 
base and subbase aggregates. 

Section VI. BITUMINOUS MIX DESIGN 

- 

DISCUSSION 

Hot-mix bituminous concrete for pavements 
is a mixture of blended aggregate filled with 
bituminous cement binder. The materials are 
heated when mixing so that the bitumen 
becomes fluid and thoroughly covers the 
aggregate particles. The design of a bituminous 
concrete mix is an economical blend and grada- 
tion of aggregates with bituminous cement. This 
produces a mixture that will be durable, have 
the stability to withstand traffic loads, and be 
workable for placement and compaction with the 
construction equipment available. 

The procedures described in this section are 
performed during the design of a hot-mix 
bituminous concrete. They include testing, plot- 
ting the results on graphs, and checking the 
readings against values from the design tables. 
Testing of the ingredients and the mix is started 

before and continued throughout the paving 
operations. TM 5-330 more fully describes the 
design considerations. TM 5-337 explains the 
paving operations and the blending and bitumen 
content criteria. This manual discusses the 
testing phases. 

The selection of the mix ratios of materials 
is tentative. The bitumen should be the same as 
the one to be used in the construction. The 
aggregates and fillers must meet definite 
requirements. In general, several blends should 
be considered for laboratory mix-design tests. 

At times it will be necessary to shorten the 
design procedures to expedite military construc- 
tion. Suggestions for expediting design mix are 
given at the end of this chapter. 

The final step is the preparation of a job-mix 
formula to be furnished to the construction unit. 
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GENERAL CONSIDERATIONS FOR 
HOT-MIX DESIGN 

The objective is to determine the most 
economical blend of components which will pro- 
duce a final product that meets specifications. 

Procedures 

l Prepare a sieve analysis of each of the 
aggregates available. 

l Determine the aggregate blend which will 
achieve the specified gradation (TM 5-337). Plot 
the selected blend proportions on a graph with 
the allowable limits to see that the blend 
conforms. 

l Determine the specific gravity of the 
components. 

l Use selected percentages of bitumen (TM 
5-3371, make trial mixes and determine the 
design test properties of the mix. 

l Plot the test properties on individual 
graphs using the selected bitumen percentages. 
Draw smooth curves through the plotted points. 

l Select the optimum bitumen content for 
each test property from the curves (as explained 
in the criteria tables). 

l Average bitumen content values from the 
previous step above, and from the graphs. Read 
the test property value corresponding to this 
average. 

l Check these read values with the 
satisfactoriness-of-mix criteria. 

Variables 

Gradation specifications are based on limits 
established as satisfactory by the Corps of 
Engineers. Within these limits, the following 
variables will affect the final mix-design. 

l Use of mix (surface course, binder course, 
or road mix). 

l Binder (asphalt, cement, or tar). 

l Loading (low tire pressure - 100 pounds 
per square inch and under or high tire 
pressure-over 100 pounds per square inch). 

l Maximum size of aggregate (in stockpile, 
or based on the thickness of the pavement 
course). 

Blends 

Once the gradation specifications have been 
selected, the available materials are checked to 
determine how to proportion the blend to meet 
these specifications. Sieve analysis of the 
available aggregates are studied, and a series 
of trial blends is computed. Adjustment of the 
blend may have to be made after the design and 
prepared mix is tested. The considerations for 
establishing and adjusting the blend are 
explained in TM 5-337. 

Optimum Bitumen Content 

The determination of optimum bitumen con- 
tent is based on the gyratory test method or the 
Marshall test method. 

GYRATORY TEST METHOD 

Purpose 

The purposes of the gyrator-y test are to: 

l Prepare specimens by kneading compac- 
tion at a pressure equal to the tire pressure for 
which the pavement is designed. 

l Indicate optimum bitumen content directly 
by plasticity indicators called gyrograph record- 
ings and by direct readings of shear resistance. 
The gyrograph recordings begin to widen, and 
the shearing resistance begins to decrease when 
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the maximum permissible bitumen content is 
exceeded. 

l Measure shear at the applied tire pressure 
which is used to calculate a shear strength 
factor. This factor is used to predict whether the 
paving mixture will withstand the proposed tire 
contact pressure. 

l Obtain (by direct measurement) unit 
weight values required to minimize settlement 
under the design loads. Unit weight calculations 
are based upon direct measurement of sample 
height and the known sample diameter. 

Definitions 

Gyratory test method terms are: 

l Gyrograph - a recording of shear strain 
experienced by the bituminous mixture during 
the compaction test. 

l Gyratory angle- a measure of the 
magnitude of the gyratory strain. Three per- 
tinent angles are defined as follows: 

Initial gyratory angle or shear strain 
(machine setting) BO. 

Minimum gyratory angle or shear strain 
(minimum gyrograph band width) Bi. 

Maximum gyratory angle or shear strain 
(maximum gyrograph band width) dma.. 

l Gyratory stability index (GSI) - the ratio 
of the maximum gyrator-y angle to the minimum 
gyratory angle. 

l Gyratory compactibility index (GCI) - the 
ratio of the unit mass (total mix) at 30 revolu- 
tions of the gyratory testing machine, GTM, to 
the unit mass (total mix) at 60 revolutions of the 
GTM. 

l Gryatory shear strength (So) - the shear 
resistance of the specimen under the imposed 
loading conditions. 
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l Gyratory shear factor (GSF) - the ratio of 
the measured gyratory shear strength to the 
approximate theoretical maximum induced 
shear stress. 

Apparatus 

The following equipment is required: 

Gyratory testing machine (GTM) and appur- 
tenances, which is the primary equipment for 
this test. 

Spacer blocks. These are two metal spacer 
blocks used to zero the equipment that measures 
the specimen height. They are 2-inch 
(50.8-millimeter) diameter with one each of the 
following lengths: 2.50 f 0.005 inch (63.50 + 
0.013 millimeter) and 3.75 + 0.005 inch (95.25 
+ 0.013 millimeter). 

Oven, thermostatically controlled to main- 
tain the required temperature within 5OF 
(2.8 “0. 

Hot plate, electric 

Mixer, electric. A heavy duty commercial 
food mixer complete with mixing bowl and 
beaters. 

Balances. Two balances are required, one 
having a capacity of 5 kilograms or more, sen- 
sitive to 1.0 gram; and one having a capacity of 
2 kilograms or more, sensitive to 0.1 gram. 

Thermometers, armored glass or dial type 
thermometers with metal stems are recom- 
mended. A range from 50° to 400°F (9.9” to 
20.4OC) with sensitivity to 5OF (2.8OC) is 
required. 

Beaker, metal, approximately l,OOO-milli- 
liter capacity 

Tongs for beaker 

Pan, metal 12 inches in diameter, 4 inches 
deep 

Spoon, large metal, cooking 

Scoop, kitchen 

Paper disks, 4 inches (101.6 millimeters) and 
6 inches (152.4 millimeters) in diameter 

-- 
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Gloves, work 

Rags or paper towels 

Kerosene (asphalt solvent) 

Creosote (tar solvent). 

Procedure 

The gyratory method is applicable to mix- 
tures containing asphalt cement, asphalt cut- 
back, asphalt emulsion, tar or rubberized tar, 
and aggregate up to l-inch (25.4-millimeter) 
maximum size in the 4-inch (101.6-millimeter) 
diameter specimen and l&inch (3&l-milli- 
meter) maximum size in the 6-inch (152.4- 
millimeter) diameter specimen. 

l Selection of bitumen contents. The 
bitumen content is expressed as a percent of the 
total weight of the mixture. Using the pro- 
cedures outlined below, conduct preliminary 
tests with one specimen each at a minimum of 
three bitumen contents: one above, one below, 
and one at the estimated optimum. Once the 
range of bitumen contents for the design test has 
been selected, then test at least four specimens 
at each of the selected bitumen contents. The 
formulas listed in the surface area method may 
be used to make a rough estimate of optimum 
bitumen content. The GTM indicates excessive 
bitumen by the widening of the gyrograph and 
the reduction in upper roller pressure during the 
compaction test. In these preliminary tests, 
bracket the optimum bitumen content by tests 
in which these phenomena occur at the higher 
bitumen contents. The incremental change of 
the bitumen content should be generally 0.5 per- 
cent, For extremely critical mixes, lower the 
incremental change of bitumen content to 0.3 
percent. For highly absorptive aggregate, 
increase the incremental change of bitumen con- 
tent to 1.0 percent. The gyratory method does 
not use voids criteria to select the optimum 
bitumen content. However, the mix must be 
sufficiently dense (low in voids) to widen the 
gyrograph and reduce the roller pressure since 
these indicate overfilled voids. For this reason, 

the gyratory method selects mixtures with the 
most desirable durability propertics, the max- 
imum permissible bitumen content, and the 
minimum acceptable voids content. 

l Preparation of aggregates. Procedures for 
determining particle size distribution and blen- 
ding to meet specifications requirement have 
been discussed. The amount of aggregate 
required is discussed below. 

. Preparation of mixtures. For mixes 
employing penetration grades of bitumen, the 
temperature of the aggregate and asphalt at the 
time of mixing should correspond to the 
temperatures anticipated at the plant during the 
manufacture of the paving mix. These 
temperatures will be in the range of 200°F (93O 
to 177OC). 

For tar and rubberized tar, the temperature 
of the aggregate and the binder at the time of 
mixing should correspond to the temperature to 
be used at the plant during manufacture of the 
paving mix. This temperature will generally not 
exceed 225OF (107%) for tar mixes and 250°F 
(121OC) for rubberized tar mixes. 

For mixtures employing liquid asphalts (cut- 
backs or emulsions), the aggregate should be 
dried to the moisture content expected during 
construction (up to a maximum of 2 percent by 
dry weight). The liquid asphalt should be com- 
bined with the aggregate at the temperature 
recommended for field application. Following 
mixing, cure the loose mixture in a ventilated 
oven maintained at 140° f 5OF (60° + 2.8OC) 
for at least 12 hours prior to compaction at this 
temperature. The mix should be stirred occa- 
sionally during curing to accelerate the loss of 
volatiles. 

Combine the aggregates into batches large 
enough to make specimens approximately 2.50 
inches (63.5 millimeters) long in the 4-inch 
(101.6-millimeter) diameter mold and 3.75 
inches (95.3 millimeters) long in the 6-inch 
(152.4-millimeter) diameter mold. For normal 
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aggregates, this will require approximately 
1,200 grams for the 4-inch (101.6-millimeter) 
diameter specimen and approximately 4,050 
grams for the g-inch (X2.4-millimeter) diameter 
specimen. Heat the aggregate to the proper mix- 
ing temperature. Then weigh the required 
amount of bitumen at the proper temperature 
into the aggregate mixture. Mix the aggregate 
and bitumen as thoroughly and rapidly as 
possible. Mechanical mixing is recommended. 

l Compaction and shear test. For this test, 
set the initial gyratory angle, O,, at lo. Roller 
positions 2 and 4 are used setting the initial 
gyratory angle, 0. A trial batch of mix is used 
in making the 0, adjustment. Make certain that 
the specimen molds are thoroughly clean and 
free of defects. Excessive wear or grooving in the 
molds in the area of contact with the upper and 
lower plates will have an adverse effect upon the 
compaction as well as the gyrograph (shear 
strain) recording. Instructions for the compac- 
tion temperatures for the laboratory specimens 
are presented above. Set the GTM at 140°F 
(60°Cl at least 15 minutes before starting the 
compaction test. Preheat the mold and base 
plate at 140°F (60°C>. Place paper disks in the 
bottom of the mold and on top of the loose mix 
to prevent the bitumen from adhering to the end 
plates. Place the entire batch in the mold. Avoid 
hand troweling or tamping so that the 
compaction process will be completely controlled 
mechanically and will be the most precise and 
reproducible. Use the mold-carrying tray to load 
the mold containing the mixture into the 
machine, after first placing the wall friction 
yoke in position. Raise the ram and use just 
enough pressure to retain the specimen while 
the front of the mold chuck is tightened secure- 
ly in position. When the mold chuck is securely 
tightened, increase the vertical pressure to the 
full compaction test pressure. Now bring the 
gyrograph recorder pin into contact, actuate the 
roller carriage, and continue until 29 revolutions 
have been applied. At the completion of 29 
revolutions, stop the carriage and record the 
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specimen height and roller pressure readings at 
three positions: 1,3, and 4 (29 to 30 revolutions) 
thus completing 30 revolutions. Continue to 
apply additional revolutions until a total of 59 
is reached. Again record the height and roller 
pressure readings at three positions: 1, 3, and 
4 (59 to 60 revolutions) thus completing 60 
revolutions. 

l Wall friction test. Immediately following 
the compaction and shear test, lower the vertical 
ram slightly to relieve the pressure on the bot- 
tom roller. Lower the bottom roller enough turns 
to ensure it will be out of contact with the mold 
chuck. (Keep account of the exact number of 
turns so the roller can be again reset to exactly 
the same position.1 Reapply the compaction 
pressure to the ram, and cycle the roller carriage 
several times to level the specimen. With the 
compaction pressure still acting on the 
specimen, loosen the mold chuck bolts and 
remove the front section of the chuck so that the 
specimen mold is no longer restrained by the 
chuck. Install the two wall friction apparatus 
jacks beneath the wall friction yoke. With the 
vertical load acting on the specimen, determine 
the force required to overcome wall friction and 
move the mold by observing the pressure gage 
of the jack while actuating the jack. The 
pressure reading will increase with each thrust 
of the jack until there is enough force to move 
the mold. The pressure reading will then 
stabilize to about the same minimum value after 
each thrust of the jack. Record the low reading 
of the wall friction gage in the space provided. 
Immediately after the wall friction test is com- 
pleted, remove the test specimen from the GTM 
and bring the lower roller brought back to the 
lo-setting so that the machine is ready for the 
next test specimen. 

l Calibration of machine. In conducting 
shear tests with the gyratory testing machine, 
it is necessary to make machine corrections for 
the gyratory shear value So. For this correc- 
tion, shift the Mohr’s diagram for test results 
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on a cohesionless material enough to cause the 
envelope to pass through the origin of the Mohr’s 
diagram. The cohesionless material used for this 
test is standard dry Ottawa sand, all passing a 
No. 20 (0.84 millimeter) sieve and retained on 
a No. 40 (0.42 millimeter) sieve. A correction is 
needed for each combination of compaction 
pressure and gyratory angle used in the GTM 
compaction and shear tests. This correction is 
determined only once for any combination of 
vertical pressure and gyratory angle. The dry 
Ottawa sand is first compacted under the same 
pressure, gyrator-y angle, and number of revolu- 
tions as scheduled for the compaction and shear 
tests on a given bituminous mixture. The shear 
test on the dry sand is then conducted for at least 
three different magnitudes of vertical pressure: 
starting at some lower value, including an in- 
termediate value, and finally using the same 
value that was used for compaction. The roller 
carriage is cycled once after each incremental 
adjustment in vertical pressure and before 
reading the upper roller values under that 
pressure. 

Calculations and Presentation of Results 

l Calculations for compaction. Calculate 
the following compaction properties for each 
specimen: 

Unit mass, total mix 

Unit mass, aggregate only 

Gyratory compactability index (GCI) 

l Calculations for shear. Calculate the 
following gyratory shear properties: 

Gyratory stability index (GSI) 

Gyratory shear strength 63~) 

Gyrator-y shear factor (GSF). 

l Graphical presentation. For convenience 
of analysis, the calculations above are plotted 
against the bitumen content. The graphs may 
be to any convenient arithmetic scales. 

Applying the Gyratory Method 

The bitumen content must be as high as 
possible when using the gyratory method to 
select the optimum bitumen content and judge 
the satisfactoriness of the mix.The (GSI) must 
not be significantly greater than one, and the 
(GSF) at this bitumen content must exceed one. 
On the basis of these criteria, this mix is judged 
to have acceptable shear strength, and the 
optimum bitumen is taken as 4.7 percent. 

THE MARSHALL TEST METHOD 

Purpose 

The purposes of the Marshall test method are 
to: 

l Prepare specimens by drop-hammer com- 
paction. The number of drop-hammer blows 
used on the specimens is based on empirical cor- 
relations with two different traffic conditions: 50 
blows on each end of the specimen for tires with 
less than 100 pounds per square inch (psi) 
pressure and 75 blows on each end of the 
specimen for tires with greater than 100 psi 
pressure. 

l Find optimum bitumen content by averag- 
ing four measured properties: the peak of the 
compaction curve, the peak of the stability 
curve, the percent of the voids of the total mix 
at a specified amount, and the percent of the 
voids filled with bitumen at a specified amount. 
The values specitied above for total mix and 
bitumen vary with the gradation of the ag- 
gregate, the absorption properties of the ag- 
gregate, and the compaction effort. There are ten 
separate sets of criteria to cover these variations. 
A special exception is made to use only voids 
total mix when the overall average falls outside 
the voids total mix limits. This occurs for open- 
graded mixes or highly porous aggregates. 
There are no standards for sand-asphalt mixes 
at 75-blow compaction. 
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l Measure maximum breaking load (stabili- 
ty) and corresponding deformation (flow) for 
specimens prepared according to the compaction 
procedure. These values of stability and flow 
are empirically correlated for conditions out- 
lined in the paragraph above. 

l Obtain the unit weights of specimens from 
calculations based upon weighing the specimens 
in air and in water. Porous specimens are coated 
with paraffin before weighing them in water. 

Apparatus 

The equipment required for the Marshall test 
is shown in Figure 3-13: 

A- Mixing pan 

B - Hot plate 

c - Insulated gloves 

D- Laboratory spatula 

E - Trowel 

F - Spoon 

G- Insulated tongs 

H- scoop 

I - Compaction hammer 

J - Compaction mold 

K- Filter paper 

L - Extractor 

M- Chemical resistant gloves 

N - Trichloroethane technical 

0 - Holder, compaction mold 

P - Compaction pedestal 

Q - Triple beam scale 

R - Wire basket 

S - Thermometer 

T - Hot water bath 

U - Marshall stability testing machine 

V - Flow indicator 

W Lab towels 

X - Beaker with oil 

Y - Brush 

Z - Stability mold 
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Figure 3- 13. Apparatus for bituminous mix design - Marshall method 
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Procedure 

The Marshall method is applicable to hot-mix 
mixtures using penetration grades of asphalt 
cement and containing aggregate with not more 
than 10 percent of the aggregate larger than the 
l-inch sieve. The procedure for handling large 
aggregate and that for cold mix is described 
later. The following procedure and example pro- 
vide for the determination of the optimum 
asphalt content for one particular blend of 
aggregates. 

l Selection of bitumen contents. The op- 
timum amount of bitumen for the aggregate to 
be tested must be estimated in order to start the 
laboratory tests. Tests are continued until 
results show at least two bitumen contents 
above and two below what would be the opti- 
mum content. Since the optimum is not deter- 
mined until after the results are plotted, 
specimens are prepared usually for each of six 
different contents. At least four specimens will 
be prepared at each bitumen content. One per- 
cent incremental changes of bitumen content 
may be used for preliminary work. However, in- 
crements of % of 1 percent will be used for final 
tests. The percent of bitumen will be expressed 
as a percent of the total weight of the batch of 
paving mix. TM 5-337 explains how to establish 
the estimated optimum content. 

l Preparation of aggregates. Procedures for 
determining the particle size distribution and 
blending to meet specification requirements 
have already been presented. About 34 
kilograms or 75 pounds of the selected blend 
should be dried to constant weight at llO” k 
5OC (221° to 239OF). This amount of material 
provides for 1,220 grams per specimen for 24 
specimens (four in each of six bitumen contents) 
with allowance for some loss. The Marshall 
method uses a 4-inch diameter mold and is not 
applicable, without special handling, when more 
than 10 percent of the aggregate is larger than 
1 inch. The above total amounts of aggregate re- 
quired assumes less than 10 percent of the par- 
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titles will exceed 1 ihch. (Special handling of 
oversize aggregates is covered later.) 

l Preparation of hot mixture. The bitumen 
and the aggregates must be heated to specified 
temperatures for mixing. These temperatures 
are based on the bitumen which will be used. 

Mixing Degrees 

Temperature Fahrenheit 

Bitumen Type Aggregate Bitumen 

Asphalt cement 300 * 5 270 + 5 
Tar (RT 10, 11, or 12) 225 k 200 f 5 
Rubberized tar 250 f 5 225 - 5 

Bitumen should not be held at the mixing 
temperature for more than 1 hour before 
using. Therefore, the preparation should be 
planned so that the mixing will be done within 
this time limit. The mixing pans are preheated 
to a temperature about 50°F above the mixing 
temperature. The heated dry aggregate fractions 
are poured into the pans and mixed thoroughly. 
A crater is formed in the mixed aggregate, and 
the required amount of bitumen at the proper 
temperature is poured into the crater. At this 
point, the temperature of the ingredients should 
be within the limits specified above. Mixing of 
the aggregates and bitumen should be as rapid 
and as thorough as possible to get a uniform 
distribution of the bitumen throughout the 
aggregate. 

l Compaction of hot mixtures. Four 
specimens are to be prepared at each bitumen 
content, and the molds should be ready to 
receive the specimens as soon as they are mixed. 
The striking face of the compaction hammers 
and the compaction molds must be thoroughly 
clean and heated to 180° to 250°F. Oiling the 
mold and other metal in contact with the mix 
before the mixture is introduced facilitates 
removal of the specimen after compaction. A 
silicone spray is convenient for this use. Parts 
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should be wiped with a rag or paper towel prior 
to use. The mix is placed in the mold (rodding 
the material as it is added). After this the col- 
lar is removed, and the top surface of the mix 
is smoothed to a slightly rounded shape with a 
trowel. The thickness of the compacted specimen 
should be 2% & ‘/B inch. One or two trials will 
indicate the quantity of mix required to produce 
such a specimen. The collar is replaced, and the 
mold assembly is placed on the compaction 
pedestal. The temperature at this point must be 
as specified for compaction. 

Compaction Temperature 
Degrees Fahrenheit 

Bitumen Type 

Asphalt cement 
Tar (RT 10, 11, or 12) 

Rubberized tar 

250?5 
18Ok5 

200~5 

The required number of blows are applied 
with the compaction hammer (Figure 3-14). The 
base plate and collar are removed, and the mold 
is reversed and reassembled. The required 
number of blows are then applied to the other 
side of the specimen. For example, roads, streets, 
and facilities for an airfield designed for aircraft 
whose tires carry 100 psi or less should be com- 
pacted by 50 blows on each end of the specimen. 
If the pavement is being designed for aircraft 
which carry tires with pressure greater than 100 
psi, the compactive effort should be 75 blows per 
side. 

l Cooling of hot specimens. After compac- 
tion, the base plate and collar are removed, and 
the mold and the specimen are either air cooled 
(normally overnight) or placed in cold water for 
a minimum of 2 minutes for fast cooling. The 
cooled specimen is removed from the mold by an 
extension jack or by placing the collar on the 
floor, with the mold and specimen on top, and 
forcing the specimen out with blows from the 
compaction hammer. The specimen is easier to 
remove if the mold is placed in a 140° oven for 

a few minutes just before ejecting the specimen. 
The specimen, carefully handled and suitably 
identified, is placed on a smooth surface until 
it is ready for testing as described below. 

Figure 3-14. Compaction of bituminous trial 
mix specimens 

l Weighing specimen in air and in water. 
Each specimen is weighed in air and in water 
(Figure 3-15, page 344) in order to obtain the 
weight and volume measurements used in calcu- 
lating the unit weight of the compacted mix. The 
111) Form 121X (Marshall Method - Compu- 
tation of Properties ofAsphalt Mixture), Figure 
3-16, page S-45, provides space for recording 
those measurements which are made at room 
temperature. A direct weight in water of open- 
textured or porous specimens will give erro- 
neous results because of the penetration and 
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absorption of water. For such specimens, other 
means must be used to determine the volume 
of the specimen. One means of measuring the 
volume of the porous specimens is to coat the 
specimens with paraffin to seal all the voids and 
then weigh the coated specimens in air and in 
water. (See Figure 2-52, page 2-56, for typical 
data sheet.) 

l Measuring stability and flow. The test 
specimens are brought to the desired 
temperature for the test by immersing them in 
a oven for at least 2 hours. The bath 
temperature for asphalt samples is 140° f 1°F; 
for tar samples CRT-10 to RT-121 is 100° + 1°F; 
and for tar rubber samples is 120° It 1°F. Test 
measurements are recorded on the 111) Form 

218, Figure 3-16. 

Figure 3- 15. Weighing compacted bituminous 
specimen in water 

The inside surfaces of the test heads and the 
guide rods are cleaned thoroughly prior to mak- 
ing the stability test, and the guide rods are well 
lubricated so that the upper test head will slide 
easily over the guide rods on the lower test head. 

The specimen is removed from the water bath 
and placed on its side in the lower section of the 
breaking head. The upper section of the break- 
ing head is positioned on the guide rods and on 
the specimen, and the complete assembly then 
placed in position in the testing machine (Figure 
3-17, page 3-47). In order to prevent excessive 
cooling of this specimen with a resulting in- 
crease in stability value, the entire procedure 
from the time the specimen is removed from the 
water bath should be performed as quickly as 
possible, normally in 30 seconds. 

The flowmeter is placed over one of the guide 
rods, and an initial reading taken on the 
flowmeter is estimated to 0.01 inch. The 
flowmeter is held firmly over the guide rod while 
loading the specimen. It is read or removed from 
its position over the guide rod just when the load 
first begins to decrease, as indicated by the dial 
gage in the proving ring. The data sheet, Figure 
3-16, provides space for recording the flow valve 
which is the difference between the initial 
reading and the final reading. 

Load is applied to the specimen at a constant 
rate of strain of 2 inches per minute until failure 
of the specimen occurs. The load builds up on the 
typical test as movement occurs, until it reaches 
a maximum and falls off. The maximum reading 
of the dial, converted to pounds, is the stability 
value for the specimen. The data sheet, figure 
3-16, provides space for recording this reading. 

Calculation and Presentation of Results 

l The III> Form 1218, Figure 3-16, 
is used to summarize the measured and 
calculated Marshall test properties. The 
specimen numbers, placed on each specimen 
with a marking crayon, are given for identifica- 
tion. Note that there are four duplicate tests for 
each bitumen content and that these four test 
values are averaged in each instance. Note also 
that the thickness of the specimen is not indicated 
since the volume can be used to find the stability 
correlation ratio from Table 3-6, page 347. The 
theoretical specific gravity is transferred from 

--- 
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Figure 3-l 7. Stability test assembly 

the III> Form 1218, Figure 3-16, tocalculate the 
voids. Note the stability value is shown direct- 
ly in pounds. Unless the testing machine pro- 
vides a load measuring device that reads directly 
in pounds, it will be necessary to convert this 
value. Use the calibration factor furnished with 
the ring dynamometer on the testing machine. 
The stability value varies directly with the 
thickness of the specimen. Therefore, it is 
necessary to correct the stability values for 
specimens of a thickness greater or less than the 
standard 2); inches. Table 3-6 shows the 
necessary conversion factors for specimens vary- 

ing in thickness from 1 inch to 3 inches. Table 
3-6 also contains data whereby the stability con- 
version factor can be determined on the basis of 
the volume of the specimen, since the volume 
is a direct function of height for a constant 
4-inch diameter specimen. All other calculations 
are indicated directly on this data sheet (Figure 
3-16). 

Table 3-6. Stability correlation ratios, Marshall 

Volume 
of Speclmen 

in Cubic 
Centimeters 

200-213 

214-225 

226-237 

238-250 

251-264 

265276 

277-289 

290-301 

302-316 

317-328 

329-340 

341-353 

354-367 

368-379 

380-392 

393-405 

406-420 
421-431 

432-443 

444-456 

457-470 

471-482 

483-495 

496-508 

509-522 

523-535 

536-546 

547-559 

560-573 

574-585 

586-598 

599-610 

61 l-625 

stability test 

Approximate 
Thickness 

of Specimen 
In Inches 

1 

I’/‘6 

1 ‘h 

13/6 

1 ‘A’ 

1%6 

13/i 

I’/‘6 

I’/2 

I’/‘6 

1% 

1”/‘6 

13/i 

113/‘6 

17/i 

l-/l6 

2 

2%6 

pi/6 

z3/6 

2% 

2%6 

23/i 

2’/6 

2% 

2%6 

2% 

w6 

23/4 

213/6 

27/e 

zi5/r6 

3 

Correlation 
Ratio 

5.56 

5.00 

4.55 

4.17 

3.85 

3.57 

3.33 

3.03 

2.78 

2.50 

2.27 

2.08 

1.92 

1.79 

1.67 

1.56 

1.47 

1.39 

1.32 

1.25 

1.19 

1.14 

1.09 

1.04 

1.00 

0.96 

0.93 

0.89 

0.86 

0.83 

0.81 

0.78 

0.76 
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Figure 3-18. Asphalt mix curves, Marshall test properties 
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Graphical presentation of the Marshall test 
properties. The average Marshall test properties 
from the tabulation (Figure 3-16, page 3-45) for 
each bitumen content are shown graphically on 
DD Form 1219, Figure 318. The average values 
for each property are plotted on their respective 
graphs using the bitumen content as ordinates. 
A smooth curve is drawn through the plotted 
points in each instance. 

Applying the Marshall Test 

Table 3-7, page 3-50, lists the criteria for deter- 
mining the optimum bitumen content along the 

Marshall specifications for a satisfactory mix. The 

optimum bitumen content is determined by 
averaging the bitumen content read from the 
curves in Figure 3-18 at the four points indicated 
for determination of the optimum bitumen con- 
tent in Table 3-7. Once this average bitumen 
content is obtained, the Marshall properties at 
this average are read from curves representing 
the mix, as in Figure 3-18. These values are com- 
pared with the specification limits in Table 3-7 
in order to evaluate the satisfactoriness of the 
mix. Attention is called to the exceptions 
allowed (notes at bottom of Table 3-7) when the 
values obtained fail to conform with the specifi- 
cation limits given in the table. Note that the 
mix in this example conforms with the re- 
quirements in Table 3-7 at an optimum content 
of 4.7 percent. 

Modified Marshall Test for Cold-mix 
Pavement 

This method is used as an aid in determin- 
ing the asphalt content for cold-mix design of 
light duty pavement. It can be used where 
asphalt cutbacks will be the binder. The pro- 
cedures follow those used for hot-mix design in 
general with the following modifications. 

l Aggregates. These are dried to a moisture 
content expected during construction (up to a 
maximum of 2 percent by weight). 

l Asphalt. The selected bitumen is mixed 
with the aggregates, but at the temperature 

recommended for’ field application. The ag- 
gregates remain at room temperature. 

l Curing. Prior to compaction, the mixture 
is cured for at least 12 hours in an oven set at 
140° + 5OF. 

l Compaction. After curing, the mixture is 
compacted at 140°F using 50 blows of the ham- 
mer at each end of the specimen. 

l Cooling. After molding, the specimens 
are cooled to room temperature in the molds. 
Care must be taken to remove the specimens, 
undisturbed and undamaged, from the molds. 

l Testing. The specimens are heated in an 
oven to 100° f 2OF and tested in the Marshall 
machine. Heating will normally take about 2 
hours. 

l Selection of the design amount of asphalt. 
The asphalt contents at maximum density and 
maximum stability after averaging are used as 
the design amount. 

Test Variations 

These apply to aggregates with 10 percent or 
more larger than l-inch maximum size. The pro- 
cedures described above are applicable where 
the amount of aggregate larger than the l-inch 
sieve is less than 10 percent of the total. When 
the larger than (plus) l-inch material exceeds 
10 percent of the total, the following variations 
are made in the procedure. 

l Mix bitumen at the selected content with 
the entire aggregate, including the plus l-inch 
portion. 

l Pass the mixed hot batch through a l-inch 
sieve. Discard the plus l-inch portion. 

l Make compacted specimens from the por- 
tion which passes the l-inch sieve and perform 
the Marshall test. Do not calculate the voids of 
the compacted specimens at this time. 
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Table 3-7. Marshall test specifications and determination of optimum asphalt content 

(1) 
Property 

(2) 
Course 

(3) (4) 
Criteria Determination of OAC 

(75 Blows) (50 Blows) 
High Press Low Press 

***High Press Low Press 

Aggregate blends showing water absorption up to 21/20/o (used with ASTM apparent specific gravity) 

Stability Surface 1,800 or higher 500 or higher Peak of curve 
Unit w-t Surface - - Peak of curve 
Flow Surface 16 or less 20 or less Not used 
O/O Voids total mix Surface 3% - 5% 3% - 5% 4% - 

o/o Voids filled w/AC Surface 70% - 80% 75% - 85% 75% 

Stability Binder 500 or higher Peak of curve* 
Unit wt Binder 

1,800 or hrgher 
- - Peak of curve* 

Flow Binder 16 or less 20 or less Not used 
O/o Voids total mix Binder 5% - 7% 4% - 6% 6% 
O/o Voids filled w/AC Binder 50% - 70% 65% - 75% 60% * 

Stability Sand asphalt ** 500 or higher ** 

Unit wt Sand asphalt - ** - 

Flow Sand asphalt ** 20 or less Not used 
010 Voids total mix Sand asphalt ** 50/o-7% ** 

o/o Voids filled w/AC Sand asphalt ** 65% - 75% ** 

Aggregate blends showing water absorption greater than 21/2% (used with bulk-impregnated specific gravity) 
Stability Surface 
Unit wt Surface 
Flow Surface 
010 Voids total mix Surface 
010 Voids filled w/AC Surface 

1,800 or higher 
- 

16 or less 
2% - 4% 

75% -85% 

1,800 or hrgher 

5Odor higher 
- 

20 or less 
2% - 4% 
80% - 90% 

-Peak ‘of curve 
Peak of curve 
Not used 
3% 
80010 

Stability 
Unit wt 
Flow 
O/o Voids total mix 
010 Voids filled w/AC 

Stability 
Unit wt 
Flow 
‘J/o Voids total mix 
O/o Voids filled w/AC 

Binder 
Binder 
Binder 
Binder 
Binder 

Sand asphalt 
Sand asphalt 
Sand asphalt 
Sand asphalt 
Sand asphalt 

- 
16 or less 
4% - 6% 
55% - 75% 

** 

- 
** 

** 
** 

500 or higher 
- 

20 or less 
3% - 5% 
70% - 80% 

500 or higher 
- 

20 or less 
4%-60/o 
70% - 80% 

Peak of curve* 
Peak of curve* 
Not used 
5% 
650/o 
** 
** 

Not used 
** 
** 

Peak of curve 
Peak of curve 
Not used 
4% 
80% 

Peak of curve* 
Peak of curve* 
Not used 
5% 
70% * 

Peak of curve 
Peak of curve 
Not used 
6% 
70% 

Peak of curve 
Peak of curve 
Not used 
3% 
85% 

Peak of curve* 
Peak of curve* 
Not used 
4% 
75% 

Peak of curve 
Peak of curve 
Not used 
5% 
75% 

*If the inclusion of bitumen contents at these points in the average causes the voids total mtx to fall outside the limits, then the optimum bitumen should be 
adjusted so that the voids total mix are within the limits. 

**Criteria for sand asphalt to be used in designing pavement for high pressure tires have not been established 

***High pressure tires are those above 100 psi. Low pressure tires are those with 100 psi or under. 



l Determine the bulk specific gravity of the 
plus l-inch aggregate, and with the specific 
gravity of the compacted specimens, compute the 
adjusted specific gravity (GA) as follows: 

100 
&,=A Bxf -+- .. . 

C D 

where: 

A= 

B= 

c= 

D= 

f = 

weight of dry, l-inch material expressed 
as a percentage of the total batch weight 
(bitumen plus aggregate) 

portion of the total batch remaining after 
the dry, plus i-inch portion is removed 
(100 percent - A percent) 

bulk specific gravity of the plus l-inch 
aggregate 

actual specific gravity of the compacted 
specimen 

empirical factor = 0.995. 

l Calculate the voids by using the adjusted 
specific gravity and apply the design criteria for 
this value. 

l Use stability and flow values as measured 
on the compacted specimens. 

SURFACE AREA METHOD 

The following approximation formulas may 
be used for estimating the optimum bitumen 
content when the gradation of the aggregate 
blend is known. These estimates must be con- 
sidered rough approximations since the 
optimum bitumen content is a function of the 
compaction effort as well as the gradation and 
surface area. The greater the anticipated pave- 
ment loading, the greater the compaction effort 
that must be used. The greater the compaction 
effort for a given aggregate, the lower the op- 
timum bitumen content. The formulas based 

upon the surface area of the aggregate are as 
follows: 

For Asphalt Cement 

P= 

where: 

P= 

a = 

b = 

c = 

d = 

0.02a + 0.07b + 0.1% + 0.20d 

percent (expressed as a whole number) 
of asphalt material by weight of dry 
aggregate 

percent (expressed as a whole number) 
of mineral aggregate retained on No. 50 
sieve 

percent (expressed as a whole number) 
of mineral aggregate passing No. 50 and 
retained on No. 100 sieve 

percent (expressed as a whole number) 
of mineral aggregate passing No. 100 
and retained on No. 200 sieve 

percent (expressed as a whole number) 
of mineral aggregate passing the No. 
200 sieve. 

For Asphalt Emulsion 

P= 

where: 

P= 

0.05A + O.lB + 0.5C 

percent (expressed as a whoie number) 
by weight of asphalt emulsion, based on 
weight of graded mineral aggregate 

A= percent (expressed as a whole number) 
of mineral aggregate retained on No. 8 
sieve 

B= percent (expressed as a whole number) 
of mineral aggregate passing No. 8 
sieve, retained on No. 200 sieve 
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C = percent (expressed as a whole number) 
of mineral aggregate passing No. 200 
sieve 

NOTE 

Absorptive aggregate such as slag, limerock, 
vesicular lava, and coral will require additional 
asphalt. 

JOB-MIX FORMULA 

When the necessary laboratory tests have 
been completed and the optimum bitumen con- 
tent has been determined, the job-mix formula 
must be established for use by plant personnel 
producing the paving mix. Setting up the job- 
mix formula involves the relative percentages 
of the available aggregate and the bitumen. In 
the mix design test already illustrated, the op- 
timum content was found to be 4.7 percent of the 
total mix. Accordingly, the aggregate portion of 
the mix will be 95.3 percent of the total mix. 
Referring to the aggregate blend calculations 
(Figures 3-19, DD Form 1217 (Bituminous 
Design - Aggregate Blending), 3-20, and 3-21, 
DD Form 1207 (Grain Size Distribution Graph - 
Aggregate Grading Chart) pages 353,354 and 
3-55) the portions were 45 percent coarse aggre 
gate (CA), 30 percent fine aggregate (FA), 20 
percent fine river bar sand (FRRX), and 5 per- 
cent limestone dust or mineral filler. 

The job-mix formula is then computed as 
follows: 

CA = 95.3 x 45 = 42.9% 
FA = 95.3 x 30 = 28.8% 

FRBS = 95.3 x 20 = 19.0% 
Mineral Filler = 95.3 x 5 = 4.8% 

95.3% 
Bitumen = 4.7% 

Total = 100.0% 

- 
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Section VII. PLANT CONTROL 

DISCUSSION 

Aggregate is mixed in correct proportions for 
specified construction in high-type bituminous 
paving plants, and in intermediate-type plants. 
The type of plant used will depend on proximity, 
and the requirements for the aggregate. Lab- 
oratory procedures must be done to obtain 
correct mixes, and must be correlated with 
production procedures. Proper control over all 
procedures and equipment must be exercised to 
ensure quality production for each aggregate 
specified. 

PLANT TYPES 

Figures 3-22 and 3-23 are schematic draw- 
ings of a batch plant and a drum-mix plant. 

High-type Bituminous Paving Plant 

In the operation of a high-type bituminous 
paving plant, aggregates from two or more 
sources are fed into the aggregate dryer in the 
approximate proportions required to produce 
the desired gradation. This initial proportioning 
generally is accomplished by means of a hopper- 
type feeder, operating from one or more bins, 
which feeds the aggregates into a cold elevator 
which delivers them to the dryer. The 
mechanical feeder is loaded by a clamshell or 
other suitable means. The aggregates are heated 
to the desired temperatures. Upon leaving the 
dryer, the aggregates pass over vibrating 
screens where they are separated according to 
size. The usual screening equipment for a three- 
bin plant consists of a rejection (scalping) screen 
for eliminating oversized material and screens 
for dividing the CA into two separate sizes (bins). 
FA goes into the third bin. An additional screen 
is provided for further separation of the CA in 
a four-bin plant. Additional mineral filler, if re- 
quired, usually is stored and weighed or propor- 
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tioned into the mix separately. It may be obtain- 
ed from the plant’s dust collector or from an ex- 
ternal source. Plant screens may be changed to 
provide a variation in size of openings. The sizes 
used depend largely upon the type of mixture 
being produced. In some cases it may be 
necessary to change the size of the screens to ob- 
tain a proper balance of aggregate sizes in each 
bin. 

