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CCB Application Notes:
1. Character(s) preceded & followed by these synbols (. -) or (+ ,)
are super- or subscripted, respectively.
EXAMPLES: 42m.3- = 42 cubic neters
CO+2, = carbon di oxi de

2. Al degree synbols have been replaced with the word deg.
3. Al plus or nminus synbols have been replaced with the synbol +/-.

4. Al table note letters and nunbers have been enclosed in square
brackets in both the table and bel ow the table.

5. Whenever possible, mathematical synmbols have been replaced with
their proper name and encl osed in square brackets.
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ATTACHVENTS

New Cover New pages 7.1-159 through 7.1-162.

New Record of Docunent Changes page. New pages 7.1-175 and 7.1-176.

New pages iii through xv. New pages 7.1-203 and 7. 1-204.

New pages 7.1-1 and 7.1-2. New pages 7.1-259 and 7. 1-260.

New pages 7.1-45 through 7.1-50. New pages 7.1-283 and 7. 1-284.

New pages 7.1-115 through 7.1-118. New page 7. 1-307.

New pages 7.1-125 through 7.1-126. New pages 7.1-345 and 7. 1-346.

New pages 7.1-153 through 7.1-154 New pages 7.1-A-1 and 7.1-A-2.

New DD Form 1426.
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EXPLANATI ON

Renove ol d cover dated May 1982, and replace with attached new cover
dat ed September 1986.
Insert new Record of Document Changes pages inmediately after new cover

page.

Renove pages 7.1-iii through 7.1-xviii and replace with new pages ii
t hr ough xv.

Renove pages 7.1-1 and 7.1-2 and replace with attached new pages 7.1-1
and 7.1-2

Renove pages 7.1-45 through 7.1-50 and replace with attached new pages
7.1-47 through 7.1-50.

Renove pages 7.1-115 through 7.1-118 and replace with attached new pages
7.1-115 through 7.1-118.

Renove pages 7.1-125 through 7.1-126 and replace with attached new pages
7.1-125 through 7.1-126.

Renove pages 7.1-153 and 7.1-154 and replace with attached new pages
7.1-153 and 7. 1-154.

Renove pages 7.1-159 through 7.1-162 and replace with attached new pages
7.1-159 through 7.1-162.

Renove pages 7.1-175 and 7.1-176 and replace with attached new pages
7.1-175 and 7.1-176.

Renove pages 7.1-203 and 7.1-204 and replace with attached new pages
7.1-203 and 7.1-204.

Renove pages 7.1-259 and 7.1-260 and replace with attached new pages
7.1-259 and 7.1-260.

Renove pages 7.1-283 and 7.1-284 and replace with attached new pages
7.1-283 and 7.1-284.

Renove page 7.1-307 and replace with attached new page 7.1-307.

Renove pages 7.1-345 and 7.1-346 and replace with attached new pages
7.1-345 and 7. 1- 346.

Renove pages 7.1-A-1 and 7.1-A-2 and replace with attached new pages
7.1-A-1 and 7.1-A-2.

Insert new DD Form 1426 in back of manual .

DM 7.01 SOL MECHANICS is revalidated for three years after
i ncorporation of this change.
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RECORD OF DOCUMENT CHANGES

I nstructions: DI SCARD EXI STI NG SHEET MD | NSERT THI S NEW RECORD OF DOCUMENT
CHANGES.

This is an inventory of all changes made to this design manual. Each change
i s consecutively nunbered, and each change page in the design manual
i ncl udes the date of the change which issued it.

Change Descri ption Dat e of Page
Nunber of Change Change Changed
DD22300333 0330303030303 3303 3030303030303 03030000000000000)0)))
1 Added new cover with revalidation date. Sept enmber
1986 Cover

Added Record of Document Changes page. -
New Abstract . i

Added to Foreword address for sending
recommended changes and changed signature

to RADM Jones. v
Added listing of DM 7 series. Vi
Del et ed Preface. Vi i
Del eted Iist of Design Mnuals. i X
New Tabl e of Contents. Vii-xiv
New acknow edgnent s. XV

Del eted DM 9 and corrected title of

DM5.04 in Related Criteria. 7.1-1

Changed date of Reference 13. 7.1-45
Added NAVFAC DM's to Reference |ist. 7.1-47
Updated Rel ated Criteria listing. 7.1-49
Added NAVFAC DM's and P-Pubs to Reference |ist. 7.1-116
Updated Rel ated Criteria listing. 7.1-117

Changed AASHTO T174 to AASHTO T190. 7.1-126



Change
Nunber

1

RECORD OF DOCUMENT CHANGES ( Conti nued)

Descri ption

of Change

Changed DM5 to DM 5.04 in paragraph 4.
Added NAVFAC DM's to Reference |ist.

Del et ed NAVDOCKS P-81 and updated DM s in
Rel ated Criteria listing.

Changed P/ to P/[pi].
Added NAVFAC DM's to Reference |ist.

Del eted DM 5. 11 and updated DM s in Rel ated
Criteria list.

Rest ated equations for Z+r, of g for the
case of circle of wells penetrating artesian
stratum

Added NAVFAC DM s and P-Pubs to Reference
Li st.

Changed Figure 15 to Figure 14.
Added DD Form 1426.

Changed "plain" to "plane" in two pl aces.

Dat e of Page
Change Changed
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7.

.1-154

1-160

.1-161

.1-175

.1-204

.1-159

.1-284

. 1- 307

. 1- 346
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ABSTRACT

Thi s manual covers the application of engineering principles by
experi enced engi neers of soil nmechanics in the design of foundations and
earth structures for naval shore facilities. The contents include
identification and classification of soil and rock, field exploration
testing, and instrunentation, |aboratory testing, distribution of stresses
i ncludi ng pressures on buried structures, analysis of settlenent and vol une
expansi on, seepage and drai nage, and slope stability and protection

i Change 1, Septenber 1986
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FOREWORD

Thi s design manual is one of a series devel oped froman eval uati on of
facilities in the shore establishment, from surveys of the availability of
new materials and construction nethods, and from sel ection of the best
design practices of the Naval Facilities Engi neering Command ( NAVFACENGCOM ,
ot her Governnent agencies, and the private sector. This manual uses, to the
maxi mum ext ent feasible, national professional society, association, and
institute standards in accordance w th NAVFACENGCOM policy. Deviations from
these criteria should not be made without prior approval of NAVFACENGCOM
Headquarters (Code 04).

Desi gn cannot remmin static any nore than the rival functions it serves or
the technologies it uses. Accordingly, recommendations for inprovenent are
encouraged fromw thin the Navy and fromthe private sector and shoul d be
furni shed to Commander, Naval Facilities Engineering Command (Code 04B), 200
Stovall Street, Al exandria, VA 22332-2300.

This publication is certified as an official publication of the Nava
Facilities Engi neering Command and has been revi ewed and approved in
accordance with SECNAVI NST 5600. 16, Procedures Governi ng Revi ew of the
Depart ment of the Navy (DN) Publications.

J. P. JONES, JR

Rear Admiral, CEC, U. S. Navy
Commander

Naval Facilities Engi neering Command
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CHAPTER 1. | DENTI FI CATI ON | D CLASSI FI CATI ON OF SO L AND ROCK
Section 1. | NTRODUCTI ON

1. SCOPE. This chapter presents criteria for soil and rock identification
and classification plus information on their physical engineering
properties. Common soils and rock are di scussed as well as specia
materials such as submarine soils and coral, saprolitic soils, lateritic
soi |l s, expansive and collapsing soils, cavernous |inestone, quick clay,
permaf rost and hydraulically placed fills.

2. RELATED CRITERIA. For additional criteria on the classification and
identification of soil and rock, see the follow ng sources:

Subj ect Sour ce
PavemBNt S. . .o e NAVFAC DM 5. 04
Airfield Pavement. . .... ... .. .. e NAVFAC DM 21 Seri es

Section 2. SO L DEPGCSITS
1. GEOLOG C ORIGA N AND MODE OF OCCURRENCE.
a. Principal Soil Deposits. See Table 1 for principal soil deposits

grouped in terms of origin (e.g., residual, colluvial, etc.) and node of
occurrence (e.g., fluvial, lacustrine, etc.).

b. |Inportance. A geologic description assists in correlating
experi ences between several sites, and in a general sense, indicates the
pattern of strata to be expected prior to nmaking a field investigation (test
borings, etc.). Soils with simlar origin and node of occurrence are
expected to have conparable if not sinmilar engineering properties. For
quantitative foundation analysis, a geol ogical description is inadequate and
nore specific classification is required. For sources of information on the
physi cal geol ogy of the United States, see Chapter 2. A study of references
on |l ocal geol ogy should precede a major subsurface exploration program

c. Soil Horizon. Soil horizons are present in all sedinmentary soils
and transported soils subject to weathering. The A horizon contains the
maxi mum anmount of organic matter; the underlying B horizon contains clays,
sesqui oxi des, and snmall amounts of organic matter. The C horizon is partly
weat hered parent soil or rock and the D horizon is unaltered parent soil and
rock.
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TABLE 1 (continued)
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Section 3. SO L | DENTI FI CATI ON

1. REQUI REMENTS. A conplete engineering soil identification includes: (a)
a classification of constituents, (b) the description of appearance and
structural characteristics, and (c) the determ nation of conpactness or
consi stency in situ.

a. Field ldentification. Identify constituent materials visually
according to their grain size, and/or type of plasticity characteristics per
ASTM St andard D2488, Description of Soils (Visual-Mnual Procedure).

(1) Coarse-Grained Soils. Coarse-grained soils are those soils
where nore than half of particles finer than 3-inch size can be
di stingui shed by the naked eye. The snallest particle that is |arge enough
to be visible corresponds approximately to the size of the opening of No.
200 sieve used for laboratory identification. Conplete identification
i ncl udes grain size, color, and/or estimte of conpactness.

(a) Color. Use color that best describes the sanple. If there
are two colors describe both colors. |If there are nore than two distinct
colors, use nmulti-col ored notation

(b) Grain Size. ldentify conponents and fractions in accordance
with Table 2 - Coarse-G ained Soils.

(c) Grading. ldentify both well graded or poorly graded sizes
as explained in Table 3, under Supplenmentary Criteria for Visua
I dentification.

(d) Assigned Group Synbol. Use Table 3 for estimate of group
synmbol s based on the Unified C assification System

(e) Conmpactness. Estimate conpactness in situ by measuring
resi stance to penetration of a selected penetroneter or sanpling device (see
Chapter 2). |If the standard penetration test is performed, deternine the
nunber of bl ows of a 140 pound hammer falling 30 inches required to drive a
2-inch OD, 1-3/8 inch ID split barrel sampler 1 foot. The number of bl ows
thus obtained is known as the standard penetration resistance, N. The split
barrel is usually driven 18 inches. The penetration resistance is based on
the last 12 inches.

1) Description Terns. See Figure 1 (Reference 1, Soils and
Geol ogy, Procedures for Foundation Design of Buildings and Other Structures
(Except Hydraulic Structures), by the Departnents of the Arny and Air
Force) for descriptive terns of conpactness of sand. Figure 1 is applicable
for normally consolidated sand.

2) Compactness Based on Static Cone Penetration Resistance,
g+c,. Reference 2, Cone Resistance as Measure of Sand Strength, by Mtchel
and Lunne, provides guidance for estimating relative density with respect

to the cone resistance. |If g+c, and N values are neasured during the field
exploration, a g+c,-N correlation could be made, and Figure 1 is used to
descri be conpactness. If N is not neasured, but g+c, is nmeasured, then use
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parting -
seam -
| ayer -
stratum -
varved C ay -

Stratified
Soil s

pocket -

| ens -
occasi onal -
* frequent -

FooR % o ok b X kR kX ok R X X ok F X % %
ok % % ok X % ok F X % % %

medi um

Fractions

Si eve Size
MDD

12"+

on
)

3" - 12"
3/4" - 3"
No. 4 to 3/4"

No.
No.
No.

10 to No. 4
40 to No. 10
200 to No. 40

Passi ng No. 200

ective
)D3D)))

Per cent age Requi r enent
233333313333333333311))

10%
20%
35%
50%

1 -
10 -
20 -
35 -

in accordance with plasticity
and toughness as described in Table 3.

Thi ckness
MDD

0 to 1/16" thickness

1/16 to 1/2" thickness

1/2 to 12" thickness

greater than 12" thickness

alternating seans or |ayers of sand,
silt and cl ay

smal |, erratic deposit,
than 1 foot

l enticul ar deposit

one or |less per foot of thickness

nore than one per foot of thickness

usual 'y | ess

oo % o b X b b R b Rk o b X b o R X b Rk R b X R R Xk xR b X X ok R X ok F % X ok F X % ¥

=2233333333333333333333333333333333331333131313333133131313333331313131313333313131))1I)))-
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YERTICAL EFFECTIVE STRESS AT SAMPLE LOCATION —K3F

Example:

Blow count In sand at a depth of 40 ft = 20
Depth of Groundwater Table = 20 ft
Compactness ~ medium

FIGURE 1
Estimated Compactness of Sand from Standard Penetration Test
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N = g+c,/4 for sand and fine to mediumgravel and N = g+c,/5 for sand, and
use Figure 1 for describing conmpactness.

(f) Describe, if possible, appearance and structure such as
angul arity, cenmentation, coatings, and hardness of particles.

(g) Exanpl es of Sanple Description:

Medi um dense, gray coarse to fine SAND, trace
silt, trace fine gravel (SW. Dry, dense, I|ight
brown coarse to fine SAND, sone silt (SM.

(2) Fine-Grained Soils. Soils are identified as fine-grained when
nore than half of the particles are finer than No. 200 sieve (as a field
gui de, such particles cannot be seen by the naked eye). Fine-grained soils
cannot be visually divided between silt and clay, but are distinguishable by
plasticity characteristics and other field tests.

(a) Field Identification. Ildentify by estimating
characteristics in Table 3.

(b) Color. Use color that best describes the sanple. If two
colors are used, describe both colors. |f there are nbre than two distinct
colors, use nmulti-col ored notation

(c) Stratification. Use notations in Table 2.

(d) Appearance and Structure. These are best evaluated at the
time of sanpling. Frequently, however, it is not possible to give a
detail ed description of undisturbed sanples in the field. Secondary
structure in particular my not be recogni zed until an undi sturbed sanple
has been exam ned and tested in the |aboratory. On visual inspection, note
the followi ng itens:

1) Ordi nary appearance, such as color; npisture conditions,
whet her dry, npist, or saturated; and visible presence of organic materi al

2) Arrangenent of constituent materials, whether stratified,
varved, or heterogeneous; and typical dip and thickness of |enses or varves.

3) Secondary structure, such as fractures, fissures,
slickensides, large voids, cenentation, or precipitates in fissures or
openi ngs.
(e) Ceneral Field Behavior.
1) Cdays. Cays exhibit a high degree of dry strength in a

smal | cube allowed to dry, high toughness in a thread rolled out at plastic
[imt, and exude little or no water froma snall pat shaken in the hand.
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2) Silts. Silts have a | ow degree of dry strength and
toughness, and dilate rapidly on shaking so that water appears on the sanple
surf ace.

3) Organic Soils. Oganic soils are characterized by dark
col ors, odor of deconposition, spongy or fibrous texture, and visible
particles of vegetal matter.

(f) Consistency. Describe consistency in accordance with Table
4 (Reference 3, Soil Mechanics in Engineering Practice, by Terzaghi and
Peck). Use a pocket penetroneter or other shear device to check the
consi stency in the field.

(g) Assignnent of Group Synbol. Assign group synbol in
accordance with Table 3.

(h) Exanpl es of Sanple Description:

Very stiff brown silty CLAY (CL), wet
Stiff brown clayey SILT (M), noist
Soft dark brown organic CLAY (OH), wet.

Section 4. SO L CLASSIFI CATI ON AND PROPERTI ES

1. REFERENCE. Soil designations in this manual conformto the Unified Soi
Classification (see Table 3) per ASTM D2487, Classification of Soil for
Engi neeri ng Purposes.

2. UTILI ZATION. dassify soils in accordance with the Unified System and
i ncl ude appropriate group synmbol in soil descriptions. (See Table 3 for
elements of the Unified System) A soil is placed in one of 15 categories
or as a borderline material conbining two of these categories. Laboratory
tests may be required for positive identification. Use the systemin Table
2 for field soil description and terninol ogy.

a. Sands and Gravels. Sands are divided fromgravels on the No. 4
sieve size, and gravels from cobbles on the 3-inch size. The division
bet ween fine and medium sands is at the No. 40 sieve, and between medi um and
coarse sand at the No. 10 sieve.

b. Silts and days. Fine-grained soils are classified according to
plasticity characteristics determined in Atterberg limt tests. Categories
are illustrated on the plasticity chart in Figure 2.

c. Oganic Soils. Mterials containing vegetable matter are
characterized by relatively | ow specific gravity, high water content, high
ignition loss, and high gas content. Decrease in liquid limt after
oven-drying to a value less than three-quarters of the original liquid limt
is a definite indication of an organic soil. The Unified Soi
Classification categorizes organic soils based on the plotted position on
the A-line chart as shown in Figure 2. However, this does not describe
organi c soils conpletely.
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TABLE 4

Gui de for Consistency of Fine-Gained Soils

+)))))))))))))))))0))))))))))))))))))))))))))))))))0))))))))))))))))))))

*SPT Penetration =*
* (bl ows/ foot) *

<2

8 - 15

15 - 30

FooR o o o R X o b X ok R X ok kX X ok F X % %

>30

b o o R X ko R X ok R % X ok X X ok F X % %

*

Esti mat ed Consi st ency

Very soft
(extruded between fingers
when squeezed)

Sof t
(ol ded by 1ight finger
pressure)

Medi um
(ol ded by strong finger
pressure)

Stiff
(readily indented by
t humb but penetrated with
great effort)

Very stiff
(readily indented by
t humbnai )

Har d
(indented with difficulty
by thunbnail)

* Estimat ed Range of

*

*

*

*

FooR o o o R X o b X ok R X ok kX X ok F X % %

*

0.

1

2.

tons/sq. ft.
/333333333333333333>333333333333333333331313131331313131333333333331331333333313)))

.50 - 1.00

Unconfi ned
Conpr essi ve
Strength

<0. 25

25 - 0.50

00 - 2.00

00 - 4.00

>4, 00

o o R R X o R X kR kX ok X X ok X X ok F B % F % X F

-22333333333333333233333333333333333313331313133333331313233313131313131333I111))))-
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[ PLASTICITY CHART |

140 / >
N
+@ 120 //
& EQUAL LL.
a » INCREASING P1
é\\o 100 !
LIMITS FOR GROUP OF SAMPLES
OF THE SAME GEDLOGICAL ORIGIN
FALL ON LINE APPROXIMATELY A
- COMPRESSIBILTY —INCREASES |
PARALLEL TO A LINE E | § PERMEABILITY — INCREASES
60 z TOUGHNESS AT PL—= DECREASES 1
|—DRY STRENGTH ——=DECREASES
N _EQUAL PI
40 ’yr/ TNCREASING L1 |
A Hj OR @ )
- ML T Z'SYMBOLS FOR SOIL GROUPS IN
2 UNIFIED CLASSIFICATION SYSTEM
70 \a une”
[
Ta M
o0 20 40 %0 60 60 100 120 o 160 80 200 220

LiQuid  UMIT (LL)

FIGURE 2
Utilization of Atterberg Plasticity Limits
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Therefore, Table 5 (Reference 4, unpublished work by Ayers and Plum is
provided for a nore useful classification of organic soils.

For the characteristics of the Unified Soil Classification System
pertinent to roads and airfields, see NAVFAC DM 5. 4.

3. TYPICAL PROPERTIES. Some typical properties of soils classified by
the Unified Systemare provided in Table 6 (Reference 5,_Basic Soils
Engi neeri ng, by Hough). Mbre accurate estimates should be based on
| aboratory and/or field testing, and engi neering eval uation.

Section 5. ROCK CLASSI FI CATI ON AND PROPERTI ES

1. VISUAL CLASSI FI CATI ON. Describe the rock sanple in the follow ng
sequence:

a. MWeathering dassification. Describe as fresh, slightly weathered,
etc. in accordance with Table 7 (Reference 6, Suggested Methods of the
Description of Rock Masses, Joints and Discontinuities, by |ISRM WrKking
Party).

b. Discontinuity Cassification. Describe spacing of discontinuities
as close, wide, etc., in accordance with Table 8. In describing structura
features, describe rock mass as thickly bedded or thinly bedded, in
accordance with Table 8. Depending on project requirenents, identify the
formof joint (stepped, smooth, undulating, planar, etc.), its dip (in
degrees), its surface (rough, snmooth, slickensided), its opening (giving
width), and its filling (none, sand, clay, breccia, etc.).

c. Color and Grain Size. Describe with respect to basic colors on rock
color chart (Reference 7, Rock Color Chart, by Geol ogical Society of
America). Use the following termto describe grain size:

(1) For Igneous and Metanorphic Rocks:
coarse-grained - grain diameter >5mm
medi um grained - grain dianeter 1 - 5mm
fine-grained - grain dianeter <lmm

aphanitic - grain size is too small to be perceived by unai ded
eye

gl assy - no grain formcan be distinguished.
(2) For Sedimentary Rocks
coarse-grained - grain diameter >2mm

medi um grained - grain dianeter = 0.06 - 2mm
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TABLE 6 (continued)
Typical Values of Soil Index

{I}.  Granular materials may reach ey,, when dry or only slightly moist.
Clays can reach epa; only when fully saturated.

(2} Granular materials reach minimum unit weight when at ep,y and with
hygroscopic moisture only. The unit submerged weight of any saturated
soil is the wnit weight minus the unit weight of water,

(3)  Applicable for very compact glacial till. Unusually high unit weight
values for tills are sometimes due to not only an extremely compact con—
dition but to unusually high specific gravity values.

(4}  Applicable for hardpan.

2.65 for granular soil,
2.6 for organic soils.

General Note: Tabulation is based on G
G = 2,7 for clays, and €
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+333321331333301>331333330331331133133113313311))
* GRADE * SYMBOL * DI

TABLE 7
Weat hering Classification

AGNCSTI C FEATURES

221332333331331333333331331331)3)

>
*

/33333333333333333333333313313313333313333333313313333313311331333133133133103I)))1

*Fresh * F
*Slightly *

*Weat her ed * W5
*Moder at el y * Y
*Weat her ed *

*Hi ghl y * WH
*Weat her ed *

*Conpl etely * WC
*Weat her ed *

*Resi dual * RS
*S0i | *

ook ok o b R ok X X X b b b b b ok % X X X X % %

*

No vi sible sign of deconposition or discoloration.

Ri ngs under hanmer i npact.

Slight discoloration inwards from open fractures,

otherwise simlar to F.

Di scol orati on throughout. Waker mnerals such
as fel dspar deconposed. Strength somewhat |ess
than fresh rock but cores cannot be broken by
hand or scraped by knife. Texture preserved.

Mbst mineral s somewhat deconposed. Speci nens
can be broken by hand with effort or shaved
with knife. Core stones present in rock nmss.
Texture becom ng indistinct but fabric
preserved.

M neral s deconposed to soil but fabric and
structure preserved (Saprolite). Specinens
easily crunbl ed or penetrated.

Advanced state of deconposition resulting in
plastic soils. Rock fabric and structure
conpl etely destroyed. Large vol ume change.

*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*

-233233333133325333333332>33333333333333133333333333333313313313313313313313I)))-
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TABLE 8
Di scontinuity Spacing

+)))))))))))))))))))))))))))0)))))))))))))))))))))0))))))))))))))))))))))))))))
*Description for Structural =

* *

233333333333333333331333331333333333133333133333313313133113313311331331331331331))D

*Features: Beddi ng, * * Description for Joints, *

*Fol i ation, or Flow Banding * Spaci ng * Faults or Other Fractures =

/)))))))))))))))))))))))))))3)))))))))))))))))))))3))))))))))))))))))))))))))))1
Very thickly (bedded, Very vmdely (fractured *

* foliated, or banded) * NMre than 6 feet * or jointed)

*  Thickly * 2 - 6 feet *  Wdely

*  Medi um * 8 - 24 inches * Medi um

* Thinly * 2-1/2 - 8 inches * Cl osel y

* Very thinly * 3/4 - 2-1/2 inches* Very closely

/

*Description for
*M cro-Structural Features:
*Lam nation, Foliation, or

ook ok R R R o X X X b %

LI I )
LI I )

Description for Joints,

*Cl eavage * Spaci ng * Faults or Other Fractures>
/)))))))))))))))))))))))))))3)))))))))))))))))))))3))))))))))))))))))))))))))))1
* Intensely (laninated, 3/4 inch Extrenely cl ose

*~ foliated, or cleaved) * * *
* \Very intensely * Less than 1/4 inch = *

-233233333333333333333333333233333333333333333333132333333333313313313313313I)))-
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fine-grained - grain dianeter = 0.002 - 0.06mM
very fine-grained - grain diameter <0.002mm
(3) Use IOX hand lens if necessary to exam ne rock sanple.
d. Hardness Classification. Describe as very soft, soft, etc. in

accordance with Table 9 (from Reference 5), which shows range of strength
val ues of intact rock associated with hardness cl asses.

e. Geological dassification. ldentify the rock by geol ogic name and
local nanme (if any). A sinplified classification is given in Table 10.
Identify subordinate constituents in rock sanple such as seanms or bands of
other type of mnerals, e.g., dolomtic |linmestone, cal careous sandstone,
sandy |imestone, nica schist. Exanple of typical description

Fresh gray coarse noderately close fractured M ca Schi st.
2. CLASSI FI CATI ON BY FI ELD MEASUREMENTS AND STRENGTH TESTS.

a. Cassification by Rock Quality Designation and Velocity |ndex.

(1) The Rock Quality Designation (RQD) is only for NX size core
sanmples and is conputed by suming the lengths of all pieces of core equa
to or longer than 4 inches and dividing by the total length of the coring

run. The resultant is nultiplied by 100 to get RQD in percent. It is
necessary to distinguish between natural fractures and those caused by the
drilling or recovery operations. The fresh, irregular breaks should be

i gnored and the pieces counted as intact |engths. Depending on the

engi neering requirements of the project, breaks induced al ong highly

ani sotropi c planes, such as foliation or bedding, may be counted as natura
fractures. A qualitative relationship between RQ, velocity index and rock
mass quality is presented in Table 11 (Reference 8, Predicting Insitu
Mbdul us of Deformation Using Rock Quality |Indexes, by Coon and Merritt).

(2) The velocity index is defined as the square of the ratio of the
field conpressional wave velocity to the | aboratory conpressional wave
velocity. The velocity index is typically used to determ ne rock quality
usi ng geophysi cal surveys. For further gui dance see Reference 9, Design
of Surface and Near Surface Construction in Rock, by Deere, et al

b. dassification by Strenagth.

(1) Uniaxial Conpressive Strength and Mdulus Ratio. Determ ne the
uni axi al conpressive strength in accordance with ASTM St andard D2938,
Unconfi ned Conpressive Strength of Intact Rock Core Specinens. Describe the
strength of intact sanple tested as weak, strong, etc., in accordance with
Figure 3 (Reference 10, The Point Load Strength Test, by Broch and
Frankl i n).

(2) Point Load Strength. Describe the point |oad strength of
specimen tested as low, nmedium etc. in accordance with Figure 3. Point
| oad strength tests are sonetimes perfornmed in the field for larger projects
where rippability and rock strength are critical design factors. This
simple field test can be performed on core sanples and irregular rock
speci mens. The poi nt
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LI I I
LI I I .

*CLASS*

x>
x>
x>
* 11
x>

*

*

2

*

<

<

ook ok b b b % X X X X b b ok b b F % % X X

ook ok ok b b k% X X X X % %

*

HARDNESS

Very hard

Har d

Sof t

Very soft

LI I I .