The aggregates must be fed through the 
plant uniformly, preferably by mechanical 
feeder, in order to obtain efficient plant opera- 
tion and produce a desired mixture. It is usual- 
ly necessary to make some slight adjustments 
in the plant-bin proportions, since a screen 
analysis of the hot storage bins will not entire- 
ly duplicate the screen analysis used in the 
laboratory design. This may result from: 

Fines lost while passing through the dryer 
(unless the equipment includes an effective dust 
collector, and the fines are returned to the mix). 

Aggregate degradation in the dryer. 

Plant screens which are not completely effi- 
cient in the separation of the aggregate, with the 
result that some fines are carried over into the 
coarser bins. 

Separation of material at hot bins into more 
or fewer fractions than represented at stockpiles. 

Intermediate-type Plants 

Intermediate-type plants will not have the 
refinements of the high-type plant described 
above. Such items as the gradation control unit, 
the dryer unit, and even the storage hoppers or 
bins may not be components of this type of plant. 
The aggregates from stockpiles or trucks are 
added directly (in correct proportion) into the 
elevator and then fed into the mixer. Corrections 
or changes in the aggregate proportions must be 

-- 
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Oversize Rejects 

I I Dust Collector 

Hot Elevator Cold Elevator 

I 

Mineral Filler 

Bitumen Storage Tank 

Figure 3-22. Bituminous hit-mix batch plant 

Automatic Weighing System Hot-Mix Conveyor 

Cold Feed Bins 

Asphalt Storage fank Asphalt Pump 

Figure 3-23. Bituminous hot-mix continuous-mix p/ant 
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made during the feed. If a dryer is not part of 
the plant, adjustment to compensate for 
moisture must be anticipated and made 
externally. 

INITIATING PLANT PRODUCTION 

The heaviest demands on laboratory facilities 
arise at the beginning of plant production. 
Preliminary computations, which provide the 
gradation for the mixture design, may be made 
to determine the weight of material from each 
bin. Note that the gradation of aggregate sup- 
plied by the plant according to computed bin 
weights may not reproduce precisely the desired 
gradation. The gradation of the plant-produced 
aggregates approximates the one used in design, 
within reasonable tolerances, if initial sampling 
has been done properly and if the plant is 
operated efficiently. Certain steps should be 
taken, however, to ensure that satisfactory mix- 
tures are reproduced from the beginning and 
throughout the period of plant production. Pro- 
cedures outlined in this section will ensure 
satisfactory paving mixtures. 

Sieve Analysis 

A sieve analysis is made on material from 
each plant bin. Samples for these sieve analyses 
are obtained after a few tons of aggregate have 
been processed through the dryer and screens 
so that the sample will be representative. Final 
bin proportions may be based on these sieve 
analyses. 

Provision for Redesign of Mix 

The aggregates from the bins sometimes can- 
not be proportioned to reproduce satisfactorily 
the gradation of the aggregate used in the 
laboratory design. It is then necessary to 
redesign the mix, using plant-produced ag- 
gregates. Specimens are prepared and tested for 
the new design in the same manner as for the 
original. This gives optimum asphalt content 
and a satisfactory mix produced by the plant. 

3-58 

Occasions may arise in which the gradation of 
the plant-produced aggregate will differ from the 
laboratory design so that a part of the ag- 
gregates may be wasted. The mix should be 
redesigned to use all of the available aggregate. 
Sufficient additional tests should be performed 
to establish optimum asphalt requirements and 
ensure that the mix meets applicable criteria. 

CONTROLLING PLANT PRODUCTION 

Enough paving mix for the preparation of 
four test specimens is obtained from each of the 
first four truckloads. The four specimens 
prepared from each of these samples are com- 
pacted and tested in accordance with standard 
procedures described previously. The tests are 
conducted as rapidly as possible, and plant pro- 
duction is delayed until data from these tests is 
available. The data must conform to final design 
data at the same asphalt content, within 
reasonable tolerances, before plant production 
is resumed. If necessary, adjustments are made 
to secure a conforming mix. Such procedures will 
delay plant production generally less than 2 
hours and assure production of satisfactory 
mixes. As soon as the data from the test of the 
plant-produced mix is obtained, it should be com- 
pared with corresponding design data for further 
adjustments of the mix, if necessary. Probable 
causes of paving-mixture deficiencies for both 
batch and continuous mixing plants are shown 
in Figure 3-24, page 3-60. These deficiencies are 
observed at the plant. Other imperfections and 
their causes that may be encountered in plac- 
ing the mix in the pavement are given in Figure 
3-25, page 3-61). 

Gyratory Test Control 

The GSI of the individual test specimens 
should in no case exceed 1.05. The GSF of the 
individual test specimens should in no case be 
less than 1.0. The average value of the other test 
properties for the four test specimens from any 
given truckload should not deviate from the 
final design values by more than the following 
amounts: 
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Unit weight total mix f 1.5 pounds per cubic foot 

Gyratory shear (So) f 15 percent 

Marshall Test Control 

The flow value of the individual test speci- 
mens should in no case exceed the specification 
limits and should not vary more than two points 
between specimens. The average value of the 
other test properties for the four test specimens 
from any given truckload should be within the 
specification limits and not vary from the final 
design values by more than the following 
amounts. 

Unit weight total mix 

Marshall stability 

Voids total mix 

f 1.5 pounds per cubic foot 

f 5 percent 

31 0.5 percent 

(No limit is placed on voids filled since control 
is ensured by the limitations on voids total mix.) 

Executing Plant Controls 

Plant production should be halted if the 
measured test properties fail to comply with the 
limitations cited above. 

Production should proceed on a trial basis un- 
til the problem has been isolated and corrective 
measures have been taken. Small variations in 
aggregate quantities generally do not change 
test properties significantly, while small 
changes in bitumen content (a few tenths of a 
percent) can have a very significant effect on test 
properties. If trouble is indicated, all calcula- 
tions should be checked as a first step. The total 
of the batch weights dumped into the truck 
should be checked against the total load on the 
truck. These total weights should not vary from 
each other by more than 2 percent. Improper 
weighing or faulty scales may be detected 
readily, and corrective measures should be taken 
by maintaining a close check on load weights. 
Plant scales and gate openings should be checked 
and recalibrated as necessary. Scales and/or 
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Types of Deficiencies Thai May Be 
Encountered in Producing Hot Plant 

Bitumen content fails 10 check fob-mix formula 

Gradation fails 10 check iob-mix formula 

’ xx I I 1 Poorlv mixed loads 
$ ’ 

Fat, rich mixtures 

Lean or burned mixtures 

Mixture temoerature fails to check iob mrx 

Items 6 to 23 inclusive are applicable to all types plants. Items 1 to 5 inclusive and items 24 to 26 inclusive are applicable 

to batch plants and volumetric plants respectively. 

Figure 3-24. Probable causes of paving mixture deficiencies detected at plant 

proportioning devices found to be inaccurate 
must be adjusted. After the plant components 
are checked and necessary adjustments have 
been made, four additional truckloads of plant 
mix should be produced, sampled, and tested. 
The plant must not be placed in continuous 
operation until the test properties conform to the 
specifications and allowable tolerance. Once the 
plant has been placed in continuous operation, 
test specimens should be prepared from approx- 
imately each 400 tons of mix produced. 

CENTRIFUGAL EXTRACTION METHOD 

The procedure for control of plant production 
(based upon the test properties secured by the 
use of the Marshall apparatus or the gyratory 
testing machine) may be supplemented by the 

determination of asphalt content using a cen- 
trifugal extraction apparatus. The measured 
asphalt content is compared with the optimum 
asphalt content previously established. 
Discrepancies may be corrected by plant ad- 
justments, if necessary. After the asphalt has 
been extracted, the remaining aggregates may 
be subjected to a sieve analysis for comparison 
with the previously selected aggregate grada- 
tion. Corrections again may be made in the 
operation of the plant, as necessary. The method 
is also used to test tar or tar-rubber mixes. 

Apparatus 

The following equipment is necessary for 
determining the asphalt content of a bituminous 
plant mixture by the use of the centrifugal ex- 
traction device: 
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Figure 3-25. Probable causes of imperfections encountered in laying pavement 

Balance, 2,000-gram capacity 

Beaker, 600-milliliter capacity 

Varnish brush 

Graduate, l,OOO-milliliter glass 

Evaporating dishes 

Centrifugal extractor, hand driven with pad 

Filter ring (paper-basket type) 

Electric hot plate 

Electric oven 

Bake pan 

Solvent (trichloroethane), 5-gallon can 

Spatula 

Cooking spoon 

Crucible tongs 

The Dulin-Rotarex centrifugal extraction device 
and related equipment are shown in Figure 
3-26, page 3-62. 

Procedure 

This test may be performed upon a represen- 
tative sample taken from an individual batch or 
upon a composite sample representing several 
batches. 

l Upon initiation of the asphalt plant opera- 
tion, four samples are taken, one from each of 
the first four trucks to leave the plant. Plant pro- 
duction is then held up until the completion of 
the test. After the plant is in normal operations, 
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Dulin-Rotarex 

Graduate, 1,000 ML 
entrifugal Extractor 

Figure 3-26. Dulin-Rotarex extraction equipment 

a suitable composite sample is obtained by com- 
bining samples taken every 4 hours or every 400 
tons of production, whichever comes first. This 
is done by using a shovel and cutting complete- 
ly across the stream of hot mixture as it is 
discharged from the mixer. The hot samples 
should be placed in a tin pail or other container 
with a tight-fitting lid until the last sample for 
the day is taken. 

l The sample is heated in a pan on the hot 
plate or in the oven until it is soft enough to be 
easily disintegrated with a large spoon. Care 
must be taken to see that the individual par- 
ticles of aggregate are not crushed. 

l A representative sample is prepared by the 
method of quartering and then allow to cool. Not 
less than 500 grams of a sample containing par- 
ticles larger than “/, inch or not less than 200 
grams of a sample with all particles smaller 
than “/, inch are accurately weighed and placed 
in the bowl of the extraction device. The initial 
weight of the sample is recorded. 

l An oven-dried gasket-type filter paper ring 
is weighed, and the weight is recorded. The filter 
paper is then fitted on the rim of the bowl. The 
cover plate is positioned on the bowl and secure- 
ly locked in place. The bowl is then placed on 
the shaft of the extractor and fastened securely. 

- 

-- 
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l The empty l,OOO-milliliter glass graduate 
is placed under the spout of the extraction 
apparatus. Approximately 150 milliliters of sol- 
vent is poured into the bowl through the solvent 
funnel. Flow of the solvent through the weep 
holes indicates a full bowl. The solvent is 
allowed to set in the bowl for 10 to 15 minutes 
before operating the equipment. 

l The lid is put on and the bowl is rotated 
by turning the handcrank until the solvent 
discharges from the spout in a thin stream. After 
the first charge is drained out, the lid is removed 
and additional solvent is added. The lid is 
replaced and the bowl is again rotated. This 
operation is repeated several times until the 
discharged solvent is clean. With a little ex- 
perience, the operator can soon judge exactly 
what treatment is necessary for any given 
material. 

l When the last addition of solvent has 
drained off, the bowl is removed. The bowl is 
carefully disassembled, and the bowl, cover 
plate, and the filter paper ring are allowed to 
air dry. After air drying, the sample is careful- 
ly brushed out of the bowl and off the cover plate 
into the preweighed tare. The sample and the 
filter paper ring are then oven dried at llO” f 
5OC to a constant weight. The sample and paper 
filter ring are allowed to cool in a desiccator. The 
sample is weighed and the weights are recorded, 

l The weight of the clean aggregate, plus the 
weight of any mineral filler retained in the filter 
paper, is subtracted from the weight of the 
original sample to determine the amount of 
asphalt extracted. This value for the amount of 
asphalt extracted is subject to correction, de- 
pending upon the amount of mineral filler con- 
tained in the solvent, as indicated below. 

l The amount of mineral filler which pass- 
ed through the filter paper is contained in the 
solvent extract and may be determined as 
follows. The total amount of solvent extract 

(volume in milliliters) is measured and record- 
ed. The solvent is then agitated thoroughly, and 
100 milliliters is measured into a preweighed 
evaporating dish. The evaporating dish is placed 
on a hot plate and evaporated over low heat 
until all that remains in the dish is a black 
residue. The residue is then heated to a dull red 
ash (5OOOC to 6OOOC). A laboratory furnace or 
blow torch may be used to heat the residue. The 
heating process will burn off any organic matter 
(asphalt binder) remaining in the residue. Once 
the residue has become a dull red glowing ash, 
it is allowed to cool to room temperature. A 
saturated solution of ammonium carbonate is 
prepared and added to the ash in the proportions 
of 5 milliliters of solution of 1 gram of ash re- 
maining in the dish. (A saturated solution of 
ammonium carbonate is prepared by dissolving 
as much ammonium carbonate into water as the 
water can retain. At 60°F approximately 100 
grams of ammonium carbonate will dissolve in 
100 milliliters of water.) 

NOTE 

The solution is prepared at room temperature 
since ammonium carbonate decomposes at 
135OF. The ammonium carbonate solution and 
ash mixture is allowed to stand for 1 hour. The 
mixture is then oven dried at 1 10°C to a cons- 
tant weight. After oven drying, the mixture is 
allowed to cool in a desiccator. The mixture (in 
the evaporating dish) is then weighed, and the 
weight is recorded. 

Calculations 

The numerical example (Figure 3-27, page 
3-65, illustrates the method of calculating the 
percentage of asphalt contained in the original 
sample. The supply of I>D Form 1793 (Deter- 
mination of Asphalt Content) will be requisi- 
tioned through normal publications supply 
channels. 

Sieve Analysis of Aggregate 

The clean aggregate may be subjected to 
sieve analysis. The amount of material passing 
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the No. 200 sieve (mineral filler) in the sieve 
analysis must be increased by the weight of filler 
retained in the filter paper gasket and in the sol- 
vent as determined in calculations. 

Testing Tar or Tar-rubber Mixes 

For tar or tar-rubber mixes, the above pro- 
cedure should be modified as follows. 

l Soak the sample in crystal-free creosote 
over night. 

l Transfer soaked sample and creosote to the 
centrifugal apparatus and centrifuge to remove 
the creosote. 

l Wash the sample with benzene until the 
solvent is a light straw color. 

DENSITY TESTS 

Density test samples should be taken and 
tests performed as often as conditions require, 
but at least once for every 400 tons of mix 
placed. To obtain a satisfactory specimen, the 
samples should be taken early in the morning 
when the pavement is cool. Any additional roll- 
ing required as a result of the tests should be 
done during the heat of the day. The sample for 
testing may be taken from any portion of the 
bituminous pavement, provided the area is 
typical of placing and rolling conditions. 

Apparatus 

A coring machine or concrete saw may be used 
for cutting out the samples. Chopped or jack- 
hammered samples should be avoided if possi- 
ble as these are likely to develop cracks or other 
disturbances which would lead to erroneous 
results. Samples should be cut completely 
through the thickness of the pavement and 
removed carefully to avoid damage. In hot 
weather it may be necessary to chill the area 
with ice for 15 to 30 minutes before cutting out 
the sample. 

Procedures 

When density samples are taken from a sur- 
face course placed on a binder course, it is prac- 
tically impossible to remove the specimen from 
the tacked binder course surface. To assist in 
removing samples of the surface course from the 
binder course, the spot for the test should be 
selected before laying the surface course. A piece 
of wrapping paper about 18 inches square should 
be placed on the spot selected. On the side of the 
project least subject to construction traffic, two 
nails should be driven into the base or pavement 
a convenient distance apart and equal distance 
from the center of the paper so that the center 
of the paper may be readily located after the sur- 
face course is laid. The roller should not treat 
the mix placed over the paper any differently 
than the remainder of the pavement. The area 
of pavement over the paper is small, and prac- 
tice has demonstrated that specimen density 
secured by this method is about the same as the 
density in the surrounding pavement. Frames 
or separators around the proposed sample should 
not be used. 

Calculations 

The bulk specific gravity for each specimen 
is determined and the following formula is used 
to calculate the density of the specimen: 

D = G, x 62.4 

where: 

D = density of specimen (pounds per 
cubic foot) 

G?l = bulk specific gravity of specimen 

62.4 = density of water (pounds per cubic 
foot). 

The calculated density of the bituminous pave- 
ment is compared with the densities obtained 
during the bituminous mix design and Marshall 
stability tests. Normally the field density 

- 
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Figure 3-27. Asphalt content by Dulfin-Rotarex extractor, sample data sheet (DD Form 1793) 
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must be at least 95 percent of the maximum den- 
sity calculated in the bituminous mix design. 
However, individual project specifications do 
vary, and the acceptable density ranges must be 
verified for each project. When the density test 
on samples from the bituminous pavement show 
that the minimum specified field density has not 
been obtained, the deficiency should be corrected 
by additional rolling or the pavement should be 
removed and replaced. Where constant difficul- 
ty is experienced in meeting the specified den- 
sity, a thorough check should be made of the job 
mix formula. 

EXPEDITING THE DESIGN 

When military expediency demands it, the 
preliminary laboratory mix designs are 
eliminated, and the mix is designed directly 
from plant-produced aggregates. In such cases, 
the engineering officer will, on the basis of sieve 
analysis or other information or judgment, select 

the most promising af the available aggregates 
and start the plant using this aggregate. As 
pointed out previously, in nearly all cases the 
aggregate will show some breakdown of the par- 
ticles because of the heating and screening. Con- 
sequently the grading curve for the material 
which has passed through the plant will differ 
from the grading curve of the material prior to 
entering the plant. Laboratory tests using ag- 
gregate from the plant bins combined in the 
most desirable proportions must be conducted to 
determine the optimum asphalt content. 

Manufacture of the paving mix then can be 
initiated. If the available aggregate must be 
ueed, regardless of whether it produces a mix 
which meets all the design criteria at optimum 
asphalt content, the asphalt content should be 
selected to give a mix which meets the criteria 
for flow and percent of voids in the total mix. 
The criteria for stability and percent of voids 
filled with asphalt is given less consideration. 
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Chapter 4 

Concrete 
Section I. CHARACTERISTICS AND BEHAVIOR 

DISCUSSION 

Concrete is one of the most economical, ver- 
satile, and universally used construction 
materials. It is one of the few building materials 
that can be produced by the user directly on the 
job to meet the specific requirements. Concrete 
is an artificial stone which, when first mixed, 
forms a plastic or putty-like mixture. This mix- 
ture can then be placed into a form and allowed 
to harden or cure for a prescribed length of time. 
When cured, the finished concrete is a hard, 
stone-like material. It is used for pavements, 
foundations, dams and retaining walls, bridges, 
buildings of all types, and many military works. 

Concrete can be described as a mixture of 
cement, fine and coarse aggregates, and water. 
During mixing, the cement and water form a 
fluid paste that contributes to thorough mixing 
and effective placement of the concrete. The 
cement and water, when mixed, combine chem- 
ically to form a variety of compounds that 
adhere to aggregate particles and fill the space 
between the aggregate particles. This combin- 
ing process, called hydration, results in a rapid 
development of strength in the first few hours 
after mixing, followed by less rapid gains in 
strength during the following weeks. 

There are certain curing conditions that are 
essential to the development of the maximum 
strength of the concrete. These usually involve 
some technique for keeping a high percentage 
of the mixing water from escaping from the con- 
crete, permitting hydration of the portland 
cement. The strength and desired resistance to 
weathering deterioration of concrete depend 
upon an adequate amount of cement-water paste 
to thoroughly cover all aggregate surfaces and 
fill the voids between aggregate particles. The 
amount of water per unit quantity of cement in 
the paste (water-cement ratio) largely deter- 
mines the strength of the hardened concrete. For 
design purposes, the strength at 28 days after 
mixing usually is used. Beyond this period, the 
relative increases in strength becomes smaller, 
and the strength curve flattens out. Some air- 
field designs use a go-day strength which can 
be approximated by increasing the expected 
2%day strength by 10 percent. 

The total aggregate is a mixture of fine and 
coarse material, generally sand with either 
natural gravel or crushed stone. It serves as an 
inert filler to provide the bulk material required. 
Well-graded aggregates contain particles of all 
sizes, from the largest permitted by the dimen- 
sion of the member to be formed, to sand fines. 
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The smaller particles fill the spaces between the 
larger, thus providing a dense material that re- 
quires a minimum of cement paste for binder. 
The aggregate materials must be clean, hard, 
and at least as strong as the weathering 
processes. 

CEMENT 

Cement is a substance which hardens with 
time and holds or entraps objects or particles in 
a definite relation to each other. For concrete, 
portland cement, usually is used. Portland 
cement is manufactured by a standardized pro- 
cess consisting of grinding limestone and clay, 
mixing them in proportions, heating the mixture 
to a high temperature to form clinkers, and 
pulverizing the clinkers so that 95 percent of the 
material will pass through a No. 200 sieve. A 
small amount of gypsum is added to control the 
time of setting. References to cement in this 
manual mean portland cement. The ASTM 
specifies eight common types of portland cement 
(ASTM Designation C 150). These are adequate 
for most purposes. The various types of portland 
cement are known as hydraulic cements because 
they are capable of hardening and developing 
strength in the presence of water. 

This type is for general construction use 
when the special properties for any other type 
are not required. 

Type IA 

This is air-entraining cement for the same 
uses as Type I, except that air entrainment is 
desired. Entrained air improves workability and 
provides resistance to frost action and freezing 
and thawing. 

Type II 

This cement is for general use, especially 
when moderate sulfate resistance or moderate 
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heat of hydration is desired. It has a lower heat 
of hydration than the normal Type I, generates 
heat at a slower rate, and also has improved 
resistance to sulfate attack. Type II cement, is 
used in locations where a high temperature rise 
in the concrete is objectionable, as in structures 
of considerable mass such as large piers, heavy 
abutments, and heavy retaining walls. 

-- 

Type IIA 

This is air-entraining cement for the same 
uses as Type II, except that air entrainment is 
desired. 

Type III 

This type of cement is used where a high 
strength is needed quickly. This may be due to 
a demand for early use, or in cold weather con- 
struction to reduce the period of protection 
against low or freezing temperatures. 

Type IIIA 

This is air-entrained cement for the same use 
as Type III, except that air entrainment is 
desired. 

Type IV 

This cement is used where a low heat of 
hydration is desired to keep the amount and rate 
of heat generated to a minimum. Type IV 
cement develops strength at a slower rate than 
Type I cement, but helps prevent the develop- 
ment of high temperatures in the structure with 
the attendant danger of thermal cracking upon 
later cooling. 

Type V 

This cement is for use when high sulfate 
resistance is desired. Sulfates react chemically 
with the cement compounds causing undesirable 
expansion of the mixture. The sulfates may be 
present in the water used to mix the concrete 
or may be created by sulfurous gases from nearby 



industrial areas. The principal source of sulfate 
attack, however, occurs on foundations and 
other concrete in contact with the earth in 
certain regions and is caused by a reaction be- 
tween the groundwater, containing dissolved 
reactive minerals or acid, and the hardened 
cement. Type V cement is low in calcium 
aluminate and is highly resistant to sulfate 
attack. 

BLENDED CEMENTS 

These cements may be the result of additions 
of various materials to the eight types above or 
especially designed types. Their specifications 
are contained in ASTM C 595. 

Type IS - Portland Blast-Furnace Slag 
Cement 

This cement is for use in general concrete 
construction. It is also available in an air- 
entraining form Type IS-A. This cement uses 
molten blast-furnace slag, which is rapidly 
chilled or quenched from its molten state in water 
to produce a granulated material. The slag (from 
25 to 70 percent of the total weight of cement) 
is interground with the cement clinker during 
production or is blended in a finely ground form 
with finished cement. 

Type IP - Portland-Pozzolan Cement 

This cement contains from 15 to 40 percent 
pozzolan. Pozzolan is a siliceous or siliceous and 
aluminous material such as fly ash, volcanic 
ash, diatomaceous earth, or calcined shale. The 
strength of concrete made with pozzolanic 
cements is not as great as concrete made with 
the same amount of portland cement, but its 
workability may be better for some uses. The 
Portland-pozzolan cement consists of a blend of 
portland blast-furnace slag cement and fine poz- 
zolan produced by either intergrinding portland- 
cement clinker and pozzolan, by blending 
portland cement or portland blast-furnace slag 
cement and finely divided pozzolan, or a com- 

bination of intergrinding and blending. It is also 
available in an air-entrained variety called Type 
IP-A. 

Type S - Slag Cement 

Slag cement consists of a blend of finely divid- 
ed granulated blast-furnace slag and portland 
cement, or hydrated lime, or both, in which the 
slag content is a least 70 percent of the weight 
of the slag cement. It is used in combination with 
portland cement in making concrete and in com- 
bination with hydrated lime in making masonry 
mortar. It is also available in an air-entraining 
variety (Type SA). 

Type I (PM) - Pozzolan-Modified Portland 
Cement 

This cement is for use in general concrete 
construction. It can be interground or blended, 
but the pozzolan content is less than 15 percent 
of the weight of the pozzolan modified portland 
cement. It is also available in an air-entraining 
variety (Type I (PM&A). 

Type I (SM) - Slag Modified Portland 
Cement 

This cement is for use in general concrete 
construction when the special properties 
specified for other types of cement are not re- 
quired. It can be interground or blended, but the 
slag content is less than 25 percent of the weight 
of the slag-modified portland cement. It is also 
available in an air-entraining variety (Type I 
(SM)-A). For both Type I (SM) and Type I @Ml- 
A cements, moderate sulfate resistance or 
moderate heat of hydration, or both, may be 
specified by adding the suffixes (MS) or (MH), 
or both, to the selected type designation. 

Air-Entrained Cement 

Concrete made with air-entrained cement is 
resistant to severe frost action and to salts used 
for ice and snow removal. It is produced by add- 
ing air-releasing materials to the clinker as it 
is ground. In general, air-entrainment may be 
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controlled to a much greater extent by the use 
of admixtures with normal cements during mix- 
ing. This combination results in a concrete with 
tiny, distributed, and separated air bubbles (up 
to millions per cubic foot). The entrained air bub- 
bles improve the workability of fresh concrete. 
These bubbles reduce the capillary and water 
channel structure within water. This prevents 
the buildup of damaging water. Air-entrained 
concrete has greatly increased durability in out- 
door locations exposed to freezing weather. Each 

of the first three Types (I, II, and III) and Types 
IS and IP are available as air-entrained. To 
signify this characteristic, a letter A is added 
after the type. Thus, air-entrained pozzolan 
cement is known as Type IP-A. 

Other Types of Cement 

In addition to the types described above, 
there is white cement, waterproofed cement, oil 
well cement, and shrinkage compensating 
cement (Type K). White cement is made from 
selected materials to prevent coloring, staining, 
or darkening of the finished concrete. Water- 
proofed cement has water repellent material 
added. The finished and set concrete has a water 
repellent action. Oil well cement is especially 
made to harden properly when used under high 
temperature in deep oil wells. Shrinkage com- 
pensating cement (Type K) is a portland cement 
which, upon mixing with water, forms a paste 
that during the early hardening period occur- 
ring after setting increases significantly in 
volume. This volume increase, when restrained 
by reinforcement, assists in reducing shrinkage 
cracking of concrete. It is specified in ASTM 
(3345. 

WATER 

Water plays an important part in the con- 
crete mix. Its principal uses are to make the mix 
workable and to start the chemical reaction. Any 
material in the water which retards or changes 
the reaction is detrimental. A good rule of thumb 
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is “if it’s good enough to drink, it may be used 
for concrete.” 

Ordinary Water 

The materials found in some types of water 
include organic compounds, oil alkali, or acid. 
Each has its effect on the hydration process. 

l Organic material and oil. These com- 
pounds tend to coat the aggregate and cement 
particles and prevent the full chemical action 
and adherence. The organic material may also 
react with the cement and create a weakened 
cementing action, thus contributing to deteriora- 
tion and structural failure of the concrete. 

l Alkalies, acids, and sulfates. Certain 
limiting amounts of these chemical impurities 
in the water tend to adversely react with the ce- 
ment. The result is inadequate cementing and 
weakened concrete. Water must be substantially 
free of these chemicals for use in concrete 
mixing. 

Sea Water 

The salts in sea water are normally thought 
of as being corrosive. However, sea water is used 
sometimes for concrete mixing with satisfactory 
results. A loss of 10 to 20 percent in compressive 
strength can be expected when using the same 
amount of sea water as fresh water. This can be 
compensated for somewhat by reducing the 
water-cement ratio. 

AGGREGATES 

The aggregates commonly used for concrete 
are natural deposits of sand and gravel, where 
available, or crushed stone. Crushed aggregate 
may cost more to produce; however, this may be 
the only way to obtain substantial quantities of 
large sized stone. Artificial aggregates such as 
a blast furnace slag or especially burned shales 
and clays are used. 
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Aggregates are divided into two types: fine 
and coarse. When properly proportioned and 
mixed with cement, these two groups will yield 
an almost voidless stone which is strong and 
durable. Aggregate should be equal to or better 
in strength and durability than the hardened ce- 
ment paste if it is to withstand the design loads 
and effects of severe weather. 

Fine Aggregate 

Fine aggregate (FA) is defined as the 
material which will pass a No. 4 sieve and will 
be predominantly retained on a No. 200 sieve. 
To increase workability and for economy as 
reflected by use of less cement, the FA should 
have a rounded shape. The purpose of the FA 
is to fill the voids between coarse aggregate (CA) 
particles and to modify the workability of the 
concrete. This characteristic of workability is 
discussed more in the description of finished 
concrete. 

Coarse Aggregate 

Coarse aggregate (CA) is a material which 
will be retained on the No. 4 sieve. In determin- 
ing the maximum size of CA, other factors must 
also be considered. The coarser the aggregate 
use, the more economical the mix, as the 
aggregate costs less than cement. Larger pieces 
offer less surface area of the particles than 

an equivalent volume of small pieces. Use of the 
largest permissible maximum size of CA permits 
a reduction in cement and water requirements. 
One restriction usually assigned to CA is its 
maximum size. Large pieces can interlock and 
form arches or obstructions within a concrete 
form. This restricts the area below to a void, or 
at best to become filled with the finer particles 
of sand and cement. This is either a weakened 
area or a cement-sand concentration which does 
not leave enough mortar to coat the rest of the 
aggregate. The maximum size of CA must be no 
larger than the sizes given in Table 4-1. Capaci- 
ty of mixing equipment, spacing of reinforce- 
ment, or minimum width of formwork may also 
limit maximum aggregate size. 

Gradation 

Gradation of aggregate refers to the distribu- 
tion of particles of aggregate among various 
sizes. Aggregates having a smooth grading 
curve and neither a deficiency nor an excess of 
any one particle size will generally produce mix- 
tures with fewer voids between particles. A too 
large proportion of CA leaves voids which re- 
quire more cement paste to fill. This affects the 
economy of the mix. Too much FA increases the 
amount of surface area which must be coated 
with cement paste. This may weaken the con- 
crete and is uneconomical. Good gradation 

Table 4-7. Maximum recommended size of coarse aggregate 

Structure 

Minimum dimension - inches 
2(/s-5 1 6-11 ] 12-29 / 30 or more 

I 1 I 
Reinforced walls, 

beams and columns %-3/i 3/h- 1 % l'h-3 l'h-3 

Unreinforced walls 3h 1 % 3 6 

Slabs, heavily 
reinforced 3/i-1 1 l/2 1 'h-3 l'h-3 

Slabs, lightly 
reinforced 3/h-11/z 1%-3 3 3-6 

Note. Maxlmum size not lo exceed one-f&h of minimum dimension of a wall or slmllar structure, one- 
third of slab thickness for horizontal slab, or three-fourths of mmimum clear spacing between remforcmg 
bars. 
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results in a dense mass of concrete with a 
minimum volume of voids, an economical mix, 
and a strong structure. Optimum strength, 
water tightness, and durability in the hardened 
concrete require careful control of aggregate 
gradation. 

Durability 

Durability is the ability of the concrete to 
resist the elements of weathering and loading. 
Weak or easily crushed rock or other mineral 
particles that break down under applied loads 
will introduce internal stresses causing a 
breakdown of the concrete. Rocks or mineral 
particles that are absorptive or susceptible to 
swelling when saturated will deteriorate when 
subjected to severe weather conditions. Freezing 
moisture causes expansion stresses which can 
easily rupture absorptive rocks. Rocks swollen 
from the sun’s radiant heat and then subjected 
to shrinkage from sudden cooling by rain or 
temperature drop may break down from the 
severe weathering. The concrete aggregate must 
withstand all these forces of nature. 

Deterioration 

Deterioration of concrete in many cases can 
be traced to the aggregate. An excessive amount 
of organic material, clay, or fine silt in or on the 
aggregate prevents the cement paste from ade- 
quately bonding to the aggregate particles. This 
results in a structurally weak concrete which is 
also susceptible to breakdown from weathering. 
Washing the aggregate to remove the silts, 
clays, and organic material should prevent this 
problem. 

Chemical Composition 

Chemical composition of the aggregate is im- 
portant. Any chemical reaction between aggre- 
gate and cement in the presence of water 
reduces the hardening and cementing processes 
occurring in the concrete. Any reduction in the 
amount of paste, due to the chemical reaction, 
reduces the amount of paste available for bond- 
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ing the aggregate together. This result is similar 
to insufficient amount of cement in the mixture. 

PROPERTIES OF CONCRETE 

To combine the ingredients correctly and to 
form the required concrete, it is essential to 
know the required physical properties of both 
the plastic and the hardened concrete. The 
hardened concrete must have adequate strength 
(as required by the design), be watertight, and 
be resistant to the deteriorating effects of 
weather or wear. The quality and character of 
the hardened concrete is greatly influenced by 
the properties of the mix when plastic. To attain 
optimum quality, the plastic mix must be 
uniform, homogeneous, and workable. This per- 
mits placing the concrete without developing 
segregation, honeycombing, or other defects in 
filling the forms or in producing the desired 
smooth, hard and resilient surface. 

Strength 

This is the ability of the concrete to resist a 
load in compression, bending, or shear (Sections 
V and VI). The desired design strength is 
obtained by proportioning the mixture with cor- 
rectly graded aggregates, an adequate amount of 
cement to coat the surface area of the particles, 
and the proper amount of mixing water. The 
most important influencing factor on strength 
is the ratio of water to cement (W/C ratio). For 
plastic and workable mixes lower values of the 
W/C ratio give higher strengths. Two and one 
half gallons of water is the minimum amount 
necessary to adequately hydrate a sack of ce- 
ment. This minimal amount of water is not suf- 
ficient to provide, economically, the needed 
plasticity and workability for freshly mixed con- 
crete. Additional water must be added to the 
mixture to improve workability but minimized 
to obtain the desired strength with an 
economical cement content. Additional water 
will thin the paste content and therefore coat 
more particles. This increases the yield from 
each sack of cement and produces a more 



economical mix. Excessive amounts of water (too 
high a W/C ratio) weakens the paste by allow- 
ing the cement particles to hydrate while 
suspended in water without being in contact 
with the aggregate or other cement particles. 
This water eventually evaporates, leaving holes 
or voids in the hardened concrete which cause 
additional losses in strength. Minimum and 
maximum amounts of water are specified to 
assure an economical mix with no loss in 
strength. This ranges from 4 gallons to 8 gallons 
per sack of cement (94 pounds). 

Durability 

The ability of concrete to resist the elements 
is called durability. The primary elements 
affecting concrete are wind, abrasion, freezing 
and thawing, wetting and drying, and the 
chemical action of salts. As the W/C ratio is in- 
creased (4 gallons per sack), more voids develop 
in the hardened concrete. Therefore, more sur- 
face area is available for the detrimental 
elements to attack, resulting in a less durable 
structure. 

Watertightness 

A well mixed, well proportioned concrete 
presents a solid surface to water penetration. 
Superficial voids permit some water to enter 
below the surface of the concrete but the water 
soon meets a dense, solid mass which prevents 
further penetration. As the W/C ratio is increas- 
ed, the excess water forms more holes or voids 
which eventually interconnect to form channels 
into, and throughout, the concrete. The end 
result is a more porous concrete which permits 
water to pass. For watertightness, 6 gallons of 
water or less per sack of cement will meet the 
requirement. 

Workability 

Workability is the relative ease or difficulty 
of placing and consolidating concrete. It is con- 
trolled primarily by the amount of each aggre- 

gate in proportion to a given quantity of cement 
paste. As more aggregate is added to a given 
amount of paste the mixture becomes harsh and 
stiff. The increased stiffness makes it more dif- 
ficult to work the concrete into the forms and 
around the reinforcing bars. The consistency 
needed depends upon the conditions under 
which the concrete must be placed and finished. 
Very dry and stiff mixtures may be placed in 
most situations where high frequency vibra- 
tions are used to assist in consolidating and com- 
pacting and fresh concrete. In other situations, 
difficult placing conditions may require a more 
fluid concrete mixture to fill narrow forms and 
to flow around reinforcement. 

Homogeneity 

Concrete is a fluid mixture containing par- 
ticles of different size, shape, and mass. Heavier 
particles have a tendency to settle out through 
the mixture faster than lighter particles. Often 
the result is a segregated mixture of a very poor 
quality. When concrete is properly proportioned, 
mixed and carefully handled, segregation can 
be held to a minimum. The mixture must have 
the proper proportion of cement/sand mor- 
tar to prevent the larger coarse-aggregate par- 
ticles from separating from the batch during 
mixing, transporting, and placing. When cement 
is allowed to drop (free fall) over a considerable 
distance, it can cause segregation of the mixture. 
To minimize segregation for drops in excess of 
3 to 5 feet, bottom dump buckets should be used 
to place concrete as close to the final location as 
possible. See TM 5-742 for construction 
procedures. 

Uniformity 

Uniformity refers to a single batch of con- 
crete and to all batches for an entire project. The 
same amount of each ingredient should be mix- 
ed into each batch or a nonuniform structure 
will result. Design would not be met in all sec- 
tions of the structure and possible failure of 
these sections could result. Prcper supervision 
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in mixing and handling of the concrete will en- 
sure uniformity. 

CURING 

Concrete does not develop its full strength 
until the chemical process of curing, called 
hydration, is complete. Cement must have suf- 
ficient water to continue its hydration. Curing 
is the means of keeping the water available so 
the hydration can continue. The curing process 
takes place over an extended period. The most 
critical portion is the first 7 days. The extent and 
rate of curing depends upon the presence of 
moisture and the temperature within the 
concrete. 

Temperature 

The ideal temperatures for concrete work are 
between 55O and 70°F. Above this, rapid 
evaporation of moisture creates serious prob- 
lems such as increased water demand, slump 
loss, decreased setting time, and increased 
tendency for plastic shrinkage cracking. At 
lower temperatures the hydration process is 
delayed. Temperatures below 32°F completely 
atop the hydration process. Since the chemical 
reaction gives off some heat, proper methods 
must be used to keep the heat within the struc- 
ture during times of low temperatures. Cold 
weather construction may require heating the 
individual ingredients or the concrete and cover- 
ing the emplaced concrete or providing a heated 
enclosure. In hot weather, extra care is required 
to prevent a high temperature rise and rapid 
drying of the fresh concrete. Spraying the aggre- 
gate stockpiles with cool water will help lower 
the concrete temperature. To keep the water as 
cool as possible, reflective white or aluminum 
paint is applied to the water supply lines and 
storage tanks. 

On massive construction projects, such as 
dams and heavy retaining walls, the mixing 
water is often kept cooled by substituting ice for 
part of the mixing water. The ice must be melted 
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by the time the concrete is fully mixed and is 
ready to leave the mixer. Large voids result from 
unmelted ice in the concrete. Cement replace- 
ment materials (such as pozzolans and 
diatomaceous earth, pumicites, or fly ash) may 
be used to depress concrete temperature by 
reducing the heat of hydration in a structure. 
However, pozzolans vary widely and may have 
adverse effects on strength, air content, and 
durability if used in excessive amounts. 

Moisture 

Concrete curing depends upon a chemical 
reaction in the presence of water. Moisture lost 
during the curing process by seepage or evapora- 
tion will delay or prevent a complete hydration 
of the cement and ultimately prevent the 
development of optimum strength and water- 
tightness. Saturating the subgrade on which the 
concrete will be placed will delay, if not prevent, 
seepage from occurring. Impervious membranes 
(plastic or polyethylene sheets) may also be used 
to prevent seepage through the subgrade. 
Wood forms should be thoroughly wetted if they 
have not been otherwise treated with a moisture 
sealer. Covering the concrete with a material 
such as straw, burlap, plastic, or a sprayed-on 
chemical curing compound as soon after 
finishing as possible is one method of reducing 
evaporation. The preferred method of curing is 
by use of continuous sprays and flowing or pond- 
ed water after the concrete has set initially, so 
it does not damage the finish. This water ap- 
plication can also be part of the temperature con- 
trol during cold weather and hot weather con- 
creting. The increase of concrete compressive 
strength with age is shown by the curves in 
Figure 4-l. Note the long-time gain in strength 
that occurs when proper temperature and 
moisture conditions are maintained. 