*

*

ook ok o b ok % X X X o b b ok F ok % X X

*

Har dness Cl assification of
+)))))0))))))))))))))))0))))))))))))))))))))))))))))))))))))))))0))))))))))))))

TABLE 9

LI I I .

FI ELD TEST *

Many bl ows with geol ogi ¢ hanmmer *
required to break intact specinen.

Hand hel d speci men breaks with
hamrer end of pick under nore than
one bl ow.

Cannot be scraped or peeled with
kni fe, hand hel d speci nen can be
broken with single nmoderate bl ow
with pick.

Can just be scraped or peeled with

ok ok ok k% X X X X % %

knife. Indentations 1mmto 3mm
show i n specimen with noderate bl ow*
with pick. *

*

Mat eri al crunbl es under noderate *
bl ow with sharp end of pick and can*
be peeled with a knife, but is too *
hard to hand-trimfor triaxial test*
speci nen. *

*

I ntact Rock

PPROXI MATE
RANGE OF
UNI AXI AL

COWPRESSI ON
STRENGTH
kg/ cm.2-

*

LI I )

*

(tons/ft .2-)*

/)))))3))))))))))))))))3))))))))))))))))))))))))))))))))))))))))3))))))))))))))1
Extrenely hard*

2000- 1000
1000 - 500
500 - 250
250 - 10

ook ok b b b ok X X X b b ok b b F % % X X

-233232333333333333333323333333333333333133333333333333333333133233133313313))))-
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TABLE 10
Sinplified Rock Classification

COVMON | GNEQUS ROCKS

+)))))))))))0))))))))))))))))))))0))))))))))))))))0))))))))))))))))))))))))))))
* * |Intermediate * Dar

/)))))))))))3)))))))))0))))))))))3))))))))))))))))3)))))))))))))))0))))))))))))1

*Principal *Quartz *Fel dspar * Fel dspar * Augite and* Augite *
*M ner al * & * * & * Fel dspar * Hor nbl ende, *
* *Fel dspar * * Hornbl ende * * divine *
* *Q her * * * * *
* *M ner al s * * * * *
* *M nor * * * * *
/ID30)O)O01 > > > > >
*Texture * * * * * *
/)))))))))))3)))))))))3))))))))))3))))))))))))))))3)))))))))))))))3))))))))))))1
*Coar se, *Pegmatite* Syenite * Diorite Gab *
*lrregular, * * pegnatlte* pegmatite * pegnatlte * *
*Crystal | i ne* * * *
/)))))))))))3)))))))))3))))))))))3))))))))))))))))3)))))))))))))))3))))))))))))1
*Coarse and * Granite *Syenite *~ Diorite Gab * Peridotite *
*I\/Edl um * * * * * *
*Crystal li ne* * * * * *
> > > /)))))))))))%g?))2?))))))))))))))l >
/3131333313333331331312>31333131313231313133313331313303331331313131313132)31333133)))0)1
*Fi ne * Aplite * Di abase *
*Crystal | i ne* * *
/)))))))))))3)))))))))))))))))))))))))))))))))))))3))))))))))))))))))))))))))))1
*Aphanitic * Felsite Basal t
/)))))))))))3)))))))))))))))))))))))))))))))))))))3))))))))))))))))))))))))))))1
*d assy Vol cani c gl ass Obsi di an

/%))))))))))3))))))))))))))))))))0))))))))))))))))2))))))))))))))))))))))))))))1
*Por ous

*( Gas * * *
*QOpeni ngs *  Pum ce * Scoria or vesicular basalt *

/)))))))))))3))))))))))))))))))))2)))))))))))))))))))))))))))))))))))))))))))))1
*Fragmental = Tuff (fine), breccia (coarse), cinders (variable)

-233233333132>3333333333333333333333333333333333333333333313313313313313313I)))-
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0333
* Group

/)))))))

ook ok ok b k% X X X X o b ok b %
Q
Q
2]
-
(g}

ook ok ok b % X X X X o ok o %

-2232)3)

TABLE 10 (conti nued)
Sinplified Rock Classification

COVMON SEDI MENTARY ROCKS

0)))))))))))))0)))))))))))))))))))))))))))))))))))0))))))))))))))))))))
* Grain Size * Conposi tion Nanme
3)))))))))))))3)))))))))))))))))))))))))))))))))))3))))))))))))))))))))1
Rounded pebbles in * Congl onerate
Most |y * medi um grai ned matrix * *
E?arse 733333333333333333333333333133333131313331333131331I0I0))))1
ai ns * * *
* Angul ar coarse rock fragments, > *
* often quite variable * Breccia *
)))))))))))))3)))))))))))))0)))))))))))))))))))))3))))))))))))))))))))l
* * Less than 10% of > Siliceous
* other mnerals * sandstone *

/)))))))))))))))))))))3))))))))))))))))))))l
* Appreci able quantity*> Argillaceous

More than = Medi um ~ of clay minerals > sands tone *
50% of *  quartz 73333333333333333333333133133133313333030))O)1
medi um * grains * * *
grains * * Appreci abl e quantity* Cal careous *
* * of calcite * sandstone *
> /)))))))))))))))))))))3))))))))))))))))))))l
* * Over 25% fel dspar * Arkose
> /)))))))))))))))))))))3))))))))))))))))))))l
* * 25-50% f el dspar and * Graywacke
* ~ darker mnerals * *
)))))))))))))3)))))))))))))2)))))))))))))))))))))3))))))))))))))))))))l
* Fine to very fine quartz * Siltstone (if
* grains with clay minerals * | am nated, shale) =

/)))))))))))))0)))))))))))))))))))))3))))))))))))))))))))l
* <10% ot her minerals * Shale

ook b b b b ok % X X X N R R R R o o X X X X b ok ok RN R F X X X

> 733333331331333333133333313313331330I03))))O)1

More than *~ Mcroscopic > Appreciable calcite = Calcareous shale *
50% fine > clay 73333333333333333333333133133133313333030))O)1
grain size* mnerals * * *

* *Appr eci abl e carbon * Carbonaceous shal e*

* *car bonaceous material * *

> 733333331331333333333333313333313333030)))O))1

* * Appreciable iron * Ferrugi nous shal e*

* * * oxi de cenent * *

233133133333332>33333333333323333333133333333333332333333133313313313I))-
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TABLE 10 (conti nued)
Sinmplified Rock Classification

COMMON SEDI MENTARY ROCKS
+))))))))))0)))))))))))))))0)))))))))))))))))))))))))))))))))))0)))))))))))))))

*G oup Grain Size * Conposi tion Nanme
/))))))))))3)))))))))))))))3)))))))))))))))))))))))))))))))))))3)))))))))))))))1
Vari abl e Calcite and fossils *Fossiliferous =
* * * *| i mest one *
> /)))))))))))))))3)))))))))))))))))))))))))))))))))))3)))))))))))))))l
*Organi ¢ * *Dol om te
* * Medi umto * Cal cite and appreciabl e dol om te*limestone or *
* * m croscopic * *dol om te *
> /)))))))))))))))3)))))))))))))))))))))))))))))))))))3)))))))))))))))l
* *  Variabl e Car bonaceous materi al *Bi t um nous coal *
/))))))))))3)))))))))))))))3)))))))))))))))))))))))))))))))))))3)))))))))))))))1
Calcite *Li nest one
> > /)))))))))))))))))))))))))))))))))))3)))))))))))))))l
* * Dol omite *Dol om te
> > /)))))))))))))))))))))))))))))))))))3)))))))))))))))l
* * Quartz *Chert, Flint, =
*Chemical * M croscopi c* * etc. *
> > /)))))))))))))))))))))))))))))))))))3)))))))))))))))l
* * I ron conpounds with quartz *lron fornation *
> > /)))))))))))))))))))))))))))))))))))3)))))))))))))))l
* * Hal *Rock salt
> > /)))))))))))))))))))))))))))))))))))3)))))))))))))))l
* * Gypsum *Rock gypsum *

-233233333123333333333333332>33333333333133333333333333333333132333133313313I)))-
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TABLE 10 (conti nued)
Sinplified Rock Classification

COVMON METAMORPHI C ROCKS
+))))))))))))))))))))0)))))))))))))))))))))))))))))))))))))))))))))))))))))))))

Texture Structure

/))))))))))))))))))))3)))))))'):)I)))t))a))))))))))))))))0))))))))R/g)))))))))))))))1

oliate ssive
> /)))))))))))))))))))))))))))))))3)))))))))))))))))))))))))l
*Coarse Crystalline = Gnei ss Met aquartzite *
/))))))))))))))))))))3)))))))))))))))))))))))))))))))3)))))))))))))))))))))))))1

(Sericite) Mar bl e
*Medi um * (M ca) * Quartzite *
*Crystalline * Schi st (Talc) * Ser penti ne *
* * (Chlorite) * Soapst one *
* * ( etc. ) * *
/))))))))))))))))))))3)))))))))))))))))))))))))))))))3)))))))))))))))))))))))))1
*Fine to Phyllite Hornfel s *
*M croscopi c * Sl ate * Anthracite coal *

-233233333133333333332>33333333333333333133333333133132333313313313313313313I)))-
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TABLE 11
Engi neering C assification For In Situ Rock Quality

+))))))%%E?)))))))))0)))))))))))))))))))))))))0))))))))))))))))))))))))))))

% VELOCI TY | NDEX * ROCK MASS QUALITY *
*)))))))))))))))))))3)))))))))))))))))))))))))3))))))))))))))))))))))))))))l
* 90 - 10 * - * Excel | ent *
* 75 - 90 * 0.60 - 0.80 * Cood *
* 50 - 75 * 0.40 - 0.60 * Fair *
* 25 - 50 * 0.20 - 0.40 * Poor *
> 0 - 25 * 0 - 0.20 * Very Poor *

-2233333333333333333233333333333333331333131313332331313133331313131313333313131)))I)))-
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very high extramely high

Extremaly very low low Medium High
low Appronimate strength ronges for common materials [ for generai guidiines ,do not
associate o particular strength value with o given geologic matarial )

coal
Limastone,/warbie

sHtf cloy =~ W
sandstone
concrate
oolomite
Guartzite
woleanics
sronite .

¢L]

v.slronql EX. 3trong
™T T T 77171

weok ]-od.mk l Mod. strong ] strong
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UNMAX AL COMFIRESSIVE STRM}'H.YONS/FTS

FIGURE 3
Strength Classification
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| oad strength index is defined as the ratio of the applied force at failure
to the squared di stance between | oaded points. This index is related to the
direct tensile strength of the rock by a proportionality constant of 0.7 to
1.0 depending on the size of sanple. Useful relationships of point |oad
tensile strength index to other parameters such as specific gravity, seismc
vel ocity, elastic nodulus, and conpressive strength are given in Reference
11, Prediction of Conpressive Strength from O her Rock Properties, by

Di Andrea, et al. The technique for performng the test is described in

Ref erence 9.

c. Cdassification by Durability. Short-term weathering of rocks,
particul arly shal es and nmudstones, can have a considerable effect on their
engi neering performance. The weatherability of these nmaterials is extrenely
variable, and rocks that are likely to degrade on exposure should be further
characterized by use of tests for durability under standard dryi ng and
wetting cycle (see Reference 12, Logging Mechani cal Character of Rock, by
Franklin, et al.). |If, for exanple, wetting and drying cycles reduce shale
to grain size, then rapid slaking and erosion in the field is probable when
rock is exposed (see Reference 13, Classification and Identification of
Shal es, by Underwood).

3.  ENG NEERI NG AND PHYSI CAL PROPERTIES OF ROCK. A prelimnary estimte of
t he physical and engi neering properties can be made based on the
classification criteria given together with published charts, tables and
correlations interpreted by experienced engi neering geol ogi sts. (See

Ref erence 8; Reference 13; Reference 14, Slope Stability in Residual Soils,
by Deere and Patton; Reference 15, Geological Considerations, by Deere;

Ref erence 16, Endgineering Properties of Rocks, by Farmer.) Guidance is
provided in Reference 14 for description of weathered igneous and

met anor phic rock (residual soil, transition fromresidual to saprolite,
etc.) in terms of RQD, percent core recovery, relative pernmeability and
strength. Typical strength paraneters for weathered igneous and netanorphic
rocks are also given in Reference 14. Cuidance on physical properties of
some shales is given in Reference 13.

Section 6. SPECI AL MATERI ALS

1. GENERAL CLASSI FI CATI ON AND TYPI CAL ENG NEERI NG | MPLI CATI ONS. See Tabl e
12 for general classification and typical engineering inplications of
special materials that influence foundation design

2.  EXPANSI VE SO LS.
a. Characteristics. Expansive soils are distinguished by their

potential for great volume increase upon access to noisture. Soils
exhi biting such behavior are nostly nontnorillonite clays and clay shal es.

b. ldentification and Classification. Figure 4 (Reference 17, Shall ow
Foundati ons, by the Canadi an Geot echni cal Society) shows a method based on
Atterberg limits and grain size for classifying expansive soils. Activity
of clay is defined as the ratio of plasticity index and the percent by
wei ght finer than two microns (2[mu]). The swell test in a one dinensiona
consolidation test (see Chapter 3) or the Double Consolidonmeter Test
(Reference 18, The Additional Settlenent of Foundations Due to Collapse of
Structures of
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Sandy Soils on Wetting, by Jennings and Knight) is used for estimating the
swel | potenti al.

3. COLLAPSI NG SO LS

a. Characteristics. Collapsing soils are distinguished by their
potential to undergo | arge decrease in volume upon increase in noisture
content even without increase in external |oads. Exanples of soils
exhibiting this behavior are | oess, weakly cenented sands and silts where
cenenting agent is soluble (e.g., soluble gypsum halite, etc.) and certain
granite residual soils. A commopn feature of collapsible soils is the |oose
bul ky grains held together by capillary stresses. Deposits of collapsible
soils are usually associated with regi ons of noisture deficiency.

b. Identification and Classification. Detailed geologic studies could
identify potentially collapsible soils. Figure 5 (Reference 19, Research
Related to Soil Problens of the Arid Western United States, by Holtz and
G bbs) provides guidance for identifying the potential for collapse for
cl ayey sands and sandy clays found in the western United States. For
cenented soils and nonplastic soils, criteria based on consolidoneter tests
are nore applicable as illustrated in Figure 6 (Reference 20, A Guide to
Construction on or with Materials Exibiting Additional Settlenments Due to
Col |l apse of Grain Structure, by Jennings and Knight; and Reference 21, The
Origin and Occurrence of Collapsing Soil, by Knight). The potential for
collapse is also evaluated in the field by perform ng standard plate | oad
tests (ASTM D1194, Bearing Capacity of Soil for Static Load on Spread
Footings) under varied noisture environnents. For further gui dance see
Ref erence 22, Experience with Collapsible Soil in the Southwest, by
Beckwi t h.