ADMIXTURES 

Chemical agents or admixtures are available 
for almost any purpose, such as increasing 



Compressive strength, percent 
of S&day moist-cured concrete 

Moist-Cured Entire Time 

In Air After 7 Days 

In Air After 3 Days 

Age, days 

Figure 4- 1. Increase of concrete compressive strength with curing age 

workability, durability, and strength or compen- 
sating for inadequate curing conditions. 

Retarders 

Retarders are used when excessively high 
heat or too rapid setting of concrete will prevent 
full hydration of the cement. Many materials 
will retard the setting of concrete. The most com- 
mon is hydroxylated carboxylic acid salts. Sugar 
has been used quite successfully. 

Accelerators 

. 

Sometimes it is desirable to accelerate the 
hydration process to obtain high early strength 
and a high rate of heat production. This com- 
bination is useful for cold weather concreting 
operations. The addition of a chemical ac- 
celerating admixture (generally calcium 
chloride) to the concrete mixture will produce 
the desired reactions. The recommended max- 
imum dosage for calcium chloride is 2 percent 
by weight of cement. The ultimate strength of 
concrete will be slightly lower with the use of 
an accelerator. 

Air-entraining Agents 

The greatest improvement in water-tightness 
and resistance to the disruptive action of freez- 
ing and thawing is obtained by incorporating 4 
to 6 percent by volume of entrained air into the 
concrete. Workability of fresh concrete is also 
enhanced by entraining air. Soaps, oils, acids, 
wood resins, alkali salts, fine pozzolans, and 
several proprietary compounds are available for 
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use as air-entraining admixtures with hydraulic 
cement. These agents form very small, uniform- 
ly spaced, discrete air voids that relieve the 
buildup of damaging pressures from the expan- 
sion of freezing water into ice. 

Water Reducers (Plasticizers) 

The workability of concrete is governed by 
the proportions of cements, water, and aggregate 
in a concrete mixture. When a reduction of 
aggregate or an increase in cement is imprac- 

tical, concrete workability can be increased by 
adding a water reducing admixture or 
plasticizer. Another primary characteristic is 
the strength gained from a decreased water de- 
mand. Less water is required for the same 
workability which leads to a lower W/C ratio, 
therefore higher strength. Water requirements 
may be reduced as much as 10 percent for most 
water reducing admixtures. Air-entraining 
agents are also considered as plasticizers 
because the void system reacts as a lubricant in 
concrete. 

Section II. AGGREGATE TESTING 

DISCUSSION 

An aggregate must provide maximum 
strength and durability in a concrete mixture. 
Fineness, coarseness and gradation of aggregate 
are factors considered when deriving the correct 
concrete mix for a specific construction purpose. 
Specific gravity, absorption, and moisture also 
affect the ability of aggregate to bind well with 
cement and water in a concrete mix. The com- 
ponents of the final mix, cement, water and ag- 
gregate, must bond adequately for structural 
strength, and resist weather and loads. Correct 
aggregate selection also reduces the cost of a pro- 
ject. Engineering analysis determines the ag- 
gregate best suited for a particular purpose. 
Tests will allow the best selection. 

For the aggregate tests to be worthwhile, the 
samples for testing must be representative of the 
aggregates to be used. Aggregate samples 
should be taken as close as possible to the finish- 
ed product to give the best representative sam- 
ple of the aggregate. Sufficient size and number 
of samples should be taken from the processing 
plant discharge point to represent the material 
in the stockpile. The sample should consist of at 
least four times as much material as is needed 

for the tests and should be reduced to the size 
desired for testing by splitting or quartering. See 
ASTM D 75 for the standard method of sampl- 
ing aggregate. 

Samples should be taken from near the top, 
middle, and bottom of the stockpile, and recom- 
bined to represent that particular stockpile. A 
board pushed into the stockpile just above the 
point of sampling will prevent the material 
above the sampling point from falling into the 
sample and causing size contamination. 

Pit samples are sources of sand and gravel 
and should be sampled by channeling exposed 
faces or channeling in pits if exposures are not 
available. Care should be taken to ensure that 
the samples include only materials which are 
below the overburden or strip zone. 

GRADATION 

A gradation or sieve analysis indicates 
whether the particle size distribution of an ag- 
gregate meets the requirements for the project. 
Dense aggregates can result in a concrete that 
will be denser, more economical, stronger, more 
watertight, and more resistant. See ASTM C 136 

1 
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Table 4-2. Desirable gradation for aggregates in concrete 
Coarse aggregate 

Percent passing indicated sieve 
Sieve size, inches 1 4 3% 3 2% 2 1% 1 =/4 l/z J/ No. 4 

3% t0 1 ‘/2 

2’/2 to 1’/2 

2 to 1 

2 inch to No. 4 

1% inch to % 

11/z to No. 4 

1 inch to No. 4 

3/s inch to No. 4 

l/2 inch to No. 4 

3/e inch to No. 4 

100 go-100 - 25-60 - o-15 - O-5 - - - 
- - 100 go-100 35-70 o-1 5 - O-5 - - - 

- - - 100 go-100 35-70 o-15 - o-5 - - 
- - - 100 95-100 - 35-70 - 10-30 - o-5 

- - - - 100 90-100 20-55 O-15 - o-5 - 

- - - - 100 95-100 - 35-70 - 10-30 o-5 

- - - - - 100 95-100 - 25-60 - O-10 

- - - - - - 100 go-100 - 20-55 O-10 

- - - - - - - 100 go-100 40-70 o-15 

- - - - - - - - 100 85-100 10-30 

Flne aggregate 

Sleve size U.S. standard Percentage by weight passlng 

4 95-100 

8* 80-100 

10 75-95 

16* 50-85 

20 40-75 

30* 25-60 

40 20-50 

50* 10-30 

60 lo-25 

100 2-10 

for analysis methods, and Table 4-2 for accept- 
able gradation limits. 

Apparatus, Test. Procedure, and 
Calculations 

The apparatus, test procedure, and calcula- 
tions required to determine the gradation of 
aggregate for portland cement concrete are the 
same as explained for sieve analysis, except that 
the No. 4 sieve is taken as the dividing line be- 
tween FA and CA. The minimum sample size 
required in the sieve analysis of fine aggregate 
is 500 grams. The result of this test is a grada- 
tion curve for the aggregate concerned. 

Material Finer Than 75 Milliliters (No. 200 
Sieve) 

The extremely fine mineral material (clay, 
silt, dust, or loam) occurring in most aggregates 
requires relatively large increases in the 
amounts of mixing water. Fines tend to work to 
the surface of concrete and cause checking due 
to shrinkage upon drying. If the fines adhere to 
the larger aggregate particles they also tend to 
interfere with the bond between the aggregate 
particles and cement-water paste. Specifications 
limit the amount of such material to a small 
percentage. ASTM C 117 gives the standard test 
method for fine materials. The apparatus, test 
procedure, and calculations to determine this 
percentage are described in tests for impurities. 
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Fine material, not to exceed 3 to 5 percent of the 
total aggregate weight, is generally not harm- 
ful to concrete. For some purposes a small 
amount of such fines may improve the 
workability. 

Fineness Modulus 

Fineness modulus is an empirical factor that 
gives a relative measure of the proportional par- 
ticle size distribution of fine and coarse particles 
in an aggregate. The fineness modulus does not 
represent any gradation of the material al- 
though the process is similar. A 500 gram 
sample of sand is sieved through a series of 
sieves (Numbers 4, 8, 16, 30, 50, and 100). The 
weight retained on each sieve is converted into 
a cumulative weight and a cumulative percen- 
tage retained, starting with the No. 4 sieve. The 
sum of the 6 percentages divided by 100 is the 
fineness modulus. Another procedure for deter- 
mining the fineness modulus is calculated us- 
ing the cumulative percentage passing, the 
usual means of expressing aggregate gradation. 
The total number of sieves involved times 100 
minus the sum of the cumulative percentage 
passing and divided by 100 gives the fineness 
modulus. The fineness modulus values range 
from 2.20 for FA to 7.50 for CA. Typical values 
are 2.70 FA, 7.40 CA, and 5.80 (35-65 fine-coarse 
combination). 

SPECIFIC GRAVITY, ABSORPTION, AND 
SURFACE MOISTURE 

These tests must be performed on the aggre- 
gates before the necessary calculations can be 
made to design the concrete mixture. For aggre- 
gates used in portland cement concrete 
measurements are made to determine the bulk 
specific gravity of the aggregates in a saturated, 
surface-dry condition. Specific gravity is thus 
based upon determining the total volume oc- 
cupied by the aggregate particles, including the 
permeable pore space. Absorption and surface 
moisture determinations are necessary to 

calculate the amount of mixing water used in 
a concrete mixture. See ASTM C 128 for the 
standard test method. 

Apparatus 

The following equipment is required to per- 
form tests for bulk specific gravity, percent 
absorption, and surface moisture: 

Balance 

Pycnometer, 500-milliliters 

Cone, water absorption 

Tamper, metal flat head 

Basket, wire sample 

F’ycnometer, 2 to 3 cubic feet 

Heat source-oven, hot plate 

Container, metal sample 

Spatula, metal. 

Procedure, Coarse Aggregate 

The bulk specific gravity of coarse aggregate 
in a saturated, surface-dry condition is determin- 
ed as follows: 

l Secure a representative sample weighing 
approximately 5,000 grams. 

l Dry the sample to a constant weight at 
110°C. 

l Cool the sample, immerse it in water and 
allow it to soak for 24 k 4 hours. 

l Remove the sample from the water and roll 
it in a large, absorbent cloth until visible films 
of water are removed. The surfaces of the par- 
ticles will still appear to be slightly damp. The 
larger fragments may be wiped individually. 
The aggregate sample is now in a saturated, 
surface-dry condition @SD). Weigh the sample 
in air and record the weight to the nearest 0.5 
gram. 

- 
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l Weigh the SSD sample and immediately 
place into the sample container and determine 
its weight in water at 23V. Shake the basket 
or container while it is immersed to remove any 
entrapped air. This weight is the immersed 
weight (or weight in water). 

0 
Figure 4-2. Water-absorption cone and 
tamping rod 

l Calculate the SSD bulk specific gravity as 
follows: 
Bulk specific gravity (saturated, surface-dry con- 

ditions) = --I!!- 
B-C 

where: 

B = weight in grams of SSD sample in air 

C = weight in grams of SSD sample in water 

Procedure, Fine Aggregate 

The test procedure for determining the bulk 
specific gravity of fine aggregate in a saturated, 
surface-dry condition is as follows. 

l Secure a representative sample weighing 
approximately 1,000 grams. 

l Dry the sample to a constant weight at 
lloOc. 

l Cool the sample, immerse it in water and 
allow it to soak for 24 f 4 hours. 

l Spread the sample, after soaking, on a flat 
nonabsorbent surface and stir it to obtain 
uniform drying. Continue drying the sample un- 
til it approaches a surface-dry condition. 

l Place the water-absorption cone (Figure 
4-2) large end down on a smooth surface and fill 
it loosely with the aggregate. Then tamp the sur- 
face of the aggregate lightly 25 times with the 
metal tamper. 

l Lift the cone vertically from the sand. If 
free moisture is present the cone of fine ag- 
gregate will retain its shape. 

l Continue the drying, accompanied by con- 
stant stirring. Repeat the cone tests at frequent 
intervals until the cone of fine aggregate slumps 
slightly upon removal of the cone. This will in- 
dicate the fine aggregate has reached a surface- 
dry condition. 

l Weigh exactly 500 grams of the saturated, 
surface-dry sample and introduce it into a par- 
tially water-filled 500-milliliter pycnometer. 
Agitate the sample to remove all entrapped air 
bubbles. Then adjust the water temperature to 
23% and fill the pycnometer to its callibrated 
capacity. Weigh the filled pycnometer and 
record the weight to the nearest 0.1 gram. 

l Calculate the SSD specific gravity as 
follows: 

Bulk specific gravity (saturated, surface-dry) 

500 

= B + 500-c 
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where: 

6 = weight in grams of pycnometer filled 
with water to calibrated capacity 

C = weight in grams of pycnometer filled 
with the sample and water to calibrated 
capacity. 

Procedure, Coarse and Fine Absorption 

The test procedure for determining the per- 
cent absorption of coarse and fine aggregates 
follows. 

Procedures are continuations of the specific 
gravity determinations. ’ 

l Weigh the coarse aggregate in water and 
the fine aggregate in the pycnometer. 

l Remove the aggregates and dry to a cons- 
tant weight at a temperature of 100° to 110°C. 

l Weigh and record the oven-dry samples. 

l Calculate the percent absorption using the 
following formula: 

Absorption P = B-A x 100 
_ 

where: 

P = 

A= 

A 

percent absorption of the aggregate 

weight in grams of saturated, surface- 
dry sample. 

l The percent absorption represents the 
moisture content (oven-dry basis) of the ag- 
gregate when the aggregate is in a SSD 
condition. 

Procedure One: Surface Moisture 

Surface moisture is the water which is pre- 
sent in both the fine and coarse aggregate, ex- 

- 

ceeding that which corresponds to a saturated, 
surface-dry condition. This water will become 
part of the mixing water when the aggregate is 
used in making concrete. The amounmt of mix- 
ing water used must be corrected to allow for its 
presence. See ASTM C 566 and ASTM C 70. 

The test procedure for determining the total 
moisture content and percent surface moisture 
of either tine or coarse aggregate is as follows: 

l Secure a sample of aggregate represen- 
tative of the moisture content and of known 
weight, 0.1 percent. 

l Dry the sample to a constant weight at a 
temperature of llO°C in a metal sample con- 
tainer. Take care to avoid loss of material dur- 
ing testing. The sample is thoroughly dry when 
further heating causes, or would cause, less than 
0.1 percent additional loss in weight. 

l Determine again the sample weight to the 
nearest 0.1 percent and record it. 

l Calculate the total moisture content as 
follows: 

P 
W-D 

= ---x100 
D 

where: 

P = total moisture content, percent 

W = weight in grams of original sample 

D = weight in grams of dried sample. 

The surface moisture is equal to the difference 
between the total moisture content and the 
absorption. 

Procedure Two: Surface Moisture 

An alternate determination of surface 
moisture in tine aggregate is obtained by 
displacement of water as follows: 
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l Secure a representative sample of fine ag- 
gregate of known weight, not less than 200 
grams. Larger samples will yield more accurate 
results. 

W, = weight in grams of sample 

Vd = weight in grams of sample divided by 

the sample bulk specific gravity. 

l Determine the weight of the pycnometer 
filled with water. 

TESTS FOR IMPURITIES 

l Introduce the sample into the half water- 
filled pycnometer and refill it with water to the 
calibration mark. Remove all entrained air. 

l Determine the weight of the pycnometer, 
sample, and water. 

l Calculate the weight of the water displac- 
ed by the sample using the following equation: 

The quality of the aggregate is an important 
consideration. The presence of organic material, 
excessive quantities of clay or silt, and shale or 
other water-absorbing particles can be detrimen- 
tal to the concrete strength, watertightness, and 
durability. Recommended permissible limits for 
deleterious substances in fine and coarse ag- 
gregates are given in Tables 4-3 and 4-4, page 
4-16. 

v, = w, + w, - w 
Table 4-3. Limits for deleterious substances 

in fine aggregate for concrete 

where: 
Maximum, 

percent 
by weight 

V, = weight in grams of displaced water 

W, = weight in grams of pycnometer filled 

with water 

W, = weight in grams of sample 

Item 

Clay lumps 

Material finer than No. 200 sieve: 
Concrete subject to abrasion 
All other concrete 

of total 
sample 

1.0 

3.0” 
5.0* 

W = weight in grams of pycnometer, sam- 
ple, and water 

Coal and lignite: 
Where surface appearance of 

concrete is of importance 0.5 

All other concrete 0.1 

l The surface moisture is calculated as 
follows: 

*In the case of manufactured sand, If the material finer than the 
No. 200 sieve consists of the dust of fracture, essentially free from clay 

or shale. these limits may be increased to 5 and 7 percent, respectively. 

P = vs-vd x100 
Ws - Vs 

where: 

P = percent of surface moisture 

Vs = weight in grams of displaced water 

TEST FOR MATERIAL FINER THAN 
75MICROMETERS (NO. 200) 

SIEVE (ASTM C 117) 

The presence of fine particles of soil and clay 
can affect the concrete in two ways. The added 
surface area of the fine particles picks up the 
cement paste and reduces the amount available 
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Class 
desig- 
nation 

1s Footings, foundations. columns 
and beams not exposed lo the 
weather, interior floor slabs to be 
given coverings. 

2D 

3s 

interior floors without coverings. 

Foundation walls above grade, 
retaining walls, abutments, piers, 
girders, and beams exposed lo 
the weather. 

4s Pavements, bridge decks, drive- 
ways and curbs,, walks, patios. 
garage floors, exposed floors 
and porches, or waterfront 
structures subject to frequent 
wetting. 

5s Exposed architectural concrete. 

1M Footings, foundations, columns, 
and beams not exposed to the 
weather, interior floor slabs to be 
given coverings. 

2M 
3M 

4M 

5M 

1N 

2N 

- 
Table 4-4. Limits for deleterious substances in coarse aggregate for concrete 

Type of location of concrete 
construction 

Interior floors without coverings. 
Foundation walls above grade, 
retaining walls, abutments. 
piers, girders, and beams 
exposed to the weathers. 
Pavements, bridge decks, 
driveways and curbs, walks, 
patios, garage floors, exposed 
floors and porches, or 
waterfront structures subject to 
frequent wetting ” 

Exposed archttectural 
concrete5. 

Slabs subject to traffic 
abrasion. bridge decks, floors, 
sidewalks, pavements5. 
All other classes of concretes. 

I I 
t 

Maximum allowable, percent 

Clay Chart Sum of clay Material Coal Abra- Magne- 
lumps (less lumps, fri- finer and sionl sium 

and than able parti- than lignite sulfate 
friable 2.40 cles and 75-m sound- 
>articles sp gr chart (less (No.200) ness 

SD)3 than 2.40 sieve (5- 
SD ar SSD13 cvclesl 2 

Severe weathering regions 
10.0 - - 1 .04 1 .Q 50 - 

5.0 - - 1.04 0.5 50 - 
5.0 5.0 7.0 1.04 0.5 50 18 

3.0 5.0 5.0 1.04 0.5 50 18 

2.0 3.0 3.0 
Moderate weathering regions 

10.0 - - 

1.04 0.5 50 18 

1.04 1.0 50 - 

5.0 - - 1.04 0.5 50 

5.0 8.0 10 0 1.04 0.5 50 18 

5.0 5.0 7.0 1.04 0.5 50 18 

3.0 3.0 5.0 1.04 0.5 50 18 

Negligible weathering regions 

50 - - 1 04 0.5 90 - 

10.0 - - 1.04 1.0 50 - 

1. Crushed air-cooled blast-furnace slag is excluded lrom the abrasion requlremenls The compact unit welght of crushed air-cooled blast- 
furnace slag shall be not less than 70 lb/h3 (1120 kgim3) The gradmg 01 slag used !n the unit weight test shall conform to the grading to be 
used in the concrete. Abrasion loss of gravel, crushed gravel. or crushed stone shall be determined on the test size or sizes most nearly 
corresponding to the grading or gradmgs to be used In the concrete When more than one grading is to be used, the limit on abrasion loss 
shall apply to each. 

*The allowable llmlts for soundness shall be 12 percent If sodturn sulfate IS used 

aThese IlmMions apply only lo aggregates !n which chert appears as an Impurity. They are not appltcable to gravels that are predominantly 
chert. Llmltatlons on soundness of such aggregates must be based on servy1ce records in the environment In which they are used. 
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Table 4-4. Limits for deleterious substances in coarse aggrega:e for concrete (continued) 

‘If the matertalfmer than 75.m(No. ZOO)s,ave ~sessanr~allyfreeof clay or shale, thlspercentage may be Increased by 1 5 Agraatar amount 

of material paswng the 75-m sieve may be permltted. prowdad the amount passmg the 75-m soeve m the fme aggregate 1s less than tha 

speclfled maxwnum. In such case, the sum of the amounts finer than the 75-m weva from the separate fine and coarse aggregate shall not 

exceed the sun? of the werghted rnax~mum amounts permlttad for the coarse plus flne aggregate. 

‘For constructton at altrtudes exceedrng 5,ooO feet above sea level, the requiratients of the Severe Weather Aeglon shall apply 

to bind and hold the aggregate. The small par- 
ticles also tend to float up to the surface when 
the concrete is finished (especially when wet 
mixes are used). This results in a surface covered 
by hairline cracks and a tendency for the fines 
to dust off when dry. 

Apparatus 

Two sieves, 75 micrometers and 1.18 
millimeters (No. 200 and No. 16) and a container 
large enough to hold the sample covered with 
water and permit vigorous agitation without 
loss of sample or water are required. 

Procedure 

l Oven-dry the sample at 110” F 5CC (230 D 
f 9OF), weigh it and record the weight. The 
sample, after drying, will conform to the 
following: 

Nominal Maximum Minimum Weight 
Size in Millimeters in Grams 

2.36 (No. 8) 100 
4.75 (No. 4) 500 
9.5 (318 inch) 1,000 

19.0 (3/4 inch) 2,500 
37.5 (1 l/2 inches) 5,000 

l Place the dry sample into the container 
and cover it with water. 

l Agitate the material vigorously to bring 
the tine portion into suspension. 

l Decant the water through the nest of 
sieves. Return all material retained on the nest 
of sieves to the sample container. 

l Repeat the operation until the water runs 
clear. 

l Oven-dry the sample at llO” f 5OC (230° 
f 9°F) to a constant weight. 

l Weigh the dry sample and record the 
weight. 

Calculation 

The amount of material passing a 
75micrometer (No. 200) sieve is as follows: 

A= 

where: 

A= 

B = 

c= 

B-C - x 100 
B 

material finer than 75 micrometers, 
percent 

original dry weight of sample, in grams 

washed dry weight of sample, in grams. 

TEST FOR CLAY LUMPS AND FRIABLE 
PARTICLES IN AGGREGATES 

(ASTM C 142) 

This test is performed on the material re- 
maining after determining the material finer 
than the 75-micrometer (No. 200) sieve. The 
cleaned material is oven-dried at llO” f 5OC 
(230° f 9OF), weighed, and separated into sam- 
ple sizes. For FA, a minimum 25gram sample 
of material coarser than the 1.18-millimeter (No. 
16) sieve is required. CA are separated into four 
size ranges as follows: 4.75 to 9.5 millimeters 
(No. 4 to 3/8 inch), 9.5 to 19.0 millimeters (318 
to 3/4 inch), 19.0 to 38.1 millimeters (3/4 to 1 11‘2 
inch), and 38.1 millimeters (1 112 inch). 
Minimum sample weights for these four size 
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ranges are 1,000,2,000, 3,000, and 5,000 grams 
respectively. The tests are performed as follows: 

Apparatus 

Use the apparatus for the fine-material test. 

Procedure 

Spread the sample in a thin layer on the bot- 
tom of a flat pan and cover it with distilled water 
for 24 f 4 hours. Roll and squeeze all particles 
between thumb and forefinger to attempt to 
break up the particles. Remove from the sample 
all the broken clay lumps and friable particles 
by wet sieving them over one of the following 
sieves: aggregate - 850 micrometers (No. 201, 
4.75 to 9.5 millimeters (No. 4 to 3/8 inch) - 2.36 
millimeters (No. 81, over 9.5 millimeters (3/8 
inch) - 4.75 millimeters No. 4). Remove the re- 
tained sample and dry to constant weight at 
llO” + 5OC! (230” f 9OF), weigh it, and record 
the weight. 

Calculations 

Calculate the percentage of clay lumps and 
friable particles as follows: 

P = 

where: 

P = 

w= 
R= 

W-R 
- x 100 

W 

amount of clay lumps and friable par- 
ticles, percent 

weight of test sample 
weight of retained sample after wet siev- 
ing and drying. 

TEST FOR LIGHTWEIGHT PIECES IN 
AGGREGATE (ASTM C 123) 

Soft, laminated pieces of aggregate such as 
low-density chert, shale, coal, lignite, and other 
low density particles are detrimental to concrete. 
Coal and lignite also are harmful and are 

distinguished from other lightweight materials 
by the brownish-black or black color of the par- 
ticles. Visual examination of the CA will often 
show these minerals. The amount of undesirable 
aggregate can be determined by immersing the 
aggregate in a heavy liquid with a specific gravi- 
ty between that of the predominant aggregate 
and that of the low density particles. The sink- 
float separation procedure for this test is as 
follows: 

The minimum sample size is: 

Maximum Size Minimum Sample 
in Millimeters Size in Grams 

6.35 200 
19.0 3,000 
38.1 5,000 
76.1 10,000 

Sink-float Separation Procedure 

l Sieve the dried sample over a 
297-micrometer (No. 50) sieve for FA, or a 
4.76-millimeter (No. 4) sieve for CA and weigh 
it. Then bring the aggregate to SSD condition. 

l Introduce the sample into the heavy liquid 
whose volume is, at a minimum, three times the 
volume of the sample. The specific gravity of 1 ,l, 
2,2 - tetrabromethane is 2.97. This, or any other 
liquid with this specific gravity, can be used. 

l Agitate the mixture to allow the 
lightweight pieces to float to the surface. 

l Skim off the lighter particles that are 
floating, being careful not to remove any other 
particles. 

l Repeat the operation until further agita- 
tion does not bring other particles to the surface. 

l Remove all the undesirable lightweight 
material, wash the sample in alcohol, dry it, and 
weigh the pieces. The difference between the 

- 
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final weight and the original dried weight (ex- 
pressed as a percentage of the total weight) 
represents the undesirable material in the 
aggregate. 

Calculations 

The percent of lightweight pieces in ag- 
gregate is calculated as follows: 

L = 
Wl 

~ x 100 
w2 

where: 

L = amount of lightweight pieces, percent 

WI = dry weight of lightweight pieces 

of organic matter which will give trouble in con- 
crete. It is possible that the organic matter can 
be removed by washing. If not, better sand 
should be obtained. If neither of these things can 
be done it is necessary to use a lower W/C ratio 
and control the concrete production carefully in 
order to obtain the desired strength. 

Apparatus 

The following items are required to conduct 
this test (Figure 4-3): 

Acid, tannic 

Alcohol, ethyl 

Bottle, prescription, 12 ounce, graduated 

Cylinder, 100 cubic centimeters (cc), 
graduated 

W2 = dry weight of initial sample retained on 
Plate, color 

297-micrometer sieve for fine ag- Sodium hydroxide, caustic soda. 

gregate or 4.76 millimeter sieve for CA. 

COLOR TEST FOR ORGANIC MATTER 

Any sand that gives a color darker than the 
standard of this test probably contains an excess 

Procedure 

Prepare a reference standard color solution 
by adding 2.5 mililiters of 2-percent solution of 
tannic acid in 10 percent alcohol to 97.5 

12-Ounce Prescription Bottle 

Poison 
Alcohol 

Sodium Hydroxide Tan& Acid Color Plate Graduated Cylinder 

Figure 4-3. Apparatus for color test on organic matter 
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milliliters of a 3-percent sodium hydroxide solu- 
tion. Make the three-percent sodium hydroxide 
solution by dissolving 1 ounce of sodium hydrox- 
ide in enough water to make 32 fluid ounces. 
Make the 2-percent tannic acid solution by add- 
ing 10 milliliters of 190 proof alcohol and 2 
grams of tannic acid powder to 90 milliliters of 
water. Pour this solution into a 12-ounce bottle. 
Stopper and shake it vigorously. Allow it to 
stand for 24 hours. 

l Obtain a representative sample of about 
500 grams of the material to be tested. 

l Fill a 12-ounce graduated bottle to the 
4-l/2 ounce mark with the sample to be tested. 
Add a 3-percent solution of sodium hydroxide in 
water until the volume of sand and water after 
shaking is 7 liquid ounces. Stopper the bottle 
and shake it vigorously. Allow it to stand for 24 
hours. 

l After the standard color solution and the 
test sample have been allowed to stand 24 hours 
compare the color of the referenced solution with 
the color of the clear liquid above the test 
sample. 

Evaluation of Results 

If the liquid above the sample is darker than 
the standard color solution, the sand may con- 
tain organic impurities which will reduce the 
strength of the concrete in which the sand is 
used. 

Alternate Test Procedure 

After the test sample has been prepared and 
the sample has been allowed to stand for 24 
hours, the color of the liquid above the sample 
may be compared with the colors given in the 
standard color plate. A decision may then be 
made as to whether the sand contains an ex- 
cessive amount of organic matter. 

TEST FOR SOUNDNESS 

Soundness is the property of aggregate to 
resist disintegration due to freezing and thaw- 
ing. Soundness involves many factors, such as 
porosity, pore structure, texture, and perme- 
ability. Freezing and thawing of aggregate in 
concrete probably provide the best measure for 
the soundness of aggregate. Soundness is also 
measured by means of a sulfate salt, sodium or 
magnesium, which simulates the volume 
pressure increase of freezing water. 

Procedure for Test for Soundness by 
Freezing and Thawing 

This procedure covers the determination of 
the aggregate to resist the influences of rapid 
freezing and thawing in concrete. 

l Check that the concrete containing the test 
aggregate will conform to the following material 
requirements and characteristics: 

Contain Type II cement in amounts ranging 
from 279 to 390 kilograms per cubic meter (470 
to 658 pounds per cubic yard) 

Air content of 6.0 + 0.5 percent 

Slump of 64 f 13 millimeters (2 l/2 f l/2 
inches) 

l Water-cement ratio of 0.49 by weight. 

l Fine aggregate grading will comply to the 
following: 

Sieve Percent Passing 
4.75 millimeters (No. 4) 100 
2.36 millimeters (No. 8) 85 f 3 
1.18 millimeters (No. 16) 65 f 5 
600 micrometers (No. 30) 45 f 5 
300 micrometers (No. 50) 21 * 5 
150 micrometers (No. 100) 7+2 

l Coarse aggregate grading shall comply to 
the following: 

- 
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Sieve Percent Passing 
19.0 millimeters (3/4 inch) 97-l 00 
12.5 millimeters (l/2 inch) 66 f 3 

9.5 millimeters (3/8 inch) 33 f 3 
4.75 millimeters (No. 4) o-3 

l Fabricate concrete (89 by 114 by 406 
millimeters, or 3-l/2 by 4-l/2 by 16 inches) test 
beams and cure in moist condition for 14 days. 
Fundamental transverse frequency will be de- 
termined on each Epecimen which are then 
placed in storage containers and inundated in 
water at 40° f 3OF (4O f 1.7%) for not less 
than one 1. 

l Place the specimen and container into the 
freezing and thawing apparatus and begin 
cycles. 

l Determine the fundamental frequency 
after cycles 1, 10, and at intervals not exceeding 
36 cycles until the value of dynamic E has 
decreased to 50 percent of the initial measure- 
ment, or for a total of 300 cycles. 

l When determing the fundamental fre- 
quency, remove the specimens (still in con- 
tainers) from the freeze-thaw apparatus during 
the thaw cycle and store it in a water bath at 
40° f 3 OF. When the specimen is removed from 
the container, note the appearance before and 
after washing. Then, determine the fundamen- 
tal frequency. Turn the specimen end-for-end 
when replacing the specimen back into its con- 
tainer and replace the container back into the 
freezing-thawing apparatus. 

l Should an interruption occur store the 
specimens in the freeze cycle until resumption 
of cycle is started. 

l Calculate the average relative dynamic 
modulus of elasticity (Rel E) as the arithmetic 
mean for a group of three specimens. The Rel 
E is calculated for individual specimens as 
follows: 

Rel E,, = 50 
J 

Y 

where: 

Y = number of cycles, greater than N, at 
which Rel E is to be calculated 

N = number of cycles at which Fiel E = 50. 

l The durability factor (DFE) based on 
relative dynamic modulus of elasticity is 
calculated as follows: 

DFE 

where: 

P = 

N= 

M= 

=!!!A_ 
M 

relative dynamic modulus of elasticity in 
percentage of dynamic modulus at zero 
cycles 

number of cycles at which P reaches the 
limiting value in percentage or the 
ultimate number of cycles of the test if 
P does not reach the limiting value prior 
to the ultimate cycle 

ultimate number of cycles of the test. 

Procedure for Test for Soundness Using 
Sodium or Magnesium Sulfates 
(ASTM C 88) 

The freezing-thawing evaluation of aggre- 
gates requires considerable equipment and 
occasionally has been replaced by another test 
that requires less time and equipment. This pro- 
cedure involves solutions of special salts in 
which the aggregate is immersed and saturated. 
The crystals of these salts are permitted to grow 
which creates a disruptive force similar to freez- 
ing water. The salts used are sodium sulfate and 
magnesium sulfate. The procedure is as follows: 
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l Secure a representative sample of ag- 
gregate. The sample will be separated into sizes 
not less than 100 grams. Each size will contain 
more than 5 percent of the total sample. The 
sample for each gradation size is given in Table 
4-5. 

l Immerse the sample fractions to a depth 
of l/2 inch in a saturated solution of sodium 
sulfate or magnesium sulfate for a period of 16 
to 18 hours at a temperature of 21 O + 1 OC (70° 
f 2OF). 

Weigh the material retained on each sieve 
and record the amount. The difference between 
this amount and the initial weight of each frac- 
tion is the loss. 

Express the loss of each fraction as a percent- 
age of the initial weight and express the sample 
as a percentage of the total weight. 

l Drain the sample for 15 + 5 minutes after 
the immersion period. Then oven-dry the 
aggregate at a temperature of 110 O + 5 “C (230° 
f 9OF) until constant weight has been achieved. 

l Allow the sample to cool to room 
temperature and repeat the cycle until the re- 
quired number of cycles is obtained (generally 
5 cycles are sufficient). 

l Wash the fractions following the final cy- 
cle until all the salt is removed. Add a small 
amount of barium chloride to the wash water. 
This will cause a precipitate to form if any salt 
is left. Continue washing until no precipitate is 
seen. 

l Dry the washed fractions to a constant 
weight at a temperature of llO” f 5OC (230” 
f 9OF). Then sieve each fraction on its 
designated sieve. For FA, sieve the fractions 
over the same size of sieve using same pro- 
cedure. For CA, sieve the fractions over the 
following sieves: 

Size of Aggregate 

21/2 (63 millimeters) to 11/2 inch 
(37.5 millimeters) 

1% to 314 inch (19.0 millimeters) 
3/4 to 3/* inch (9.5 millimeters) 
3/ inch to No. 4 (4.75 millimeters) 

- 

Sieve Used to Determine Loss 

1% inch (31.5 millimeters) 

5/8 inch (16.0 millimeters) 
S/16 inch (8.0 millimeters) 
No. 5 (4.0 millimeters) 
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Table 4-5. Minimum amounts of material for aggregate soundness test 

Fine aggregate 

Passing Retained Minimum amount 

600 millimeters (No. 30) 300 millimeters (No. 50) 100 grams 
1.18 millimeters (No. 16) 600 millimeters (No. 30) 100 grams 

2.36 millimeters (No. 8) 1.18 millimeters (No. 16) 100 grams 
4.75 millimeters (No. 4) 2.36 millimeters (No. 8) 100 grams 

9.5 millimeters (318 in) 4.75 millimeters (No. 4) 100 grams 

Size (Square-Opening Sieves) 
318 inch (9.5 millimeters) to No. 4 (4.75 millimeters) 
3/4 (19.0 millimeters) to 3/8 inch 

Consisting of: 
112 (12.5 millimeters) to 3/8-inch material 
314 to l/2-inch material 

l-1/2 (37.5 millimeters) to 3/4-inch 
Consistlng of: 

1 (25.0 millimeters) to 3/4-inch material 
l-112 to l-inch material 

2-l/2 (63 millimeters) to 1-l/2-inch 
Consisting of: 

2 (50 millimeters) to 1-l/2-inch material 
2-112 to 2-inch material 

Larger sizes by l-inch spread in sieve size, each fraction 

Weight, grams 
300 + 5 

1,000 * 10 

330 * 5 
670 + 10 

1,500 + 50 

500 f 30 
1,000 f 50 

3,000 f 300 

2,000 + 200 
3,000 * 300 

7,000 * 1,000 

Section III. IDENTIFICATION OF CEMENTS 

DISCUSSION 

The positive identification of cement, because 
of the very wide variety of related or similar ap- 
pearing materials, requires a complete chemical 
and physical analysis. The different types of 
cement have been discussed. Every effort should 
be made to, identify the unknown material 
directly by obtaining and translating all labels, 

tags, shipping documents, manufacturing 
sheets, and other papers which may contain 
applicable information. When this does not pro- 
duce results, the simple procedures outlined in 
the following paragraphs generally will supply 
enough information to permit a tentative, if not 
conclusive, identification. 

A complete chemical and physical analysis 
of the cement may be required to completely 
identify the cement and to determine whether 
the cement may be used in concrete. 

‘TESTS 

The following tests are made to determine 
whether the material is a cement, and then to 
attempt to identify its type. 

Hardening 

A small sample of the material is selected 
and mixed with enough water to make a plastic 
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paste of a consistency similar to that generally 
used in cement mortars. It is then molded into 
a pat about 3 inches in diameter and 314 inch 
thick. The paste should be observed several 
times an hour to determine whether or not the 
paste is setting (hardening). The cement has at- 
tained a final set when the surface is hard 
enough to be unmarked when a pencil point or 
fingernail is pressed against it with moderate 
force. If it sets within 1 to 10 hours, the material 
is probably a cement. 

Color 

If it has been fairly well established that the 
material in question is a cement, color may serve 
as a means of further classification. If the 
material is gray it is likely to be a portland ce- 
ment. If it is brownish gray it may be a natural 
cement. If it is black it is an aluminous cement. 
If it is white it probably is hydraulic lime, 
plaster, or possibly white portland cement. 

AIR-ENTRAINED CEMENT 

To determine whether or not a given 
material contains an air-entraining agent, a 

sample is placed in a glass cylinder to a depth 
of about 1 inch. Water is added to a depth of 
about 6 inches and the cylinder and its contents 
are shaken vigorously. If a considerable volume 
of stable, persistent foam forms on the surface, 
the cement probably contains an air-entraining 
agent. 

HIGH-EARLY STRENGTH CEMENT 

High-early strength cement (Type III), may 
be recognized by making a batch of concrete 
using the unknown cement in parallel with a 
similar batch which uses a known cement. Con- 
crete which contains high-early strength cement 
will usually harden in less time than concrete 
which contains regular portland cement. High- 
early strength cement concrete, if molded into 
standard concrete beams and tested after 3 
days for flexural strength, should have a 
modulus of rupture more than 150 pounds per 
square inch higher than similar specimens con- 
taining regular portland cement concrete. 

Section IV. PROPORTIONING OF MIXES 

DISCUSSION finishing conditions of the job and is specific in 

Cement, water, and FA and CA are the basic 
materials used in the production of concrete. 
Certain admixtures are used occasionally to 
meet special requirements. Design of a concrete 
mix consists of determining the correct amount 
of each material to provide a mixture of concrete 
having the necessary consistency or workability 
in the freshly-mixed condition and having the 
desired strength and durability characteristics 
in the hardened condition. The workability re- 
quired depends upon mixing, placing, and 

terms of the slump test. Strength requirements 
are specified by the engineer for the particular 
construction, and exposure conditions determine 
the correct W/C ratio to be used. Gradation of 
the FA and CA is the factor that controls the pro- 
portion of each in the total amount of aggregate. 
The maximum size of CA particles is limited by 
the dimensions of the structure being built. 

- 

CA size and workability requirements 
establish the amount of water needed, hence the 
W/C ratio fixes the required quantity of cement 
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in the mixture. Sometimes the minimum quan- 
tity of cement (the cement factor, in 94-pound 
bags per cubic yard of concrete) is specified. The 
care and intelligence used in proportioning these 
ingredients are evident in the finished product 
of poor or quality concrete. There are three 
methods of proportioning available to the 
military engineer; the book method, the trial 
batch method, and the absolute volume method. 

SELECTION OF MIXTURE 
CHARACTERISTICS 

The strength requirements of the concrete, 
the exposure conditions, and the kind and size 
of objects to be constructed must be known to 
design a mixture having the needed character- 
istics. Selection of the W/C ratio fixes, to a large 
extent, the determined quality of the hardened 
concrete. Total quantity of cement and water 
then is found from the workability require- 
ments. Finally, the aggregate proportions are 
determined. 

Water-cement Ratio 

Recommended values of W/C ratio for various 
strength and exposure requirements are given 
in Table 4-6 and 4-7, page 4-26, respectively. To 
attain the desired compressive strength of con- 
crete, the W/C ratio should not exceed the value 
shown in Table 4-6. The type of structure and 
degree of exposure also set maximum limits on 
W/C ratio as given in Table 4-7. The smaller 
ratio derived from these two tables governs the 
mixture design. 

Table 4-6. Compressive strength of concrete for various wafer-cement ratios 

Water-cement ratio, gal Probable compressive strength at 28 days, psi 

per bag of cement Non air-entrained concrete Air-entrained concrete 

4 6,000 4,800 

5 5,000 4,000 

6 4,000 3,200 

7 3,200 2,600 

8 2,500 2,000 

9 2,000 1,600 
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Table 4-2 Maximum permissible water-cement ratios for concrete in severe exposure 

Type of structures 

Thin sections such as 
reinforced piles and pipe. 

Bridge decks. 

Thin sections such as rarlings, 
curbs, sills, ledges ornamental 
or architectural concrete, and 
all sections with less than l-in. 
concrete cover over 
reinforcement. 

Moderate sections, such as 
retaining walls, abutments, 
piers, girders, beams. 

Exterior portions of heavy 
(mass) sections. 

Concrete deposited by tremie 
under water. 

Concrete slabs laid on the 
ground. 

Pavements. 

Concrete protected from the 
weather, interiors of buildings, 
concrete below ground. 

Concrete which will later be 
protected by enclosure or 
backfill but which may be 
exposed to freezing and 
thawing for several years befon 
such protection is offered. 

Severe wide range in temperature or 
frequent alternations of freezing and 
thawing (air-entrained concrete only) 

(gallons/sack) 

In 
air 

5.5 

5 

5.5 

6 

6.5 

- 

6 

5.5 

*** 

6 

Exposure conditions* 

At water line or within 
range of fluctuating 
water level or spray 

In 
fresh 
water 

5 

5 

- 

5.5 

5.5 

5 

- 

- 

- 

In sea water 
or in contact 

with sulfates** 

4.5 6 5.5 4.5 

4.5 5.5 5.5 5 

- 6 5.5 - 

- 

- 

Mild temperature rarely below 
freezing, or rainy, or arid 

In 
air 

*** 6 

*** 6 

- 

*** 

6 

*** 

*** 

5 

- 

- 

- 

- 

T 
(gallons/sack) 

At water line or within 
range of fluctuating 
water level or spray 

In In sea water 
fresh or in contact 
water with sulfates** 

5 

5 

5 

- 

- 

- 

This table was adapted from Recommended Practice for Selecting Proportions for Concrete (AC1 613-54). 

*Air-entrained concrete should be used under all conditions involving severe exposure and may be used under mild exposure conditions 
to improve workability of the mixture. 

**Soil or groundwater containing sulfate concentrations of more than 0.2 percent. For moderate sulfate resistance, the tricalcium aluminate 
content of the cement should be limited to 8 percent, and for high-sulfate resistance to 5 percent. At equal cement contents, air-entrained 
concrete is significantly more resistant to sulfate attack than nonair-entrained concrete 

***Wetercement ratfo should be selected on basis of strength and workability requcrements, but mimmum cement content should not be 
less than 470 lb per cubrc yard. 
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Consistency 

Workability or consistency of freshly-mixed 
concrete is measured by the slump test. Recom- 
mended slumps (in inches) for various types of 
construction are given in Table 4-8. The stiffness 
of the mixture is inversely proportional to 
slump. In absence of any other criteria, concrete 
should be placed as stiff as possible, yet main- 
tain a homogeneous, voidless mass. 

Water Content 

The amount of mixing water required for the 
desired slump depends upon maximum size of 
aggregate. Table 4-9, page 4-28, gives approx- 
imate water requirements in gallons per cubic 
yard of concrete for concrete mixtures made from 
different sizes of aggregate for ranges in slump. 

BOOK METHOD OF MIXTURE 
PROPORTIONING 

Concrete may be made with a wide variation 
in quality. The considerations which the propor- 
tioning must follow are given under the 
desirable properties of concrete. The selections 
of the correct W/C, ratio, the allowable slump, 
and the type and size of aggregate are all part 
of the design function. Tables have been derived 
for aggregates having properties within the 
specified limits for concrete of satisfactory 

quality. The design engineer will use the tables 
to establish the weights of materials to be used 
and the expected yield for a sack of cement 
batch. The mixture proportions determined are 
not always the most economical, however, and 
the trial batch method should be used to design 
the mixture when time is available and the size 
of the job is large enough to warrant the 
laboratory effort required. The mixture propor- 
tions developed by the book method may be 
modified if the desired workability is not obtain- 
ed. Such modifications, if needed, are made by 
changing the proportions of FA to CA or by 
changing the amount per cubic yard of cement- 
water paste. Do not change the W/C ratio in 
making these modifications. Details of selecting 
mixture characteristics and quantities of 
materials are given in the following paragraphs. 

Water-cement Ratio 

Select W/C ratio to 
posure conditions. Use 
W/C ratio values given 

meet strength and ex- 
the smaller of the two 
in Table 4-6, page 4-25, 

and Table 4-7. Concrete exposed to the weather 
in temperate climate or colder zones should con- 
tain 4.0 to 7.5 percent of entrained air. Deter- 
mine the maximum size of aggregate from 
dimensions of members or the limitations of 
available materials. For economy, use the max- 
imum size aggregate available. Determine by 

Table 4-8. Recommended slumps for various types of construction 

Slump, inches* 
Types of construction Maximum Minimum 

Reinforced foundation walls and footings 
Plain footings, caissons, and substructure 

walls 
Reinforced slabs, beams, and walls 
Building columns 
Pavements 
Heavy mass construction 
Bridge decks 
Sidewalks, driveways, and slabs on ground 

5 2 

*When high-frequency vibrators are used, the values may be decreased approximately one-third, in 
no case should the slump exceed 6 inches. 
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sieving or estimate the fineness modulus of the 
sand. Establish the required slump to meet job 
placement conditions. 

Slump 

Table 4- 10 gives suggested mixtures for 
air-entrained and nonair-entrained concrete, 
respectively, with a 3-inch to 4-inch slump. 
Using the W/C ratio and aggregate size required, 
select the appropriate weights of water and 
cement per cubic yard of concrete. Select the 
weights of FA and CA from the columns in the 
table that are appropriate for the fineness 
modulus of the sand. If the slump is to be dif- 
ferent from the 3-inch to 4-inch range of Table 
4-10, refer to the table footnote for corrections 
to the book quantities. 

Optimum Aggregate Gradation 

This depends upon the proportion of FA to 
CA. The volume of CA per unit volume of con- 

crete is given in Table 4-11, page 4-33, for four 
values of fineness modulus of FA. This table 
may be used to estimate mixture quantities 
when the range in Table 4-10 is exceeded. Deter- 
mine the W/C ratio (Tables 4-6, page 4-25 and 
4-7, page 4-26), water content (Tables 4-8, page 
4-27, and 4-9, and percent of entrained air to suit 
requirements. Find the cubic foot volume of CA 
per cubic yard from Table 4-11, page 4-33. 
Calculate absolute volumes in cubic feet, of 
water, cement, air, and CA per cubic yard. Ab- 
solute volume in cubic feet is the weight of the 
material divided by 62.4 (the weight of 1 cubic 
foot of water) and the specific gravity of the 
material. For aggregate, use saturated, surface- 
dry specific gravity. Subtract this total from 27 
cubic feet to get the absolute volume of FA and 
convert this to weight. 

Table 4-9. Approximate mixing water requirements for different slumps and 
maximum sizes of aggregates 

Water, gal per cu yd of concrete, for 

Slump, (stated in inches) indicated maximum sizes of aggregate stated in inches 

Yi ‘/2 % 1 1 1% I 2 I 3 I 6 

Nonair-entrained concrete 

1 to 2 42 40 37 36 33 31 29 25 

3 to 4 46 44 41 39 36 34 32 28 

5 to 6 49 46 43 41 38 36 34 30 

Approximate amount of entrapped air in 
nonair-entrained concrete, percent 3 2.5 2 1.5 1 0.5 0.3 0.2 

Air-entrained concrete 

1 to 2 37 36 33 31 29 27 25 22 

3 to 4 41 39 36 34 32 30 28 24 

5 to 6 43 41 38 36 34 32 30 26 

Recommended average total air 
content, percent 8 7 6 5 4.5 4 3.5 3 

Note: These quantities of mixing water are for use in computmg cement factors for trial batches. They are maximums for reasonably well- 
shaped angular coarse aggregates graded withm limits of accepted specifications. If more water is required than shown, the cement factor, 

estimated from these quantities. should be increased to maintain desired water-cement ratio. except as otherwIse Indicated by laboratory tests 
for strength. If less water is required than shown, the cement factor, estimated from these quantrtles. should not be decreased except as m- 

dicated by laboratory tests for strength. 
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Table 4-70. Trial mixtures for concrete of medium consistency 

Cement 
sacks per 
cu yd of 
concrete 

T fineness modulus = 2.50 

I------ 

9.1 
8.7 
8.0 
7.8 
7.1 

8.2 
7.8 
7.2 
6.8 
6.4 

7.5 
7.1 
6.5 
6.2 
5.8 

Water- Maximum Air Water 
cement size of content gal per 

ratlo aggregate (entrapped cu yd of Fine Fine Coarse 

gal per inches air) concrete aggregate aggregate aggregate 

sack percent percent lb per lb per 
of total cu yd of cu yd of 

aggregate concrete concrete 

4.5 1% 7.5 41 50 1250 1260 
‘/2 7.5 39 41 1060 1520 
% 6 36 35 970 1800 

1 6 34 32 900 1940 
1 ‘h 5 32 29 870 2110 

5.0 % 7.5 41 51 1330 1260 
‘I2 7.5 39 43 1140 1520 
=/4 6 36 37 1040 1800 

1 6 34 33 970 1940 
1% 5 32 31 930 2110 

5.5 Yi 7.5 41 52 1390 1260 
'h 7.5 39 44 1190 1520 
3%' 6 36 38 1090 1800 

1 6 34 34 1010 1940 
1% 5 32 32 970 2110 

6.0 7.5 41 53 1430 1260 
7.5 39 45 1230 1520 
6 36 38 1120 1800 
6 34 35 1040 1940 
5 32 32 1010 2110 

6.5 7.5 41 54 1460 1260 
7.5 39 45 1260 1520 
6 36 39 1150 1800 
6 34 36 1080 1940 
5 32 33 1040 2110 

7.0 7.5 41 54 1500 1260 
7.5 39 46 1300 1520 
6 36 40 1180 1800 
6 36 40 1180 1800 
5 32 33 1060 2110 

7.5 % 7.5 41 55 1530 1260 
‘/2 7.5 38 46 1339 1520 
7‘4 6 36 40 1210 1800 

1 6 34 37 1140 1940 
1% 5 32 34 1090 2110 

8.0 65 41 55 1560 1260 
7.5 39 47 1360 1520 
6 36 41 1240 1800 
6 34 37 1160 1940 
5 32 34 1110 2110 

Not.: Th8.s table 1s for concrete wth 3 to4 Inch slump Increase or decrease water per cubw yard by 3 percent for each mcreasdor decre8se 

of 1 Inch I” slump. then calculate quantmes by absolute volume method For msnutsctured tins aggregate. increase percentage of tms 

aggregate by 3 and water by 17 lb per cubx yard of co”crete For less workable concrete. as I” pweme”ts. decrease percentage of fme 

aggregate by 3 and water by 8 lb per cubic yard of concrete 4-29 

6.8 
6.5 
6.0 
5.7 
5.3 

6.3 
6.0 
5.5 
5.2 
4.9 

5.9 
5.6 
5.1 
5.1 
4.6 

5.5 

502 
4.8 
4.5 
4.3 

5,l 
4.9 
4.5 
4.3 
4.0 

Air-entrained concrete 

With fine sand - 
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Table 4- 10. Trial mixtures for concrete of medium consistency (continued) 

Air-entrained concrete (continued) - 

With average sand - 
fineness modulus = 2.75 T 

Fine 
aggregate 
percent 
of total 

aggregate 

53 
44 
35 
34 
32 

54 
46 
39 
36 
33 

55 
46 
40 
37 
34 

56 
47 
41 

37 
35 

56 
48 
41 
38 
36 

57 
49 
42 
38 
36 

57 
49 
43 
39 
37 

58 
50 
43 
40 
37 

4-30 

Fine 
aggregate 
lb per 

cu yd of 
concrete 

1320 
1130 
1040 
970 
950 

1400 
1210 
1110 

1040 
1010 

1460 
1260 
1160 
1080 
1050 

1500 
1300 
1190 
1110 
1090 

1530 
1330 
1220 
1150 
1120 

1570 
1370 
1250 
1170 
1140 

1600 
1400 
1280 
1210 
1170 

1630 
1430 
1310 
1230 
1190 

Coarse 
aggregate 
lb per 

cu yd of 
concrete 

1190 
1450 
1730 
1870 
2030 

1190 
1450 
1730 
1870 
2030 

1190 
1450 
1730 
1870 
2030 

1190 
1450 
1730 
1870 
2030 

1190 
1450 
1730 
1870 
2030 

1190 
1450 
1730 
1870 
2030 

1190 
1450 
1730 
1870 
2030 

1190 
1450 
1730 
1870 
2030 

Fine Fine 
aggregate aggregate 
percent lb per 
of total cu yd of 

aggregate concrete 

54 1360 
46 1180 
39 1090 
36 1010 
33 990 

56 1440 
47 1260 
41 1160 
37 1080 
35 1050 

57 1500 
48 1310 
42 1210 
38 1120 
35 1090 

57 1540 
49 1350 
42 1240 
39 1150 
36 1130 

58 1570 
50 1380 
43 1270 
39 1190 
37 1160 

58 1610 
50 1420 
44 1300 
40 1210 
37 1180 

59 1640 
51 1450 
44 1330 
41 1250 
38 1210 

59 1670 
51 1480 
44 1360 
41 1270 
38 1230 

Coarse 
aggregate 
lb per 

cu yd of 
concrete 

1150 
1400 
1680 
1830 
1990 

1150 
1400 
1630 
1830 
1990 

1150 
1400 
1680 
1830 
1990 

1150 
1400 
1680 
1830 
1990 

1150 
1400 
1680 
1830 
1990 

1150 
1400 
1680 
1830 
1990 

1150 
1400 
1680 
1830 
1990 

1150 
1400 
1680 
1830 
1990 

With coarse sand - 
fineness modulus = 2.90 
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Table 4- 10. Trial mixtures for concrete of medium consistency (continued) 

Nonair-entrained concrete 

With fine sand 
Maximum 

size of 
aggregate 

inches 

fineness modulus = 2.50 

Fine 
aggregate 

percent 
of total 

aggregate 

50 
42 
35 
32 
29 

Fine 
aggregate 

lb per 
cu yd of 
concrete 

Coarse 
aggregate 

lb per 
cu yd of 
concrete 

1240 1260 
1100 1520 
960 

t 

1800 
910 1940 
880 2110 

Air 
content 

(entrapped 
air) 

percent 

Water Cement 
gal per sacks per 

cu yd of cu yd of 
concrete concrete 

3/8 3 46 10.3 
l/2 2.5 44 9.6 
3/4 2 41 9.1 

1 1.5 39 8.7 
1% 1 36 8.0 

3/e 3 46 9.2 51 1330 

‘/id 2.5 44 8.8 44 1180 

3h 2 41 8.2 37 1040 
1 1.5 39 7.8 34 990 

1 l/z 1 36 7.2 31 960 

+ 
1260 
1520 
1800 
1940 
2110 

3/k 3 46 8.4 52 1390 

‘I2 2.5 44 8.0 45 1240 

3/4 2 41 7.5 38 1090 
1 1.5 39 7.1 35 1040 

1 l/z 1 36 6.5 32 1000 

1260 
1520 
1800 
1940 
2110 

3/i 3 46 7.7 53 1440 1260 
% 2.5 44 7.3 46 1290 1520 
3h 2 41 6.8 39 1130 1800 

1 1.5 39 6.5 36 1080 1940 
1% 1 36 6.0 33 1040 2110 

3/e 3 46 7.1 54 1480 1260 
‘ii 2.5 44 6.8 46 1320 1520 
3/4 2 41 6.3 39 1190 1800 

1 1.5 39 6.0 37 1120 1940 
1 'h 1 36 5.5 34 1070 2110 

3/E 
% 
3/4 

1 

1 'h 

3 
2.5 
2 
1.5 
1 

46 
44 

z: 
36 

6.6 55 1520 1260 
6.3 47 1360 1520 
5.9 40 1200 1800 
5.6 37 1150 1940 
5.1 34 1100 2110 

3/s 
‘h 
3/4 

1 

1 'I2 

3 46 6.1 55 1560 1260 
2.5 44 5.9 48 1400 1520 
2 41 5.5 41 1240 1800 
1.5 39 5.2 38 1190 1940 
1 36 4.8 35 1130 2110 

3/i 
‘h 
3/4 

1 

l'h 

3 46 5.7 56 1600 1260 
2.5 44 5.5 48 1440 1520 
2 41 5.1 42 1280 1800 
1.5 39 4.9 39 1220 1940 
1 36 4.5 35 1160 2110 

Water- 
cement 

ratio 
gal per 

sack 

4.5 

5.0 

5.5 

6.0 

6.5 

7.0 

7.5 

8.0 

Note: This table is for concrete with a 3 to 4 inch slump. Increase or decrease water oer cubic yard by 3 percent for each Increase or decrease 
of 1 inch in slump, then calculate quantities by absolute volume method. For manufactured fme aggregate, increase percentage of fine ag- 

gregate by 3 and water by 17 lb per cubic yard of concrete. For less workable concrete, as in pavements, decrease percentage of fine ag- 
gregate by 3 and water by 8 lb per cubic yard of concrete. 
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Table 4- IO. Trial mixtures for concrete of medium consistency (continued) 

Nonair-entrained concrete (continued), 

With average sand - 
fineness modulus = 2.75 

Fine Fine 
aggregate aggregate 

percent lb per 
of total cu yd of 

aggregate concrete 

c 
Coarse Fine Fine Coarse 

aggregate aggregate aggregate aggregate 
lb per percent lb per lb per 

cu yd of of total cu yd of cu yd of 
concrete aggregate concrete concrete 

52 1310 1190 54 1350 1150 
45 1170 1450 47 1220 1400 
37 1030 1730 39 1080 1680 
34 980 1870 36 1020 1830 
32 960 2030 33 1000 1990 

54 1400 1190 56 1440 1150 
46 1250 1450 48 1300 1400 
39 1110 1730 41 1160 1680 
36 1060 1870 38 1100 1830 
34 1040 2030 35 1080 1990 

55 1460 1190 57 1500 1150 
47 1310 1450 49 1360 1400 
40 1160 1730 42 1210 1680 
37 1110 1870 39 1150 1830 
35 1080 2030 36 1120 1990 

56 1510 1190 57 1550 1150 
48 1360 1450 50 1410 1400 
41 1200 1730 43 1250 1600 
38 1150 1870 39 1190 1830 
36 1120 2030 37 1160 1990 

56 1550 1190 58 1590 1150 

49 1390 1450 51 1440 1400 
42 1240 1730 43 1290 1680 
39 1190 1870 40 1230 1830 
36 1150 2030 37 1190 1990 

57 1590 1190 59 1630 1150 
50 1430 1450 51 1480 1400 
42 1270 1730 44 1320 1680 
39 1220 1870 41 1260 1830 
37 1180 2030 38 1220 1990 

57 1630 1190 59 1670 1150 
50 1470 1450 52 1520 1400 
43 1310 1730 45 1370 1600 
40 1260 1870 42 1300 1830 
37 1210 2030 39 1250 1990 

58 
51 
44 
41 

38 

4-32 

1670 1190 60 1710 1150 
1520 1450 53 1560 1400 
1350 1730 45 1400 1680 

1290 1870 42 1330 1830 

1250 2030 39 1280 1990 

T With coarse sand - 
fineness modulus = 2.90 
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Table 4- Il. Volume of coarse aggregate 
per cubic yard of concrete 

13.5 

15.9 

17.8 

19.2 

20.2 

21.1 

22.1 

Fineness modulus of fine aggregate 

Coarse aggregate, cu ft per cu yd* 

13.0 

15.4 

17.3 

18.6 

19.7 

20.5 

21.6 

*Volumes are based on aggregates rn dry-rodded condition. These volumes are selected 

from empirical relationships to produce concrete with a degree of workability suitable for 
usual reinforced construction. For less workable concrete such as required for concrete 
pavement construction, they may be increased about 10 percent. When placement IS to 

be by pump, they should be decreased about 10 percent. 

TRIAL BATCH METHOD OF MIXTURE 
PROPORTIONING 

The trial batch method is a simple field 
method which incorporates many of the best 
features of several other methods. It may be used 
under almost any circumstances. The trial batch 
method is capable of producing, with a minimum 
number of tests, a satisfactory mixture using the 
materials used in the project. Such trial mix- 
tures are relatively small batches made with 
laboratory precision to establish the proportions 
of materials that will produce a mixture of re- 
quired workability characteristics, density, and 
economy. The minimum cement content or W/C 
ratio, maximum size of aggregate, air content, 
and consistency (slump) are selected to meet job 
requirements, Then mixtures are made in which 
the aggregate proportions are adjusted through 
trial batches until the most economical propor- 
tions that provide a dense, workable mixture are 
found. The final quantities of materials for the 
field mixtures are calculated by using a ratio 
from the quantities used in the selected trial 
batch. 

Preparation of Aggregates 

Some of the physical characteristics of the 
aggregates to be used must be determined before 
a mixture design can be carried out. Tests will 
be conducted to provide the following necessary 
information: 

Gradation of FAs and CAs 

Bulk specific gravities and absorption of both 
FAs and CAs 

Surface moisture of both FAs and CAs. 

If time permits, soak the aggregates for 
several hours prior to use, allow them to dry to 
a saturated, surface-dry condition, and place 
them in covered containers to maintain this con- 
dition until use. Correction for surface moisture 
then will not be required. 

If the CA to be used contains particles larger 
than 314 inch, it should be separated into two 
or more fractions. For example, it may be divid- 
ed into the following sizes: No. 4 to 314 inch, 314 
to l-112 inches, l-1/2 to 3 inches. The two or more 
fractions are then recombined in the proportions 
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Sieve size 

1% 

1 in 

3/4 in 

1/Z in 

3/s in 

No. 4 

Pan 

-- -- 

-- 60.0 
-- 36.0 

34.0 4.0 

24.0 -- 

40.0 -- 

2.0 -- 

-- 

-- 

-- 

17.0 

12.0 

20.0 

1.0 

-- -- -- 

30.0 30.0 30.0 

18.0 18.0 48.0 

2.0 19.0 67.0 
-- 12.0 79.0 
-- 20.0 99.0 
-- 1.0 100.0 

100.0 

70.0 

52 0 

33.0 

21.0 

1.0 

Total 100.0 100.0 50.0 50.0 100.0 -- -- 

Table 4-12. Example of calculations for aggregate blending 

Separate sizes individual 
% retained 50% 50% Combined grading 50-50 Desired grading 

No. 4 to 
% in 

% to 
1’/2 in 

No. 4 to 
% in 

fJh to 
1% in 

individual 
% retained 

Cumulative % 

Retained Passed 

Individual 
% retained 

0.0 100.0 

28.4 71.6 

16.9 54.7 

20.1 34.6 

13.2 21.4 

21.4 0.0 
-- -- 

100.0 -- 

Cumulative 
% passed 
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Figure 4-4. Data sheet, concrete mixture design data 
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Mixing Pan 

Platform Scales 

/ \ 

Tamping Rod 

+4 

Trowel 

Figure 4-5. Apparatus for trial batch method of mixing port/and cement concrete 

necessary to produce the best possible gradation. 
Desirable CA gradings are given in Table 4-2, 
page 4-11. For example, assume that the CA to 
be used contains material from the No. 4 sieve 
to l-112 inches in size. It should be divided into 
two size ranges: No. 4 to 3/4 inch and 314 to l-1/2 
inches. The two fractions are then recombined 
in proportions which most nearly give the 
grading called for in Table 4-12, page 4-34. The 
results of the preliminary tests are entered in 
the appropriate spaces on DD Form 1220 (Con- 
crete Mixture Design Data), Figure 4-4, page 4-35. 

Apparatus 

The test procedures require the following 
equipment: 

Bucket, 14 quart 

Slump-cone molds 

Electric oven 

Concrete-mixing pan, 24 x 31 x 6 inches 

Steel tamping rod, 3/8-inch diameter by 
24-inches long 

Steel rule 

Scales, 300-pound capacity 

Kitchen scoop 

Square point shovel 

Brick trowels 

Wood float 

Graduates, 25 milliliters. 

- 
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Trial Batch Procedure 

The mix proportions are to be determined for 
concrete which will be used in a retaining wall 
that will be exposed to fresh water in a severe 
climate. A compressive strength of 3,000 psi at 
28 days is required. The minimum thickness of 
the wall is 8 inches, and 2 inches of concrete 
must cover the reinforcement. All trial mix data 
will be entered in the appropriate blanks on the 
trial mix data worksheet, Figure 4-6, page 4-40. 

l Select the W/C ratio, which must satisfy 
the requirements of strength, durability, and 
watertightness. Tables 4-6, page 4-25, and 4-7, 
page 4-26, list suggested W/C ratios. Since the 
W/C ratio is the most important factor, it must 
be held constant with the other variables used 
to control the other requirements. It is extreme- 
ly important to remember that a change in the 
W/C ratio will alter the characteristics of the 
hardened concrete. 

Water-cement Ratio. Item 4 (under type of 
structures) Table 4-13, page 4-38, indicates that 
a maximum W/C ratio of 5.5 gallons per sack 
will satisfy the exposure requirements. Using 
Type IA (air entrained) portland cement and a 
compressive strength of 3,450 psi (3,000 + 15 
percent), Figure 4-7 indicates that a maximum 
W/C ratio of approximately 5.75 gallons per sack 
will satisfy the strength requirements. To meet 
both specifications, a W/C ratio of 5.5 gallons per 
sack is selected. Since the maximum size of CA 
must not exceed one-fifth the minimum 
thickness of the wall, nor three-fourths of the 
clear space between reinforcement and the sur- 
faces, the maximum size of CA is chosen as l-112 
inches. Because of the severe exposure condi- 
tions, the concrete should contain entrained air. 
From Table 4-14, page 4-39, the recommended 
air content is 5 f 1 percent. Assuming that the 
concrete will be consolidated by vibration, Table 
4-15, page 4-39, indicates a recommended slump 
of from 2 to 4 inches. The trial batch proportions 
are now determined. 

One-tenth of a sack batch means 9.4 pounds 
of cement is recorded along with l/10 of W/C 
ratio (5.5 gallons x 8.33 pounds per gallon = 
45.82 = pounds of water divided by 10 = 4.58 
pounds of water for a l/10 sack batch). This is 
recorded as the initial weight of water. 

l Fine and coarse aggregates. Represen- 
tative samples of FAs and CAs are selected and 
weighed. This is recorded in column (2) of Figure 
4-4. All of the measured quantities of cement, 
water, and air-entraining admixture are used. 
FAs and CAs are then added until a workable 
mixture having the proper slump is produced. 
The unit weight is determined, specimens are 
made, and the air percent is checked. The weight 
of material actually used is recorded in column 
(4), Figure 4-6. The weights for a l-bag batch per 
cubic yard are calculated and recorded in 
columns (5) and (6) respectively. The cement 
factor (CF) in bags per cubic yard is calculated 
and recorded as indicated in Figure 4-6, page 
4-40. 

CF _ volume (27 cubic feet) 

(8.68 yield) 

The CF, multiplied by each amount entered 
in column 5 (weight for l-bag sack), equals the 
amount of each component to produce a cubic 
yard of concrete. Several trial batches may be 
designed to produce the best and most 
economical mix. 

l Slump test. The next step is to determine 
the workability or consistency desired. Con- 
sistency is measured by the slump test and is 
expressed in inches of slump. Slump (in inches) 
is inversely proportional to the stiffness of the 
mix. See Table 4-8, page 4-27, for recommended 
values of slump for different types of construc- 
tion. In the absence of any other criteria, con- 
crete should be placed as stiff as possible, yet 
maintain a homogeneous voidless mass. Revise 
the mix by adding aggregates, as needed, until 
satisfactory proportions are obtained. Weigh the 
remaining aggregates and subtract this weight 
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Table 4-13. AC/ recommended maximum permissible water-cement ratios for different 
types of structures and degrees of exposure 

Exposure conditions* 

Severe wide range in temperature or 
frequent alternatlons of freezing and 
thawing (ah-entralned concrete only) 

(gallons/sack) 

Mild temperature rarely below 
freezing, or ralny, or arid 

(gallons/sack) 

Type of structures 

Thin sections such as 
reinforced piles and pipe 

Bridge decks 

Thin sections such as railings, 
curbs, sills, ledges, ornamental 
or architectural concrete, and 
all sections with less than l-in 
concrete cover over 
reinforcement 

Moderate sections, such as 
retaining walls, abutments, 
piers, girders, beams 

Exterior portions of heavy 
(mass) sections 

Concrete deposrted by tremre 
under water 

Concrete slabs laid on the 
ground 

Pavements 

Concrete protected from the 
weather, interiors of buildings, 
concrete below ground 

Concrete which will later be 
protected by enclosure or 
backfill but which may be 
exposed to freezing and 
thawing for several years befor 
such protection is offered 

In 
alr 

5.5 

5 

5.5 

6 

6.5 

- 

6 

5.5 

t** 

6 

1 At water llne or within 
range of fluctuating 
water level or spray 

In In sea water 
fresh or In contact 
vater wlth sulfates** 

5 

5 

- 

5.5 

5.5 

5 

- 

- 

- 

- 

4.5 

4.5 

- 

In 
air 

6 5.5 4.5 

5.5 5.5 5 

6 5.5 

*** 6 

*** 6 

- 

*** 

6 

5 

- 

- 

- 

- - 

At water Ifne or within 
range of fluctuating 
water level or spray 

In In sea water 
fresh or in contact 
water with sulfates** 

- 

This table was adapted from Recommended Practice for Selectmg Proportrons for Concrete (AC1 613-54) 

*Air-entrained concrete should be used under all conditions involving severe exposure and may be used under mild exposure conditions 
to Improve workability of the mixture. 

**Soil or groundwater containing sulfate concentrations of more than 0.2 percent. For moderate sulfate resistance, the tricalcium aluminate 
content of the cement should be limited to 6 percent, and for high-sulfate resistance to 5 percent. At equal cement contents, air-entrained 
concrete is significantly more resistant to sulfate attack than non air-entrained concrete. 

***Water-cement ratio should be selected on basis of strength and workability requirements, but minimum cement content should not be less 
than 470 lb per cubic yard. 
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Table 4-14. Approximate mixing water requirements for different slumps 

and maximum sizes of aggregates 

Maximum size of 
aggregate, Inches 

3/e 7.5 37 

‘h 7.5 36 

3/4 6.0 33 

1 6.0 31 

1% 5.0 29 

2 5.0 27 

3 4.0 25 

6 3.0 22 

Air-entrained concrete 

Recommended 
average total 
air content, 

percent* i 

Slump, inches 

1 to 2 3 to 4 5 to 6 

Water 
Oi 

$al per cu. yd. 
oncrete** 

Nonair-entrained concrete 

Approximatr 
amount of 

entrapped air, 
percent* 

Slump, inches 

1 to 2 3 to 4 5 to 6 

Water, gal per cu yd 
of concrete** 

3.0 42 46 49 

2.5 40 44 46 

2.0 37 41 43 

1.5 36 39 41 

1.0 33 36 38 

0.5 31 34 36 

0.3 29 32 34 

0.2 25 28 30 

This table was adapted from Recommended Practice for Selecting Proportlons for Concrete (Act 613-54) 

*Plus or minus 1 percent. 

**These quantities of mixing water are for use in computing cement factors for trial batches. They are maximums for reasonably well-shaped 
angular coarse aggregates graded within limits of accepted specifications. 

Table 4-15. Recommended slumps for various types of 
construction* 

Type ot construction 

Reinforced foundation walls and footings 

Unreinforced footings, caissons, and 
substructure walls 

Reinforced slabs, beams, and walls 

Building columns 

Pavements 

Heavy mass construction 

Bridge decks 

Sidewalk, driveway, and slabs on ground 

T Slump, inches 

Maximum Minimum 

*When high-frequency vibrators are used, the values may be decreased approximately one- 
third. but in no case should the slump exceed 6 inches 
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1. 

2. 

3. 

4. 

5. 

6. 

7. 

CONCRETE 
TRIAL MIX DATA 

PROJECT NO: LL-50 

STRUCTURE: RETA’N’NG WALC 

EXPOSURE CONDITION: 
Severe or Moderate XX Mild _____ 

In Air 
In Fresh Water X 
In Sea Water 

TYPE OF STRUCTURE (A-l): D_ 

MAX W/C FOR EXPOSURE: -z__ gal/sack 

MAX W/C FOR WATERTIGHTNESS 5.5 ~_ gal/sack 

TYPE OF CEMENT 1A 

FINENESS MODULUS OF SAND 2.75 

SPECIFIC GRAVITY: 

Sand 2.66 

Gravel .2.65-~ 

8. MAXIMUM SIZE AGGREGATE: 1% n 

9. AIR CONTENT -% 5 2 1% 

10. DESIRED SLUMP RANGE 

MAX. 4 in MIN. 2 In 

11. STRENGTH REQUIREMENT: 3.45 psi 

W/C FOR STRENGTH: 5.75 gall bag 

USE W/C ~-5s gal/sack 

DATA FOR TRIAL BATCH 

(Saturated, surface-dry aggregates) 

(1) 
Material 

(2) 
Initial 

Wt (lb) 

(3) (4) (5) j (6) (7) 
Final Wt Used Remarks 

Wt (lb) (lb) 
Wt for 1 Wt per 

l.bag Batch i cu yd 

Cement 9.4 0 94 I 94 0 Ibs 292.34 Cement Factor 3.11 baglcu = yd 

Water 4.58 0 4.58 , 45.8 Ibs 142.44 47.74 galicu yd 

Flne Agg 66.0 29.0 37.0 ~ 370 Ibs 1150.7 88.9% of total aggregate 

Coarse Agg 89.0 j 15.0 74.0 740 Ibs 2301.4 ’ 
I 

Air-Entraining 
1 

Admixture .30 02 , TOTAL(T) = 1249.3 3886.9 

MeasuredSlump: 3 in Air Content 5.4 OjO Workability: _ Gccd ____ 

Wt Container concrete (lb) 42.60 

Wt Container (lb ) 6.60 

Unit Wt of concrete = w = .t 

Wt Concrete = A (lb ) 36.00 A= 366 = 144.0 lblcu ft 
Vol Container = 8 (cu ft ) .25 i? .25 

Yield = T = 1249.8 
Vi 

= 8.68 cu 11 /bag 
144 

Cement Factor = -_z_ = 3.1 I 
(Capactity) 8.68 

(Yield) 

Figure 4-6. Worksheet for concrete trial mix data 
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s 0 
5 6 7 

d 

0 
5 6 7 

5 6 7 5 6 7 

WATER U.S. GAL. PER SACK OF CEMENT 

5 6 7 5 6 7 

0 
5 6 7 

0 
5 6 7 

Figure 4-7. Age-compressive strength relationships for Types I and III air-entrained portland cement 
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from the original weight to obtain the amounts 
used for each aggregate. Record all weights of 
materials on the trial mixture data form. 

l Air-entraining admixture. If an air- 
entraining agent is to be used in the concrete, 
the proper amount of this material is obtained 
and placed in a suitable container. The amount 
of admixture required varies considerably, 
depending upon the type used. If neutralized vin- 
sol resin is used, approximately 0.05 percent by 
weight of the cement will be required. This is 
20 milliliters per sack of cement. 

l Trial batch mixing. Trial batches may be 
as large as the size of the mixer, but smaller 
quantities are more convenient (l/10-sack 
batches may be used). If the W/C ratio is 5 
gallons per sack, then 0.5 gallons of water and 
l/l0 sack of cement (9.4 pounds) would be used. 
The cement and water are mixed to form a paste. 
Sand and gravel are then mixed with the paste 
until the desired consistency is obtained. Both 
the FA and CA should be in a saturated surface- 
dry condition. The weights of the sand and 
gravel used in the batch are obtained by 
weighing each container filled with aggregate 
before the trial batch is run and by weighing the 
container with the remainder of the aggregate 
after the run. The difference in weight is the 
weight of the aggregate used in the trial batch. 
Consistency of the trial batch is tested with the 
slump test. When the weights for the sand, 
gravel, and water required for l/l0 sack of 
cement have been determined, the weight of 
each ingredient required for one sack is obtain- 
ed by multiplying by 10. 

l Adjustments. Usually a single trial batch 
does not supply enough information, since it is 
almost certain to be either oversanded or too 
harsh, or it mis .zs the desired slump or air con- 
tent. After calculating the results of the first 
batch, make additional batches using different 
weights of material obtained by adjusting the 
quantities used in the initial batch. Mix each 

batch according to the procedure previously 
described. Make adjustments in the mixture un- 
til the best possible mixture is obtained. 

Calculations 

Determine the yield after determining the 
unit weight. The ingredients used for the one- 
sack batch must be converted to pounds and 
totalled. The total weight of a one-sack batch is 
then divided by the unit weight of the fresh con- 
crete, to equal the volume in cubic feet that a 
one-sack batch will produce. 

To determine the quantity of each ingredient 
necessary to batch a mixer or to estimate the 
total amount of each material required, the CF 
must be established. The CF is obtained by 
dividing the capacity of the mixer or job (volume) 
in cubic feet by the yield in cubic feet. For 
example, to determine the amount of each in- 
gredient required to batch a 16s mixer, the CF 
equals the capacity of the mixer divided by the 
yield. Capacity of the 16s mixer is 16 cubic feet 
with no overload. Yield is assumed to be 4 cubic 
feet. 

CF = volume (mixer capacity) 
yield (in cubic feet) 

CF = 16 = 4 

4 

With this method, total requirements for 
cement, water, sand, and gravel for any project 
can be obtained by multiplying the appropriate 
cement factor by one-sack batch quantities. The 
CF for a cubic yard batch of concrete would be 
as follows. 

CF = volume (27 cubic feet per cubic yard) 

yield (in cubic feet) 
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ABSOLUTE VOLUME METHOD OF 
MIXTURE PROPORTIONS 

Concrete mixtures may be proportioned by 
using absolute volumes. This method is detailed 
in the American Concrete Institute fAC1) 
Report, Recommended Practice for Selecting 
Proportions for Concrete (AC1 61354). 

Preparation 

The W/C ratio, slump, air content, and max- 
imum size of aggregate are selected. In addition, 
the water requirement is estimated from Table 
4-9, page 4-41. Certain additional items must be 
known before calculations can be made. These 
are the specific gravities of FAs and CAs and the 
dry-rodded unit weight of CA. If the maximum 
size of aggregate is known, the volume of dry- 
rodded CA per cubic yard can be estimated from 
Table 4-11, page 4-33. Then the quantities per 
cubic yard of water, cement, CA, and air can be 
calculated. The sum of the absolute volumes of 
these materials in cubic feet is then subtracted 
from 27 to give the specific volume of FA. 

The flexibility of the absolute volume method 
lends itself to the many distinct characteristics 
of each project. The cubic yard is a standard 
measure for most concrete construction projects. 
The purpose of the absolute volume method of 
mix proportioning is to determine, as closely as 
possible, the amount of cement, water, sand, 
gravel, and air required to completely fill a one 
cubic yard container with quality concrete. 