4. PERVMAFROST AND FROST PENETRATI ON

a. Characteristics. In non-frost susceptible soil, volume increase is
typically 4% (porosity 40% water volunme increase in turning to ice = 10%
total heave = 40% x 10% = 4% . |In susceptible soil heave is nuch greater as

water flows to col der zones (fornming ice lenses). The associated | oss of
support upon thaw can be nore detrinental to structures than the heave
itself.

b. Cassification. Silts are the nost susceptible to frost heave.
Soils of types SM M, GM SC, GC, and CL are classified as having frost
heave potenti al

c. GCeography. Figure 7 (Reference 23, National Oceanic and At nospheric
Admi ni stration) nay be used as a guide for estimating extreme depth of frost
penetration in the United States.

5. LI MESTONE AND RELATED MATERI ALS.

a. Characteristics. Linmestone, dolomite, gypsum and anhydrite are
characterized by their solubility and thus the potential for cavity presence
and cavity devel opment. Linmestones are defined as those rocks conmposed of
nore than 50% carbonate minerals of which 50% or nore consist of calcite
and/ or aragonite. Some near shore carbonate sedinents (al so called
limestone, marl, chalk) could fit this description. Such sedinments are
noted for erratic degrees of induration, and thus variability in | oad
supporting capacity and
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uncertainty in their [ong-term performance under sustained |oads. The npst
significant linestone feature is its solubility. An extrenely soluble one
can be riddled with solution caves, channels, or other open, water, or clay
filled features.

b. |ldentification. Presence of solution features may be checked by
geol ogi cal reconnai ssance, drilling, and other fornms of bedrock
verification. Geophysical techniques, including shallow seisnic refraction,
resistivity and gravinetry are often found to be val uabl e suppl ements.

c. Coral and Coral Formation.

(1) Origin. Living coral and coralline debris are generally found
in tropical regions where the water tenperature exceeds 20deg.C. Coral is
a termcommonly used for the group of animls which secrete an outer
skel et on conposed of cal ci um carbonate, and which generally grow in
colonies. The term"coral reef" is often applied to |arge concentrations
of such col oni es which form extensive subnerged tracts around tropica
coasts and islands. |n general, coralline soils deposited after the
breakdown of the reef, typically by wave action, are thin (a few neters
thick) and form a veneer upon cenented materials (linmestones, sandstones,
etc.).

(2) Ceological Cassification. Because the granular coralline and
algal materials are derived from organi sms which vary in size from
m croscopic shells to large coral heads several neters in dianeter, the
fragnments are broadly graded and range in size fromboulders to fine-grained
muds. Similarly, the shape of these materials varies fromsharp, irregular
fragnments to well-rounded particles. Coralline deposits are generally
referred to as "biogenic material s" by geol ogists. Wen cenmented, they may
be termed "reefrock," or "beachrock," or other nanes which inply an origin
t hrough cenmentation of particles into a hard, coherent materi al

(3) Characteristics. Coralline deposits are generally poor
foundation materials in their natural state because of their variability and
susceptibility to solution by percolating waters, and their generally
brittle nature. Coralline materials are often used for conpacted fill for
roads and |ight structures. Under |oads, conpaction occurs as the brittle
carbonate grains fracture and consolidate. They can provide a firm support
for mats or spread footings bearing light |loads, but it is necessary to
t horoughly conpact the material before using it as a supporting surface.
Heavy structures in coral areas are generally supported on pile foundations
because of the erratic induration. Predrilling frequently is required.

Because of extreme variability in engineering properties of
natural coral formations, it is not prudent to nake prelimnary engi neering
deci sions on the basis of "typical properties." Unconfined conpression
strengths of intact specinmens may range from50 tons/ft _2- to 300
tons/ft .2-, and porosity may range fromless than 40%to over 50%

For further guidance see Reference 24, Failure in Linestone in
Huni d Subtropics, by Sowers, which discusses factors influencing
construction in |imestone; and Reference 25, Terrain Analysis - A Guide to
Site Selection Using Aerial Photographic Interpretation, by Way.
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6. QU CK CLAYS.

a. Characteristics. Quick clays are characterized by their great
sensitivity or strength reduction upon disturbance.

Al'l quick clays are of marine origin. Because of their brittle
nature, collapse occurs at relatively small strains. Slopes in quick clays
can fail without |arge noverments. For further guidance see Reference 5 and
Ref erence 26, Quick Clays and California: No Quick Solutions, by Anne.

b. ldentification. Quick clays are readily recognized by measured
sensitivities greater than about 15 and by the distinctive, strain-softening
shape of their stress-strain curves fromstrength or conpressibility tests.

7. OTHER MATERI ALS AND CONSI DERATI ONS.

a. Mn-Made Fills. Conposition and density are the main concerns.
Unl ess these can be shown to be non-detrinental to the performance of the
foundati on, bypassing with deep foundations, or renoval and repl acenent are
in order.

Sanitary landfills may undergo | arge settlenents under self weight
as well as under structural |oads. Guidelines on the evaluation of
settl enent and ot her foundati on considerations for sanitary landfills are
given in DM 7.3, Chapter 3.

b. Chemically Reactive Soils. For foundation construction, the main
concerns usually are corrosion and gas generation. Corrosion potential is
determined in terns of pH resistivity, stray current activity, groundwater
position, chenical analysis, etc.; and a conpatible foundation treatnent,
e.g., sulfate resistant concrete, |acquers, creosote, cathodic protection
etc., is prescribed. For gas concentration, organic matter content and
field testing for gas are usually perforned. |f gas generation is expected,
some formof venting systemis designed (see Chapter 2). The potentia
presence of noxious or explosive gases should be considered during the
construction excavations and tunneling.

c. Lateritic Soils. Lateritic soils are found in tropical climtes
t hroughout the world. Typical characteristics are shown in Table 12. For
further guidance see Reference 27, Laterite Soil Engineering, by G digasu;
Ref erence 28, Laterite Genesis, Location, Use, by Persons; Reference 29,
Engi neering Study of Laterite and Lateritic Soils in Connection with
Construction of Roads, Hi ghways and Airfields, by the U S. Agency for
I nternational Devel opnent; Reference 30, Laterite, lLateritic Soils and G her
Problem Soils of Africa, by the U S. Agency for International Devel oprment;
and Reference 31, Laterite and Lateritic Soils and Gther Problem Soils of
the Tropics, by the U S. Agency for International Devel oprnent.

d. Submarine Soils. Typical characteristics are shown in Table 12.
Further guidance may be found in Reference 32, Engineering Properties of
Subrmarine Soils: State-of-the-Art Review, by Noorany and G zi enski
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CHAPTER 2. FIELD EXPLORATI ON, TESTI NG, AND | NSTRUVENTATI ON
Section 1. | NTRODUCTI ON

1. SCOPE. This chapter contains information on exploration methods

i ncludi ng use of air photos and renote sensing, geophysical nethods, test
pits, test borings, and penetroneters. Also presented is information on
met hods of sanpling, neasuring in situ properties of soil and rock, field
measur enent s, and geot echni cal nonitoring equi prent.

2. RELATED CRITERIA. For other criterial related to exploration and
sampl ing, see the follow ng sources:

Subj ect Sour ces
Soi | Exploration and Subgrade Testing..................... NAVFAC DM 5. 04
Field Punping Tests. . ... ... e NAVFAC P-418

3. PLANNI NG FOR FI ELD | NVESTI GATIONS. The initial phase of field

i nvestigations should consist of detailed review of geol ogical conditions at
the site and in its general environs. This should include a desk top study
of avail able data including renpte sensing i magery, aerial photography, and
a field reconnai ssance. The information obtained should be used as a guide
i n planning the exploration.

To the extent possible, borings should be suppl enented by | ower cost

expl oration techni ques such as test pits, probes, seisnic refraction
surveys, and electrical resistivity surveys. This is particularly true in
t he of fshore environment where borings are exceptionally expensive.

Information on boring layout is given in Section 5 and a sanple boring | og
is given in Figure 1. Guidance on exploration techniques is given in
Sections 5 and 6.

It should be noted that NAVFAC has a Geotechnical Data Retrieval System

To optimze its use, the U S. Navy encourages utilization of its format on
Navy projects. Details relative to this can be found in Reference 1
Geotechnical Data Retrieval System by NAVFAC

4. EXPLORATI ON PHASES. Project exploration can generally have three
phases: reconnai ssance/feasibility exploration; prelimnary exploration
and detailed/final exploration. Additional exploration may be required
during or after construction. Frequently, all preconstruction phases are
conbined into a single exploration effort.

a. Reconnai ssance/Feasibility. Reconnaissance includes a review of
avai | abl e t opographi c and geol ogic i nformation, aerial photographs, data
from previous investigations, and site exam nation. Geophysical methods are
applicable in special cases. Reconnaissance/feasibility frequently reveals
difficulties which may be expected in | ater exploration phases and assists
in determ ning the type, nunber and | ocations of borings required.
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TEST BORING LOG

BORING NO.

PROJECT SHT. NO. 1 OF
CLIENT PROJ. NO.
BORING CONTRACTOR ELEVATION
GROUND WATER CAS. SAMP. CORE TUBE DATUM
DATE TIME | DEPTH | CASING | TYPE | HSA 5.5, NX HELBY [ DATE START
l2-7-78 1400 5 5 DA | 4 2" lz2-/8" | 3" |DATEFINIGH
WT. 14018, DRILLER
FALL 39" INSPECTOR
u BLOWS |
= legld | TN 3
sl @ag | £9 | SAMPLE (T IDENTIFICATION REMARKS
=Y SE g SPOQON  |>
FER 6" |
|
1 | 2 Soft dark brown organic
: 2 CLAY {(OH}, wet
2
2
P
3 u-l J Soft  brown Clayey SILT (ML),
S moist
4 H
s A 4
9
& §-2 11 Mediun dense, gray coarse
13 to fine SAND, crace silt,
5 18 trace fine gravel {5W)
L]
9
10 Well graded brown-gray GRAVELS,
some sand (GW)
1
12
8] SANDSTONE, Brown fine grained
13 slightly weathered, hard, medium R-1
fractured, with brown stains Rec = BU¥
1 RQD = 70%
12:50 = Start Run 1
15 BOTTOM OF BORING @ 14707 13:10 = Pull Run 1
% SYMBOLS:
1 SPLIT SPOON SAMPLE
18
UNDISTURBED SAMPLE
19 §
ROCK CORED
20
N
n W WATER LEVEL
22
23
FIGURE 1
Sample Boring Log
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b. Prelinmnary Exploration. This nay include borings to recover
samples for identification tests only.

c. Detailed Exploration. This phase normally includes borings,
di sturbed and undi sturbed sanpling for |aboratory testing, standard
penetration resistances, and other in situ nmeasurenents. At critical sites
it may also include test pits, piezoneter neasurenents, punping tests, etc.

d. Construction/Post Construction Phases. Further eval uation of
foundati on conditions may be required during the construction phase.
Monitoring of the site or structure nmay be necessary throughout the
construction and post construction phases.

Section 2. PUBLISHED SO L AND GEOLOG CAL MAPS

1. SOURCES. Data on the physical geology of the United States are
avail able in maps and reports by government agencies, universities, and
prof essional societies (see Table 1). These sources often contain

geol ogical information on foreign countries.

2. PREVI QUS | NVESTI GATI ONS. For studies in devel oped areas, coll ect
i nformati on from previ ous work on foundati ons and subsurface conditions.

a. Shipyard or Waterfront Areas. These |ocations often have undergone
cycl es of expansion and reconstruction with older foundations remaining
buried in place. Records of former construction may contain information on
borings, field tests, groundwater conditions, and potential or actua
sources of trouble.

b. Evaluation. Review of data from previous work shoul d receive the
greatest attention of any phase in a reconnai ssance investigation.

Section 3. REMOTE SENSI NG DATA METHODS

1. SOURCES. Rempte sensing data are acquired by imagery recovery

devices and their transporting nedia. Aerial photographs are the nost
conmon type with coverage of alnpbst the entire United States avail able at
scales from 1: 12,000 to 1:80,000. Wth the advent of inproving technol ogy,
space prograns and data gathering satellites, a wealth of other renote
sensed data are now avail able for use. Table 2 summarizes the types of data
nost comonly used in engineering studies. Photos at larger scale up to

1: 2000 are available for sonme |locations fromstate agencies and comrerci a
aer o- phot ogrammetric firms.

2. UTILI ZATION. Use of photographs and nosaics is routine in nost |arge
engi neering studi es such as highway and airfield work. Oher forns of
renote sensing data are used on a nore sel ective basis when required. For a
conpl ete description on the use of imagery in earthquake analysis, see
Reference 2, lnmmgery in Earthquake Analysis, by dass and Sl emmons. For
unfam liar sites, the air photographs aid in planning and | ayout of an
appropriate boring program
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TABLE 1

Sour ces of Ceol ogical Information

%3333313333333303333333333333333333333133331333131313333313313131333333131313131333311)))

*

Seri es

*

Description of Materi al *

/)))))))))))))3))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))l

*

R % o R X b R R b R % X R b Xk ok R X ok % X ok b X X ok o X % F % X

GEOIog|ca

Geol ogi ca
i ndex map

Fol i os of
t he

Geol ogi ca
Atl as of
the United
St at es

Geol ogi ca
Quadr angl e
Maps of
Uni ted
St ates

Bul | eti ns,

pr of essi onal

papers,
circul ars,
annua
reports,
nonogr aphs

Wat er

suppl y
papers

Topogr aphi c

maps

Li brari es

*

oo o R Xk b R Xk R R ok xR R X b R X kR X ok kX X ok F X X ¥

*

*

Consult USGS | ndex of Publications from Superintendent of
Docurent s, Washington, D.C. Order publications from
Superintendent of Docunents. Order maps from USGS
Washi ngton, D.C. Contact regional distribution offices
or information.

| ndi vi dua
of all

maps of each state show ng coverage and sources
publ i shed geol ogi cal maps.