Example Using Absolute Volume Method 

The mix proportions are to be determined for 
the following conditions: 

Maximum W/C ratio 

Maximum size of 
aggregate 

Air content 

Slump 

5.5 gallons per 
sack 

314 inch 

6 + 1 percent 

2 to 3 inches 

Fineness modulus of FA 2.75 

Specific gravity of portland 
cement 3.15 

Specific gravity of FA 2.66 

Specific gravity of CA 2.61 

Dry-rodded unit weight of CA104 pounds per 
cubic foot 

The water requirement is estimated at about 
34 gallons per cubic yard (from Table 4-9, page 
4-28). Since the maximum W/C ratio is 5.5 
gallons per sack, the cement factor must be at 
least 6.2 sacks per cubic yard. The volume of dry- 
rodded CA is estimated to be 16.9 cubic feet per 
cubic yard from Table 4-11, page 4-33. Thus the 
weight of CA is 16.9 x 104 = 1,758 pounds. The 
absolute volumes of these quantities of 
materials is calculated using the following 
formula. 

absolute volume = 

weiaht of material 

specific gravity x unit weight of water 

The unit weight of water is 62.4 pounds per 
cubic foot, and water weighs approximately 8.33 
pounds per gallon. Thus the absolute volumes 
are: 

Cement 

6.2 x 94 = 2.97 cubic feet 
3.15 x 62.4 

Water 

34 x 8.33 = 4.54 cubic feet 
1 x 62.4 

Coarse aggregate 

1,758 = 10.80 cubic feet 
2.61 x 62.4 
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Air 

0.06 x 27 = 1.62 cubic feet 

Total Absolute Volumes = 19.93 cubic feet 

The absolute volume of the fine aggregate is: 

27.00 - 19.93 + 7.07 cubic feet 

and its weight is: 

7.07 x 2.66 x 62.4 = 1,174 pounds 

These estimated quantities should be used for 
the first trial batch. Subsequent batches should 
be adjusted by maintaining the W/C. ratio cons- 
tant and achieving the desired slump and air 
content. 

TESTS OF FRESH CONCRETE 

After the concrete is first mixed, several tests 
are used to determine its quality. 

Slump Test 

When the mixture appears to have reached 
the desired consistency, a slump test should be 
made. This method of testing covers the pro- 
cedure to be used in the laboratory and in the 
field for determining consistency of concrete. It 
is not an exact method, but it gives sufficiently 
accurate results. This test is not applicable when 
there is a considerable amount of aggregate over 
2 inches in the concrete. 

l Preparation. Samples of concrete for test 
specimens will be taken at the mixer or, in the 
case of ready-mixed concrete, from the trans- 
portation vehicle during discharge. The sample 
of concrete from which test specimens are made 
will be representative of the entire batch. Two 
or more samples will be obtained by repeatedly 
passing a scoop or pail through the dis- 
charging stream of concrete from the middle 
portion of the batch. The samples thus obtained 
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will be transported to the testing site. To 
counteract segregation, the concrete will be mixed 
with a shovel until the concrete is uniform 
in appearance. The location in the work of the 
batch of concrete thus sampled will be noted for 
future reference. In the case of paving concrete, 
samples may be taken from the batch im- 
mediately after depositing on the subgrade. At 
least five samples will be taken from different 
portions of the pile, and these samples will be 
thoroughly mixed to form the test specimen. 

l Apparatus. The following apparatus is re- 
quired and is available in the mobile laboratory. 

A mold of No. 16 gage galvanized metal in 
the form of the lateral surface of the frustum of 
a cone with the base 8 inches in diameter, the 
top 4 inches in diameter, and 12 inches in 
height. The base and the top are open and 
parallel to each other and at right angles to the 
axis of the cone (Figure 4-8). 

Tamping rod 518 inch in diameter and 24 in- 
ches long having one end rounded. 

l Procedure. The mold will be dampened 
and placed on a flat, moist nonabsorbent surface. 
From the sample of concrete obtained the mold 
will immediately be filled in three layers, each 
approximately one-third the volume of the mold. 
In placing each scoopful of concrete, the scoop 
will be moved around the top edge of the mold 
as the concrete slides from it to ensure sym- 
metrical distribution of concrete within the 
mold. 

Each layer will be rodded with 25 strokes of 
the rounded end of the 5/8-inch round rod. The 
strokes will be distributed uniformly over the 
cross section of the mold and will penetrate in- 
to the underlying layer. The bottom layer will 
be rodded throughout its depth. After the top 
layer has been rodded, the surface of the con- 
crete will be struck off with a trowel so that the 
mold is exactly filled. The mold will be removed 
at a rate of 5 i 2 seconds for the height of 
the mold from the concrete by raising it carefully 



Figure 4-8. Measuring slump of fresh concrete 

in a vertical direction. The slump will then be 
measured immediately by determining the dif- 
ference between the height of the mold and the 
height at the vertical axis of the concrete. 

l Slump. The consistency will be recorded 
in terms of inches of subsidence of the specimen 
during the test, which shall be known as the 
slump. 

Slump = 12 inches - height of specimen 
after subsidence 

l Supplementary test procedure. After the 
slump measurement is completed, the side of the 
specimen frustrum should be tapped gently with 
the tamping rod. The behavior of the concrete 
under this treatment is a valuable indication of 
the cohesiveness, workability, and placeability 
of the mix. A well-proportioned, workable mix- 
ture will gradually slump to lower elevations 
and retain its original identity. A poor mix will 
crumble, segregate, and fall apart. 

Air-Content Testing 

An air-entraining admixture is added to the con- 
crete mix so that enough air will be entrained 
to improve workability and durability of the 
mixture, but not enough to substantially reduce 
the strength. Air-entrained cements may also be 
available for use in some military situations. 
The desired amount of air is generally from 4.0 
to 7.5 percent of the total mix. 

l Apparatus. The basic equipment for 
determining the percentage of entrained air is 
the pressure-type indicator. Typical test 
apparatus is shown in Figure 4-9, page 4-46. 
Before the air content of a concrete mixture can 
be determined, it is necessary that the 
entrained-air indicator is calibrated accurately, 
and that the correction factor for the aggregate 
contained in the concrete is determined. 

l Procedure. The measuring bowl of the 
apparatus is filled with three equal layers of the 
concrete to be tested. Each layer is consolidated 
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by 25 strokes of the rodding tool and evenly 
distributed over the surface of the layer. After 
each layer is rodded, the sides of the bowl are 
tapped sharply 10 to 15 times with the mallet 
until the holes left by the rodding are leveled 
and no large bubbles of air appear on the sur- 
face of the layer. While rodding the first layer, 
care should be taken not to strike the bottom of 
the measuring bowl too hard. The second and 
third layers should be rodded with only enough 
force for the rod to penetrate the surface of the 
previous layer. The bowl should be overfilled by 
the third layer. After rodding, the excess con- 
crete should be removed by sliding the strike- 

off bar across the top flange with a sawing mo- 
tion until the concrete is just level with the top 
of the bowl. 

The remainder of the test will depend on the 
type of meter furnished. The detailed procedure 
is outlined in the instruction book furnished 
with each meter. 

The calculations for determining the 
entrained-air content are given in the instruc- 
tion book furnished with the air meter. 

Unit Weight 

A cylindrical metal measure of either l/10, 
l/5, or l/2-cubic foot capacity is filled with the 
fresh concrete and rodded in three layers as 
described for the air content test. After each 
layer is rodded, the sides of the container are 
tapped 10 to 15 times with the rod to remove any 
air pockets. The containers are rodded 25 times 
per layer. After filling and consolidating, the top 
surface is struck off with a heavy, flat metal 
cover plate to ensure that the measure is level 
full. All excess concrete is cleaned from the sur- 
face of the container and weighed. The tare 
weight of the clean, dry container is measured. 
The measure is calibrated if necessary to deter- 
mine its volume by accurately filling it with 
water, weighing it, and dividing by the unit 
weight of water as shown in Table 4-13, page 
4-38, to get the volume of container. 

CALCULATIONS 

The volume of concrete produced per sack of 
cement is called the yield. Yield for concrete 
made without an air-entraining agent is com- 
puted by assuming that the ingredients form a 
solid mass with no voids present. From the 
standpoint of economy the yield should be as 
high as possible, consistent with other desired 
properties of the concrete mixture. The yield is 
also useful in estimating the quantity of each 
material required to produce a given amount of 
concrete. 

- 

Figure 4-9. Apparatus for air-content test 
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Correct the actual weights used in the trial 
mix for free surface moisture if present in the 
aggregates. Record corrected values @SD 
weights). Multiply the weights of materials used 
by 100 and divide by the weight of the cement 
used to get the weights for the trial batch. 
Calculate the yield for a batch by dividing the 
total weight of a material by the unit weight of 
concrete. The CF is the number of bags of 
cement required for a cubic yard of concrete. It 
is calculated by dividing the yield per sack into 
27 (cubic feet per cubic yard). Find the weights 
of all materials needed for a cubic yard by 
multiplying the weights for the trial batch by 
the CF. The FA expressed in percent by weight 
of total aggregate is found as follows: 

The CF will’vary with the W/C ratio and the 
maximum size and particle shape of the CA 
used. The CF might be as high as 9.0 hun- 
dredweight (cwt) per cubic yard with pea-gravel 
concrete and as low as 5.0 or 5.5 cwt per cubic 
yard with angular, 1%inch stone, both having 
a W/C ratio of 0.53. CFs for structural and pav- 
ing concrete containing 1%inch aggregate and 
a W/C ratio of 0.49 gallons per bag might vary 
between 5.5 and 7.0 cwt of cement per cubic 
yard. 

weight of fine aggregate 

weight of fine aggregate + weight of coarse aggregate 
(100) 

Section V. FLEXURAL STRENGTH TEST 

(MODULUS OF RUPTURE) 

DISCUSSION 

The purpose of the test described in this sec- 
tion is to determine the flexural strength of con- 
crete. A determination of the flexural strength 
is frequently necessary as a part of the design 
of concrete mixtures to check compliance with 
established specifications or to provide informa- 
tion necessary to the design of an engineering 
structure. 

TEST BEAMS 

Beam forms for casting test beams from fresh 
concrete are available in many sizes (usually 6 
x 6 inches). Although equipment for obtaining 
sawed specimens may not be available, the test 
may be performed upon beams sawed from exist- 
ing concrete structures for evaluation purposes. 

Apparatus 

The equipment furnished may include a 
tester designed to obtain an index of the flexural 
strength. Equipment which is necessary to per- 
form this test, aside from the loading frame is: 

Concrete beam tester, third-point loading 

Wire brush 

Wood float 

Collapsible mold, for 6.x 6 x 21-inch beams 

Mixing pan, 24 x 24 x 3 inches 

Proving ring, complete with gage and ring 
clamps, lO,OOO-pound capacity 

Tamping rod 

Square-point shovel 

Steel straightedge 

Brick trowel. 
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Figure 4-70. Flexural strength testing assembly for 6 x 6 x Zl-inch concrete beam ready for testing 

The flexural strength testing assembly is 
shown in Figure 4-10. An alternate testing 
assembly can be made from the loading frame 
and certain attachments provided with the CBR 
test set, the breaker (third-point loading), and 
the lO,OOO-pound capacity proving ring. This 
assembly is shown in Figure 4-11 (alternate 
testing assembly). 

Procedure, Formation of Beams 

The concrete from which the test beams are 
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to be made is mixed in accordance with the pro- 
cedure described, except that three M-bag 
batches are required. This will produce approx- 
imately 3 cubic feet of concrete. After the con- 
crete has been mixed, the slump test is conducted 
in accordance with the procedure described. 
The air content is determined by the pro- 
cedure. If the slump and air content are within 
the desired limits, the concrete used to conduct 
these tests is returned to the mixing pan. The 
entire batch is remixed enough to produce a 
homogeneous mass. Flexure test beams are used 
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Figure 4-l 1. Alternate testing assembly using 
CBR test equipment 

to check the quality of concrete being produced 
in the field, particularly in constructing 
pavements. When the concrete has cured to pro- 
duce an adequate beam strength, traffic may use 
the pavement. Concrete is sampled from the pro- 
duction batches as required. Beams are molded, 
cured, and tested as described in the following 
procedures. 

Forming beams. A standard 6 x 6-inch 
concrete-beam mold is assembled, and the inside 
of the mold is lightly oiled. The mold is filled 
with two layers of concrete, each approximately 

3 inches in depth. Each layer is consolidated by 
rodding, using one stroke per 2 square inches 
evenly distributed over the surface of the layer. 
Tap the sides lightly to close the voids left by 
rodding. A light spading of the concrete along 
the sides of the mold with a trowel helps in the 
removal of surface voids. The top surface is 
struck off with a straightedge and finished with 
a wood or magnesium float. 

l Number of specimens. At least five 
specimens are made for each mixture design be- 
ing evaluated. Two of the beams are broken at 
7 days. This will permit an early evaluation of 
the mix design. The remaining three beams are 
broken at 28 days. Additional specimens may be 
made for future testing. Specimens containing 
standard portland cement generally will develop 
about 80 percent of their 28-day strength dur- 
ing the first 7 days of curing. 

l Curing. A suitable identifying label is 
placed on the finished surface of the specimens 
and the entire specimen, still in the mold, is 
covered with a double thickness of wet burlap. 
A range of 60° to 80°F (16“ to 27OC) with 73.4O 
+ 3OF (23O f 1.7 “Cl is the most satisfactory 
curing temperature for concrete. Therefore, an 
effort should be made to store the test specimens 
at approximately that temperature. The 
specimens are removed from the molds after 24 
hours of curing. The beams are stored under a 
double thickness of wet burlap so that they will 
be kept continuously wet until they are tested. 

Procedure, Testing of Beams 

The loading device is assembled as shown 
in Figure 4-10. The test beam is turned so 
that the finished surface is to the side and 
centered in the loading assembly. The testing ap- 
paratus is operated until the loading blocks are 
brought into contact with the upper surface of the 
beam. Care should be taken to secure full con- 
tact between the loading (and supporting) sur- 
faces and the beam. If the surface of the specimen 
is so rough that full contact is not secured, the 
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Figure 4-12. Beam broken by third-point loading 

specimen should be ground to secure full contact. 
Load may be applied at a rate so that the in- 
crease in extreme fiber stress in the beam is be- 
tween 125 and 175 pounds per square inch per 
minute. The extreme fiber stress corresponding 
to any load may be estimated from the equation 
to be given. Readings are obtained on the prov- 
ing ring dial and are converted to corresponding 
total loads in pounds by application of the prov- 
ing ring constant. Aside from controlling the 
rate of application of the load, the only reading 
necessary is that which corresponds to the max- 

imum load applied to the test beam. After the 
specimen has been broken (Figure 4-121, the 
dimensions of the cross section at which failure 
occurred are obtained to the nearest 0.05 inch. 
These dimensions are taken to be the average 
of three widths and depths at the section of 
failure. 

Calculations of Modulus of Rupture 

If the specimen is broken within the middle 
third of the span length, the modulus of rupture 
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is calculated as follows: 

R = 

where: 

R = 

P = 
L = 
b = 

d = 

p CL) or R = 
3 PA 

b (d12 b Cdl2 

modulus of rupture in pounds per 
square inch 

maximum applied load pounds 
span length in inches 
average width of specimen in inches 
average depth of specimen in inches. 

l If the specimen is broken outside the 
middle third of the span length by not more than 
5 percent of the span length, the modulus of 
rupture is calculated as follows: 

R= 3pa 
W-V2 

where: 

a = the distance, in inches, between the 
line of fracture and the nearest sup- 
port, measure along the centerline of 
the tension surface of the beam 

l If the specimen is broken outside the mid- 
dle third of the span length by more than 5 per- 
cent of the span length, the results of the test 
will be discarded. 

CONCLUSIONS 

The report of the test for flexural strength 
should include the following: 

Maximum applied load, in pounds 

Modulus of rupture calculated to the nearest 
5 pounds per square inch 

Defects in specimen 

Age of specimen 

Values of the modulus of rupture vary wide- 
ly, depending on the concrete tested. Specifica- 
tions relative to concrete pavements frequently 
require a modulus of rupture in excess of 600 to 
650 pounds per square inch (28-day curing, 
third-point loading). The flexural strength 
(modulus of rupture) are expected to be approx- 
imately 15 to 20 percent of the compressive 
strength for comparable conditions of age and 
curing. 

An approximate relationship between 
modulus of rupture and compressive strength is 
as follows: 

rc = 

fc = 

R = 

K = 

(R)2 
K 

compressive strength, pounds per 
square inch 

modulus of rupture, pounds per 
square inch 

constant, usually 100. 

Identification number 

Average width to the nearest 0.05 inch 

Average depth to the nearest 0.05 inch 

Span length, in inches 
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Section VI. COMPRESSIVE STRENGTH TEST 
- 

DISCUSSION 

The compressive strength of hardened con- 
crete, as measured by compression tests on stan- 
dard forms of cylindrical specimens, is used in 
the design of structures. 

Compressive strength tests are made on con- 
crete trial mixtures to evaluate the performance 
of available materials and to establish mixture 
proportions that will give the required strength. 
Strength tests are used also to control the quali- 
ty of concrete being manufactured in the field. 
Compressive strength is defined as the average 
of the strengths of all cylinders of the same age 
made from a sample taken from a single batch 
of concrete. At least two cylinders, or preferably 
three, are required to constitute a test. Hence 
four or six specimens are required if tests are 
to be made at 7 and 20 days. 

CONCRETE CYLINDERS 

The standard test specimen is a cylinder 6 
inches in diameter by 12 inches long, capped 
with a suitable material to provide smooth, bear- 
ing surfaces on each end. Load is applied to the 
end surfaces through metal platens on the 
testing machine (cylinder breaker) causing com- 
pressive stress in the longitudinal direction of 
the cylinder. 

Apparatus 

The following equipment is required to mold 
and test concrete cylinders: 

Concrete compression tester, 250,000-pound 
capacity 

Mixing equipment for trial mixtures 

Concrete cylinder molds, 6 x 12 inches 

Mixing pan, 24 x 24 x 3 inches 

scoop 
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Tamping rod 

Steel straightedge 

Trowel 

Square point shovel 

Polyethylene sheeting 

Burlap 

Calipers, 6-inch opening 

Steel scale, inches and hundredths. 

Preparation of Cylinders 

l Make the cylinders as near as possible to 
the place where they will be stored for the first 
24 hours. Sufficient concrete (about 1 cubic foot) 
for the desired number of cylinders must be 
available in the trial mixture or field sample. 
Material must not be taken from the air content 
test, since this may be contaminated with excess 
water. Take the sample from a stationary mixer 
by passing a receptacle completely through the 
discharge stream of the mixer at about the 
middle of the batch, or by diverting the stream 
into a container. The contents of a paving mixer 
should be discharged into a pile and sample 
material taken by a shovel from at least five dif- 
ferent portions of the pile. Take samples from 
revolving-drum truck mixers or agitators by 
repeatedly passing a receptacle through the en- 
tire discharged stream until sufficient concrete 
is collected into the pan (Figure 4-13). 
Thoroughly mix the sample before filling the 
cylinder molds. 

l Clean and dry the molds. Give the metal 
molds, if these are used, a light coat of oil before 
filling. Fill the molds in three equal layers, rod- 
ding each layer 25 times, as described for the 
slump test. Tap the side of the mold with the rod 
after each layer to close holes that may be left 
by the rod. Strike off the top surface level with 
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Figure 4-13. Sampling concrete from truck mixer 

the top of the mold. Store the cylinders on a 
level, flat, hard surface free from vibration. In 
moving the cylinders of fresh concrete in card- 
board molds, lift them on a flat trowel to pre- 
vent bulging of the lower end of the mold. Tag 
the specimens or molds for identification. 

l Cover the specimens in the molds with 
polyethylene sheeting and place wet burlap over 
them (Figure 4-14, page 4-54). Maintain the 
temperature of the specimens between 60° to 
80°F (16O to 27V8) with 73.4O + 3OF (23O it 
1.7’C) as the optimum curing .temperature. 
Stoves or electric light bulbs may be used for 
heating. Cooling is accomplished, if needed, by 
evaporation of excess water from the wet burlap. 
A fan may be used to cause lower temperatures 
than will occur from natural evaporation. Keep 
the burlap wet’ if it is allowed to dry, the con- 
crete curing will be adversely affected. 

At the end of 24 hours, remove the specimens 
from the molds and store them to continue 
curing until testing. Mark the cylinders with 
tags, wax, or permanent ink for identification. 
Individual handling of samples from different 
sources is as indicated. 

Curing and Storage of Cylinders 

l Specimens intended for checking the 
strength of laboratory trial mixtures or to serve 
as the basis for acceptance or quality control of 
field concrete are moist cured at 73.4O + 3OF 
(23O f 1.7”C) until the test. They are stored in 
moist rooms, damp sand or sawdust, or in lime 
water to maintain free water on all surfaces of 
the specimen at all times. 

l Test specimens made in the field to deter- 
mine when forms may be removed should 
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Concrete 

Polyethylene 

/ 

Figure 4- 14. Curing of test cylinders 

receive, as much as possible, the same protec- 
tion from the elements on all surfaces as is given 
to the portions of the structure that they repre- 
sent. They are stored in or on the structure as 
near as possible to the point of use. They are 
tested in the moist condition resulting from the 
specified curing treatment. Specimens intend- 
ed for testing to determine when a structure 
may be put into use are removed from the molds 
at the time of removing formwork from the 
structure. 

l Specimens shipped from the field to the 
laboratory for testing are packed in a sturdy 
wooden box or other suitable container sur- 
rounded by wet sawdust or wet sand. Protection 
from freezing during storage or shipment must 
be provided. Moist curing is continued when the 
specimens are received in the laboratory. 

Capping of Cylinders 

The ends of compression-test specimens must 
be planed within 0.002 inch and within 0.5 
degrees of being perpendicular to the axis of the 
cylinder. 

l Specimens formed in strong metal molds 
having accurately flat base plates can be cap- 
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ped with neat cement at 2 to 4 hours after 
molding. A stiff paste of portland cement and 
water is made at the time the cylinder is mold- 
ed so that the capping mixture will have shrunk 
before application. Any free water or laitance 
(layer of fine particles on the surface) is removed 
from the end of the specimen. The paste is 
applied to the top of the concrete and worked 
with a flat plate until it is smooth and level with 
the top of the mold. 

l Hardened concrete specimens may be 
ground to place ends or capped with a material 
having greater compressive strength than the 
concrete. Prepared mixtures of sulfur and 
granular materials, special high-strength 
gypsum plasters, and neat high-early strength 
cement are satisfactory capping materials 
(ordinary low-strength plaster of paris, com- 
pressible rubber, or fibrous materials are not 
suitable for caps). These materials are applied 
in a plastic state and finished to the desired 
plane surface by applying glass or metal plates 
and squeezing out excess material to provide a 
cap that is as thin as possible. Sulfur caps may 
be applied in time to harden for at least 2 hours 
before testing. Plaster caps cannot be stored over 
4 hours in the moist room. Neat cement caps 
must be aged 6 days or more in the moist room 
(2 days when Type II cement is used). During 
capping, moist, cured specimens should be pro- 
tected against drying by covering them with wet 
burlap. 

COMPRESSION TEST 

The procedure for conducting the compres- 
sion test is as follows: 

Preparation 

Prepare the testing machine (Figure 4-15) by 
cleaning the bearing plates and, if needed, clean- 
ing and lubricating the spherical seat. Check the 
operation of the machine. Keep the specimens 
moist by covering them with wet burlap during 
the period between removal from the curing en- 
vironment and testing. 

- 

- 
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Figure 4-15. Compression testing machine with concrete test cylinder in place 

Determine the diameter of the specimen to 
the nearest 0.01 inch by averaging two 
diameters measured at right angles to each 
other at midheight of the cylinder. Measure the 
length, including caps, to the nearest 0.1 inch. 
Record the dimensions on a prepared data sheet. 

Procedure 

Place the specimen on the lower bearing 
block, bring the upper block almost to contact, 
and align the axis of the specimen with the 
center of thrust of the spherical head. Careful- 

ly and slowly bring the spherical head into con- 
tact with the specimen, rotating the movable 
portion gently by hand so that a uniform seating 
is obtained. Apply the test load continuously and 
without shock at a rate of 20 to 50 pounds per 
square inch per second. Observe and record the 
maximum load during the test. Observe the type 
of fracture and record any unusual features. The 
normal cone-type fracture is shown in Figure 
4-16, page 4-56. A load of 154,000 pounds exerted 
over a 28.3 square inch area determines the 
strength to be 5,400 pounds per square inch. 
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Figure 4-76. Normal fracture of concrete test cylinder in compression 

Calculation 

The compressive strength of the concrete is 
the maximum load divided by the cross-sectional 
area of the cylinder: 
where: 

f; = J.? 
A 

fd = compressive strength, pounds per 
square inch 

P = maximum load in test, pounds 

A = cross-sectional area, square inches. 

Report the identification, diameter and 
length, maximum load, compressive strength, ir- 
regular fracture or defect in caps or specimen, 
and age of the specimen at the time of the test. 
Report the average compressive strength of all 
cylinders from the same concrete sample. 
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Chapter 5 

Soil Stabilization 
Section I. MECHANICS OF STABILIZATION 

DISCUSSION 

This chapter presents criteria and tests for 
improving the structural quality and work- 
ability of soils used for base courses, subbase 
courses, select materials, and subgrades for 
pavements. It is applicable to all elements 
responsible for Army, Air Force, or Navy pave- 
ment construction. Stabilized soils can often be 
adequate for airfields, traffic pavements, and 
parking and storage areas where an all-weather 
surface is required, yet traffic does not justify 
a higher strength pavement. Surface treatments 
are used also to provide control of dust. 

Stabilization is the process of blending and 
mixing materials with a soil to improve the 
strength and durability of the soil. The process 
may include the blending of soils to achieve a 
desired gradation or the mixing of commercially 
available additives that may alter the gradation, 
change the strength and durability, or act as a 
binder to cement the soil. 

Modification refers to the stabilization pro- 
cess that results in the improvement in some 
property of the soil, but does not by design result 
in a significant increase in soil strength and 
durability. 

USES OF STABILIZATION 

Pavement design is based on the premise 
that specified levels of quality will be achieved 
for each soil layer in the pavement system. Each 
layer must resist shearing within the layer, 
avoid excessive elastic deflections that would 
result in fatigue cracking within the layer or in 
overlying layers, and prevent excessive perma- 
nent deformation through densifications. As the 
quality of a soil layer is increased, the ability 
of that layer to distribute the load over a greater 
area is generally increased enough to permit a 
reduction in the required thickness of the soil 
and surface layers. 

Improve Quality 

Stabilization commonly is used for better soil 
gradation, reduction of plasticity index or swell- 
ing potential, and increased durability and 
strength. Soils stabilized by additives often 
provide an all-weather working platform for 
construction operations. These types of soil 
quality improvement are referred to as soil 
modifications. 

Reduce Thickness 

The tensile strength and stiffness of a soil 

5-1 



FM 5-530 

layer can be improved through the use of addi- 
tives and thereby reduce the thickness of the 
stabilized layer and overlying layers within the 
pavement system. Procedures for designing 
pavements that use stabilized soils are 

presented in TM ,5-822-VAE’M 887, Chapter 3; 
TM Fi-822-6/AFM 887, Chapter 1; TM 5824-3 
APM 886, Chapter 3; and TM 582!~2/APM 88-6, 
Chapter 2. Before a stabilized layer can be used to 
reduce the required thickness in the design of a 
pavement system, the stabilized material must 
meet the durability requirements of various types 
of additive stabilization and the minimum 
strength requirements. Generally, as the per- 
cent of fines and the plasticity index (PI) in- 
crease pulverization becomes more difficult, 
and is harder to obtain uniform distribution 
of the stabilizing additive. For these types of 
soils, preprocessing or pretreatment with 
other additives may be necessary. For exam- 
ple, fine-g-rained soils may be pretreated with 
lime to aid in their pulverization, making the 
mixing of a bitumen or cement additive more 
successful. 

METHODS OF STABILIZATION 

The two general methods of stabilization are 
mechanical and additive. The effectiveness of 
stabilization depends upon the ability to obtain 
uniformity in blending the various materials. 
Mixing in a stationary or traveling plant is 
preferred. However, other means of mixing such 
as scarifiers, plows, disks, graders, and rotary 
mixers have been satisfactory. 

The method of soil stabilization is determined 
by the amount of stabilizing required and the 
conditions encountered on the project. An 
accurate soil description and classification is 
essential to the selection of the correct materials 
and procedure. Table 5-1 lists the most suitable 
treatments for various soil types to stabilize 
these soils for different objectives. 

Mechanical 

Mechanical stabilization is accomplished by 
mixing or blending soils of two or more grada- 

tions to obtain a material meeting the required 
specification. The soil blending may take place 
at the construction site, at a central plant, or at 
a borrow area. The blended material is then 
spread and compacted to required densities by 
conventional means. 

Additive 

Additive refers to a manufactured commer- 
cial product that, when added to the soil in the 
proper quantities, will improve the quality of the 
soil layer. This chapter is directed towards the 
use of portland cement, lime, lime-cement-fly 
ash, and bitumen, alone or in combination, as 
additives to stabilize soils. The selection and 
determination of the percentage of additives 
depend upon the soil classification and the 
degree of improvement in soil quality desired. 
Generally, smaller amounts of additives are re- 
quired to alter soil properties, such as gradation, 
workability, and plasticity, than to improve the 
strength and durability sufficiently to permit a 
thickness reduction design. After the additive 
has been mixed with the soil, spreading and 
compaction are achieved by conventional means. 

l Stabilization by Cementing Action. This 
requires the addition of chemical agents to the 
soil to produce the hardened product. There are 
three main stabilizing agents which can be 
added, and the method of treatment bears the 
name of these agents: Soil-cement, soil-lime, 
and lime-fly ash. The methods of chemical 
stabilization have much in common and involve 
somewhat similar construction practices. They 
depend upon hydration, pozzolanic action of lime 
with silica and alumina, alteration of the clay 
material, or a combination of these actions. The 
result is a semirigid, fairly brittle material with 
considerable compressive strength and moderate 
flexural strength when tested either statically 
or dynamically. The ultimate strength depends 
to a great degree on the density which is 
achieved during compaction and before the mix 
cures. 
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Table 5-l. Stabilization methods most suitable for specific applications 

Purpose I Soil type I Method 

Subgrade stabilization 
Improved load carrying and stress distribution 
characteristics Fine granular SA, SC, MB, C 

Coarse granular SA, SC, MB, C 

Clays of low PI C, SC, CMS, LMS, SL 

Clays of high PI SL, LMS 

Reduce frost susceptibility Fine granular 

Clays of low PI 

CMS, SA, SC, LF 

CMS, SC, SL, LMS 

Waterproofing and improved runoff 1 Clays of low PI 1 CMS, SA, LMS, SL 

Control of shrinkage and swell 

Reduce resiliency 

Clays of low PI CMS, SC, C, LMS, SL 

Clays of high PI SL 

Clays of high PI SL, LMS 

Elastic silts or clays SC, CMS 

Base course stabilization 
Improvements of substandard materials 

Improved load carrying and stress distribution 
characteristics 

Fine granular 

Clays of low PI 

Course granular 

Fine granular 

SC, SA, LF, MB 

SC, SL 

SA, SC, MB, LF 

SC, SA, LF MB 

Reduction of pumping Fine granular SC, SA, LF, MB, 
membranes 

Dust palliative Fine granular CMS, SA, Oil or 
bituminous surface 
spray, APSB 

Plastic soils CMS, SL, LMS, APSB, 
DCA 70 

LEGEND: 
Where the methods of treatment are: 

APSB = Asphalt penetration surface binder 

C = Compaction 

CMS = Cement modified soil 
DCA70 = Polyvinylacetate emulsion 

LF = Lime fly ash 
LMS = Lime modified soil 
MB = Mechanical blending 

SA = Soil-asphalt 
SC = Soil-cement 
SL = Soil-lime 
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l Bituminous Stabilization. In bituminous 
treatment, the end product performs differently 
at least initially, the product is much less brittle; 
and its behavior depends on the nature of the 
loading (static or dynamic) and the temperature 
when the load is applied. 

Modification 

Soil stabilization by modification usually 
results in something less than a thoroughly 
cemented, hardened or semihardened material. 
This type of stabilization may be accomplished 
by compacting, by mechanical blending, by 
adding cementing materials in small amounts, 

or by adding chemical modifiers. Cement and 
lime modifiers (cement-modified soil and lime- 
m0dified soil) are used in quantities too small 
to provide high-strength cementing action. They 
reduce the plasticity of clay soils. Calcium 
chloride or sodium chloride are added to the soil 
to retain moisture (and also control dust), to hold 
fine material for better compaction, and to 
reduce frost heave by lowering the freezing point 
of water in the soil. Bituminous materials, such 
as cutback asphalts or asphaltic penetrative soil 
binder (APSB), and certain chemicals, such as 
polyvinyl acetate emulsion (DCA-‘IO), are used 
to waterproof the soil surface and to control dust. 

Section II. TYPE AND AMOUNT OF STABILIZING AGENT 

DISCUSSION 

This section provides a method for cletermin- 
ing the type or types of stabilizers and the 
amount of stabilizer to be used with a particular 
soil and considers stabilization of soils with lime, 
cement, fly ash, and bituminous materials. In 
order to select the proper stabilizer type for a 
particular soil, a sieve analysis and Atterberg 
limits tests must be performed, in accordance 
with the procedures given in this manual. 

GENERAL REQUIREMENTS FOR USE OF 
STABILIZERS 

Lime 

Experience shows that lime will react with 
many medium, moderately fine, and fine-graned 
soils to produce decreased plasticity, increased 
workability, reduced swell, and increased 
strength. Soils classified according to the 
Unified Soil Classification System as CH, CL, 
MH, ML, OH, OL, SC, SM, GC, GM, SW-SC, SP- 
SC, SM-SC, GW-GC, GP-GC, ML-CL, and GM- 
GC should be considered as potentially capable 
of being stabilized with lime. 

5-4 

Cement 

Cement can be used as an effective stabilizer 
for a wide range of materials. In general, 
however, the soil should have a PI less than 30. 
For coarse-grained soils, the amount passing the 
No. 4 sieve should be greater than 45 percent. 

Fly Ash 

Fly ash, when mixed with lime, can be used 
effectively to stabilize most coarse and medium 
grainecl soils. However, the PI should not be 
greater than 25. Soils classified by the USCS as 
SW, SP, SP-SC, SW-SC, SW-SM, GW, GP, GP- 
GC, GW-GC, GP-GM, GW-GM, GC-GM, SC-SM 
can be stabilized with fly ash. 

Bituminous 

Most bituminous soil stabilization has been 
performed with asphalt cement, cutback 
asphalt, and asphalt emulsions. Soils that can 
be stabilized effectively with bituminous 
materials usually contain less than 30 percent 
passing the No. 200 sieve and have a PI less 



Table 5-2. Estimated rime required for rest procedures 

Type of 
construction 

Time 
required* 

Expedient Lime None 
LCF None 
Cement None 
Bitumen None 

Nonexpedient Lime 30 days 
LCF 30 days 
Cement 6-9 days 
Bitumen 1 day 

*These criteria do not include time required for gradation 

and classification tests on the untreated soil. 

than 10. Soils classified by the USCS as SW, SP, a project may override the requirement for a 
SW-SM, SP-SM, SW-SC, SP-SC, SM, SC, SM-SC, complete series of laboratory tests (Table 5-2). 
GW, GP, SW-GM, SP-GM, SW-GC, GP-GC, GM, Because of this, the method presented allows for 
GC, and GM-GC can be effectively stabilized a rapid or expedient approximation along with 
with bituminous materials provided the above a more precise laboratory determination of the 
mentioned gradation and plasticity require- type and quantity of stabilizer. An estimate for 
ments are met. testing time is presented in Table 5-2. 

Combination SELECTION OF STABILIZER 

Combination stabilization is specifically 
defined as lime-cement, lime-asphalt, and lime- 
cement-fly ash (LCF) stabilization. Combina- 
tions of lime and cement often are acceptable 
expedient stabilizers. Lime can be added to the 
soil to increase the workability and mixing 
characteristics of the soil as well as reduce its 
plasticity. Cement can then be mixed into the 
soil to provide rapid strength gain. Combina- 
tions of lime and asphalt are often acceptable 
stabilizers. The lime addition may prevent strip- 
ping at the asphalt-aggregate interface and 
increase the stability of the mixture. 

In the selection of a stabilizer additive, the 
factors that must be considered are the type of 
soil to be stabilized, the purpose for which the 
stabilized layer will be used, the type of soil 
quality improvement desired, the required 
strength and durability of the stabilized layer, 
and the cost and environmental conditions. 

TIME REQUIRED FOR TESTING 

The more thorough a testing program, the 
more assurance there is for the long-term 
success of the project. Time is often of primary 
concern to the military engineer, particularly in 
a tactical situation, and the rapid completion of 

The solid gradation triangle in Figure 5-1, 
page 5-6 is based upon the pulverization character- 
istics of the soil. When these characteristics are 
combined with certain restrictions relative to 
liquid limit (LL), and soil gradation contained in 
Table 5-3 (page 5-81, they provide guidance for the 
selection of the additive best suited for stabiliza- 
tion. Figure 5-2 (page 5-13),is entered with the 
percentage of gravel (percent material retained 
on the No. 4 sieve), sand (percent material pass- 
ing the No. 4 sieve and retained on the No. 200 
sieve, and fines, (percent material passing the 
No. 200 sieve) to determine the area in which 
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LEGEND 

- - - BOUNDARIES BETWEEN MAJOR 
SOIL GROUPS 

--- BOUNDARIES WITHIN A MAJOR 
SOIL GROUP 
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Figure 5- 7. Soil gradation triangle 

the soil gradation falls. The area (1A. 2t’. and :II f‘inw fall in Awa 21) of Figure S-1. Table S-i{ 
indicated at the intersection of’ thr three indicates that cement, lime, I,CF, or bitumen 
mnterial pwcentagrhs is usrd to enter Table X3, could 1~ considered. Howver. the PI of 1;5 
page :5-H. to sclrct thr type of stabilizing additive eliminates bitumen. and the fact that only :{:I 
bawd on the various restrictions and remarks. pcrwnt of’ the mntcrial passes the No. 4 sieve 
For t~samplt~. a soil having ;I 1’1 of 1.Y and 57 indicates that lime or a combination of IL’F will 
pcrwnt gravel. 26 p~~r(*ent sand. ;Ind 7 pc~rwnt Iw tht> Iwst ;tdditivr for stabilization. 

- 
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STABILIZATION WITH PORTLAND 
CEMENT 

Portland cement can be used either to modify 
and improve the quality of the soil or to 
transform the soil into a cemented mass, which 
significantly increases its strength and dura- 
bility. The amount of cement additive will de- 
pend upon whether the soil is to be modified or 
stabilized. The only limitation to the amount of 
cement to be used to stabilize or modify a soil 
pertains to the treatment of the base courses to 
be used in flexible pavement systems. When a 
cement-treated base course is to be surfaced with 
asphaltic concrete, the percent of cement by 
weight will be limited to 4 percent in Air Force 
pavements and 5 percent for Navy pavements. 

Cement Content for Modification of Soils 

l The amount of cement required to improve 
the quality of the soil through modification is 
determined by trial and error. If it is desired to 
reduce the PI of the soil, successive samples of 
soil-cement mixtures must be prepared at dif- 
ferent treatment levels, and the PI of each mix- 
ture must be determined. The minimum cement 
content that yields the desired PI is selected, but 
since it was determined based upon the minus 
40 fraction of the material, this value must be 
adjusted to find the design cement content based 
upon total sample weight expressed as: 

A= 

where: 

A= 

B = 

c= 

1 OOBc 

design cement content, percent total 
weight of soil 

percent cement required to obtain 
the desired PI of minus 40 material, 
expressed as a decimal 

percent cement required to obtain 
the desired PI of minus 40 material, 
expressed as a decimal. 

l If the objective of modification is to im- 
prove the gradation of granular soil through the 
addition of fines, the analysis should be con- 
ducted on samples at various treatment levels 
to determine the minimum acceptable cement 
content. The determination of cement content to 
reduce the swell potential of fine-graded plastic 
soils can be accomplished by molding several 
samples at various cement contents and soak- 
ing the specimens, along with untreated 
specimens, for 4 days. The lowest cement con- 
tent that eliminates the swell potential or 
reduces the swell characteristics to the 
minimum becomes the design cement content. 
The cement content determined to accomplish 
soil modification should be checked to see 
whether it provides an unconfined compressive 
strength great enough to qualify for a reduced 
thickness design in accordance with criteria 
established for soil stabilization (Tables 5-4 and 
5-5, page 5-9). 

l Cement-modified soil also may be used in 
frost areas. In addition to the procedures for mix- 
ture design described above, cured specimens 
should be subjected to the 12 freeze-thaw cycles 
test (but omitting wire brushing) or other appli- 
cable freeze-thaw procedures. This should be 
followed by frost-susceptibility tests and should 
meet the requirements set forth for the base 
course. If cement-modified soil is used as the 
subgrade, its frost susceptibility should be used 
as the basis of the pavement thickness design 
if the reduced subgrade strength design method 
is applied. 