Cont ai ns maps of bedrock and surface materials for nmany
i mportant urban and seacoast areas. When out of print,
obtain folios through suppliers of used technica
literature.

This series supplants the ol der geol ogical folios including
areal or bedrock geology maps with brief descriptive text.
Series is being extended to cover areas not previously
i nvesti gated.

General physical geol ogy enphasi zing all aspects of earth
sci ences, including mneral and petrol eum resources,
hydrol ogy and seisnmicity. Areal and bedrock geol ogy maps
for specific locations included in many publications.

R % o R X b b X kR kX ok % X ok X X ok X % %

Series includes papers on groundwater resources in specific*
localities and are generally acconpani ed by description of*
subsurface conditions affecting groundwater plus *
observations of groundwater |evels. *

*

Topographic contour maps in all states, w despread coverage*
bei ng continual |l y expanded. *
Regi onal office libraries contain geol ogi cal and *
sei snol ogi cal information from many sources. Data on *

foreign countries are often suitable.

-223333333333323333333333333333333333133313131333313313131333333131313131333331311)))I)))-

7.1-52



TABLE 1 (continued)
Sour ces of Ceol ogical Information

+)))))))))))))))0))))))))))))))))))))))))))))))))))))))))))))))))))))))))))

* Seri es

Description of Materi al

/)))))))))))))))3))))))))))))))))))))))))))))))))))))))))))))))))))))))))))l
*Nat i onal *Consult Catalog 1, Atlantic and Gulf Coasts; 2, Pacific *

*Qceani ¢ and *
*At nospheri c *
*Adni ni stration *
*( NOCAA) , *
*Nat i onal *
*Ccean Survey *
*( NCE) *

* Nauti cal *Charts of coastal and inland waterways showi ng avail abl e

* Charts *

* *

/)))))))))))))))3))))))))))))))))))))))))))))))))))))))))))))))))))))))))))
*Consult "List of Published Soil Surveys," USDA, Soi

*DepartnEnt of =

*Agricul ture * Listing by states and countries.

*(USDA), Soil *

*Conservati on *

*Servi ce. *

* Soi |l maps *Surveys of surface soils described in agricultural ternmns.

* and reports *

* *

* *

/133333333333333333333333333333333313331313133333331313333331313131133333131313113333)1))

*St ate *Mbst states provide excellent detailed |ocal geol ogica
*Ceol ogi cal * and reports covering specific areas or features in the
*Surveys/ State * maps publications of the state geol ogists. Sone offices
*Ceol ogi st's * are excellent sources of information on foreign

*Of fice * countries.
/33333333333333>3>3333333333333333333333333333333333333333333331333333333)))
*Ceol ogi cal *Wite for index to GSA, P. O Box 9140, 3300 Penrose
*Soci ety of * Pl ace, Boul der, Col orado, 80302.

*Anerica (GSA) >

* Mont hly *Texts cover specialized geol ogi cal subjects and intensive
* bul |l eti ns, * investigations of |ocal geology. Detailed geol ogica

* speci al * maps are frequently included in the individual articles.
* papers, and *

* menoirs. *

* Geol ogi cal *Publ i cati ons include general geol ogical maps of North and
* maps * South Anerica, maps of glacial deposits, and Pl ei stocene

Coast, 3, Alaska; 4, Geat Lakes; and 5, Bathynetric Maps*
and Special Charts. Order fromDistribution Service,
Nati onal Ocean Survey, Riverdale, Maryland 20840

soundi ngs of bottom plus topographic and cultura
features adjacent to the coast or waterways.

Conservation Service, January 1980 (published annually).

Physi cal geol ogy summari zed. Excellent for highway or
airfield investigations. Coverage mainly in mdwest,
east, and southern United States.

oo % ok R X ok kX ok R X R X X X kR % X ok X X R X 2 F X X Ok F X X ¥

aeol i an deposits.
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TABLE 1 (continued)
Sour ces of Ceol ogical Information

+)))))))))))0))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))

* Series * Description of Mteria

/)))))))))))3))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))l
*Li brary of = Mai ntai ns extensive library of U S. and foreign geologic =
*Congr ess * reports by geographical area. |Inquiry to Library of *
* * Congress, 10 First Street, Washington, D. C., 20540. *
/)))))))))))3))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))l
*Wor | dwi de For addresses consult "Worldw de Directory of National *
*Nat i onal * Eart h- Sci ence Agencies," USGS Circul ar 716, 1975 *
*Ear t h- * *

*Sci ence
*Agenci es *
0000000000 F>DDDDDDDDDDDDDDDDDDDDIDDDDDIDIDDDDDDDIDIDDDIIDIDDIDIDIIIIIIIIIIDIDD I
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a. Flight strips. Most aerial photographs are taken as flight strips
with 60 percent or nore overlap between pictures along the flight Iine and
20 to 30 percent side overlap between parallel flight Iines.

b. Interpretation. When overlapping pictures are viewed
stereoscopically, ground relief appears. Fromthe appearance of |land forns
or erosional or depositional features, the character of soil or rock may be
interpreted (see Reference 3, Terrain Analysis, A Guide to Site Selection
Usi ng Aerial Photographic Interpretation, by Way, for guidance on
interpretation and terrain analysis with respect to issues in site
devel opnent) .

3. LIMTATIONS. Interpretation of aerial photographs and other renote
sensed data requires considerable experience and skill, and results obtained
depend on the interpreter's proficiency. Spot checking in the field is an
essential element in photo-geologic interpretation

a. Accuracy. Accuracy is limted where dense vegetation obscures
ground features (unless SLAR imagery is used) and is dependent upon the
scal e, sensors, filmproducts and enlargements. Recently, conputer
enhancenents of nulti-spectral imagery has made LANDSAT data conpati bl e
wi th conventional aerial photography.

b. Uility. For intensive investigations within devel oped areas,
aerial photographs are not essential to exploration. Although val uabl e,
t he techni que does not provide quantitative information for site specific
foundati on conditions. However, photo-interpretation greatly aids
qualitative correl ati on between areas of known and unknown subsurface
condi tions.

Section 4. GEOPHYSI CAL METHODS

1. UTILIZATION. See Table 3 for onshore and Table 4 for offshore
geophysi cal nethods and application

a. Advantages. |In contrast to borings, geophysical surveys explore
| arge areas rapidly and econom cally. They indicate average conditions
along an alignment or in an area rather than along the restricted vertica
line at a single location as in a boring. This helps detect irregularities
of bedrock surface and interface between strata.

b. Applications. Geophysical nethods are best suited to prospecting
sites for dans, reservoirs, tunnels, highways, and | arge groups of
structures, either on or offshore. They also have been used to | ocate
gravel deposits and sources of other construction materials where properties
di ffer substantially from adjacent soils. Downhole, uphole and cross-hole
seism c surveys are used extensively for determ ning dynanmic properties of
soil and rock at small strains.

(1) Rippability-velocity relationships for various rock types are
given in DM 7.2 Chapter 1.
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c. Criteria. No definite criteria for geophysical nethods can be given
because they are highly specialized and require experienced operators and
interpreters for each application.

2. LIMTATIONS. Geophysical surveys are able to outline boundaries between
strata, but can only indicate approxi mate soil properties.

a. Sources of Errors. Differences in degree of saturation, presence of
m neral salts in groundwater, or similarities of strata that effect
transm ssion of seismc waves nay |l ead to vague or distorted conclusions.

b. Check Borings. Geophysical surveys should be suppl enented by
bori ngs and sanpling to deternine soil properties and confirmthe
stratification reveal ed by the survey.

Section 5. SO L BORINGS AND TEST PITS

1. SO L BORINGS. Soil borings are probably the nbst comon net hod of
subsurface exploration in the field.

a. Boring Methods. See Table 5 for applicability of the severa
met hods of making soil borings. For details of boring techniques and
equi pment, see Reference 4, Subsurface Exploration and Sanpling for G vi
Engi neeri ng Purposes, by Hvorslev.

b. Boring Layout. General guidance for prelinminary and final boring
| ayout is presented in Table 6 according to the type of structure or problem
being i nvestigated. Boring |ayout should al so be governed by the geol ogy of
the site.

(1) Ceol ogical Sections. Arrange borings so that geol ogica
sections nay be determ ned at the nost useful orientations for final siting
and design. Borings in slide areas should establish the full geol ogica
section necessary for stability anal yses.

(2) Critical Strata. Where detailed settlenment, stability, or
seepage anal yses are required, include a mnimmof tw borings to obtain
undi sturbed sanples of critical strata. Provide sufficient prelinnary
sanmpl e borings to determine the nost representative |location for undi sturbed
sanmpl e borings.

c. Boring Depths. The depth to which borings should be made depends on
the sizes and types of proposed structures (see Table 7). It is also
controlled to a great degree by the characteristics and sequence of the
subsurface material s encountered.

(1) Unsuitable Foundation Strata. Extend all borings through
unsui tabl e foundation strata, such as unconsolidated fill; peat; highly
organic materials; soft, fine-grained soils; and | oose, coarse-grained soils
to reach hard or conpact materials of suitable bearing capacity.
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TABLE 6
Requi renents for Boring Layout

+))))))))))))))))))))0)))))))))))))))))))))))))))))))))))))))))))))))))))))))

Areas for
* lnvestigation * Boring Layout *
/))))))))))))))))))))3)))))))))))))))))))))))))))))))))))))))))))))))))))))))1
* New site of wide = Space prelimnary borings 200 to 500 ft apart so
* extent. * that area between any four borings includes *
* > approxinmately 10% of total area. |In detailed *
* * exploration, add borings to establish geol ogi cal *
* * sections at the nost useful orientations. *
/))))))))))))))))))))3)))))))))))))))))))))))))))))))))))))))))))))))))))))))1
* Devel opnent of * Space borings 100 to 200 ft at possible building *
* site on soft * locations. Add internediate borings when buil ding *
* conpressible * sites are determ ned. *
* strata. * *
/))))))))))))))))))))3)))))))))))))))))))))))))))))))))))))))))))))))))))))))1
* Large structure > Space borings approximately 50 ft in both *
* Wwith separate * directions, including borings at possible exterior *
* closely spaced * foundation walls at machinery or elevator pits, *
* footings. * and to establish geol ogic sections at the nost *
* * useful orientations. *
/))))))))))))))))))))3)))))))))))))))))))))))))))))))))))))))))))))))))))))))1
* Low | oad ware- * Mnimmof four borings at corners plus
* house buil ding * intermediate borings at interior foundations *
> of large * sufficient to subsoil profile. *
* defined area. * *
/))))))))))))))))))))3)))))))))))))))))))))))))))))))))))))))))))))))))))))))1
* lsolated rigid * Mninmmof three borings around perineter. Add
* foundation * interior borings depending on initial results. *
> 2,500 to 10,000 * *
* sq ft in area. * *
/))))))))))))))))))))3)))))))))))))))))))))))))))))))))))))))))))))))))))))))1
* lsolated rigid * Mnimmof two borings at opposite corners. Add norex*
* foundation, * for erratic conditions. *
* |ess than 2,500 * *
* sq ft in area. * *
/))))))))))))))))))))3)))))))))))))))))))))))))))))))))))))))))))))))))))))))1
* Major waterfront > |If definite site is established, space borings
* structures, such = generally not farther than 50 ft adding internedi ate =
* as dry docks. * borings at critical locations, such as deep punp-wel | *
* * gate seat, tunnel, or culverts. *
/))))))))))))))))))))3)))))))))))))))))))))))))))))))))))))))))))))))))))))))1
* Long bul khead or = Prelininary borings on line of wal
* wharf wall. * spacing. Add internediate borings to decrease *
* * spacing to 50 ft. Place certain internmediate *
* * borings inboard and outboard of wall line to *
* * determine materials in scour zone at toe and in *
* * active wedge behind wall. *
/))))))))))))))))))))3)))))))))))))))))))))))))))))))))))))))))))))))))))))))1
* Slope stability, > Provide three to five borings on line in the critical>*
* deep cuts, high * direction to provi de geol ogical section for *
= enbanknent s. * analysis. Nunber of geol ogical sections depends on *
* * extent of stability problem For an active slide, *

> place at |east one boring up slope of sliding area
-233333333333333333332333333333333131333133133313331331333133313133313331313II13131I))))-
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TABLE 6 (continued)

Requi renments for

Bori ng Layout

+33333133131331333333303333333333333333313333313313313333333313313331331331331331I)) -

*

Areas for

I nvestigation

*

Bori ng Layout

*

/333333333133333333333313313333333333133133133133133313313331331333133133331331333))))1

*

*
*
*
*

Dans and wat er
retention
structures.

*

*

*

*

*

Space prelininary borings approximately 200 ft over
foundation area. Decrease spacing on centerline to

100 ft by internedi ate borings. |I|nclude borings at

| ocation of cutoff, critical
spillway and outl et works.

spots in abutnent,

*

*
*
*
*

-33233333333333333333233333333333333333333333333331333331331331333331333331II))) -
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TABLE 7
Requi renents for Boring Depths

+)))))))zr))))))f))))))O)))))))))))))))))))))))))))))))))))))))))))))))))))))))))
eas o0
* I nvestigation * Boring Depth *

* * *

/))))))))))))))))))))3)))))))))))))))))))))))))))))))))))))))))))))))))))))))))1
* Large structure Extend to depth where increase in vertical stress for *
with separate conbi ned foundations is |less than 10% of effective
cl osely spaced overburden stress. GCenerally all borings should

*
*
*
*

* footings. extend to no less than 30 ft bel ow | owest part of

* foundation unless rock is encountered at shal | ower

* * depth.
/))))))))))))))))))))3)))))))))))))))))))))))))))))))))))))))))))))))))))))))))
* |solated rigid Extend to depth where vertical stress decreases to

foundati ons. * 10% of bearing pressure. Generally all borings
* should extend no |l ess than 30 ft bel ow | owest part of
* foundation unless rock is encountered at shal |l ower
* depth.
))))))))))))))))))))3)))))))))))))))))))))))))))))))))))))))))))))))))))))))))
Long bul khead or Extend to depth bel ow dredge |ine between 3/4 and
wharf wal | . * 1-1/2 times unbal anced height of wall. Were
* stratification indicates possible deep stability
* problem selected borings should reach top of hard

ok ok F R ok X X X X P O % %

/

* * stratum
/))))))))))))))))))))3)))))))))))))))))))))))))))))))))))))))))))))))))))))))))1
* Slope stability. * Extend to an el evation below active or potential

* * failure surface and into hard stratum or to a depth *
* * for which failure is unlikely because of geonetry of *
* * cross section. *
/))))))))))))))))))))3)))))))))))))))))))))))))))))))))))))))))))))))))))))))))1
* Deep cuts. Extend to depth between 3/4 and 1 times base width of *
* * nparrow cuts. Were cut is above groundwater in *
* * stable materials, depth of 4 to 8 ft bel ow base may *
* * suffice. Wiere base is bel ow groundwater, determ ne *
* * extent of pervious strata bel ow base. *

/))))))))))))))))))))3)))))))))))))))))))))))))))))))))))))))))))))))))))))))))1
* Hi gh enbankments. * Extend to depth between 1/2 and 1-1/4 tinmes

* * horizontal length of side slope in relatively *
* * honmpgeneous foundation. \Where soft strata are *
* encountered, borings should reach hard material s. *
))))))))))))))))))))3)))))))))))))))))))))))))))))))))))))))))))))))))))))))))1
Dans and wat er Extend to depth of 1/2 base width of earth dans or 1 *
retention to 1-1/2 times height of snmall concrete danms in

structures. rel ati vely honbgeneous foundations. Borings may
term nate after penetration of 10 to 20 ft in hard
and i npervious stratumif continuity of this stratum
* is known fromreconnai ssance.

-233233333333333333332>3333333333333333333333333333333333313313313313313313I)))-

ook ok F F % N X
LI I )

LI I I .
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(2) Fine-Grained Strata. Extend borings in potentially
conpressi bl e fine-grained strata of great thickness to a depth where stress
from superposed load is 50 small that corresponding consolidation will not
significantly influence surface settlement.

(3) Conpact Soils. \Where stiff or compact soils are encountered at
shal | ow depths, extend boring(s) through this material to a depth where the
presence of an underlying weaker stratum cannot affect stability or
settl enent.

(4) Bedrock Surface. |f bedrock surface is encountered and genera
character and | ocation of rock are known, extend one or two borings 5 feet
into sound, unweathered rock. \Where |ocation and character of rock are
unknown, or where boulders or irregularly weathered material are likely
geol ogi cally, increase the nunber of borings penetrating into rock to
bracket the area. |n cavernous |inestone areas, extend borings through
strata suspected of containing solution channels.

(5) Check Borings. |In unfanmiliar areas, at |east one boring should
extend wel |l bel ow the zone necessary for apparent stability, to nake sure no
unusual conditions exist at greater depth.

d. Sealing Boreholes. Borings made in foundation areas that eventually

wi Il be excavated bel ow groundwat er, or where artesian pressures are
encount ered, must be plugged or grouted unless they are used for continuing
wat er -1 evel observations. |In boreholes for groundwater observations, place
casing in tight contact with walls of holes, or fill annular space with

sand/ gravel

e. Cavernous Linestone. |In linmestone areas suspected of containing
solution channels or cavities, each columm | ocation should be investigated.
For smaller structures, |ocate boring or probe at each planned col um
| ocation. For large structures and area investigation use indirect nethods
noted bel ow, foll owed by borings or probes in final colum |ocations, and on
close centers (25 ft. under walls or heavily |oaded areas). Aeria
phot ogr aphs have been used effectively by experienced geol ogists for
det ecting sinkholes and the progress of cavity devel opnent by conparing old
to new phot ographs. CGeophysical nmethods are used to detect anomalies in
subsurface resistivity, gravity, magnetic field or seismc velocities and to
correl ate such anomalies with cavity presence (see Reference 5, The Use of
Geophysi cal Methods in Engineering Geology, Part II, Electrical Resistivity,
Magnetic and Gravity Methods, by Higgi nbottom and Reference 6, Bedrock
Verification Program for Davis Besse Nuclear Power Station, by MIlet and
Mor ehouse) .

2. TEST PITS. Test pits are used to exani ne and sanple soils in situ, to
determ ne the depth to groundwater, and to determ ne the thickness of

topsoil. They range from shal |l ow manual or machi ne excavati ons to deep
sheeted, and braced pits. See Table 8 for types, uses, and linitations of
test pits and trenches. Hand- cut sanples are frequently necessary for

hi ghly sensitive, cohesive soils, brittle and weat hered rock, and soi
formation with honeyconb structure.
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3. TEST TRENCHES. Test trenches are particularly useful for exploration in
very het erogeneous deposits such as rubble fills, where borings are either
meani ngl ess or not feasible. They are also useful for detection of fault
traces in seismcity investigations.

Section 6. SAMPLI NG

1. APPLICATION. Disturbed sanples are primarily used for classification
tests and nmust contain all of the constituents of the soil even though the
structure is disturbed. Undisturbed sanples are taken primarily for

| aboratory strength and conpressibility tests and in those cases where the
i n-place properties of the soil must be studied. Many offshore sanplers
fall in a special category and are treated separately in this section.

2. GENERAL REQUI REMENTS FOR SAMPLI NG PROGRAM  The nunber and type of
sampl es to be taken depend on the stratification and material encountered.

a. Representative Disturbed Sanples. Take representative disturbed
sampl es at vertical intervals of no less than 5 feet and at every change in
strata. Table 9 lists common types of sanples for recovery of
representative disturbed soil samples. Recomended procedures for obtaining
di sturbed sanpl es are contained in ASTM St andard D1586, Penetration Test and
Split Barrel Sanpling of Soils.

b. Undi sturbed Sanples. The nunber and spaci ng of undisturbed sanpl es
depend on the anticipated design problenms and the necessary testing program

Undi st urbed sanpl es should conply with the following criteria: they
shoul d contain no visible distortion of strata, or opening or softening of
materials; specific recovery ratio (length of undisturbed sanple recovered
di vided by length of sanpling push) should exceed 95 percent; and they
shoul d be taken with a sanpler with an area ratio (annul ar cross-sectiona
area of sanpling tube divided by full area of outside dianmeter of sanpler)
| ess than 15 percent. Table 10 lists common types of sanplers used for
recovery of representative undi sturbed sanples.

ot ai n undi sturbed sanples in cohesive soil strata, so that there is
at |l east one representative sanple in each boring for each 10 feet depth.
Recommended procedures for obtaining undi sturbed sanples are described in
ASTM St andard D1587, Thi n-Walled Tube Sanmpling of Soils. Additiona
cautions include the follow ng:

(1) Caving. Use casing or viscous drilling fluid to advance
borehole if there is danger of caving. |f groundwater neasurenents are
pl anned, drilling fluid should be of the revert type.

(2) Above Groundwater Table. When sanpling above groundwater table,
mai ntai n borehol e dry whenever possible.
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(3) Bel ow Groundwat er Table. When sanpling bel ow groundwat er table,
mai ntai n borehole full of water or drilling fluid during cleanout, during
sampl ing and sanmple withdrawal, and while renmoving cl eanout tools. \Where
conti nuous sanples are required, casing should remain full for the entire
drilling and sanpling operation.

(4) Soft or Loose Soil. Sanpling of a soft or |oose soil directly
bel ow a stiff or conmpact soil in the sane tube should be avoided.
Di sconti nue driving of sanple tube when a sudden decrease in resistance
occurs.

3.  UNDI STURBED SAMPLES FROM TEST PITS. Hand trimred sanpl es may be
obtained in test pits, in test trenches, or in surface exposures. Sanples
so obtained are potentially the |east disturbed of all types of sanples.

The basic procedure consists of trinmng out a columm of soil the sane size
or slightly smaller than the container to be used in transportation, sliding
t he contai ner over the sanple, and surrounding the sanple with wax. Tight,
stiff containers that can be sealed, and are not readily distorted, should
be used.

4. ROCK CORES. Rock is sanpled with core barrels having either
tungst encar bi de or di anond core bits as listed or described in Table 9 and
Fi gure 2.

The suitability of cores for structural property tests depends on the
quality of individual sanples. Specify double or triple tube core barre
for maxi mum core recovery in weathered, soft, or fractured rock. The
percentage of core recovery is an indication of soundness and degree of
weat hering of rock. Carefully exam ne core section for reasons for |ow
recovery. More details on rock recovery can be found in Chapter 1

5.  SAMPLI NG OF DI SI NTEGRATED ROCK TRANSI TI ON ZONES. General guidance on
sanmpling of rock with various degrees of disintegration is given in Table 11
(nodified from Reference 7, _Sanpling of Residual Soils in Hong Kong, by

Br enner) .

6. OFFSHORE SAMPLING. For water depths |ess than about 60 feet, |and

type soil boring equi pnent can be used on small jack-up platforns, snmall
barges or barrel floats. Floating equipnment requires suitable anchoring and
islimted to fairly cal msea conditions. For deeper water or nore extrene
seas, larger drill ships are required to obtain quality undisturbed sanpl es.
See Table 12 for comon underwat er sanplers. Numerous types of

oceanogr aphi c sanpl ers, both open-tube and piston types, are available for
use from shi pboard. These depend upon free-fall penetration and thus are
l[imted in depth of exploration. The quality of sanples obtained by nost
oceanographi c sanplers is not high because of their large length to dianeter
ratio. For detailed informati on on underwater sanpling equi pment see

Ref erence 8, Underwater Soil Sanpling, Testing and Construction Control

ASTM STP 501, and Reference 9, Seafloor Soil Sanpling and Geotechnica
Paranmeter Determ nation - Handbook, by Lee and C ausner
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Size Symbol
Approx.
Casing, Diameter | Approx.
Core Driil | Casing [Casing Bit |Core Barrel |Drill Rod| of Core | Diameter
Barrel Rod oD oy Bit QD oD Hole of Core
EX E 1 13/18) 1 27/32 1 7/16 1 5/16 1 1/2 7/8
AX & 2 1/4 2 5/16 1 27/32 1 5/8 17/8 11/8
EX B 2 7/8 2/15/16 2 5/16 1 29/16 | 2 3/8 1 5/8
NX N 3172 39/16 ¢ 15/16 2 3/8 3 2 1/8
3" HOLE gk
NOTGOMTE X Pt SIZE DESIGNATION
143 2-1/8" CORE
KERF ™
i
Q
2-34 HOLE roraeryrr— §
TP i
VE'}, |5/ CORE Y BX aE
" [a] 3
. _UEHOLE podor— &
F———Ff ‘ HE
368, AX 5§
, g b
x -1/2" HOL ;
' /8 CORE e

STANDARDS 8Y NATIONAL BUREAU OF STANDARDS DIAMOND CORE
DRILL MANUFACTURERS.

FIGURE 2
Standard Sizes, in Inches, for Casings, Rods, Core Barrels, and Holes
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TABLE 11
Sanpling of Disintegrated Rock Zones

+))))))))))))))))))))))))))))))))))))))))))))0)))))))))))))))))))))))))))))))))
Description of Material Sanmpl i ng Met hod

7313133333333333333133333133313133313133131313133333133131313133131313313131313131I10I0))))1
Col | uvi um - Loosely packed, poorly sorted = Driven sanples or triple tube

*~ material . * core barrel. Double tube *
* * barrel is required for *
* * boul ders. Deni son Sanpler can *
* * be used if no boulders are *
* * present. *
731133333333133333331333133331313331313313133313333313313331313313131331313131313)I1I0)))))1
* Structurel ess residual soil - The soil * Driven sanples or triple tube *
* shows none of the fabric of the rock from = core barrel. Dennison Sanmpler *
* which it is derived. * can be used. Hand cut sanples =
* * are best. *
73113333333333333133331313133333133333133131313133333133131313133131313313131313131I10I0))))1
* Deconposed rock containing rounded * Driven sanples or triple tube *
* boul ders which may be much harder than * core barrel. Double tube *
* surrounding material . * barrel is required to sanple *
* * boul ders. *
/))))))))))))))))))))))))))))))))))))))))))))3)))))))))))))))))))))))))))))))))1
* Deconposed rock containing angul ar ubl e tube core barrel with

* boul ders separated by thin seans of * trlple tube barrel in weak *
~ friable material. * seans. *
/))))))))))))))))))))))))))))))))))))))))))))3)))))))))))))))))))))))))))))))))1
* Slightly deconposed rock - Friable * Doubl e tube core barre

*~ material, if present, is linted to * *
* narrow seamns. * *

-233233333333333333333333333333333333333333332>33333333333133133133313313313I)))-
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Section 7. PENETRATI ON RESI STANCE TESTS

1. CGENERAL. The npbst compn test is the Standard Penetration Test (SPT)

whi ch neasures resistance to the penetration of a standard sanmpler in
borings. The nmethod is rapid, and when tests are properly conducted in the
field, they yield useful data, although there are many factors which can
affect the results. A nore controlled test is the cone penetroneter test in
whi ch a cone shaped tip is jacked fromthe surface of the ground to provide
a continuous resistance record.

a. Standard Penetration Test (SPT).

(1) Definition. The nunber of blows required to drive a split spoon
sampl er a distance of 12 inches after an initial penetration of 6 inches is
referred to as an "N' value or SPT "N' val ue.