Cement Content for Cement-Stabilized Soil 

The following procedure is recommended for 
determining the design cement content for 
cement-stabilized soils, using the following 
steps: 

1. Determine the classification and gradation 
of the untreated soil. The soil must meet the 
gradation requirements shown in Table 5-6, 
page 5-9, before it can be used in a reduced 
thickness design. 
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Table 5-3. Guide for selecting a stabilizing additive 

I- 

I Restriction 
on percent 

passing 
Jo. 200 sieve’ 

Type of 
stabilizing 

additive recommer 

Bituminous 
Portland cement 
Lime-cement-fly ash 

Bituminous 
Portland cement 

Lime 

Bituminous 

Portland cement 
Lime 
Lime-cement-flv ash 

Soils 
class 1 

SW or SP 

Restriction on LL 
and Pi of soil Area 

1A 

\ded Remarks 

Pi not to exceed 25 

Pi not to exceed 10 
PI not to exceed 30 

PI not less than 12 

PI not to exceed 10 

See footnote 2 
Pi not less than 12 
Pi not to exceed 25 

1Ei SW-SH or 
SP-Stt or 

SW-SC or 

SM or SC 
or SM-SC 

1c 

2A 

Not to exceed 
30% by weight 

GW or GP Bituminous 

Portland cement 
Well-graded material only 
Material should contain at 

least 45% by weight of 
material passing 

No. 4 sieve 
Lime-cement-fly ash 

Bitummous 
Portland cement 

PI not to exceed 25 

Pi not to exceed 10 
PI not to exceed 30 

28 GW-GH or 
GP-GH or 
GW-GC or 

GP-GC 

Well-graded material only 
Material should contain at 

least 45% by weight of 
material passing 
No. 4 sieve 

PI not less than 12 
PI not to exceed 25 

Pi not to exceed 10 

See footnote 2 

Lime 
Lime-cement-fly ash - 

Bituminous 2c GM or GC 

or GM-GC 

Not to exceed 

30% by weight 

Well-graded material only 

Material should contain at 

least 45% by weight of 
material passing 
No. 4 sieve 

Pi not less than 12 

Pi not to exceed 25 

LL less than 40 and 
PI less than 20 

Lime 

Lime-cement-fly ash 

Portland cement t 3 CH or CL 
or Hii or 

ML or 011 

or OL or 

ML-CL 

Organic and strongly acid 
soils falhng within this 
area are not susceptible 

to stabillzatlon by 

ordinarv means Lime Pi not less than 12 

‘Soil classification corresponds lo MIL-STD619B. Restrlctlon on llquld limit (LL) and plastlcltv Index (PI) IS nn accordance wth Method 103 
I” MIL-STD621A. 
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Table 5-4. Minimum unconfined compressive strengths 

Stabi liked 
sol1 layer 

Minimum unconfin led compress 
Flexible pavement 

Air Force and Army 1 Navy 

ive strenath. DS/* 1 I. 

Rigid pavement 
all 

Base course 750 I 500 

Subbase course, select 250 300 (cement) 200 
material or subgrade 150 (lime) 

*Unconfined compressive strength determined at 7 days for cement stabilization and 28 days for lime or lime-cement-fly ash stabilization. 

Table 5-5. Durability requirements 

Type of soil 

Maximum allowable weight loss after 12 

wet-dry or freeze-thaw cycles 
percent of initial specimen weight 

stabilized Army and Air Force 1 Navy 
I I 

Granular, PI < 10 11 14 

Granular, PI > 10 8 14 

Silt 8 14 

Clays 6 14 

Type Sieve 
course size 

Base 

Table 5-6. Gradation requirements 

Subbase 

2-in 
1 l/z-in 
l-in 
%-in 
l/2-in 
No. 4 
No. 10 
No. 30 
No. 40 
No. 200 

3-in 
No. 4 
No. 10 
No. 100 
No. 200 

T Percent Par ing 

Army and Air Force Navy * 

100 
70-l 00 
45-100 
-- 

30-90 
20-70 
15-60 
-- 

5-40 
O-20 

100 100 
-- 45-l 00 
-- 36-60 
-- 3-20 
0-25 o-3 

-- 
-- 

100 
go- 100 
-- 

40-70 
-- 

12-40 
-- 

3-15 

‘Base course aggregate to have a sand equivalent of not less than 18 (ASTMD 2419) 
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Table 5-7. Estimated cement requirements for various soil types 

Soil classification 
Initial estimated cement requirement 

percent dry weight 

GW-SW 5 

GP, SW-SM, SW-SC, 
SW-GM, SW-GC 

6 

GM, SM, GC, SC, 
SP-SM, SP-SC, GP-GM, 7 
GP-GC, SM-SC, GM-GC 

SP, CL, ML, ML-CL 10 

MH, OH 11 

CH 10 

- 

Table 5-8. Average cement requirements for granular and sandy soils 

Material Material 
retained on smaller than 
No. 4 sieve 0.05 mm 

percent percent 

o-14 

15-29 

30-45 

o-19 
20-39 
40-50 

0.19 
20-39 
40-50 

o-19 
20-39 
40-50 

T- 
116-120 

10 
9 

11 

10 
9 

12 

10 
11 
12 

Cement content, percent by weight 
try density, lblcu ft (treated material) maximum d 

I 
121-126 

9 
8 

10 

9 
8 

10 

8 
9 

11 

127-131 132-l 37 

8 7 
7 7 
9 8 

8 6 
7 6 
9 8 

7 6 
8 7 

10 9 

138-l 42 143 or more 

5 5 
6 5 
8 6 

Note: Base course goes lo 70 percent retained on the No. 4 sieve 
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2. Select an estimated cement content from 
Table 5-7 using the soil classification. For expe- 
dient design, use this cement content. 

3. Use the estimated cement content and 
determine the compaction curve of the soil- 
cement mixture. 

4. Use the untreated soil gradation charac- 
teristics, cement content, and maximum dry 
density determined in st,eps one, two, and three 
and verify the estimated cement content using 
Tables 5-8 or 5-9, page 5-12, and Figure 5-2, page 
5-13, depending upon the soil classification. If 
the estimated cement content from step two 
varies by more than f 2 percent from the value 
in Tables 5-8 or 5-9, conduct additional compac- 
tion tests, varying the cement content until the 
value from Table 5-8 or 5-9 is within f 2 per- 
cent of that used for the moisture-density test. 

5. Prepare samples of the soil-cement mix- 
ture for unconfined compression and durability 
tests at the dry density, at the cement content, 
at 2 percent above, and at 2 percent below the 
cement content determined in step four. The 
samples should be prepared in accordance with 
Chapter two except that when more than 35 per- 
cent of the material is retained on the No. 4 sieve 
a CBR mold should be used to prepare the 
specimens. Cure the specimens for 7 days in a 
humid room before testing. Test three specimens 
using the unconfined compression test and sub- 
ject three specimens to durability tests, either 
wet-dry tests for pavements located in nonfrost 
areas or freeze-thaw tests for pavements located 
in frost areas. 

6. Compare the results of the unconfined 
compressive strength and durability tests 
with the requirements shown in Tables 5-4 
and 5-5, page 5-9. The lowest cement content 
which meets the required unconfined com- 
pressive strength requirement and 
demonstrates the required durability is the 
design cement content. If the mixture should 
meet the durability requirements but not the 

strength requirements, the mixture is con- 
sidered to be a modified soil. 

STABILIZATION WITH LIME 

Lime can be used either to modify some of the 
physical properties and improve the quality of 
a soil or to transform the soil into a stabilized 
mass and increase its strength and durability. 
The amount of lime additive will depend upon 
whether the soil is to be modified or stabilized. 
The lime used may be either hydrated or 
quicklime, although hydrated lime is better 
since quicklime is highly caustic and dangerous 
to use. The design lime content determined from 
the criteria presented below are for hydrated 
lime. As a guide, the lime contents determined 
for hydrated lime should be reduced by 25 per- 
cent to determine a design content for quicklime. 

LIME CONTENT FOR LIME-MODIFIED 
SOILS 

The amount of lime required to improve the 
quality of a soil is determined through the same 
trial-and-error process used for cement-modified 
soils. 

LIME CONTENT FOR LIME-STABILIZED 
SOILS 

Strength Requirements 

To take advantage of the thickness reduction 
criteria, the lime-stabilized soil must meet the 
unconfined compressive strengths shown in 
Table 5-4, page 5-9, as well as the durability re- 
quirements in Table 5-5, page 5-9. 

Procedures 

When lime is added to a soil, a combination 
of reactions begins to take place immediately 
and is nearly complete within an hour, although 
substantial strength gain is not reflected for 
some time. These reactions result in a change 
in both the chemical composition and physical 
properties. Most lime, when placed in a water 

5-11 



Table 5-9. Average cement requirements for silty and clayey soils 

inde; 

o-3 

3-7 

7-11 

11-15 

15-20 

Material 
between 0.05 
and 0.005 mm 

percent 

l- 
L 

Cement content, percent by weight 
maximum dry density, Ib/cu ft (treated material) 

99-104 105-l 09 110-115 116-120 121-126 127-131 132 or more 

o-19 

20-39 

40-59 

60 or more 

12 
12 
13 
-- 

11 

11 

12 
-- 

10 8 8 7 
10 9 8 8 
11 9 9 8 
-- -- -- -- 

o-19 
20-39 
40-59 

60 or more 

13 
13 
14 
15 

12 

12 

13 

14 

11 

11 

12 

12 

o-19 14 13 11 

20-39 15 14 11 

40-59 16 14 12 

60 or more 17 15 13 

o-19 15 14 13 

20-39 16 15 13 

40-59 17 16 14 

60 or more 18 16 14 

o-19 17 16 14 

20-39 18 17 15 

40-59 19 18 15 

60 or more 20 19 16 

solution, has a pH of about 12.4. Therefore, the 
pH is a good indicator of the desirable lime con- 
tent of a soil-lime mixture. The reaction that 
takes place when lime is introduced to a soil 
generally causes a significant change in the 
plasticity of the soil. Therefore, the changes in 
the plastic and liquid limits also become an in- 
dicator of the desired lime content. Two methods 
are presented for the determination of the initial 
design lime content. 

l The preferred method is to prepare several 
mixtures at different lime treatment levels and 
determine the pH of each mixture after 1 hour. 
The lowest lime content producing the highest 
pH of the soil-lime mixture is the initial design 
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90 
10 

10 

11 

10 

10 

11 

11 

12 

12 

12 

13 

13 
14 

14 

15 

7 
7 
8 

-- 

8 7 7 
0 8 8 
10 9 8 
10 9 9 

9 

9 

10 

10 

11 

11 

12 

12 

12 

13 

14 

14 

8 8 
9 9 
10 9 
10 10 

9 

10 
11 

11 

11 

11 

12 

13 

9 

10 

10 

11 

10 

11 

12 

12 

lime content. Procedures for conducting a pH test 
on lime-soil mixtures have been described. In frost 
areas, specimens must be subjected to the freeze- 
thaw test. An alternate method of determining an 
initial design lime content is by the use of Figure 
5-3, page 5-14. This method should be used for ex- 
pedient lime determination. Specific values re- 
quired to use Figure 5-3 are the PI and the per- 
cent of material passing the No. 40 sieve. These 
properties are determined from plastic limit and 
graduation tests on the untreated soil. 

l After the initial lime content has been 
estimated, conduct a compaction test with the 
lime-soil mixture. Following the same pro- 
cedures for soil-cement except that the mixture 
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OALESS PERCENTPASSINGNO. 200 ORMORE 

12 0 

11 1 

10 2 

9 3 

_. -- _ 

ORMORE PERCENTPASSlNGNO.200 

NOTE: GROUP INDEX -INDEX a + INDEX b. 
ORLESS 

Adapted lrom Soil-Cement Laboratory Handbook (EB052 06s) 

t/gun? !x?. Average cement requirements 
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P.I. -WET METHOD 

EXAMPLE 

P.I. - WET METHOD 

l Exclude ose of chart for materials with less than 10% - No. 40 and cohesionless materals (P.I. iess than 3) 

. . Percent of relatively pore lirpe usually 90% or more ul Ca and/or Mg hydroxides and 85% or more of which pass the No. 200 sieve. 

Percentages shown are for stabilizing subgrades and base courses where lasting ellects are desired. Satisfactory temporary results are 

romsIimes obWoed by the ose ol as little as ‘h of above percentages. Relsrance to cementing strength is implied when such terms as 

“Casting Etfects” and “Temporary Results” are used. 

Adapted from The National Lime Association. Wastrcngton. Cl C 

Figure 5-3. Estrmated lime requirements 
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should be allowed to cure no less than 1 hour 
and no more than 2 hours in a sealed container 
before molding. Compaction will be accomplished 
in five layers using 55 blows of a lo-pound 
hammer having an 1%inch drop. The moisture- 
density should be determined at lime contents 
equal to design + 2 and +4 percent for the 
preferred method and at design f 2 percent for 
the alternate method. In frost areas, cured 
specimens should be subjected to the 12 freeze- 
thaw cycles (but omitting wire brushing) or 
other applicable freeze-thaw procedures, 
followed by frost susceptibility determinations 
in standard laboratory freezing tests. For lime- 
stabilized or lime-modified soil used in lower 
layers of the base course, the frost susceptibility 
should meet the requirements set forth for the 
base course. If lime-stabilized or lime-modified 
soil is used as the subgrade, its frost suscepti- 
bility should be used as the basis of the pave- 
ment thickness design if the reduced subgrade 
strength design method is applied. 

l Unconfined compression tests should be 
performed at the design percent of maximum 
density on three specimens for each lime content 
tested. The design value would then be the 
minimum lime content yielding the required 
strength. Procedures for the preparation of lime- 
soil specimens are similar to those used for 
cement-stabilized soils, with two exceptions. 
After mixing, the lime-soil mixture should be 
allowed to mellow for not less than 1 hour or 
more than 2 hours. After compaction, each 
specimen should be wrapped securely to prevent 
moisture loss and should be cured in a constant 
temperature chamber at 73 O f 2OF for 28 days. 
Procedures for conducting unconfined compres- 
sion tests are similar to those used for soil- 
cement specimens except that in place of moist 
curing, the lime-soil specimens should remain 
securely wrapped until testing. 

l Compare results of the unconfined com- 
pressive tests with the criteria in Table 5-4 page 
5-9. The design lime content must be the lowest 

lime content of specimens meeting the strength 
criteria indicated. 

LIME AND OTHER ADDITIVES 

If lime is used as a preliminary additive to 
reduce the PI or to alter the gradation of soil 
before adding the primary stabilizing agent such 
as bitumen or cement, then the design lime con- 
tent is the minimum treatment level that will 
achieve the desired results. For nonplastic and 
low-PI materials in which lime alone generally 
is not satisfactory for stabilization, the addition 
of fly ash may be needed to produce the 
necessary reaction. 

THE pH TEST 

Lime to be used for soil stabilization is used 
to determine lime requirements in the pH test. 

Apparatus 

pH meter (the meter must be equipped with 
an electrode having a pH range of 14) 

150-milliliter (or larger) plastic bottles with 
screw-top lids 

50-milliliter plastic breakers 

Distilled water that is free of carbon 
dioxide (CO 2 1 

Balance 

Oven 

Moisture cans 

Procedure 

l Standardize the pH meter with a buffer 
solution having a pH of 12.45. 

l Weigh to the nearest 0.01 gram represen- 
tative samples of air-dried soil, passing the No. 
40 sieve and equal to 20.0 grams of oven-dried 
soil. 
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l Pour the soil samples into I5O-milliliter 
plastic bottles with screw-top lids. 

l Add varying percentages of’limt!, weighed 

to the nearest 0.01 gram, to the soils. (l,ime 
percentages of0, 2, is. 4. 5. 6, H, and 10, based on 

the dry soil weight, may be used.1 

l Mix the soil thoroughly and dry the lime. 

l Add 100 milliliters of distilled water that 
is free of carbon dioxide (CO21 to the soil-lime 
mixtures. 

l Shake the soil-lime and water for a 
minimum of 30 seconds or until there is no 
evidence of dry material on the bottom of the 
bottle. 

l Shake the bottles for 30 seconds every 10 
minutes. 

l Transfer part of the slurry, after 1 hour, 
to a plastic breaker and measure the pH. 

l Record the pH for each of the soil-lime mix- 
tures. The lowest percent of lime giving a pH of 
12.40 is the percent required to stabilize the soil. 
If the pH does not reach 12.40, the minimum 
lime content giving the highest pH is required 
to stabilize the soil. 

STABILIZATION WITH LCF 

Stabilization of coarse-grained soils having 
little or no fines can often !je accomplished by 
the use of the LCF combination. Fly ash is a poz- 
zolanic material, consisting mainly of silicon and 
aluminum compounds. When mixed with lime 
and water, fly ash hardens into a mass capable 
of obtaining high compressive strengths. Thus, 
lime and fly ash in combination can often be 
used successfully in stabilizing granular 
materials having few fines. In addition to lime 
and fly ash, a small amount of portland cement 
is also added to accelerate and increase strength 
gain. The use of LCF mixtures is not permitted 
for Air Force airfield pavements if the cement 
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content exceeds 4 percent, but may be permit- 
ted for Navy and Marine Corps aifields, sub- 
ject to approval by Headquarters, Naval 
Facilities Engineering Command. 

Materials 

Types of materials suitable for the LCF 
stabilization are coarse-grained soils having no 
more than 12 percent of the material passing the 
No. 200 sieve. In addition, the PI of the minus 
40 fraction should not exceed 25. 

Proportions 

Initial mix will be 1 percent portland cement, 
4 percent lime, 24 percent fly ash, and 71 per- 
cent soil. Minimum unconfined compressive 
strength requirements are indicated in Table 5-4 
page 5-9. If test specimens do not meet strength 
requirements, add cement in increments of 1 I2 
percent until strengths are adequate. The total 
quantity of additives should not exceed 15 per- 
cent by weight. In frost areas, the LCF mixture 
should meet the weight loss criteria specified for 
cement-stabilized soils. The specimens should be 
compacted in the CBR mold. 

STABILIZATION WITH BITUMEN 

Bituminous-Stabilized Soils 

l Soil-bitumen. A cohesive soil system made 
water-resistant with a bituminous admixture. 

l Sand-bitumen. A system in which sand is 
cemented together by bituminous material. 

l Oiled earth is an earth-road system made 
resistant to water absorption and abrasion by 
means of a sprayed application of slow-curing or 
medium-curing liquid asphalts. 

l Bitumen-waterproofed, mechanically 
stabilized soil is a system in which two or more 
soil materials are blended to produce a good 
gradation of particles from coarse to fine. 

- 
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Comparatively small amounts of bitumen are 
needed, and the processed soil is compacted. 

l Bitumen-lime blend is a system in which 
small percentages of lime are blended with line- 
grained soils to facilitate the penetration and 
mixing of bitumens into the soil. 

Soil Gradation 

The recommended soil gradations for 
subgrade materials and base or subbase 
materials are shown in Tables 5-10 and 5-11, 
respectively. Mechanical stabilization may be 
required to bring soil to proper gradation. 

Types of Bitumen 

Bituminous stabilization is generally accom- 
plished using asphalt cement, cutback asphalt, 
or asphalt emulsions. The type of bitumen to be 
used depends upon the type of soil to be stabi- 
lized, method of construction, and weather condi- 
tions. In frost areas, the use of tar as a binder 
should be avoided because of its high- 
temperature susceptibility. Asphalts are 
affected less by temperature changes, but a 
grade of asphalt suitable to the prevailing 
climate should be selected. As a general rule, the 
most satisfactory results are obtained using the 
most viscous liquid asphalt that can be readily 
mixed into the soil. For higher quality mixes in 

Table 5-70. Recommended gradations for bituminous- 
stabilized subgrade materials 

Table 5 7 7. Recommended gradations for bituminous- 
stabilized subbase materials 

Sieve 
size 

IV2 in 
1 in 
3/4 in 
l/2 in 
% in 
No. 4 
No. 8 
No. 16 
No. 30 
No. 50 
No. 100 
No. 200 

1 N-in 
Maximum 

100 
04 * 9 
76 f 9 
66 f 9 
59 + 9 
45 f 9 
35 f 9 
27 f 9 
20 f 9 
14 f 7 
9*5 
5+2 

l-in 
Maximum 

-- 

100 
83 f 9 
73 + 9 
64 f 9 
48 f 9 
37 f 9 
28 f 9 
21 + 9 
16 k 7 
11 f 5 
5k2 

%-in 
Maximum 

-- 
-- 

100 
82 f 9 
72 f 9 
54 * 9 
41 + 9 
32 i 9 
24 + 9 
17 i 7 
12 * 5 
5+2 

W-in 
Maximum 

-- 
-- 
-- 

100 
83 + 9 
62 i 9 
47 * 9 
36 i 9 
28 i 9 
20 * 7 
14 * 5 
5k2 

5-17 



FM 5-530 

- 

Open-graded aggregate 

Table 5- 12. Bituminous requirements 

Rapid- and medium-curing liquid asphalts K-250, RC-800, and MC-3000 

Medium-setting asphalt emulsion MS-2 and CMS-2 

Well-graded aggregate with little or no material passing the No. 200 sieve 

Rapid- and medium-curing liquid asphalts K-250, RC-800, MC-250, and MC-800 

Slow-curing liquid asphalts SC-250 and SC-800 

Medium-setting and slow-setting asphalt emulsions MS-2, CMS-2, SS-1, and CSS-1 

Aggregate with a considerable percentage of fine aggregate and material passing the No. 200 sieve 

Medium-curing liquid asphalts MC-250 and MC-800 

Slow-curing liquid asphalts SC-250 and SC-800 

Slow-setting asphalt emulsions SS-1, SS-1 h, CSS-1, and CSS-1 h 

Medium-setting asphalt emulsions MS-2 and CMS-2 

The simplest type of bituminous stabilization is the application of liquid asphalt to the surface of an un- 
bound aggregate road. For this type of operation, the slow- and medium-curing liquid asphalts SC-70, SC-250, 
MC-70, and MC-250 are used. 

which a central plant is used, viscosity-grade 
asphalt cements should be used. Much bitumi- 
nous stabilization is performed in place. The 
bitumen is applied directly on the soil or soil- 
aggregate system, and the mixing and compac- 
tion operations are conducted immediately 
thereafter. For this type of construction, liquid 
asphalts such as cutback and emulsions are 
used. Emulsions are preferred over cutbacks 
because of energy constraints and pollution con- 
trol efforts. The specific type and grade of 
bitumen will depend on the characteristics of the 
aggregate, type of construction equipment, and 
climate conditions. Generally, the types of 
bituminous materials that will be used for the 
soil gradation are indicated in Table 5-12. 

Mix Design 

Guidance for the design of bituminous- 
stabilized base and subbase courses is contained 
in TM 5-822-8. For subgrade stabilization, the 
following equation may be used for estimating 
the preliminary quantity of cutback asphalt to 
be selected: 

P = 
0.02(a) + 0.07(b) + 0.15(c) + 0.20(d) y ,nn 

(100 - S) 

where: 

P = 

a = 

percent of cutback asphalt by weight 

of dry aggregate 

percent of mineral aggregate retained 

on No. 50 sieve 
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b = percent of mineral aggregate passing 
No. 50 and retained on No. 100 sieve 

c = percent of mineral aggregate passing 
No. 100 and retained on No. 200 sieve 

d = percent of mineral aggregate passing 
No. 200 sieve 

s = percent solvent. 

The preliminary quantity of emulsified 
asphalt to be used in stabilizing subgrades can 

be determined from Table 5-13, page 5-20. Figure 
5-4 can be used to find mix design for asphalt 

cement. The final design content of asphalt 
should be selected based upon the results of the 
Marshall stability test procedure. The minimum 
Marshall stability recommended for subgrades 
is 500 pounds; for base courses, ‘750 pounds. If 
a soil does not show increased stability when 
reasonable amounts of bituminous materials are 
added, the gradation of the soil should be 
modified, or another type of bituminous material 
should be used. Poorly graded materials may be 
improved by the addition of suitable fines 
containing considerable material passing the 
No. 200 sieve. The amount of bitumen required 
for a given soil increases with an increase in 
percentage of finer sizes. 

I CLIMATIC ZONES I ASPHALTGRADE. PENETRATION 

ARCTIC 100 TO 120 

TEMPERATE 65 TO 100 

TROPIC 60 TO 70 

DESERT 40 TO 50 

DETERMINATION OF ASPHALT GRADE 

FOR EXPEDIENT CONSTRUCTION 

RESIDUAL BINDER CONTENT 

0 IO 20 30 40 50 60 70 60 90 IOC 

PERCENT MATERIAL PASSING NO. 4 SIEVE AND RETAINED ON NO. 200 SIEVE 

SELECTION OF ASPHALT CEMENT CONTENT 

Figure 5-4. Selection of grade and quantity of asphalt cement 
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Table 5- 13. Emulsified asphalt requirements 

Percent 
passing 
No. 200 

sieve 
T Pounds of emulsified asphalt per 100 pounds of dry 

aggregate at percent passing No. 10 sieve 

5 50 

0 6.0 
2 6.3 
4 6.5 
6 6.7 
a 7.0 

10 7.2 
12 a.5 
14 7.2 
16 t 7.0 
la 6.7 
20 6.5 
22 6.3 
24 6.0 
25 6.2 

60 70 60 90 100 

6.3 6.5 6.7 7.0 7.2 
6.5 6.7 7.0 7.2 7.5 
6.7 7.0 7.2 7.6 7.7 
7.0 7.2 7.5 7.7 7.9 
7.2 7.5 7.7 7.9 a.2 
7.5 7.7 7.9 a.2 a.4 
7.7 7.9 a.2 a.4 8.6 
7.5 7.7 7.9 a.2 a.4 
7.2 7.5 7.7 7.9 a.2 
7.0 7.2 7.5 7.7 7.9 
6.7 7.0 7.2 7.5 7.7 
6.5 6.7 7.0 7.2 7.5 
6.3 6.5 6.7 7.0 7.2 
6.4 6.6 6.9 7.1 7.4 

USE OF STABILIZED SOILS 
IN FROST AREAS 

Additives 

Bitumen, portland cement, lime, and combi- 
nations of lime, portland cement, and fly ash 
(LCF) are the most common additives for use in 
stabilized soils. Other stabilizers may be used 
for pavement construction in frost areas only 
with approval obtained from the Headquarters, 
Department of the Army (DAEN-MPE-D). 
Washington, DC 20314 (for Army projects); 
Headquarters, Air Force Engineering and 
Services Center (AFESCIDEM), Tyndall AFB, 
FL 32401 (for Air Force projects); or Headquar- 
ters, Naval Facilities Engineering Command, 
Alexandria, VA 22332 (for Navy or Marine 
Corps projects). 

Limitations 

In frost areas, stabilized soil will be used only 
in a layer or layers comprising one of the upper 
elements of a pavement system and directly 

beneath the pavement surfacing layer, where 
the added cost of stabilization is compensated for 
by its structural advantage in reducing the 
required thickness of the pavement system. 
Treatment with a lower degree of chemical 
stabilization should be used in frost areas only 
with caution and after intensive tests, because 
weakly cemented material usually has less 
capacity to endure repeated freezing and thaw- 
ing than firmly cemented material. A possible 
exception is the use of a low level of stabiliza- 
tion to improve a soil that will be encapsulated 
within an impervious envelope as part of a 
membrane-encapsulated-soil-layer pavement 
system. A soil that is unsuitable for encapsula- 
tion due to excessive moisture migration and 
thaw weakening may be made suitable for such 
use by moderate amounts of a stabilizing 
additive. Materials that are modified by small 
amounts of a chemical additive to improve cer- 
tain properties of the soil without significant 
cementation also should be tested to determine 
that the desired improvement is durable 
through repeated freeze-thaw cycles. The 
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improvement should not be achieved at the 
expense of making the soil more susceptible to 
ice segregation. 

Construction Cutoff 

For materials stabilized with cement, lime, 
or LCF whose strength increases with time of 
curing, it is essential that the stabilized layer 
be constructed sufficiently early in the season 
to allow the development of adequate strength 
before the first freezing cycle begins. The rate 
of strength gain is substantially lower at 50°F 
than at 70° or 80°F. Chemical reactions will not 
occur rapidly for lime-stabilized soils when the 
soil temperature is less than 60°F and is not 
expected to increase for one month, or for 
cement-stabilized soils when the soil 
temperature is less than 40°F and is not 
expected to increase for one month. In frost 
areas, it is not always sufficient to protect the 
mixture from freezing during a 7-day curing 
period as required by the applicable guide 
specifications. A construction cutoff date well in 
advance of the onset of freezing conditions may 
be essential. 

Weather 

Hot dry weather is preferred for all types of 
bituminous stabilization. When asphalt cements 
are used for stabilization, proper compaction 
must be obtained. If thin lifts of asphalt- 
stabilized material are being placed, the air 
temperature should be 40°F and rising, and the 
compaction equipment should be used imme- 
diately after lay-down operations. Adequate com- 
paction can be obtained at freezing temperatures 
if thick lifts are used. When cutbacks and emul- 
sions are used, the air and soil temperatures 
should be above freezing. Heavy rains on mixed, 
but uncompacted, material may be detrimental. 

Example 

l A unit is given the mission of constructing 
an airfield facility that will sustain operations 

of C-130 aircraft (gross weight of 150,000 
pounds), along with smaller aircraft. Due to un- 
satisfactory soil strength requirements and 
availability of chemical stabilizing agents, 
stabilization is to be considered. This facility 
also will be a short-term field in the forward area 
and will be considered expedient in design. 

l A site reconnaissance and a few soil 
samples indicate the natural soil strength to be 
8 CBR. Sieve analysis and Atterberg limits show 
20 percent of the material passing a No. 200 
sieve, 300 percent passing a No. 40 sieve, a PI 
of 23, a LL of 30, and 45 percent of the material 
being retained on a No. 4 sieve as being 
reasonably representative of the soil at the pro- 
posed site. The soil classifies as GC according 
to the USCS. 

l Determine type of stabilizer needed, per- 
cent of stabilizer required (by weight1 and design 
thickness. 

PICK AND CLICK TESTS 

Specimens covering a wide range of cement 
contents (for example: 10 percent, 14 percent, 
and 18 percent) are molded at optimum moisture 
and maximum density. After at least 1 or 2 days 
of hardening while kept moist, and after a 
3-hour soaking period, the specimens are 
inspected by picking - done with a pointed in- 
strument such as a dull ice pick or bayonet - 
and by sharply clicking each specimen against 
a hard object such as concrete or another sound 
specimen, to determine their relative hardness 
when set. If the specimen cannot be penetrated 
more than l/8 to 114 inch by picking and if it 
produces a clear or solid tone upon clicking, an 
adequate cement factor is indicated. When a dull 
thud or punky sound is obtained, there is inade- 
quate cement even though the specimen may 
resist picking. The age of the specimens is a 
factor, and a specimen which may not test pro- 
perly at first may harden properly a few days 
later. Some satisfactory specimens require 7 
days or longer to produce adequate hardening. 
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The test results will indicate the proper content. 
If the results show that some intermediate con- 
tent may be satisfactory, new test specimens (at 
the suggested content) should be prepared and 
tested. It is important to remember that too 
much cement is not harmful (although more 
expensive), but that too little cement will not 
produce a satisfactory stabilization. 

WET-DRY AND FREEZE-THAW TESTS 

After determining the maximum density and 
OMC, specimens must be molded for the wet-dry 
and freeze-thaw tests. 

Preparation 

These specimens are prepared using the com- 
puted OMC and the cement contents described 
above for the different soil classification. The 
cement contents are selected in 2 percent incre- 
ments either side of the median value. Two 
specimens are molded for each of the three 
cement contents; one for the wet-dry test, and 
one for the freeze-thaw test. The same procedure 
is used to mold the specimens as was used for 
the OMC determination. Special care must be 
used to scarify the surfaces between layers to 
assure a good bond. When the second layer is 
being placed, a 750gram sample should be 
taken for a moisture determination. The molded 
specimens are placed in a moisture cabinet in 
an atmosphere of high humidity for 7 days to 
permit cement hydration before testing. 

Procedure, Wet-Dry Test 

After the 7 day curing period, the specimens 
are submerged in tap water at room 
temperature for a period of 5 hours and removed. 
Then the specimens are dried in an oven at 71 OF 
(160OF) for 42 hours and removed. The entire 
surface area is wire brushed to remove all 
material loosened during wetting and drying. 
Use two firm strokes on each portion of the sur- 
face. These strokes are applied full height and 

- 
width with a 3-pound force. One cycle consists 
of 5 hours of water immersion, 42 hours of dry- 
ing, and 1 hour of handling. The operation is 
repeated for a total of 12 cycles. After 12 cycles 
of test, the specimens are dried to constant 
weight at llO°C (230°F) and weighed to deter- 
mine the oven-dry weights. 

Procedure, Freeze-Thaw Test 

After the curing period, water-saturated felt 
pads about l/4 inch thick, blotters, or similar 
absorptive materials are placed between the 
specimens and specimen carriers, and the 
assembly is placed in a freezing cabinet with a 
constant temperature not warmer than - 23OC 
(- lOoF) for 24 hours and removed. The 
assembly is then allowed to thaw in a moist 
room or in suitable covered containers with a 
temperature of 21 OC (70°F) and a relative 
humidity of 100 percent for 23 hours. Free water 
is made available to the absorbent pads to per- 
mit the specimens to absorb water by capillari- 
ty during the thawing period. The specimens are 
next given two firm strokes on all areas with the 
wire brush to remove material loosened during 
freezing and thawing. Scale that has formed 
should be removed with a sharp pointed instru- 
ment if necessary. One cycle consists of 24 hours 
of freezing, 23 hours of thawing, and 1 hour of 
handling (total 48 hours). After being brushed 
at the end of each thawing period, the specimens 
are turned over end-for-end before they are 
replaced on the water-saturated pads. The test 
is continued for a total of 12 cycles after which 
the specimens are dried to constant weight at 
llO°C (230°F) and weighed to determine their 
oven-dry weights. 

Calculations and Criteria 

The results of the wet-dry and freeze-thaw 
cycles are indicated as soil-cement losses. These 
losses are computed by using the original dry 
weights and final corrected dry weights. 

l Water-of-hydration correction. The final 
oven-dry weight of the specimen includes some 
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water used for cement hydration that cannot be 
driven off at 110% (230OF). The average 
amount of this water retained in the specimen 
is based on the type of soil; gravels f 1 112 per- 
cent sand f 2 l/2 percent, silts + 3 percent, and 
clays f 3 l/2 percent. This correction is com- 
puted by the following formula: 

corrected oven-dry weight = 
measured oven-dry weight of specimen 

x 100 
percent water retained + 100 

Example: Sample composed mostly of sand 
weighs 3.77 pounds at the end of the test. Water 
of hydration is 2.5 percent. 

Corrected oven-dry weight = 
3.77 3.77 

x 100 = = 3.68 2.5 + 100 1.025 pounds 

l Soil-cement loss. The soil-cement loss can 
now be calculated, as a percentage of the 
original dry weight, or: 

Soil-cement loss = original oven-dry weight - 
final corrected oven-dry weight x ,oo 

original oven-dry weight 

Example: A sample of soil has an original 
weight of 3.99 pounts. 

soil-cement loss = 
3.99 - 3.68 

3.99 
x 100 = 7.8 percent 

This value would be reported to the nearest 
whole number or as 8 percent. 

l Weight loss criteria. The minimum ce- 
ment content recommended for use is the one for 
which losses of specimen weight during 12 cycles 
of the wet-dry test or freeze-thaw test conform 
to the following standards: 

l Strength criteria. The strength of soil- 
cement specimens tested in compression at 
various ages should increase with age and with 
increases in cement. The ranges of cement con- 
tents should produce results meeting the 

GW, GM, GC, SW, SM, SC, and SP soils, not requirements above. A sample that has an 
over 14 percent 

ML, and MH soils, not over 10 percent 

GL, CH, OH, and OL soils, not over 7 percent. 

unconfined compression strength of approxi- 
mately 300 psi after curing 7 days and shows 
increasing strength with age can be considered 
adequately stabilized. 
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l Cement weight-to-volume conversion. The 
required cement content by weight must be con- 
verted to the equivalent cement content by 
volume for control during construction, since 
this is the easier quantity to use in the field. The 
following formula illustrates the calculation: 

Volume of cement (percent) = D-P/C) x 100 
94 

where: 

D = oven-dry density of soil-cement (pounds per cubic foot) 

C = 100 + percent cement (by weight) 

100 

94 = weight of 1 cubic foot of cement. 

The nomograph in Figure 5-5 makes the con- 
version without computation. Use a straight- 
edge placed at the soil-cement density and at the 
percent by weight of cement. Read the percent 
of cement by volume on the right-hand scale. 

MODIFIED MIX DESIGN 
FOR SANDY SOILS 

Sandy soils are generally the most readily 
and economically stabilized because they re- 
quire the least amount of cement for adequate 
hardening and because they contain a minimum 
amount of material which prevents intimate 
mixing of soil and cement. The following short- 
cut testing procedures for sandy soils will not 
always indicate the minimum cement contents 
required, but the results will be close enough to 
be on the safe side and economical. If time per- 
mits, the procedures for freeze-thaw test are 
followed for greater economy of design. 

Two procedures are used; one for soils not 
containing material retained on the No. 4 sieve, 
and the other for soils containing material re- 
tained on the No. 4 sieve. The procedures can 
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be used only with soils containing less than 50 
percent of material smaller than 0.05 millimeter 
(silt and clay) and less than 20 percent smaller 
than 0.005 millimeter (clay). Dark gray to black 
sandy soils obviously containing appreciable 
organic impurities together with miscellaneous 
granular materials (such as cinders, caliche, 
chat, chart, marl, red dog, scoria, shale, and slag) 
should be tested using the full procedures and 
not tested by the modified methods for sandy 
soils. When coarse-grained or sandy soils 
(generally of groups GW, GP, GM, SW or SM) 
are encountered, they may be classified for 
testing purposes using either the first or the 
second procedure. There is one other exception. 
Granular soils with materials retained on the 
No. 4 sieve whose bulk specific gravity is less 
than 2.45 cannot be tested. 

Procedures Sequence 

l Determine the soil gradation. 

l Determine the bulk specific gravity of the 
material retained on the No. 4 sieve. 

l Perform the moisture-density test of an 
estimated soil-cement mixture. 

l Locate the indicated cement requirements 
from the charts. 

l Perform compressive-strength tests to 
verify the cement requirement. 

Procedure for Soils with no Material 
Retained on the No. 4 Sieve 

l Determine the maximum density and 
OMC for a mixture of soil and cement. (Figure 
5-6 will give an estimated density. This value 
and the percentage of material smaller than 
0.05 mm are used with Figure 5-7, page 5-28, to 
determine an indicated cement content). 

l Use the maximum density value and 
Figure 5-7, page 5-28, to determine an indicated 
cement requirement. 

l Mold three compressive-strength speci- 
mens at maximum density and OMC. 

l Moist-cure the specimens for 7 days and 
test for strength. 

l Plot the value of the averaged compressive 
strength on Figure 5-8, page 5-28. If this plot is 
above the curve, the cement factor is probably 
too low and needs adjusting. Two new test 
specimens are prepared; one at the cement con- 
tent as computed above, and the second with a 
2 percent higher cement content. The full freeze- 
thaw test is performed on these two specimens. 

Procedure for Soils with Material 
Retained on the No. 4 Sieve 

l Determine the maximum density and 
OMC for a mixture of soil and cement. Use 
Figure 5-9, page 5-29, for an estimated maxi- 
mum density, and Figure 5-10, page 5-30, with 
this density, percentage of material retained on 
the No. 4 sieve, and percentage smaller than 
0.05 mm to determine moisture content. The 45 
percent maximum retained on No. 4 sieve still 
applies. Also any material larger than ‘/4 inch 
must be replaced with an equivalent weight of 
the material passing the %-inch sieve and re- 
tained on the No. 4 sieve. 

l Using the maximum density from above 
and Figure 5-10, page 5-30, determine the in- 
dicated cement requirement. 

l Mold test specimens at maximum density 
and OMC. 

l Moist-cure for 7 days and test for com- 
pressive and average. 

l Use Figure 5-11, page 5-31, to determine 
the allowable compressive strength for the 

- 
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soil-cement mixture. Connect points on the right- is equal to or greater than the allowable, the 

and left-hand scales of the nomograph and read cement content is adequate. If the strength is 

the minimum required compressive strength too low, the cement factor is also too low, and 

from the inclined center scale. If the strength a full test should be performed. 