(2) Procedure. The test is covered under ASTM Standard D1586 which
requires the use of a standard 2-inch (O D.) split barrel sanpler, driven by
a 140 pound hamer dropping 30 inches in free fall. The procedure is
generalized as foll ows:

(a) Clean the boring of all |oose nmaterial, and materia
di sturbed by drilling.

(b) Insert sanpler, verifying the sanpler reaches the same depth
as was drilled.

(c) Obtain a consistent 30-inch free-fall drop of the hamer
with two waps of a rope around the cathead on the drill rig. (Cables
attached to the hoisting drum shoul d not be used because it is difficult to
obtain free fall.)

(d) Drive the sanpler 18 inches, or until normal maxi mm
resi stance (refusal) is reached, using the standard hamrer and drop
(Refusal is defined as a penetration of less than 6 inches for 100 hamer
bl ows. )

(e) Count and record the nunmber of blows required to drive each
6 inches of penetration.

(3) Correlations. See Figure 1 and Table 4, Chapter 1 for
approxi mate correl ati ons between the "N' values fromthe standard
penetration test and the conpactness of granular soils and the consistency
of fine grained soils.

(a) Relative Density of Granular (but fine grained) Deposits.
Assuming that the test is a true standard test, the "N' value is influenced
by the effective vertical stress at the |level where "N' is measured, density
of the soil, stress history, gradation and other factors. The work reported
in Reference 10, SPT and Relative Density in Coarse Sands, by Marcuson and
Bi eganouski, establishes statistical relationships between relative density
(D+r,) in percent, "N' (blows/ft), effective vertical stress (pounds per
square inch), gradation expressed in terns of uniformty coefficient (C+u,),
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and overconsolidation ratio (OCR). The G bbs & Holtz correlation of Figure

3 reported in Reference 11, Direct Determination and Indirect Evaluation of

Rel ative Density and Earthwork Construction Projects, by Lacroix and Horn is
conmonly used to estimate the relative density from SPT.

(b) Undrained Shear Strength. A crude estimate for the
undr ai ned shear strength can be made using Figure 4. Correlations are not
meani ngful for nediumto soft clays where effects of disturbance are
excessi ve.

(c) Shear Mddulus at Very Small Strains. A crude estimte of
t he shear nodulus at small strains for sandy and cohesive soils can be
obtained fromthe statistical relationships in Figure 5 (Reference 12, On
Dynami ¢ Shear Mdduli and Poisson's Ratios of Soil Deposits, by Ohsaki and
| wasaki ).

(d) Limtations. Except where confirmed by specific structura
property tests, these relationships are suitable for estimates only. Bl ow
counts are affected by operational procedures, by the presence of gravel, or
cenentation. They do not reflect fractures or slickensides in clay, which
may be very inportant to strength characteristics. The standard penetration
test results (N values) are influenced by operational procedures as
illustrated in Table 13 (nodified from Reference 13, Properties of Soil and
Rock, by the Canadi an Geotechnical Society).

b. Cone Penetroneter Tests (CPT). This test involves forcing a cone
into the ground and nmeasuring the rate of pressure needed for each increnent
of penetration. (See Figure 6). The npst commonly used cone test is the
Dut ch Cone Test (DCT).

(1) Resistance. For the Dutch Cone, resistance to penetration is
the sum of point resistance and frictional resistance on the sides of the
shaft. The nore sophisticated systens can differentiate between the point
and frictional conponents of the resistance, and the ratio between
frictional and point resistance (Friction Ratio) is one aid in
differentiating between various soil types. Clean sands generally exhibit
very lowratios (low friction conponent in conparison to point resistance),
while an increase in clay content will usually result in a higher ratio,
nore often the result of a reduction in point resistance rather than an
increase in frictional conponent.

(2) Correlations. Correlations have been devel oped for the cone
penetration test with bearing capacity, relative density of sands, strength
and sensitivity of clays and overconsolidation, as well as with SPT val ues
and pile design paraneters. Procedures and linitations of the cone
penetration test and its correlations are described in Reference 14,
Guidelines for Cone Penetration Tests Performance and Design, Federa
Hi ghway Adm ni stration.

(3) Advantages and Linitations. The static cone test can be used as
a partial replacenent for conventional borings. The speed of operation
al l ows considerable data to be obtained in a short period of time. The
maj or drawbacks of static cone tests are the non-recoverability of sanples
for identification, difficulty in advancing the cone in dense or hard
deposits, and need for stable and fairly strong working surface to jack the
ri g against.
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cl eani ng of
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Not seating the
sanpl er spoon
on undi st urbed
materia

Driving of
sthe sanpl e
spoon above
t he bottom of
the casing

Failure to main-
tain sufficient
hydrostatic
head in boring

Attitude of
operators
Overdrive sanpler

sanpl er

Sanmpl er pl ugged
by gravel

Pl ugged casi ng

Overwashi ng ahead
of casing

Drilling nmethod

Not using the
st andar d
hamrer drop

Free fall of the
drive weight is
not attained

*

ook R b b Rk x X X X b o b b b b X X X b o b b b b b X X X b ok ok bk x X X X X % %

*

TABLE 13
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SPT is only partially made in original soi

Sl udge may be trapped in the sanpler and conpressed
as the sanpler is driven, increasing the blow count
(This may al so prevent sanple recovery.)

Incorrect "N' val ues obtai ned

"N' values are increased in sands and reduced in
cohesi ve soils.

The water table in the borehole nust be at |east

equal to the piezonetric level in the sand, otherw se
the sand at the bottom of the borehole may be
transforned into a | oose state

Bl ow counts for the same soil using the sanme rig can
vary, depending on who is operating the rig, and
perhaps the npod of operator and time of drilling.

Hi gher bl ow counts usually result from overdriven
sanpl er.

Hi gher bl ow counts result when grave
resi stance of

pl ugs sanpl er

Hi gh "N' values may be recorded for |oose sand when
sanpl i ng bel ow groundwat er table. Hydrostatic
pressure causes sand to rise and plug casing

Low bl ow count may result for dense sand since sand
is | oosened by overwashing

Drilling technique (e.g., cased holes vs. nud
stabilized holes) may result in different "N' val ues
for the sane soil

Energy delivered per blowis not uniform European

countries have adopted an automatic trip hamer not
currently in use in North Anerica

Using nmore than 1-1/2 turns of rope around the drum
and/or using wire cable will restrict the fall of
the drive weight.

| oose sand could be highly overestimated

Procedures Which May Affect the Measured "N' Val ues

ook b b b kX X X b b o b b b b X X X b b b R b b X X X b ok b b b % X X X X o b b %

-233333333333333333332>333333333333333333333333333331333333133133133313313313313I)))-

7.1-90



TABLE 13 (conti nued)
Procedures Which May Affect the Measured "N' Val ues
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Not using correct
wei ght

Wei ght does not strike
the drive cap
concentrically

Not using a guide rod
Not using a good tip
on the sanpling spoon
Use of drill rods
heavi er than standard
Not recordi ng bl ow
counts and penetration

accurately

Incorrect drilling
procedures

Using drill holes that
are too large

| nadequat e supervi sion

| nproper 1 o0gging of

soils

Using too |arge a punp
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ler frequently supplies drive hanmers with
wei ghts varying fromthe standard by as nuch as
10 | bs.

| npact energy is reduced, increasing "N' val ues

Incorrect "N' val ue obtai ned

If the tip is damaged and reduces the openi ng or
increases the end area the" N' value can be

i ncreased.

Wth heavier rods nore energy is absorbed by the
rods causing an increase in the bl ow count.
Incorrect "N' val ues obtai ned

The SPT was originally devel oped fromwash boring
techniques. Drilling procedures which seriously

disturb the soil will affect the "N' value, e.g
drilling with cable tool equipnent.
Hol es greater than 10 cm (4 in) in dianeter are

not recommended
result

Use of larger dianeters nay
in decreases in the bl ow count

Frequently a sanmpler will be inpeded by gravel or
cobbl es causing a sudden increase in bl ow count;
this is not recognized by an inexperienced
observer. (Accurate recording of drilling,
sanpling and depth is always required.)

Not describing the sanple correctly.
Too high a punp capacity will |oosen the soil at

the base of the hole causing a decrease in bl ow
count.
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Section 8. GROUNDWATER MEASUREMENTS

1. UTILIZATION. The groundwater |evel should be nmeasured at the depth at
which water is first encountered as well as at the level at which it
stabilizes after drilling. |f necessary, the boring should be kept open
with perforated casing until stabilization occurs. On nmany projects,
seasonal groundwater fluctuation is of inportance and | ong-term
measurenments can be made by converting the borings to standpipe
pi ezoneters. For certain construction projects, nore sophisticated
pneurmatic or electrical types of piezonmeters may be used.

2. TYPICAL | NSTALLATION. The three basic conmponents of a piezoneter
installation are:

a. Tip. A piezoneter tip consisting of a perforated section, wel
screen, porous tube, or other simlar feature and, in fine-grained or
unstable materials, a surrounding zone of filter sand;

b. Standpipe. Watertight standpi pe or nmeasurenent conduit, of the
smal | est practical dianeter, attached to the tip and extending to the
surface of the ground;

c. Seals. A seal or seals consisting of cenent grout, bentonite
slurry, or other simlarly inmperneable material placed between the
st andpi pe and the boring walls to isolate the zone to be nonitored.

The vertical location, i.e., depth and el evati on of each item nust
be accurately measured and recorded.

3. PIEZOVETER TYPES. All systems, except the open well, have a
porous filter element which is placed in the ground. The npbst common types
used for groundwater neasurenents are described bel ow (see Table 14).

a. Open Well. The npst comon groundwater recording technique is to
nmeasure water level in an open boring as shown in Figure 7(a). A
di sadvantage is that different |ayers of soil nmay be under different
hydrostatic pressures and therefore the groundwater |evel recorded may be
i naccurate and m sl eading. Thus, this systemis useful only for relatively
honbgeneous deposits.

(1) Open Standpi pe Piezometer. Most of the di sadvant ages of the
open borehol e can be overconme by installing an open standpi pe piezoneter in
t he borehole as shown in Figure 7(b). This systemis effective in isolating
substrata of interest.

b. Porous Elenent Piezonmeter. As shown in Figure 8, a porous el enent
is connected to the riser pipe which is of small dianeter to reduce the
equal i zation tine. The nost common tip is the nonnetallic ceramic stone
(Casagrande Type). The ceramic tip is subject to danage and for that reason
porous netal tips or other tips of the sane di nension are now avail abl e.
Pores are about 50 microns size, so that the tip can be used in direct
contact with fine-grained soils.
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TABLE 14
Groundwat er or Piezonetric Level Mnitoring Devices
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c. Oher Types. Oher piezoneters used for special investigations
i nclude electrical, air pneumatic, oil pneurmatic and water pressure types.

4. MUILTI PLE | NSTALLATI ONS. Several piezonmeters may be installed in a
single boring with an inpervious seal separating the neasuring zones.
However, if neasurements are needed in zones with 10 feet or |ess of
vertical separation, it is generally best to install piezoneters in
separ ate bori ngs.

5. MEASUREMENTS. water |evels can be nmeasured to within 0.5 inch, using

several devices, including the plumb bob, cloth or metal surveyors' tapes

coated with chalk, or comercially available electrical indicators for use
in small tubes.

6. SOURCES OF ERROR. Major sources of error are due to gas bubbles and
tube bl ockage. Sonme are shown in Figure 9. The nagnitude of errors can be
controll ed by proper piezometer selection, installation, and de-airing

t echni ques.

Section 9. MEASUREMENT OF SO L AND ROCK PROPERTIES IN SI TU

1. SCOPE. A great nunber of tools and nmethods have been devised for
measuring in situ engineering properties of soil and rock. The nost common
tools, the split spoon sanpler and the cone penetroneter, have been
previously di scussed. This section describes other nethods comonly used in
expl oration programs or during construction control

2. SHEAR STRENGTH BY DI RECT METHODS. Several devices are available to
obtain shear strength data in the field as a supplenent to |aboratory tests
or where it is not possible to obtain representative sanples for testing.

a. Pocket Penetronmeter. Used for obtaining the shear strength of
cohesive, non-gravelly soils on field exploration or construction sites.
Conmer ci al penetronmeters are avail abl e which read unconfined conpressive
strength directly. The tool is used as an aid to obtaining uniform
classification of soils. It does not replace other field tests or
| aboratory tests.

b. Torvane Shear Device. Used for obtaining rapid approximations of
shear strength of cohesive, non-gravelly soils on field exploration. Can be
used on ends of Shel by tubes, penetration sanples, block sanples fromtest
pits or sides of test pits. The device is used in uniformsoils and does
not replace | aboratory tests.

c. Vane Shear Apparatus. Equipment setup for the vane shear test is
illustrated in Figure 10 (Reference 15, Acker Soil Sanpling Catal og, by

Acker Drill Conpany, Inc.). In situ vane shear neasurenents are especially
useful in very soft soil deposits where nmuch of the strength may be | ost by
di sturbance during sampling. It should not be used in stiff clays or in

soft soils containing gravel, shells, wood, etc. The main equi pnent
conponents are the torque assenbly, which includes a gear reduction device
capabl e of producing constant angular rotation of 1 degree to 6 degrees per
m nute, a calibrated proving ring with a dial gage for torque neasurenent
within 5% a neans of
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measuring angul ar rotation in degrees, and thrust bearings to support

vane at ground surface. Procedures for the vane shear test and net hods of
interpretation are described under ASTM Standard D2573, Field Vane Shear
Test in Cohesive Soil

3. DEFORMATI ON MODULI. A nunber of different nethods are available for
obt ai ni ng val ues of deformation nmoduli in soil and rock. Each nmethod has
its own advantages or disadvantages and in situ testing should only be
attenpted with a full know edge of the linmtations of the severa

t echni ques.

a. Pressureneter. See Figure 11 (nodified from Reference 13). The
pressureneter test is an in situ lateral |oading test perforned in a
borehol e by means of a cylindrical probe. Under increnents of pressure,
radi al expansion is neasured, and the nodul us of deformation is cal cul ated.
If the test is carried to failure, shear strengths can be cal cul ated and are
general |y higher than those obtained fromvane shear tests. Materials
difficult to sanple (e.g., sands, residual soil, tills, soft rock) can be
effectively investigated by the pressuremeter. Equi pment and procedures for
the pressureneter are described in Reference 13.