No. 4 To No. 60 Sieve Size Material Of Minus No. 4 Fraction Percent 

Figure 5-6. Average maximum densities of the minus No. 4 fraction of soil-cement mixtures 
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iI 
125 

0 5 IO I5 20 25 30 35 40 45 50 

Material Smaller Than 0.05 mm - Percent 

Figure 5-7. Indicated cement contents of soil-cement mixtures nor containing material retained on the 
No. 4 sieve 

Material Smaller Than 0.05 mm Percent 

Figure 5-8. Minimum 7-day compressive strengths required for soil-cement nor containing material 
retained on the No. 4 sieve 
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60 

50 

40 

30 

20 

IO 

0 
0 IO 20 30 40 50 

Material Smaller Than 0.05 mm Percent 

Figure 5-9. Average maximum densities of soil-cement mixtures containing material retained on No. 
4 sieve 
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Cement Content By Weight Percent 

i0 21 3% 4’0 4’5 

Material Smaller Than 0.05 mm Percent 

Figure 5-70. indicated cement contents of soil-cement mixtures containing material retained on No. 4 
sieve 
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APPENDIX A 
UNIFIED SOIL CLASSIFICATION SYSTEM 

The Unified Soil Classification System is a 
method of describing the different soils based on 
the soils’ physical characteristics. The system 
was adopted by the US Army Corps of Engineers 
(and the Department of Interior, Bureau of 
Reclamation) in January 1952. The three tables, 
A-l, A-2, and A-3, are included to aid in identi- 
fying the soils from the different test results and 
to illustrate the engineering characteristics per- 
tinent to roads and airfields and to em- 
bankments and foundations. The tables list 

some of the limiting values associated with the 
tests described in this manual. The values 
should guide the technician in testing. A great 
discrepancy between a test result and the values 
given in the tables for that particular soil type 
should alert the technician to the possibility of 
some inaccuracy or error either in the testing 
or in the identification of the soil. Figure A-l 
illustrates the process of identifying soils 
through the tests. 
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Table A-l. Unified Soil Classification System 

After remowing part;cle, larger tkn No. 40 sieve rim, mold o pa, of vail +o the 
colnirtency of @*, adding wo+c, if nccer~l~, Allow the p.~+ +o dry completely 
by oven, sun. w air-dyq, and then +e,+ ih ,+reng+h by breaking and crumbli- 
behean +k f;r,po. Thir .+mw+h i, D measure of tk chomctcr ood qw,n,iry of 
+k colloidal fmctia c.m,ained ;n rk ,oil. Tk dry r+nng+h inc,e.a,, with 
incn0sir.g pldcity. 

High dv ,,mng+h is ckmc+erir+ic for <la,, of tk CH g,oup. A +ypicol inp- 
g&c silt paler mly very slight duy s+reng+h. Sil+y fim son& and silts 
have &at +k +a- .liph+ dry rtnngth, bv, con be dir+ingui,kd by +k feel 

- 

Akcr particle, larger +kn +k No. 40 sieve sY,e ore removed, o rpecimcn of ,&I 
about one-Mf ;nch in cu+,e rire. is molded +o the conrittency of puny. If loo 
dv, rater ma+ be odded and if Zicky. +k rpcimen should be sped o)+ io o 
thin loye, and oIlwed +o lox ram m&stun by l voporo+ion. Then +k rpeciman 
i, mllcd out by hand on o smooth rurfoce w between the palmr into o thnod &out 
wa-c;gh+h inch in d;amc+er. Tk thmod i, +kn folded and remlIed rrpa+edly. 
During +his manipulation +k moistwe corr+en+ is gmdvally reduced and +k rpe.ci- 
men ~hffsn,, fioo,ly 1-1 i,, pl..+ici+y. and cwmbl., rkn ,k p,.x+ic limit 
ix ,eoch.d. 

After the ,h,ar,d crumble,, tk pjccsr thould be lumpd togather and 0 .I$-” kneadding 
octim catiwd until +k lump crumbles. 

,k +c+e, tk thmd WC,, tk pla,,ic limit and +k r+iffer rk lump rkn i+ 
fin,,,,. c,,,,nb,.,, ,k m- @en+ is ,k collo~&l cl7 fmc+;ar in +k soil. 
WeaCres, of +k thread o+ +k plastic limit and quick lo,, of cokrenc. of +k 
lump below +k Pl~+ic limit ind;cote citkr imrpnic cloy of low plor+ici~, 01 

. mterid, such o, koolio-+yp cloy, and wponic clay. which occur b.lov ,k A-Ii-. 
Highly orlpnir clay, kvc a very weaL and sp”9y feel e, +k plar+ic limit. 
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Table A-2. Characteristics pertinent to roads and airfields 
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Table A-3. Characteristics pertinent to embankments and foundations 

MJor blvlalona 
(1) (2) 

GRAVEL 

Symbol Permeablllty 
Std AASRO Max 

Value ror Revircmentr r0r 
Letter Hatching COlW NlUTle Value r0r Bnbankzentb Cm Per Set Caqactlon Charecteristlcs 

Unit Dry ueght 
Foundations Scipgc Control 

(3) 
Lb Per Cu Ft 

(4) (5) (6) (7) (8) (3) (10) (11) (12) 

GU 
0 :. 

Yell-graded gravels or gravel-sand k > lO-2 125-135 Good bculng value m1t:v.t doif 

ov 0 
q lrturcs, little or no rinee ’ 

Very stable, pervious shells Good, tractor, rubbelctlred, 
of dikes and dams steel-vhreled roller 

l 
&ti 

CP Poorly-(psdcd gravels or gravel-sand Reaeooably stable pe:-vlous k > 1O-2 Good tractor ntber-ttred, 115-125 Cob1 bcar:ng value mitive cutorf 

luly 6uited to shells, but my 
for lmprvlous cores or 

rubber-tlred, sheepsfoot 

Good, with close control, 
toe drainage or well6 

and6 or clayey 

Inorganic clays of hi&h plasticity, Felr stability with flat slops, Fair to poor, sheepsfoot Fair to poor bearing 

Poor to very poor sheepsfoot Very poor bearing 

Notes : I. Values 1n COllum~ 7 and 11 are r0r @JidMce only. Deslm should be based on test results. 
2. In column 9, the equipment llrted ~111 usually produce the desired dcnritles with a reasonsble number Or paSlC‘ when ~lrt~e conditions ~&thlcknels Or 1lft are prOp?rly controlled. 
3. Col~rnlO, unit dry velghts U‘C for cmpacted s~ll l t optlmm mistuC content for Standard ~310 (Stan&d Proctor) caprctlve effort. 
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Make visual examination of soil to determine whether it is 
HIGHLY ORGANIC, COARSE GRAINED, OR FINE GRAINED. 
In borderline cases determine amount passing No. 200 sieve. 

] More thanF!~O~~~~~ 200 sieve ] 

Run LL and PL on minus No. 40 Sieve 
] matprial ] 

] Liquid lim;,tgless than 1 
H 

Liquid limit greater than 
50 

I 1 I 
I 

I 
Below “A” line or Limits plot in Above “A” line and Below “A” line Above “A” line 
hatched zone on hatched zone on hatched zone on 

1 1 plastic 
on plasticity 

plasticity chart 
on plasticity 

‘Y ity chart chart chart 

I 

r chart ] 1 plastic 

63 Inorganic Organic 





1 inch 

12 inches 

1 square foot 

1 square yard 

1 acre 

1 acre, if square 

1 cubic foot 

1 cubic yard 

1 cubic meter 

1 United States gallon 

APPENDIX B 
USEFUL INFORMATION 

1 United States gallon of water 

1 British Imperial gallon = 

1 gross or long ton = 

1 net or short ton = 

1 pound = 

1 kilogram = 

1 atmosphere = 

1 pound per square inch = 

2.54 centimeters = 25.4 millimeters 

1 foot = 0.3048 meter 

144 square inches 

9 square feet = 1,296 square inches 

43,560 square feet 

approximately 208.7 feet on each side 

1,728 cubic inches = 7.48 United States gallons 

27 cubic feet = 0.7646 cubic meter 

1.308 cubic yards = 35.31 cubic feet = 1,000 liters 

231 cubic inches = 0.1337 cubic foot = 
4 quarts = 8 pints 

weighs 8.33 pounds 

1.2 United States gallons 

2,240 pounds = 1.12 net tons 

2,000 pounds 

16 ounces = 256 drams = 7,000 grains = 453.6 grams 

1,000 grams 

14.7 pounds per square inch = 30 inches mercury = 
33.95 feet of water at 62OF 

144 pounds per square foot = 0.068 atmosphere = 
2.042 inches mercury = 2.1 feet of water at 62OF 

1 cubic foot of water at 62OF weighs 62.36 pounds 

Water freezes at 32OF or at O°C 
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- 
Water boils at 212OF or at 100°C (sea level and 14.7 pounds per square inch pressure) 

OF = 9/5(OC!) + 32 

Circumference of a circle = diameter x 3.14 

Area of a circle = diameter squared by 0.7854 

1 foot-pound = unit of work or the work required to lift 1 pound through a 
vertical distance of 1 foot 

Relation between API (air position indicator) degrees 
and specific gravity (liquids - lighter than water)* 

API Gravity Degrees Specific Gravity, 60°/60 O 

10 ..................................................................... ..l.OOO 0 

15 ....................................................................... 0.9655 

29 ..................................................................... ..0.933 3 

25 ..................................................................... ..0.903 2 

30 ....................................................................... 0.8750 

35 ....................................................................... 0.8485 

40 ....................................................................... 0.8235 

45 ....................................................................... 0.8000 

*API Gravity Degrees = 
141.5 

- 131.5 
specific gravity 60 O/60 O 
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Multiply 

Atmospheres 

Centimeters 

Cubic feet 

Cubic feet 

Cubic meters 

Cubic yards 

Feet 

Feet 

Gallons 

Gallons 

Inches 

Kilograms 

Kilograms 

Liters 

Liters 

Liters 

Miles 

Pounds 

BY To obtain 

14.70 Pounds per square inch 

0.3937 Inches 

7.481 United States gallons 

1,728 Cubic inches 

35.51 Cubic feet 

27 Cubic feet 

0.3048 Meters 

30.48 Centimeters 

231 Cubic inches 

0.134 Cubic feet 

2.54 Centimeters 

1,000 Grams 

2.205 Pounds 

0.03531 Cubic feet 

0.2642 Gallons 

1,000 Cubic centimeters 

5,280 Feet 

453.6 Grams 
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APPENDIX C 
METRIC CONVERSION TABLE 

1 centimeter = 0.03821 foot 

1 centimeter = 0.3937 inch 

1 cubic centimeter = 0.06102 cubic inch 

1 inch = 2.540 centimeters 

1 cubic inch = 16.39 cubic centimeters 

1 gallon 

1 gallon 

= 3,785 cubic centimeters 

= 3.785 liters 

1 liter 

1 liter 

= 61.02 cubic inches 

= 0.2642 gallon 

1 kilogram 

1 pound 

= 2.205 pounds 

= 453.6 grams 
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APPENDIX D 
TEST PROCEDURES FOR SOILCEMENT STABILIZATION 

STEPS 

The steps, which are described in more detail 
in the following paragraphs, are suggested. 

l Determine the maximum density and op- 
timum moisture content for the soil-cement 
mixture. 

l Mold specimens for inspection of hardness. 

l Inspect specimens using “pick and click” 
procedures. 

l Perform unconfined compression test on 
best soil-cement mixture. 

MOISTURE-DENSITY TEST 

The maximum density and optimum 
moisture content are determined at an 
estimated cement content using the compaction 
test procedure described in Chapter 2, Section 
IX, for the 4-inch diameter mold. 

MOLDING SPECIMENS 

Specimens for inspection of hardness are 
molded at the optimum water content de- 
termined in the moisture-density test using the 
same procedure described in Chapter 2. It is best 
if these specimens can be molded in the standard 
Proctor mold and then be removed from the mold 
and placed in a high humidity atmosphere for 
hydration or curing. 

INSPECTING SPECIMENS 

After at least 2 days of hardening (with the 
specimens being kept moist) and after a I-hour 
soaking, the samples are inspected by picking 

with a sharp-pointed instrument and by sharp- 
ly clicking each specimen against a hard object 
such as concrete to determine relative hardness. 

PICK TEST 

In the pick test, the specimen is held in one 
hand, and a relatively sharp-pointed instru- 
ment, such as a dull ice pick, is lightly jabbed 
into the specimen (or the end of a specimen mold- 
ed in a can) from a distance of 2 or 3 inches. If 
the specimen resists this light picking, the force 
of impact is increased until the pick is striking 
the specimen with considerable force. Specimens 
that are hardening satisfactorily will definite- 
ly resist the penetration of the pick, whereas 
specimens that are not hardening properly will 
offer little resistance. To pass the pick test, a 
specimen that is not over 7 days old and that has 
been soaked in water must resist the penetra- 
tion of the ice pick, which is under considerable 
force, to a distance greater than 118 to 114 inch. 

CLICK TEST 

l Application to Specimens Passing the Pick 
Test. The click test is then applied to water- 
soaked specimens that are apparently harden- 
ing satisfactorily and that have passed the pick 
test. In the click test, the specimens, one in each 
hand, are held perpendicular to each other and 
4 inches apart. They are then lightly clicked 
together a number of times. The force of impact 
is increased with each click. Specimens that are 
hardening satisfactorily will click together with 
a ringing or solid tone. As the force of impact 
is increased, one of the specimens may break 
transversely even though it is hardening ade- 
quately. The internal portion of a satisfactory 
specimen should then pass the pick test. After 
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two or three hard specimens are obtained, they 
may be saved, and one may be used in the click 
test with a soil-cement specimen of a soil being 
tested. 

l Sound and Breakage. When a poorly 
hardened specimen is clicked with a satisfactory 
specimen, a dull thud is obtained rather than 
the solid sound obtained with two satisfactory 
specimens. After the first or second click, the in- 
ferior specimen will generally break, and its in- 
ternal portion will not pass the pick test. 

l Age. At the time the click test is con- 
ducted, the age of the specimens must be taken 
into account. For instance, specimens that are 
not properly hardened at an age of 4 days may 
be satisfactorily hardened at an age of 7 days 

l Repeat Procedure. The pick and click pro- 
cedures are then repeated after the specimens 
have been dried out and again after a second 

soaking to test their relative hardness at both 
extremes of moisture content. 

l Duplicate Procedure. It is suggested that 
duplicate specimens be molded and tested in 
compression at the age of 7 days and after soak- 
ing in water for 4 hours. Minimum compressive 
strengths of 400 pounds per square inch (psi) are 
generally considered adequate. 

GENERAL REMARKS 

There is a distinct difference between 
satisfactorily hardened soil-cement specimens 
and inadequately hardened specimens. Even an 
inexperienced tester will soon be able to dif- 
ferentiate between them and to select a safe ce- 
ment content to harden the soil. It is important 
to remember that an excess of cement is not 
harmful, but that a deficiency of cement will 
result in inferior stabilization. 

- 
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GLOSSARY, ACRONYMS AND ABBREVIATIONS 

AASHTO 

AC1 

AGG 

AP 

AP 

APSB 

APSP 

ASTM 

Avg 

C 

C 

C 

CA 

CBR 

cc 

CE 

CF 

CMS 

Cor 

cwt 

D 

D 

DA 

DD 

DCA 70 

Diam 

El 

f 

F 

FA 

American Association of State 
Highway Transportation Officials 

American Concrete Institute 

Aggregate 

Asphalt petroleum 

Asphalt penetration numbers 

Asphalt penetrative soil binder 

Asphalt penetration surface binder 

American Society for Testing 
Materials 

Average 

Celcius 

Circumference 

Compaction 

Coarse aggregate 

California Bearing Ratio 

Cubic centimeter 

Corps of Engineers 

Cement factor 

Cement modified soil 

Corrected 

Hundred weight 

Density 

Diameter 

Department of Army 

Department of Defense 

Polyvinyl acetate emulsion 

Diameter 

Elevation 

Foot, feet 

Fahrenheit 

Fine aggregate 

FRBS 

ft 

G 

G 

G 

Gal 

Ga 

GA 

Gavg 

GCI 

Gm 

gm 
Gs 

GSF 

GSI 

GTM 

Gw 

in 

lb 

LCF 

LF 

LL 

LMS 

LSD 

MB 

MC 

MDD 

min 

Min 

MH 

Fine river bar sand 

Foot, feet 

Gram 

Gravity 

Specific gravity 

Gallon 

Adjusted specific gravity 

Adjusted specific gravity 

Average specific gravity 

Gyratory compactibility index 

Bulk specific gravity 

Gram 

Solids specific gravity 

Gyratory shear factor 

Gyratory stability index 

Gyratory testing machine 

Specific gravity of liquid 

Inch 

Pound 

Lime-cement fly ash 

Lime fly ash 

Liquid limit 

Lime-modified soil 

Limestone dust 

Mechanical blending 

Medium curing cutback 

Maximum dry density 

Minute 

Minimum 

Moderate heat of hydration 
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ml 

mm 

MS 

MS 

N 

V 

N/A 

OAC 

Omax 

oz 

Pass 

PCF 

Pcf 

PI 

PL 

psi 

Ret 

RC 

RelE 

RS 

RT 

RTCB 

Milliliter 

Millimeter 

Medium setting 

Moderate sulfate resistance 

Number 

Viscosity 

Not applicable 

Optimum asphalt content 

Maximum gyratory angle 

Ounce 

Passing 

Wet density 

Pounds per cubic foot 

Plasticity index 

Plastic limit 

Pounds per square inch 

Retained 

Rapid curing rate 

Relative dynamic modulus of 
elasticity 

Rapid setting 

Road tar 

Road tar cutbacks 

SA 

SC 

SC 

Sg 

SIG 

SL 

SM 

Spec 

Sq 

ss 

SSD 

T 

Temp 

TM 

uses 

WI 

w/c 

wt 

% 

Soil-asphalt 

Slow curing cutbacks 

Soil-cement 

Gyratory shear strength/value 

Materials Quality Specialist 

Soil-lime 

Slag modified 

Specific 

Square 

Slow setting 

Saturated surface-dry condition 

Temperature 

Temperature 

Technical manual 

Unified Soil Classification System 

With (word or number) 

Water-cement ratio 

Weight 

Percent 

Foot, feet 

Inch 

Equal to or less 
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MC-l (CCE) (NSN 6635-01-030-6896) 

Planning and Design of Roads, Airbases, and Heliports in the 
Theater of Operations (AFM 86-3, Vol II) 

Pits and Quarries 

Paving and Surfacing Operations 

Geology 

Soil Stabilization for Pavements (AFM 88-7, Chap 4) 

Operator’s and Organizational Maintenance Manual for Tester, 
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Test Set, Soil Traffkability 

Hand Receipt Catgalog Covering Content of Test Set, Soil and 
Map Use 

Test Set, Soil 

Test Set, Asphalt 

Test Set, Concrete 

Soil Moisture Content 

Sieve Analysis Data 
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DD Form 1207 
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DD Form 1216 

DD Form 1217 

DD Form 1218 
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Grain Size Distribution Graph - Aggregate Grading Chart 
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Atterberg Limits Determination 
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Soil Compaction Test Graph 

California Bearing Ratio Test Data 

Unconfined Compression Test 

Unit Weight Determination “Volume of Hole” Methods 

Specific Gravity of Bituminous Mix Components 

Bituminous Mix Design - Aggregate Blending 

Marshall Method - Computation of Properties of Asphalt Mixtures 

Bituminous Mix Curves 

Concrete Mixture Design Data 

Determination of Asphalt Content 

Hydrometer Analysis 

Combined Mechanical Analysis 

California Bearing Ratio (CBR) Analysis 

Report of Foundation and Borrow Investigation 
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AR 31050 Catalog of Abbreviations and Brevity Codes 

The American Society of Testing and Materials (ASTM) 
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ASTM C566-84 Total Moisture Content of Aggregate by Drying Test Method for 

ASTM C70-79 Surface Moisture in Fine Aggregate, Test Method for (R 1985) 

ASTM C 142-78 Clay Lumps and Friable Particles in Aggregates, Test Method for 
(R 1984) 
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Sulfate, Test Method for 

Expansive Hydraulic Cement, Spec. for 

Sand Equivalent Value of Soils and Fine Aggregate, Test Method 
for (R 1979) 

Field Manual (FM) 

FM 5-541 Military Soils Engineering 

Military Standards (MIL STD) 

MIL-STD 619B Unified Soil Classification System for Roads, Airfields 
Embankments and Foundations 

MILSTDS2OA Notice 1 Test Methods for Bituminous Paving Methods 

MIL STD-620A Notice 2 Test Methods for Pavement Subgrade, Subbase, and Base Course 
Material 

Navy Documents (NAVDOC) 

NAVFAC DM-7.1 

NAVFAC DM-7.2 

Soil Mechanics 

Foundations and Earth Structures 

Technical Manuals (TM) 

TM 5-241-14 

TM 5-241-15 

TM 5-241-16 

TM 5-241-17 

TM 5-241-19 

TM 5-241-20 

TM 5-241-21 

Universal Transverse Mercator Grid ‘Ibble for Latitudes 0 Degree to 
80 Degree: Bessel Spheroid (Meters); Coordinates for 5-Minutes 
Intersections 

Universal Transverse Mercator Grid Table Latitudes 0 Degree to 45 
Degree 05’: Clarke 1880 Spheroid (Meters); Coordinates for 
5-Minute Intersections 

Universal Transverse Mercator Grid Table for Latitudes 0 Degree to 
40 Degree 05’: Everest Spheroid (Meters); Coordinates for 5-Minutes 
Intersections 

Latitude Functions: Hayford Spheroid (International Spheroid): 
Natural Values of the Meridional ARC A, B, C, D, E, and F Factors, 
Radii of Curvature R 

Latitude Functions: Bassel Spheroid; Natural Values of the 
Meridional ARC A, B, C, D, E, and F Factors, Radii of Curvatures R 
and N 

Latitude Functions: Clarke 1880 Spheroid; Natural Values of the 
Meridional ARC A, B, C, D, E, and F Factors, Radii of Curvature R 
and N 

Latitude Function: Everest Spheroid; Natural Values of the 
Meridional ARC A, B, C, D, E, and F Factors, Radii of Curvatures R 
and N 
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TM 5-331A 

TM 5-331D 

TM 5-349 

TM 5-624 

TM 5-805-l 

Utilization of Engineer Construction Equipment: Volume 
A: Earthmoving, Compaction, Grading, and Ditching Equipment 

Utilization of Engineer Construction Equipment: Volume 
D-l: Asphalt and Concrete Equipment 

Arctic Construction 

Maintenance and Repair of Surface Areas 

Standard Practice for Concrete Military Structures (AFM 883,Chap 6) 

TM 5-818-1 

TM 5-822-5 

TM 5-822-6 

TM 5-822-8 

TM 5-823-2 

TM 5-824-3 

TM 5-824-4 

TM 5-825-2 

Soils and Geology: Procedures for Foundation Design of Buildings 
and Other Structures (Except Hydraulic Structures) (AFM 88-3, 
Chap 7) 

Engineering and Design: Flexible Pavements for Roads, Streets, 
Walks, and Open Storage Areas (AFM 88-7, Chap 3) 

Rigid Pavements for Roads, Streets, Walks, and Open Storage Areas 
(AFM 88-7, Chap 1) 

Bituminous Pavements-Standard Practice 

Army Airfields and Pavements: Airfield-Heliport Flexible Pavement 
Design 

Rigid Pavements of Airfields Other than Army (AFM 88-6, Chapa 3) 

Airfields Other than Army: Airfield Operational and Maintenance 
Facilities 

Flexible Pavement Designs for Airfields (NAVFAC DM-21-3, AFM 88-6, 
Chap 2) 

OTHER 

American Concrete Institute, PO Box 19150, Redford Station, Detroit, MI 48219 

Manual of Concrete Practice, Part I 

Reinforced Concrete Design Handbook 

American Association of State Highway and Transportation Officials, 444 N. Capitol Street, 
Washington, D.C. 20001 

Standard Specifications for Transportation Materials and Methods of Sampling and Testing, 
Part II, 1982, 13th ed 

American Society for Testing and Materials, 1916 Race Street, Philadelphia, PA 19103 

ASTM Book of Standards, Vol I, Vol II 

Significance of Tests and Properties of Concrete and Concrete-Making Materials, STD 169B 
1978 

Department of the Interior, 1981 Washington, DC. 

Concrete Manual 
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McGraw-Hill Book Company, 1221 Avenue of the Americas, New York, NY 10020 

Composition and Properties of Concrete, 1974, G.E. Troxell, H. E. Davis and J. W. Kelly 

Concrete Construction Handbook, 1968, J. J. Waddell 

Handbook of Heavy Construction, 1971, Havers and Stubbs 

The Asphalt Institute, Asphalt Institute Building, College Park, Md 20740 

Manual Series No. 4 (MS-4): The Asphalt Handbook 

Manual Series No. 10 (MS-lo): Soils Manual for Designed Asphalt Pavement Structure 

Manual Series No. 13 (MS-13): Asphalt Surface Treatments and Asphalt Penetration 
Macadam 

SS-1; Specifications and Construction Method for Hot Mix Asphalt Paving 

Copyrighted art appearing in Figures 2-64 and 2-65 on pages 2-84 and 2-85 are from material pub- 
lished by the Alpha-Lux Company, Inc., Trenton Avenue and Somerset Street, Philadelphia, PA 19134. 
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Accelerators ..................... 
Additive ........................ 
Admixtures, curing. .............. 
Absorption .......... 
Air content testing ... 
Air drying .......... 
Air-entraining agents. 
Airfields, exploration 
Air photographs ..... 
Apparent specific gravity 
Aggregate ............ 

Base and pavement. 
Blended ........... 
Characteristics. ..... 
Chemical composition 
Deterioration .................. 
Durability .................... 
Fine and coarse ................ 
Gradation ..................... 
Identification .................. 
In concrete .................... 
Mineral filler .................. 
Mixing ....................... 
Sampling ..................... 
Selection. ..................... 
Sieve analysis ................. 
Soundness, test for ............. 
Specific gravity ................ 
Surface moisture ............... 

Aggregate tests 
Absorption .................... 
Apparent specific gravity ........ 
Bulk, impregnated specific gravity 
Coarse. ............. 
Fine ............... 
Immersion-compression 
Impurities .......... 
Los Angeles abrasion 
Sieve analysis ....... 
Specific gravity ............. 
Stripping .................. 
Surface moisture ............ 
Swell ...................... 

Asphalts ...................... 
Asphalt cements ............... 

Cutter stock ................ 
Grading ................... 
Surface area formula ........ 

Asphalt emulsions ............. 
ASTM compaction. ............. 
Atterberg limits. See also Limits 
Average specific gravity ......... 

INDEX 

4-9 
5-2 
4-8 
2-4 
4-45 
2-42 
4-9 
2-26 
2-21 
2-58 
3-1, 4-10 
2-23 
3-32 
3-19 
4-6 
4-6 
4-6 
4-5 
3-19, 4-5, 4-10 
3-17 
4-4 
3-19, 3-28 
3-56 
3-12 
4-10 
3-20, 4-10 
4-20 
3-20, 4-12 
4-12 

4-12 
3-20 
3-32 
4-12 
4-13 
3-18 
4-15 
3-34 
3-28, 4-11 
3-28 
3-9 
4-14, 4-15 
3-18 
3-3 
3-4, 3-9 
3-4 
3-4 
3-51 
3-5, 3-9, 3-51 
2-97 
2-5, 2-7, 2-9 
2-61 

Bag sample ........................ 
Bite test ........................... 
Bitumen 

Characteristics ................... 
Description. ..................... 
Safety precautions. ............... 

Bitumen field identification tests ...... 
Asphalts and tars ................ 
Asphalt cement . . . . . 
Asphalt cutback ................. 
Asphalt emulsion ................ 
Cements and cutbacks ............ 
Road tars ....................... 

Bitumen quality check tests 
Penetration. .......... 
Softening point ....... 
Solubility ............ 
spot ................. 

Bitumen specification tests 
Ductility ............. 
Flash point and fire point ......... 
Penetration. ..................... 
Softening point .................. 
Nubility ....................... 
Specific gravity .................. 
Spot ..................... 
Thin-film oven. ........... 
Viscosity ................. 

Bituminous design 
Compaction and shear test. 
Gyratory test ............. 
Hot mix ................. 
Job-mix formula ................. 
Marshall test .................... 
Surface area method. ............. 
Variables ....................... 
Wall friction test ................. 

Bituminous pavements. .............. 
Material ........................ 
Emulsions ...................... 
lhrs ............................ 

Bituminous paving. See also Plant control 
Controling production ............. 
Expediting design ................ 
High-type.. ..................... 
Intermediate-type 
Plant operation 
Production 
Quality control 

Bituminous sampling 
Aggregate, commercial 
Procedure 

2-29 
2-16 

3-6 
. 1-2 
. 3-6 

3-14 
. 3-14 

3-14 
3-16 

. 3-16 
3-14 
3-17 

. 3-24 
3-25 

. 3-26 

. 3-26 

. 3-25 
3-20 
3-24 
3-25 
3-26 
3-20 
3-26 
3-27 
3-26 

3-38 
. 3-36, 3-58 

3-35 
3-52 
3-59 
3-51 

. 3-35 
3-38 
3-1 

. 3-1 
3-5, 3-9 
3-6, 3-9 
3-56 
3-58 
3-66 
3-56 
3-56 
3-56 
3-58, 3-59 
3-59 

3-13 
3-12 
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Blended aggregate .................... 3-29 
Borderline soils. ..................... 2-8, 2-9 
Borrow areas ......................... 2-23 
Bulk specific gravity 

Aggregate test ..................... 4-12 
Blended aggregates. ................ 3-29 
Soils ............................. 2-6 

Bulky ............................... 2-2 
Calcium carbide. See Moisture 
Calibration 

Gyratory test machine .............. 3-38 
Hydrometer ....................... 2-63 
Liquid limit test ................... 2-87 
Sand-displacement ................. 2-111 
Surface ........................... 2-115 
Volumetric flask ................... 2-53 

California Bearing Ratio KBR) ......... 2.121 
Field in-place test .................. 2-129 
Free draining soils ................ 2-144 
Free swell index ................. 2-132 
Penetration test .................. 2-126 
Remolded sample test. .............. 2-128 
Undisturbed sample test ............ 2-129 

CBR test ............................ 2.121 
Sample results ..................... 2-136 

Cement ............................. 4-2 
Blends ............................ 4-3 
Identification ...................... 4-23 
Types ............................ 4-2 

Cement identification tests 
Air entrained. ..................... 4-24 
Color. ............................ 4-24 
Hardening ........................ 4-23 
High-early strength ................ 4-24 

Classifications, soil .................... 1-2, 2-6 
Clay.. .............................. 2-5 
Clay, tests 

Specific gravity .................... 2-4 
Unconfined compression ............. 2.153 

Coarse aggregate 
Apparent specific gravity ............ 3-29 
Bulk specific gravity ................ 4-12 
Concrete definition ................. 4-5 
Percent absorption. ................. 4-12 
Restriction ........................ 4-5 
Sieve analysis ..................... 3-28 
Surface moisture ................... 4-14 

Coarse grained soils ................... 2-7 
Cohesive soils ......................... 2-5 
Cohesive subgrades ................... 2.129 
Cold mix, pavement ................... 3.49 
Cold weather 

Cement modification, ............... 5-4 
Curing ........................... 4-8 
Freeze, thaw test ................... 5.22 
Lime stabilization .................. 5.15 

Soil stabilization 
Soundness test. 
Tars 

Compaction 
Curve 
Dry density 
Equipment, field 
Specifications 
Theory 

Compaction curve 
Adjustmental moisture content 
Construction 
Degree of saturation 
Dry density change. 
Maximum dry density 
Optimum moisture content 
Optimum moisture curve 
Swell phase 
Zero air voids. 

Compaction tests 
ASTM test procedure 
CBR mold. 
Proctor mold 
Soil property determination 

Compactness 
Complete saturation 
Composite sample. 
Compression test. 
Concrete 

Admixtures. 
Aggregates in 
Cement in 

Curing 
Mixes 

- 
5-7 
4-20 
3-6 
2-96, 2-102 
2-102 

2-96 
2-96, 2-105 
2-102 
2-106 
2-102 
2-106 
2-107 
2-108 
2-108 
2-106 
2-106 
2-106 
3-24 
2-108 

2-97, 2-101 
2-97 
2-97 
2-96 
2-3, 2-6 
2-108 
2-30 
4-54 
1-2, 4-l 
4-8 
4-4 
4-2 
4-l 
4-10, 4-12, 
4-15 
4-6 
4-8 

Properties 
Concrete admixtures 
Concrete aggregates 

Chemical composition 
Deterioration 
Durability 
Gradation 

Types 
Concrete aggregate tests 

Bulk specific gravity 
Clay lumps.................... 
Color organic matter. 
Impurities 
Lightweight pieces 
Percent absorption. 
Samples 
Soundness, freezing and thawing 
Soundness, sodium or magnesium 

4-6 
4-6 
4-6 
4-5 
4-7 
3-24 
4-12 
4-17 
4-19 
4-15 
4-18, 4-19 
4-14 
4-10 
4-20 

sulfates 4-21 
Surface moisture 4-14 

Concrete, compressive strength 4-52 

- 
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Compression test 
Cylinder mold test 

Concrete, fresh 
Air-content test 
Flexural strength test. 
Modulus of rupture test 
Slump test 
Test beams 

Concrete properties, 
Concrete cylinders 

Consistency. See Slump 
Consistency limits. See Atterberg limzts. 

Curing . . . . . . . . .._.............__._ 
Cutter stock 
Deliberate survey 
Density, definition 

Dry density 

4-54 
4-52 

4-45 
4-47 
4-47 
4-44 
4-47 
4-6 
4-52 

Inspection 
Stress deformation. 

Density of water 
Density, sand displacement test 

Determination 
Surface calibration 

Density, tests 
Drive cylinder . 
Nuclear moisture. 
Water displacement 

Direct heat drying 
Dispersing agent 
Dry density 
Drying 

Air . 
Calcium carbide 
Direct heat 
Expedient. 
Nuclear moisture density 
Oven . . . . . . .._ 

Ductility . 
Dulin-Botarex . 
Earthwork construction 
Emulsions 

Asphalt 
Surface area formula 

Engineering analysis 
Entrapped air 
Equipment, basic test. 
Expedient methods 

Determining moisture content 
Drying 
Specific gravity test 

Exploration 

2-79 

2-79 
2-96 

Airfield 2-21 
Borrow 2-23 
Subgrade . .._..... ., ,.. 2-23 

4-8 
3-4 
2-19 
2-96 
Z-102, 2-104, 
2-105, 2-108, 
2-110 
2-110 
2-110 
2-58 
2-111 
2-110, 2-116 
2-115 

2-119 
2-116 
2-118 
2-42 
2-68 
Z-102, Z-104 

2-42 
2-82 
2-42 
2-79 
2-116 
2-42, 2-79 
3-25 
3-61 
2-110 
3-5 
3-3, 3-9 
3-51 
Z-132 
2-52, 2-57 
1-3 

Extensometer 
Feel test............................. 
Field tests, tars and asphalts 

Bitumens, identification 
Flash point, 
Penetration. 

Fine aggregate 
Apparent specific gravity 
Bulk specific gravity. 
Concrete definition 
Percent absorption. 
Sieve analysis 
Surface moisture 
Total moisture 

Fine-grained soils 

Fineness modulus 
Flash point and tire point tests 
Flexural strength test 
Flocculate 
Foundation 
Free swell index. See Californra Bearing 

Ratlo . 
Fresh concrete strength tests 

Air content...................... 
Slump 
Unit weight 

Frost 
Frost areas. 
Fundamental frequency 
Gradation 
Grain shape, particle 
Grain-shape test 
Grain-size 

Distribution 
Granular subgrades 

Gravity 
Apparent specific. 
Bulk specific 
Specific . . . .._ .._ . . 

Gyratory test. . 
Hardened concrete, compressive strength 

test . . 
Hasty survey 
Hazen’s effective size 
Highly organic soils 
Hot-mix bituminous concrete 
Hot weather 

Bituminous stabilization 
Curing 

Hydration 
Hydrometer 

Analysis 
Calibration 
Dispersing agents 
Meniscus correction 

2-126 
2-16 

3-14 
3-20 
3-24 

3-29 
4-12 
4-5 
4-12 
3-28 
4-14 
4-14 
2-8 

4-12 
3-20 
4-47 
2-68 

2-121 

4-45 
4-44 
4-46 
2-26 

5-16, 5-20 
4-21 
2.3, 4-10 
2-2 
2-11 
2-2 
2-41 
Z-147, Z-148, 
Z-150 

2-52 
2-52 
2-4 
3-35. 3-58 

4-52 
2-19 
2-51 
2-9 
3-34 

5-21 
4-8 
4-1, 4-8 
2-63 
2-63 
2-63 
2-68 
2-68 
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Nomograph ......... 
Test ............... 

Identification 
Cements ........... 

Job-mix formula ....... 
Kinematic viscosity test. 
Lateritic soils ......... 
Lime-asphalt .............. 
Lime-cement .............. 
Lime-cement-fly ash 
Limits 

Atterberg .............. 
Consistency. See Atterberg 

Liquid ................. 
Plastic. ................ 
Shrinkage .............. 

Liquid limit ............... 
Test ................... 
One point test .............. 

Livery. ....................... 
Load carrying capacity, soil 
Los Angeles abrasion test 
Maps 

Agricultural ....................... 
Geographical ...................... 
Topographic ....................... 

Marshall stability. See Optimum bitumen 

content. 

Marshall test. ........................ 
Maximum dry density ................. 
Mechanical analysis 

Combined ......................... 
Wet .............................. 

Mechanical stabilization ............... 
Meniscus correction ................... 
Mineral filler. See Aggregate. 

Mixture proportioning, concrete ......... 
Absolute volume ................... 
Book method ...................... 
Characteristics. .................... 
Trial batch method ................. 

Modification stabilization .............. 
Modulus of rupture. See Flexural strength. 

Modulus of subgrade reaction ........... 
Corrections ........................ 
Plate bearing test .................. 
Unit load deformation curve 

Moisture ..................... 
Adjustment of. .............. 
Calcium carbide gas pressure 
Capillary action. ............ 
Concrete curing. ............ 
Content. ................... 
Gravitational ............... 
Hydroscopic action .......... 
Samples ................... 

2-63, 2-73 

2-69 

4-23 

3-52 

3-4, 3-26 

2-4 

5-2, 5-5 

5-2, 5-5 

5-2. 5-5 

2-5, 2-8, 2-9 

2-5, 2-7, 2-86 

2-5, 2-7, 2-86 

2-5, 2-86 

2-5, 2-86 

2-87 

2-93 

2-14 

2-129 
3-34 

z-20 

Z-20 

Z-20 

3-39, 3-59 
Z-102 

2-41, 2-76 
2-41 
5-3 
2-68 

4-24 

4-43 

4-27 

4-25 

4-33 

5-1, 5.4 

Z-147 

Z-150 

Z-147 

Z-150 

2-4 

Z-106 

2-82 

2-4 

4-8 

2-79, Z-106 

2-4 

2-4 

2-31 

Surtace ........................... 4-14 
Test .............................. 2-79 

Nomograph .......................... 2-73 
Nonplastic fines ...................... 2-7 
Nuclear moisture density gage .......... Z-116, 2-118 
Optimum aggregate gradation .......... 4-28 
Optimum bitumen content ............. 3-35, 3-39 

Gyratory test ...................... 3-35 
Marshall test ...................... 3-39 
Surface area method. ............... 3-51 

Optimum moisture content ............. 2-97 
Determination ..................... 2-98 
Estimate. ......................... 2-99 

Oven drying samples .................. Z-42,2-57,2-79 
Paraffin ............................. 2-34 
Particle ............................. 2-2 

Diameter ......................... 2-72 
Shape ............................ 2-2 
Size, maximum .................... 2-42 

Peat ................................ 2-6, 2-9 
Penetration test ...................... 2-126, 3-4 
Penetrometer ......................... 2-153 
Permafrost areas. ..................... 2-23 
pH test .............................. 5-15 
Phosphate solutions ................... 2-69 

Photographs, aerial ................... Z-21, 2-23, 
2-26 

Physical properties, soil ................ 2-2 
Pick and Click test. ................... 5.21 
Plant control ......................... 3-56, 3.59 

Centrifugal extraction .............. 3-60 
Density test ....................... 3-64 
Gyratory test ...................... 3-58 
Marshall test ...................... 3-59 
Production ........................ 3-58 
Quality control .................... 3-58 

Plastic limits. See also Atterberg limits 2-5, Z-86 

Concrete .......................... 4-8 
Fines. ............................ 2-7 
Range ............................ 2-5 
Soils ............................. 2-86 
Test .............................. 2-94 

Plasticity ............................ 2-2, 2.86 
Chart ............................ Z-148 
Index ............................. 2-5, Z-86 

Plastic quality control tests. See Plant contml 

Plasticizer ........................... 4.10 
Plate bearing test ..................... Z-147 

Correction factors .................. Z-150 
Unit load deformation curve ......... Z-150 

Platy ............................... 2-2 
Poorly-graded soils .................... 2-3, 2-6 
Proctor mold ......................... 2-97 
Quality control, plant. ................ 3-58 
Quartering samples ................... 2-38 
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Radioactive material .................. 2-116 
Retarders ............................ 4-9 
Reverse settlement .................... 2-136 
Ribbon test .......................... 2-14 
Rocks ............................... 2-1 

Igneous ........................... 2-l 
Metamorphic ...................... 2-l 
Sedimentary. ...................... 2-l 

Roll (Thread) test ..................... 2-13 
Rollers .............................. 2-105, 2-110 
Samples 

Aggregate ......................... 3-12 
Bituminous ....................... 3-12 
Cylinders ......................... 2-35, 2-36 
Pit ............................... 3-12 
Quartering. ....................... 2-38 
Stockpile. ......................... 3-12 

Samples, equipment 
CBR compaction cylinder ............ 2-36 
Soil trafficability sampler ........... 2-35 

Sampling procedure 
Bag .............................. 2-29 
Chunk. ........................... 2-32 
Composite. ........................ 2-30 
Cylinder .......................... 2-35 
CBR ............................. 2-36 
Individual. ........................ 2-29 
Moisture content ................... 2-31 
Undisturbed. ...................... 2-31, 2-110 

Sand displacement density ............. 2-110 
Apparatus calibration ............... 2-111 
Determination ..................... 2-116 
Sand calibration ................... 2-112 

Sandy soils .......................... 2-6, 5-24 
Sand, specific gravity .................. 2-4 
Saturation 

Complete ......................... 2-108 
Correction ........................ 2-150 

Saybolt-Furol Viscosity ................ 3.26 
Sedimentation test .................... 2-16 
Shearing strength. .................... 2-153 

Unconfined compression test ......... 2-153 
Shine test ........................... 2-16 
Shrinkage limit ....................... 2-5 
Sieve, description ..................... 2-2 
Sieve analysis ........................ 2-41 

Aggregate. ........................ 3-28 
Combined mechanical ............... 2-41, 2-76 
Grain-size distribution .............. 2-41 
Hydrometer ....................... 2-41 
Method ........................... 2-45 
Wet mechanical .................... 2-41 
With prewash. ..................... 2-42 

Silt test ............................. 2-2 
Slump ............................... 4-27, 4-28 
Slump test. .......................... 4-37, 4-44 

Soil, classification. .......... 
Borderline .............. 
Centrifugal extraction .... 
Coarse grained. .......... 
Field identification ....... 
Field tests .............. 
Fine grained ............ 
Organic. ................ 
Symbols, chart. .......... 

Soil description ............. 
Soil Field Classification tests 

Bite or grit. ............. 
Breaking or dry strength ........... 
Feel .............................. 
Odor ............................. 
Ribbon ........................... 
Roll or thread ..................... 
Sedimentation ..................... 
Shine ............................ 
Visual ............................ 
Wet shaking. ...................... 

Soil field investigation ................. 
Boring log ........................ 
Borrow area test ................... 
Methods .......................... 
Subgrade soil tests ................. 

Soil profile. .......................... 
Soil stabilization. .................... 

Additive ......................... 
Bituminous ....................... 
Cementing action .................. 
Chemical ......................... 
Combination ...................... 
Description. ....................... 
Frost areas ........................ 
Mechanical ......................... 
Methods .......................... 
Modification ....................... 
Uses ............................. 

Soil surveys 
Deliberate ........................ 
Density ........................... 
Guide ............................ 
Hasty ............................ 
Information sources. ................ 
Moisture content ................... 
Objectives ......................... 
Samples .......................... 
Types ............................ 

Soil symbols ......................... 
Soil testing report. See Technical soils report. 
Soil trafRcability. ..................... 
Soils 

Definition ......................... 
Effected moisture .................. 
Gradation ......................... 

2.6 
2-8 
3-60 
2-7, 2-8 
2-9 
2-11 
2-8 
2-5, 2-9, 2-10 
2-6 
2-10 

2-16 
2-12 
2-16 
2-15 
2-14 
2-13 
2-16 
2-16 
2-11 
2-14 
2-22 
2-23 
2-23 
2-22 
2-23 
2-2, 2-25 
l-2, 5-l 
5-2 
5-2, 5-4 
5-2 
5-4 
5-5 
5-l 
5-15 
5-2 
5-2 
5-4 
5-l 

2-19 
2-19 
2-26 
2-19 
2-20 
2-31, 2-32 
2-19 
2-29 
2-18 
2-6 

2-35 

2-1 
2-4 
2-3 

INDEX - 5 
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Grain size determination ... 
Particle shapes. ........... 
Plasticity characteristics 
Properties ............. 

Specific gravity ........... 
Apparent ............. 
Bulk ................. 
Definition ............. 
Inorganic soil ..... 
Mineral filler ..... 
Of solids ......... 
Organic soil 

Specific gravity tests 

Aggregate. ..... 
Apparent ...... 
Bulk .......... 
Density of water 
Expedient. ..... 
Soil ........... 

Specifications 
Compaction ...................... 
Soundness, aggregate .............. 
Stress-deformation. ................ 

Stabilization, soil. See Soil stabilization 
Stabilizing agents. .. 

Bituminous 
Cement ......... 
Combination .... 
Fly ash ......... 
Lime . . . . . . . . . . . . . . . . . 
Quantity ........ 

Stabilization, tests 
Freeze-thaw test 
Pick and click ... 
pH ............. 

Wet-dry. ........ 
Strata ............. 
Stokes’ Law ........ 
Subg-rade .......... 

Subsoil investigation 
Surface moisture test 
Swell potential ..... 
Swell potential test 
Thrs .............. 

Class ........... 
Description. ..... 
Warm weather ... 

lbchnical soils report ...... 
Temperature 

Bituminous stabilization 
Concrete curing ........ 

Test beams. .............. 
Tests 

Absolute volume (concrete mix 
proportioning) ................... 

2-2 
2-2 
2-2, 2-5 
1-2 
2-4 
2-52 
2-53 
2-4 
2-51 
3-33 
2-51 
2-51 

3-28, 4-12 
2-58 
2-58 
2-58 
2-60 
2-52 

2-110 
4-20 
2-94 

5-4 
5-2, 5-4, 5-16 
5-4, 5-7 
5-5 
5-4, 5-15 
5-2, 5-4 
5-5 

5-22 
5-21 

5-15 
5-22 
2-2 
2-63, 2-72 
2-23, 2-147, 
2-150 
2-23 
4-14 
2-136 
3-18 
3-6 
3-6 
3-6 
3-9 
2-158 

5-16 
4-8 
4-47 

4-43 

Air content (concrete1 ............... 
Air-entraining agent (cement) ........ 
Apparent bulk specific gravity 

Calibrated flask ................. 
Coarse aggregate, surface moisture 
Dunagan ..................... 
Fine aggregate, surface moisture 
Soils ......................... 
Uncalibrated flask ............. 

ASTM Compaction ............... 
Atterberg limits. See also Plastic h&s 
Bite or grit ...................... 
Book method (concrete mix 

proportioning) ................. 
Borrow area ..................... 
Breaking or dry strength ............ 
Bulk impregnated specific gravity. .... 
Bulk specific gravity. ............... 
Calibrated flask (appareant specific 

gravity, fine aggregate) ........... 
California Bearing Ratio (CBR) ....... 
California Bearing Mold (CBR) Samples 
Calcium carbide gas pressure 

(Moisture content) ............... 
Centrifugal Extraction .............. 

ti or tar-rubber ................ 
Clay lumps and friable particles 

(impurities) ..................... 
Coarse aggregate surface moisture 

(apparent and bulk specific gravity) 
Cold mix modification (Marshall) ..... 
Color test (cements). ................ 
Color test, organics (impurities). ...... 
Combined sieve and hydrometer .... 
Compaction ..................... 
Compaction and shear (gyratory). ... 
Compressive strength test of concrete 
Concrete cylinders 
Deliberate testing ................ 
Displacement (surface moisture 

content) ...................... 
Drive cylinder (density) ........... 
Ductility ........................ 
Dunagan apparatus. See Apparent 

specific gravity. 

Emulsion (bitumen identification). . 
Feel (soil field classification) 
Field identification (soil). . . . 
Field in-place (CBR) 
Field penetration (bitumen 

identification) 
Flash point and fire point by Cleveland 

open cup .._.........._.... 
Flash point by tag open cup. 
Flexural strength (modulus of 

rupture)........................ 

4-45 
4-24 

3-30 
4-12 
3-29 
4-13 
2-58 
3-31 
2-97 
2-9 
2-16 

4-27 
2-23 
2-12 
3-32 
2-58, 4-12 

3-30 
2-121 
2-36 

2-82 

3-60 
3-64 

4-17 

4-12 
3-49 
4-19 
4-19 
2-76 
2-96 
3-38 
4-54 
4-52 
2-19 

4-15 
2-119 
3-25 

3-16 
2-16 
2-9 
2-129 

3-14 

3-20 
3-22 

4-47 

- 

- 
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Free-draining soils (CBR1 
Freeze and thaw of concrete specimens 

(soundness) 
Freeze-thaw 
Grain shape . 
Gyratory test 
Hardening (cement identification) 
Heat (bitumen identification). 
Hot-mix design . 
Hydrometer . 
Immersion-compression (aggregate 

identification) . . . . . 
Impurities . 

Clay ...................... 
Coarse .................... 
Color ..................... 
Fine ...................... 
Lightweight pieces. ......... 
Soundness ...................... 

Kinematic viscosity. ................ 
Liquid limit ....................... 

One point liquid limit ............ 
Los Angeles abrasion ............... 
Marshall.. ........................ 

Aggregates with 10 percent or more 
larger than 1 inch maximum 
size ......................... 

Cold mix modification ............ 
Modified mix design (sandy soil) ...... 
Modulus of rupture. See Flexural strength. 

Moisture content, total and percent 
Calcium carbide gas pressure. ..... 
Oven dry ....................... 
Surface moisture . . 

Nuclear moisture density gage 
Odor (soil field classification). .. 
Oven dry. See Moisture content. 

Penetration (asphalt cement) ... 
Penetration (CBR) ............ 
Percent absorption (aggregates1 
pH (lime requirements). ....... 
Pick and click ............... 
Plate bearing. ............... 
Plant controls 

Density .................. 
Gyratory ................. 
Marshall ................. 

Plastic limit ................. 
Pour (bitumen identification) ... 
Prolonged smear ............. 
Remolded sample. ............ 
Ribbon (soil field classification 
Roll or thread ............... 
Sand displacement ........... 
Saybolt-Furol Viscosity. ....... 
Sedimentation (soil field 

identification) ............. 

2-144 

4-20 
5-22 
2-11 
3-35, 3-58 
4-23 
3-16 
3-35 
2-69 

3-18 
4-15 
4-17 
4-15 
4-19 
4-15 
4-18 
4-20, 4-21 
3-26 
2-86 
2-93 
3-34 
3-39 

3-49 
3-49 
5-24 

2-82 
2-79 
4-14 
2-116 
2-15 

3-24 
2-126 
4-14 
5-15 
5-21 
2-147 

3-64 
3-58 
3-59 
2-94 
3-14 
3-16 
2-128 
2-14 
2-13 
2-111 
3-26 

Shine (soil field classification) 
Sieve method ................ 

Aggregate ................ 
Cement and concrete ....... 
Dry sieve. ................ 
Soils ..................... 
Soils with prewashing ...... 

Silt ........................ 
Slump (concrete) ........... 
Smear, asphalts and tars .... 
Sodium or magnesium sulfate 

(soundness) ............. 
Softening point ............ 
Soil trafficability sampler ... 
Solubility, asphalts and tars .... 
Solubility (bitumen identification) 
Specific gravity ............... 

Bitumen .................. 
Bulk impregnated (aggregate) 
Expedient soil ............. 
Soils ...................... 

spot ......................... 
Stabilization designs for soils 

Bitumen .................. 
Cement ...................... 
Lime ........................ 
Lime-cement, fly ash. .......... 

Stripping (aggregate identification). 
Subgrade soil .................... 
Surface area 
Surface moisture .............. 
Swell (aggregate identification) 
Swelling or expansive soils (CBR) 
lbr ......................... 
Thin-film oven. ............... 
Trial batch method (concrete mix 

proportioning) .............. 
Unconfined compression ........ 
Undisturbed sample ........... 
Viscosity ........................ 
Visual exam (soil field classification) 
Wall friction (gyratory) ............ 
Water displacement (density) ....... 
Wet and dry ..................... 
Wet mechanical analysis ........ 
Wet shaking (soil field description) 

Test pits. ........................ 
Thaw ........................... 
Unconfined compressive strength .... 
Undisturbed samples .............. 
Unified Soil Classification System 

Appendix table A-l ............. 
Classification factors. ........... 
Coarse grained soil ............. 
Fine grained soil ............... 
Soil description, example 

2-16 

2-16 
2-41 
3-28 
4-11 
4-42 
2-41, 2-42 
2-48 
2-2 
4-37, 4-44 
3-16 

4-21 
3-25 
2-35 
3-14 
3-14, 3-26 
2-51 
3-20 
3-32 
Z-60 
2-52 
3-26 

5-16 
5-7 
5-11 
5-16 
3-18 
2-23 
3-51 
4-14 
3-18 
2-136 
3-17, 3-64 
3-27 

4-33 
2-153 

2-129 
3-26 
2-11 
3-38 
2-118 
5-22 
2-41 
2-14 
2-22 
2-23 
2-153, 5-11 
2-119, 2-129 

2-86, 2-121 
2-6 
2-7 
2-8 
2-10 
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Soil plasticity. .................... 
Viscosity test. ................ 

Kinematic ................ 
Saybolt-Furol .............. 

Visual examination, soil ....... 
Voids ..................... 
Volumetric flask, calibration 

Water-cement ratio. See Mixes, concrete. 

Water, in concrete mix ................ 
Ordinary ......................... 
Sea ............................. 

Water, in soil. ....................... 
Absorption ....................... 
Amount in soil. ................... 

2-86 
3-26 
3-26 
3-26 
2-11 
2-1, 2-52 
2-53 

4-4 
4-4 
4-4 
2-4 
2-4 
2-4 

Capillary fringe 
Capillary moisture . 
Displacement test 
Hygroscopic moisture . . 
Subsurface 
Surface 
Water balloon device. 

Water-cement ratio. . . . . . . . . 
Water reducer. See Plasticizer 

Wet mechanical analysis . 
Wet-shaking test. . . . . 
Zero air voids. See also Compaction 

curues 

2-4 
2-4 
2-118 
2-4 
2-4 
2-4 
2-118 
4-25, 4-27 

4-41 
2-14 

2-108 

INDEX - 8 



SOIL MOISTURE CONTENT 

WEIGHT OF TARE 

“E WEIGHT OF DRY SOIL, W,(B. - D.) 

WATER CONTENT, W % % % % % % 

TEST 

RUN NUMBER 

TARE NUMBER 

A WEIGHT OF TARE + WET SOIL 

B WEIGHT OF TARE + DRY SOIL 

C. WEIGHT OF WATER, W, (A. - B.) 

D WEIGHT OF TARE 

E WEIGHT OF DRY SOIL, W,(B. - D.) 

WATER CONTENT, W % % % % % % 

TECT 

1 RUN NUMBER 

TARE NUMBER I I I I I 
A WEIGHT OF TARE + WET SOIL 

8. WEIGHT OF TARE + DRY SOIL 

C WEIGHT OF WATER, W, (A. - B.) 

D WEIGHT OF TARE 

E WEIGHT OF DRY SOIL, W,(B. D.) I I I I I I 
WATER CONTENT, W % % % % % % 

L 
REMARKS lContmue on reverse rfaddltwnal space IS requredi 

TECHNICIAN (Slgmture) 

1 
DDForm 1205, 1 FEB62 

CHECKED BY (Stgndurel 





SIEVE ANALYSIS DATA 

26 TECHNICIAN 27 COMPUTED BY ixrgnaruie) 28 CHECKED BY (slgnarurrl 

DO Form 1206, DEC 86 Prevfous edrtlons are obsolete 

8 ORIGINAL SAMPLE WEIGHT 9 + #200 SAMPLE WEIGHT 

RETAINED 

18. TOTAL WEIGHT RETAINED IN SIEVES (ziumcdumn 14) 

20 WEIGHT SIEVED THROUGH #200 iwerghrinpan) 

2 1 WASHING LOSS ia f9 + to)/ 

22 TOTAL WEIGHT PASSING #200 (20 + 10) 

23 TOTAL WEIGHT OF FRACTIONS (18 t ~2) 

I 

24 REMARKS 

uses 
PERCENT-G 

PERCENT - 5 

PERCENT-F 

1 UAlt >IAKltU 

4. DATE COMPLETED 

6. SAMPLE NUMBER 

7 PREWASHED (roncj 

YES I NO 

10 -#200 SAMPLE WEIGHT 

19 ERROR (8 231 

ERROR (19) 

IRIGINAL WT (8) 
x 100 = 





T
 

0 
0 r( 

8 
0 O

D
 

i-t 





SPECIFIC GRAVITY TESTS 
2. PROJECT 3. BORING NUMBER 4. JOB NUMBER 5 EXCAVATION 

NUMBER ._ 
\ 

I I 

SPECIFIC GRAVITY OF SOLIDS (G,) 

7 APPARENT (G,) AND BULK (G,) SPECIFIC GRAVITY 

a. SAMPLE OR SPECIMEN NUMBER 

b TEMPERATURE OF WATER AND SOIL (T. “C) 

C. TARE + SATURATED SURFACE-DRY SOIL 

d TARE 

e. SATURATED SURFACE -DRY SOIL I B 

f (WIRE BASKET + SOIL) IN WATER 

G g- WIRE BASKET IN WATER 

it h. SATURATED SOIL IN WATER I C 
A 
K ’ 

TARE AND DRY SOIL 

k DRY SOIL 

I CORRECTION FACTOR 

m (AK) + (A-C) (APPARENT) 

“. (AK) + (B-C) (BULK) 

i REMARKS 

A 

K 

G, 

G, 

3 TECHNICIAN (S,gnature) 10 COMPUTED BY (Signature) 11 CHECKED BY (Signature) 

DD Form 1208, DEC 86 Previous edrtrons are obsolete 



DATE 

AlTERBERG LIMITS DETERMINATION 

PROJECT EXCAVATION NUMBER SAMPLE NUMBER 

W 
A 

: 
R 

: 
N 
1 

b 
T. 

W 

P 
e 
r 

C 

e 
n 
4 

5 6 7 8 9 10 15 20 25 30 

NUMBER OF BLOWS 

40 

PLASTIC LIMIT, W. I NATURAL 

RUN NUMBER I I I 
WATER 

CONTENT 
TARE NUMBER 

P. WEIGHT OF WET SOIL + TARE 

G WEIGHT OF DRY SOIL + TARE 

H. WEIGHT OF WATER, W,(F.-G.) 

I. WEIGHT OF TARE 

1. WEIGHT OF DRY SOIL, W,(C. -I.) 

WATERC0NTENT.w = (+IO, 

s 

t t 
PLASTIC LIMIT, lp (Average w I I 
REMARKS 

TECHNICIAN IStgnalure) COMPUTED BY t.Stgmturel CHECKED BY IStgnafure) 

ID Form 1209, AUG 57 



SOIL COMPACTION TEST DATA 

PROJECT EXCAVATION NUMBER SAMPLE NUMBER NUMBER OF LAYERS 

CONVERSION FACTORS 

1728 cu. in. per cu. ft. 

453.6 gtn. per lb. 

I I 

NUMBER OF BLOWS PER LAYER WEIGHT OF TAMPER HEIGHT OF DROP MAXIMUM PARTICLE SIZE 

SPECIFIC GRAVITY DIAMETER OF MOLD (in.) HEIGHT OF SOIL SAMPLE VOLUME OF SOIL SAMPLE 
fm.) (cu. ft., 

UNITS 
RUN NUMBER 

WEIGHT OF WET SOIL + MOLD 

WEIGHT OF MOLD 

WEIGHT OF WET SOIL 

WET UNIT WE1GHT.Y = 
Werght ofwet sod(lb.) 

Vol of sod sample (cu. ft, 
LB PER CU FT 

TARE NUMBER 

A WEIGHT OF WET SOIL + TARE 

B WEIGHT OF DRY SOIL + TARE 

C WEIGHT OF WATER, W, (A. -B.) 

D WEIGHT OF TARE 

E WEIGHT OF DRY SOIL, Ws (B. -I). J 

W 
WATERCONTENT, W = ( +xfofjJ PERCENT 

s 

AVERAGE WATER CONTENT PERCENT 

DRY UNIT WEIGHT, r d = ( y ! LB PER CU FT 
I + w/zoo 

TECHNICIAN (Slgnolure) COMPUTED BY (Scgmture) CHECKED BY (Stgnuture) 

ID Form 1210, AUG 57 





war awlicablebbck 0 SOIL COMPACTION TEST GRAPH USWELL DATA 1 
1 DATE 

2 PROJECT 
? RESULTS 4 

6 MAXIMUM DRY UNIT WEIGHT 

3. EXCAVATION NUMBER 4 SAMPLE NUMBER 

i REMARKS (Use reverse side, if more space is needed) 7 OPTIMUM MOISTURE (Water) CONTENl 

cl 
PERCENT 

OF SWELL 

Cl 

DRY UNIT 
WEIGHT 

‘Pounds per 
cubic foot) 

MOISTURE (Water) CONTENT, W (Percent of dry weight) 

3 TECHNICIAN (Signature) 9 PLOTTED BY (Signature) 10 CHECKED BY (Srgnature) 

DD Form 1211, DEC 86 Previous edrtions are obsolete 



PROJECT 

CALIFORNIA BEARING RATIO TEST DATA 

m FIELD-IN-PLACE TEST SITE 

EXCAVATION NUMBER SAMPLE NUMBER TYPE 
I UN~OAKED ISOAKED IDRAINED OUNDRAINEI 

:ONDITION NUMBER OF LAYERS NUMBER OF BLOWS WEIGHT OF HAMMER DROP (m&-s) 
0 UNDISTURBED 0 DISTURBED PER LAYER i lb. i 

nOLD NUMBER MOLD DIAMETER MOLD HEIGHT I in. ) DEPTH, TOP TO SAMPLE HEIGHT SAMPLE VOLUME 
(In.) SAMPLE ( IR.) (In. ) (CIA. 0.) 

‘ROVING RING NUMBER PROVING RING CONSTANT PROVING RING CAPACITY SURCHARGE WEIGHTS 

SOAKING (lb. ) PENETRATING (lb., 

IORMULAS 
Total Load = Corrected Dail Reading x Proving Ring Constant 

CONVERSION FACTOR5 

1728 cu. in. per cu. ft. 

Unit Load = 
Total Load 

3 
CBR (9) = 

Corrected Unit Load 
x 100 453.6 gm. per lb. 

Standard Unit Load 

PENETRATION DATA 

WATER CONTENT AND UNIT WEIGHT DATA 

iEIGHT OF SOIL + MOLD (lb.) (gm)* I OPTIMUM MOISTURE CONTENT 

JEIGHT OF MOLD I lb. 1 tgml* 
OF SOIL, wept (Ib ) 

IRY UNIT WEIGHT (Density) (Ib.lcu. f?.) 

EMARKS 

THEORETICAL MAXIMUM 
UNIT WEIGHT (Denscty) 
(lb.fcu. A.) 

ACTUAL UNIT WEIGHT 
fIb.icu. f3.J 

PERCENT OF MAXIMUM 

( Actual 

Maximum 
x 100) 

IStrike out unit weight not applicable. 

USE REVERSE SIDE FOR SWELL DATA AND GRAPH 



\ 
SWELL DATA 

DATE TIME DAYS GAGE READING SWELL (tn. ) SWELL (%) 

0 

1 

2 

3 

4 

I 5 

CALIFORNIA BEARING RATIO TEST GRAPH 

(Plot fat curve below to obtain corrected umt load) 

UNIT 
LOAD 

lb ./aq. i . -. . . . - . . - .--. . . . / / , .‘80 

2000 / I 

, /’ /’ 
/ , 

/ / 

PERCENT 
OF 

STANDARC 

10 

0 

0.1 0.2 0.3 0.4 0.5 

ECH NICIAN (&gnature ) 

PENETRATION i tn. ) 

COMPUTED BY lS[gmlure! CHECKED BY iScgnature1 



UNCONFINED COMPRESSION TEST 
DATE 

PROJECT EXCAVATION NUMBER SAMPLE NUMBER 

PROVING RING DIAL NUMBER PROVING RING NUMBER CALIBRATION CURVE NUMBER 

PROVING RING CONSTANT, Kr VERTICAL DIAL NUMBER RATE OF LOAD APPLICATION 

FORMULAS 

.D2 C2D 
Area = - = - Corrected Area, A = 

A, (sq. f?.) AL P (lb.) 
Unit Strain, E = - Unit Stress = 

4 4 1-E Lo A (sq. f?., 

INITIAL MEASUREMENTS ON SAMPLE AVERAGE AREA, A,, 

DIAMETER, D(h) CIRCUMFERENCE, C (in. ) AREA (8~. in.) SQ IN SQ FT 

TOP 

CENTER 
HEIGHT, Lo (in.) 

LOAD, P (lb. ) 

UNIT 
STRESS 

(lb.lsq. f?., 

WATER CONTENT (%I UNCONFINED COMPRESSIVE STRENGTH, qu (lb. isq. ft. ) 

REMARKS AND CALCULATIONS (Use reverse s&e, rf mire space 1s needed) 

rECHNlClAN (Scgnoture) COMPUTED BY (Stgnafurei CHECKED BY (Slgmfurd 

DD Form 1213, AUG 57 



\PROJECT 

UNIT WEIGHT DETERMINATION 
DATE 

“VOLUME OF HOLE” METHODS 

TEST SITE SAMPLE NUMBER 

I I 

4DDITIONAL SPECIFICATIONS 

ZONVERSION FACTORS 

1 in. = 2.54 cm. 1 gm./cc. or 62.4 lb. /cu. ft. = Unit weight of water 

1 lb. = 453.6 gm. 1 cu. ft. = 1728 cu. in. 

STANDARD MATERIAL (Check one) 

CALIBRATION OF STANDARD MATERIAL USAND 0 OIL OOTHER (Specify) 

UNITS t 

L\PPARATUS OR TARE NUMBER 

1. WEIGHT OF APPARATUS OR TARE FILLED 

2. WEIGHT OF APPARATUS OR TARE EMPTY 

3. WEIGHT OF MATERIAL If, -2.) 

VOLUME OF APPARATUS OR TARE 

5. UNIT WEIGHT OF MATERIAL ( $- ) 
I I I I I 

5 AVERAGE UNIT WEIGHT OF MATERIAL I LB ICU FTI 

TEMPLATE NUMBER CONE NUMBER 

CALIBRATION OF APPARATUS 

UNITS I 

7. INITIAL WEIGHT OF APPARATUS + SAND 

8. FINAL WEIGHT OF APPARATUS + SAND 

9. WEIGHT OF SAND IN TEMPLATE AND/OR CONE 
I I I 

“VOLUME OF HOLE” 

UNITS f 

0 INITIAL WEIGHT OF APPARATUS + MATERIAL 

1. FINAL WEIGHT OF APPARATUS + MATERIAL 

2 WEIGHT OF MATERIAL RELEASED (IO. -1 I.) 

DD Form 1215, AUG 57 



WATER CONTENT DETERMINATION 

18 WEIGHT TAR 

19. WEIGHT DRY SOIL (16. -18.) 

17. 
20. WATER CONTENTC 19. -x 100) 

21. AVERAGE WATER CONTENT PERCENT 

UNIT WEIGHT DETERMINATION 

UNITS I;y;.;‘:;;.,; .;.‘:‘I, ,, :I_ .. : : ,.;,:: .; :.:‘.;::,y yj,..;.. ,: 
:: ,, .:...I, 

TARE NUMBER ‘, .:. ,: 

22. WEIGHT WET SOIL & TARE 

23. WEIGHT TARE 

24. WEIGHT WET SOIL (22. -23.1 

25. WET UNIT WEIGHT f24./14.) LB /CU. FT. 

100 
26. DRY UNIT WEIGHT/25. x - 

100 +21.) 
LB /CU. FT. 

REMARKS 

TECHNICIAN (Sqyzature) COMPUTED BY Chgnuturei CHECKED BY (Stgnuture) 

Kl Form 1215 Reverse. AUG 57 



SPECIFIC GRAVITY OF BITUMINOUS MIX COMPONENTS 

PROJECT JOB 

I 

COARSE AGGREGATE I UNITS (Grams) 1 

1 WEIGHT OF OVEN - DRY AGGREGATE I I I I I 

2 WEIGHTOF SATURATED AGGREGATE IN WATER 

3. DIFFERENCE fL1n0 1 mincur2) 

APPARENT SPECIFIC GRAVITY, G = 
(Line 1) 

SAMPLE NUMBER 

4. WEIGHT OF OVEN - DRY MATERIAL 

5 WEIGHTOF FLASK FILLED WITH WATER AT 20-C I I I I I 
6. SUM (Line 4 + 5) 

7. WEIGHTOF FLASK + AGGREGATE + WATER AT 20-C. 

8. DIFFERENCE (Line 6 minus 7) I I I I I 
APPARENT SPECIFIC GRAVITY, G = 

(Line 4) 
Llne8 

FILLER UNITS (Grams) 

SAMPLE NUMBER I I 
9. WEIGHT OF OVEN - DRY MATERIAL 

10. WEIGHT OF FLASK FILLED WITH WATER AT 2O’C. 

11 SUM(Lino9 + 10) 

12. WEIGHTOF FLASK + AGGREGATE + WATER AT 20-C, 

13 DlFFERENCE(Llne II mmus 12) 

APPARENT SPECIFIC GRAVITY, G = ;;,‘zI93) 

BINDER 

SAMPLE NUMBER 

UNITS (Crams) 

14 WEIGHTOF PYCNOMETER FILLED WITH WATER 

15 WEIGHTOF EMPTY PYCNOMETER 

16. WEIGHTOF WATER(Liw 14 mtnus 15) I I I I I 
17 WEIGHT OF PYCNOMETER + BINDER 

18 WEIGHT OF BINDER CLuw 17 mmus 15) 

19 WEIGHT OF PYCNOMETER + BINDER + WATER TO FILL PYCNOMETER 

20 WEIGHTOF WATER TO FILL PYCNOMETER(Line 19 muaus 27) 

21 WEIGHTOF WATER DISPLACED BY BlNDER(Ltne I6 mtnus20) 

(Line 18) 
APPARENT SPECIFIC GRAVITY, G = Lrne21, 

TECHNICIAN &@mture) COMPUTED BY ISignature CHECKED BY tSigmatureJ 

ID Form 1216,l DEC 65 PREVIOUS EDITION OF THIS FORM IS OBSOLETE 



BITUMINOUS MIX DESIGN -AGGREGATE BLENDING 
DATE 

PROJECT JOB AGGREGATE GRADATION NUMBER 

GRADATION OF MATERIAL 

I ~~~~~ SIEVE SIZE (To beentered by Technicians -I 1 1 
MATERIAL USED PERCENT PASSING 

DESIRED: 

COMBINED GRADATION FOR BLEND - TRIAL NUMBER 

SIEVE SIZE (To be enfered by Technrcmn): 

I MATERIAL USED 1% USED i PERCENT PASSING 

BLEND, 

DESIRED- 

COMBINED GRADATION FOR BLEND-TRIAL NUMBER 

SIEVE SIZE (To be entered by Technictan): + 

MATERIAL USED % USED 

I I I I 
PERCENT PASSING 

I 1 I I I 

BLEND, 

I DESIRED 

DD Form 1217, DEC 65 PREVIOUS EDITION OF THIS FORM IS OBSOLETE 
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I COMBINED GRADATION FOR BLEND - TRIAL NUMBER I 

SIEVE SIZE (To be enkred by Technictan): - 

MATERIAL USED % USED 
I 

PERCENT PASSING 

BLEND: 

DESIRED: 

COMBINED GRADATION FOR BLEND - TRIAL NUMBER 
I 1 

SIEVE SIZE (To been&red by Technman): -1 I I I I I I I I I I I I 
MATERIAL USED % USED 

I I I I I I I I 1 I 

PERCENT PASSING 

I I I I I 

BLEND: 

DESIRED: 

REMARKS 

TECHNICIAN (Stgnofure) COMPUTED BY (Signature) CHECKED BY (Signature) 

DD Form 1217 Reverse, DEC 65 





JOB NUMBER 

MARSHALL METHOD - COMPUTATION OF PROPERTIES OF ASPHALT MIXTURES 

PROJECT DESCRIPTION OF BLEND 

DATE OF COMPUTATION 

*From converswn table 
COMPUTED BY CHECKED BY 

DD Form 1218.1 DEC 65 PREVIOUS EDITION OF THIS FORM IS OBSOLETE. 





PROJECT 

BITUMINOUS MIX CURVES 
Dalt 

100 

I 
RECAPOF MARSHALL TCIT RFTdLTI 

PERCENT BITUMEN I I 

NIT WEIGHT. 

GGREGATE ONLY I I I I I 

NIT WEIGHT 

OTAL MIX 

ERCENT VOIDS. 

OTAL MIX 

“NlT 

WEIGHT - 

TOTAL 

MIX 

(Lb Per 

Cu. Ft ) 

STABILITY 

1Lb.J 

PERCEN 

VOIDS 

TOTAL 

MIX 

PERCENT BITUMEN 

PERCENT 

TOTAL 

VOIDS 

FILLED 

WITH 

BITUMEN 

PERCENT BlTUMEN PtRCFNT BITUMEN 

ECHNICIAN lSlgnauroJ PLOTTED BY Sqwurrr CHECKLD BY S,ymluvJ 

#D Form 1219,l DEC 65 
I I 1 

PREVIOUS EDlTlON OF THIS FORM IS OBSOLETE 



I CONCRETE MIXTURE DESIGN DATA DATE 

‘ROJECT JOB 

1 

PORTLAND CEMENT OTHER ADMIXTURE AIR-ENT ADMIXTURE 

rYPE ADDITIONS TYPE TYPE AMOUNT 

3RAND & MILL SOURCE 

FINE AGGREGATE COARSE AGGREGATE 

rYPE TYPE SIZE 

SOURCE SOURCE 

MATERIALS 

MATERIALS SERIAL NUMBER SIZE RANGE BULK SP. GR ABSORPTION % 

IEMENT 

‘INE AGGREGATE 

:OARSE AGGREGATE (A) 

:OARSE AGGREGATE (B! 

:OARSE AGGREGATE (CJ 

:OARSE AGGREGATE (D) 

MIXTURE DATA 

REMARKS (Condition of ~LX, workabiltty, plasticity, bleeding, etc. I 

TECHNICIAN I Signature) COMPUTED BY (Signature 1 CHECKED BY (Stgnoture) 

1. Calculated on the basas of: 

2. In the entire batch as mrxed. 

3. In that portwn of the concrete contalnrng aggregate smaller than the I+ rnch Steve. 

DD Form 1220,l AUG 57 



PROJECT 

DETERMINATION OF ASPHALT CONTENT 
(Dulin - Rotarex Extractor) 

DATE 

LINE 
NO. 

ITEM UNIT 1 2 

1. 1 Weight of original sample and tare I g I 
2. Weight of tare g 

3. Weight of original sample (l-2) g 

4. Weight of clean aggregate and tare g 

5. 1 Weight of tare I 
g 

I I 

6. 

7. 

8. 

9. 

15. Amount of filler in total solvent 

16. Total amount of aggregate in sample 

17. Percentage asphalt 

Weight of clean aggregate (4-5) g 

Final weight of filter paper g 

Initial weight of filter paper 

Weight of filler in filter paper 

g 

g 

Total amount of solvent I cm3 I 
Amount of solvent evaporated and ignited 

cm3 

Final weight of evaporation dish and residue 

Initial weight of clean evaporation dish 

g 

g 

Amount of filler in evaporation dish (12-13) 
I g I 

(10x24) 
II g 

(3-16 x 100) I 

6-z I I 
REMARKS 

TECHNICIAN COMPUTED BY CHECKED BY 



HYDROMETER ANALYSIS 

PROiECT DATE 

’ BORING NO SAMPLE OR SPECIMEN NO CLASSIF1CAlION 

DI5H NO 

DISPERSING AGENT USED 

DISPERSING AGENT CORRECTION 

GRADUATE NO. HYDROMETER NO 

OUANTITY 

MENISCUS CORRECTION 
cd = C mz 

TIME 
ELAPSED 

TIME 

FAIN 

TEMP 

‘C 

HVDRO 

READING 

02’) 

CORRECTED 

READING 

(RI 

PARTICLE 

DIAMETER 

IDJ.mm 

TEMP 

CORRECTION 

fml 

PERCENT FINER 

Rtm 

PARTIAL TOTAL 

I- 

Corrected hydrometer reading CR) 
= hydrometer reading(R? + Cd + Cm 

l’he particle diameter fD) is calculated from Stokes’equation using corrected hydrometer reading. Use nomographic chart for 
solution of Stokes’equation. 

Hydrometer graduated in specific gravity Ws = total oven-dry wt of sample used for combined 

Cs 100 analysis 
?artial percent finer = - X- 

G, - 1 
CR + ml 

wo 
I 

Hvdrometer graduated in grams per liter 
100 

Jartial percent finer = ___ 
Wo 

(R + ml 

rota1 percent finer = partial percent finer X 
Ws - Wl 
- 

Ws 

W, = oven-dry wt in grams of soil used for hydrometer 
analysis 

W1 = oven-dry wt of sample retained on No. 200 sieve 

P lEMARKS 

IECHNICIAN COMPUTED BY CHECKED BY 

I I 
DD Form 1794, FE6 71 



DATA SUMMARY 

CALIFORNIA BEARING RATIO (CBR) ANALYSIS 
1 DATE 

2 PROJECT 

1 SOIL CLASSIFICATION 4 LOCATION OF SOIL 5 GROUP NUMBER 

I CBR-MOISTURE 
I 

E 
D 

C 
8 
R 

N 

P 

E 
N 
T 

MOLDING WATER CONTENT (W) 

IN PERCENT OF DRY WEIGHT 

‘Y-MOISTURE 
I 

MOLDING WATER CONTENT (W) 

IN PERCEI\IT OF DRY WEIGHT 

6 TECHNICIAN 7 COMPUTED BY 8 CHECKED BY 

ID Form 2463, DEC 86 sage 1 ‘If 4 Sager 



CBR FAMILY OF CURVES DATA 

w WrrrPnt, I BLOWS /LAYER BLOWS /LAYER BLOWS /LAYER 

IN PERCENT 

DRY DENSITY 

INLB/CU FT 

CORRECTED CBR 

CORRECTED CBR 

DD Form 2463, DEC 86 Page 2 of 4 Pages 



E 
R 
c 
E 
N 
T 

I CBR FAMILY OF CURVES 
I 

MOLDED DRY DENSITY IN POUNDS PER CU Fl 

DD Form 2463, DEC 86 ;aqe 3 of 4 Paye 



DESIGN CBR 

COMPACTION RANGE 

% TO % 

LBS/FT3 TO LBS/FTx 

1 

w Percent) LOWEST CBR W PERCENT RANGE ASSURED CBR 

I 

% TO % 

% TO % 

% TO % 

% TO % 

% TO % 

. 

% TO % 

% TO % 

% TO % 

% TO % 

% TO % 

% TO % 

DESIGN CER 

(HIGHEST ASSURED) 

DESIGN MOISTURE 

RANGE “5 TO O/o 

1 
DD Form 2463, DEC 86 Page 4 of 4 Pages 



REPORT OF FOUNDATION AND BORROW INVESTIGATION 
1 DATE 

2. SITE 3 TYPE OF EXPLORATION 4. BORING NUMBER 5 LOCATION 6. GROUND ELEVATION 

7. PURPOSE OF EXPLORATION 

8. 
DEPTH 
BELOW 

SURFACE 

14 DEPTH 

9 

ELEVATlOh 

0 WATER 

10 
SAMPLE 
NUMBER 

iBLE 

11 
GRAPHIC 

LOG 

D Form 2464, DEC 86 

12. 
GROUP 

SYMBOL 

15 SUBMI’ 

13. 

DESCRIPTION, TEST DATA, AND REMARKS 

ED BY 
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