(1) Limtations. Pressureneter tests are sensitive to test
procedures. The tests neasure soil conpressibility in the radial direction
and some assunptions are required on the ratio between the vertical noduli
to radial nmoduli. This may be difficult to interpret and thus of only
[imted value for stratified soils, for very soft soils, and for soils where
drai nage conditions during |oading are not known. Roughness of the borehole
wal | affects test results, although the self-boring pressureneter elimn nates
some of this disadvantage (see Reference 16, French Self-Boring
Pressuremeter, by Baguelin and Jezequal, and Reference 17, Canbridge In-Situ
Probe, by Woth).

b. Plate Bearing Test. The plate bearing test can be used as an
i ndi cator of conpressibility and as a supplenent to other conpressibility
dat a.

(1) Procedure. For ordinary tests for foundation studies, use
procedure of ASTM Standard D1194, Test for Bearing Capacity OF Soil for
Static Load on Spread Footings, except that dial gages reading to 0.001 in.
shoul d be substituted. Tests are utilized to estimte the nodul us of
subgrade reaction and settlements of spread foundations. Results obtained
have no relation to deep seated settlenment from vol une change under |oad of
entire foundation.

(2) Analysis of Test Results. (See Figure 12.) Determne yield
point pressure for logarithmc plot of |oad versus settlenent. Convert
nodul us of subgrade reaction deternmined fromtest K+vi, to the property K+v,
for use in computing inmedi ate settlenent (Chapter 5). 1In general, tests
shoul d be conducted with groundwater saturation conditions sinulating those
antici pated under the actual structure.

Data fromthe plate load test is applicable to material only in
the i medi ate zone (say to a depth of two plate dianmeters) of the plate and
shoul d not be extrapol ated unless material at greater depth is essentially
the sane.
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4. PERMEABILITY. Field pernmeability tests nmeasure the coefficient of
permeability (hydraulic conductivity) of in-place materials. The
coefficient of pernmeability is the factor of proportionality relating the
rate of fluid discharge per unit of cross-sectional area to the hydraulic
gradient (the pressure or "head" inducing flow, divided by the length of the
flow path). This relation is usually expressed sinply:

HK
QA= E))

VWere Qis discharge (volune/time); Ais cross-sectional area, HL is
the hydraulic gradient (dinmensionless); and Kis the coefficient of
permeability- expressed in length per unit time (cmsec, ft/day, etc.). The
area and length factors are often conbined in a "shape factor" or
"“conductivity coefficient." See Figure 13 for analysis of observations and
Table 15 for methods of conmputation. Perneability is the nost variabl e of
all the material properties comonly used in geotechnical analysis. A
permeability spread of ten or nore orders of magnitude has been reported for
a nunber of different types of tests and materials. Measurenment of
permeability is highly sensitive to both natural and test conditions. The
difficulties inherent in field pernmeability testing require that great care
be taken to minimze sources of error and to correctly interpret, and
conpensate for, deviations fromideal test conditions.

a. Factors Affecting Tests. The followi ng five physica
characteristics influence the performance and applicability of pernmeability
tests:

(1) position of the water |evel

(2) type of material - rock or soil

(3) depth of the test zone,

(4) perneability of the test zone, and

(5) heterogeneity and ani sotropy of the test zone.

To account for these it is necessary to isolate the test zone.
Met hods for doing so are shown in Figure 14.

b. Types of Tests. Many types of field perneability tests can be
performed. In geotechnical exploration, equilibriumtests are the nost
conmon. These include constant and vari able head gravity tests and pressure
(Packer) tests conducted in single borings. |In a few geotechnica
i nvestigations, and comonly in water resource or environnental studies,
non-equilibrium "aquifer" or "pump" tests are conducted (a well is punped at
a constant rate for an extended period of tine). See Table 15 for
conput ati on of pernmeability fromvariable head tests.

(1) Constant Head Test. This is the nost generally applicable
permeability test. It may be difficult to performin materials of either
very high or very low perneability since the flow of water may be difficult
to maintain or to neasure
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(2) Rising Head Test. In a saturated zone with sufficiently
permeabl e materials, this test is nore accurate than a constant or a falling
head test. Plugging of the pores by fines or by air bubbles is less apt to
occur in arising head test. In an unsaturated zone, the rising head test
i s inapplicable.

(3) Falling Head Test. |In zones where the flow rates are very high
or very low, this test may be nore accurate than a constant head test. |In
an area of unknown perneability the constant head test should be attenpted
before a falling head test.

(4) Pumping Test. |In large scal e seepage investigations or
groundwat er resource studies, the expense of aquifer or punping tests may be
justified as they provide nore useful data than any other type of test.

Punp tests require a test well, punping equipment, and | engthy test tines.
bservation wells are necessary. A vast nunber of interpretive techniques
have been published for special conditions.

(5) Gravity and Pressure Tests. In a boring, gravity and pressure
tests are appropriate. The segnment of the boring tested is usually 5 to 10
feet, but may be larger. A large nunmber of tests nust be conducted to
achi eve an overall view of the seepage characteristics of the materials.
The zone of influence of each test is small, usually a few feet or perhaps a
few inches. These nethods can detect changes in perneability over
relatively short distances in a boring, which conventional punp or aquifer
tests cannot. Exploration boring (as opposed to "well") methods are
t herefore useful in geotechnical investigations where inhonpgeneity and
ani sotropy may be of critical inportance. Results frompressure tests using
packers in fractured rock nay provide an indication of static heads, inflow
capacities, and fracture deformation characteristics, but conventiona
interpretation nethods do not give a true pernmeability in the sense that it
is measured in porous nedia.

c. Percolation Test. The percolation test is used to ascertain the
acceptability of a site for septic tank systens and assist in the design of
subsurface disposal of residential waste. Generally, the length of tine
required for percolation test varies with differing soils. Test holes are
often kept filled with water for at |east four hours, preferably overnight,
before the test is conducted. 1In soils that swell, the soaking period
shoul d be at |east 24 hours to obtain valid test results.

(1) Type of Test. The percolation test nmethod nost commonly used,
unl ess there are specified local requirenments, is the test devel oped by the
Robert A. Taft Sanitary Engineering Center as outlined in the Reference 18,
Public Health Service Health Manual of Septic Tank Practice, by HUD. A
specified hole is dug (generally 2 feet square), or drilled (4 inches
mnimum to a depth of the proposed absorption trench, cleaned of |oose
debris, filled with coarse sand or fine gravel over the bottom 2 inches, and
saturated for a specified time. The percolation rate nmeasurenent is
obtained by filling the hole to a prescribed level (usually 6 inches) and
then nmeasuring the drop over a set tinme limt (usually 30 minutes). In
sandy soils the tinme limt nmay be only 10 minutes. The percolation rate is
used in estimating the required | eaching field area as detailed in Reference
18.
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5. IN-PLACE DENSITY. In-place soil density can be nmeasured on the surface

by di spl acement net hods to obtain volume and wei ght, and by nucl ear density

nmeters. Density at depth can be measured only in certain soils by the drive
cylinder (sanpling tube) nethod.

a. Displacenment Methods. Direct methods of measuring include sand
di spl acement and water ball oon nmethods. See Reference 19, Evaluation of
Rel ative Density and its Role in Geotechnical Projects Involving
Cohesi onl ess Soils, ASTM STP 523. The sand di spl acement and water ball oon
met hods are the nost wi dely used nethods because of their applicability to a
wi de range of material types and good performance. The sand di spl acenent
met hod (ASTM Standard DI 556, Density of Soil in Place by the Sand Cone
Met hod) is the nost frequently used surface test and is the reference test
for all other nethods. A procedure for the water or rubber ball oon nethod
is given in ASTM Standard D2167, Density of Soil in Place by the Rubber
Bal | oon Met hod.

b. Drive-Cylinder Method. The drive cylinder (ASTM Standard D2937,
Density of Soil in Place by the Drive-Cylinder Method) is useful for
obt ai ni ng subsurface sanples from which the density can be ascertai ned, but
it islimted to noist, cohesive soils containing little or no gravel and
noi st, fine sands that exhibit apparent cohesion

c. Nuclear Myisture-Density Method. Use ASTM Standard D2922, Density
of Soil and Soil-Aggregate in Place by Nucl ear Met hods (Shall ow Depth).
Bef ore nucl ear density nethods are used on the job, results nust be conpared
with density and water contents determ ned by di spl acement net hods. Based
on this conparison, corrections may be required to the factory calibration
curves or a new calibration curve may have to be devel oped. Safety
regul ations pertaining to the use of nucl ear gages are contained in
Ref erence 20, Radiological Safety, U'S. Corps of Engineers ER 385-1-80.

6. DETECTI ON OF COVBUSTI BLE GASES. Methane and ot her conbusti bl e gases may
be present in areas near sanitary landfills, or at sites near or over peat
bogs, marshes and swanp deposits. Commercially available indicators are
used to detect combustibl e gases or vapors and sanple air in borings above
the water table. The detector indicates the concentration of gases as a
percentage of the |ower explosive [imt fromO to 100 on the gage. The

| ower explosive limt represents the | eanest m xture which will explode when
ignited. The gage scale between 60% and 100%is colored red to indicate
very dangerous concentrations. |If concentrations are judged to be serious,
all possibilities of spark generation (e.g., pile driving, especially
mandrel driven shells) should be precluded, and a venting system or vented
craw space should be considered. The system could be constructed as
fol | ows:

(a) Place a 6-inch layer of crushed stone (3/4-inch size) below the
floor slab; the crushed stone should be overlain by a polyethyl ene vapor
barrier.

(b) Install 4-inch dianmeter perforated pipe in the stone |ayer bel ow

the slab; the top of the pipe should be i medi ately bel ow the bottom of the
sl ab.
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(c) The pipes should be | ocated such that gas rising vertically to
t he underside of the floor slab does not have to travel nore than 25 feet
laterally through the stone to reach a pipe.

(d) The pipes can be connected to a single, non-perforated pipe of
6-inch diameter, and vented to the atnosphere at roof I|evel

Further details on gas detection and venting can be found in
References 21, Sanitary Landfill Design Handbook, by Noble, and 22, Process
Design Manual, Municipal Sludge Landfills, by the EPA

Section 10. FIELD | NSTRUMENTATI ON

1. UTILIZATION. Field instrumentation is used to measure |oad and

di spl acement and to nonitor changes during and after construction. This
allows verification of design assunptions and performance nonitoring, which
could indicate the need for inplenentation of contingency plans or design
changes. For additional guidance on planning and perform ng geotechnica
noni toring see Reference 23, Geotechnical Instrunentation for Mnitoring
Field Performance, by Dunnicliff. See Reference 24, Equipnent for Field
Def ormati on Measurenents, by Dunnicliff, for instrumentation devices in
current use. See Figure 15 for an exanple of instrumentation adjacent to a
bui | di ng and di aphragm wal I .

a. Survey Technigue. The nost common uses of optical survey techniques
are for the determ nation of changes in elevation, or lateral displacenent.
The | aser geodi meter provides a significant reduction in tine as well as
i ncreased accuracy in nonitoring of slopes. Survey techniques can be used
effectively to nonitor surface noverment of buil ding and adjacent ground
noverment of slopes and excavation walls. Figure 15 shows an application of
optical surveys.

b. Mnitoring of Settlenent and Heave. Many devices are avail able for
noni toring settlenment and heave, including a nunber which will permt
measur ement of the conpression of the separate soil layers. Vertica
noverment can al so be neasured by renote settlement gages utilizing closed
fluid systens, and by extensoneters enbedded beneath foundations in an
i nconpressible layer. These devices are also well suited to nmeasuring
heave. For a nore detail ed description of field instrunentati on equi pnent
see Reference 22, and the | atest brochures of geotechnical instrumentation
conpani es.

C. Horizontal and Slope Myvenents. |n addition to conventiona
surveyi ng techni ques, horizontal novement can be measured by horizonta
noverment gauges, inclinometers, and extensoneters. Inclinometers are

especi ally useful for monitoring horizontal soil displacenent along the
vertical face of a cofferdam or bul khead, or as in Figure 15, adjacent to an
excavation. Tiltneters can provide very precise neasurenents of slope
changes in soil and rock formations or in structures.
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d. Loads and Tenperature. See Table 16 (Reference 25, Lateral Support

System and Underpinning, Volune Il, Design Fundanentals, by Gol dberg, et
al.) for load and tenperature nonitoring devices comonly used in walled
excavations.
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CHAPTER 3. LABORATORY TESTI NG
Section 1. | NTRODUCTI ON

1. SCOPE. This chapter covers |laboratory test procedures, typical test
properties, and the application of test results to design and construction
Synbols and terns relating to tests and soil properties conform generally,
to definitions given in ASTM Standard D653, Standard Definitions of Terns
and Symbols Relating to Soil and Rock Mechanics found in Reference 1, Annua
Book of ASTM Standards, by the American Society for Testing and Materials.

2. RELATED CRITERIA. For additional requirenments concerning | aboratory
tests for highway and airfield design, see the follow ng:

Subj ect Sour ce
Airfield Pavements. ... ... . NAVFAC DM 21 Seri es
and
DM 21. 03
Paverments, Soil Exploration, and Subgrade Testing....... NAVFAC DM 5. 04

3. LABORATORY EQUI PMENT. For lists of |aboratory equipnent for performance
of tests, see Reference 2, Soil Testing for Engineers, by Lambe, Reference
3, The Measurenent of Soil Properties in the Triaxial Test, by Bishop and
Henkel , and other criteria sources.

4. TEST SELECTI ON FOR DESI GN. Standard (ASTM or suggested test
procedures, variations that may be appropriate, and type and size of sample
are included in Tables 1, 2, 3, and 4. Table 5 lists soil properties

determ ned from such tests, and outlines the application of such properties
to design. ASTM procedures are found in Reference 1

a. Sanple Selection. Sanples to be tested should be representative,
i.e. they should be sinmilar in characteristics to nost of the stratum from
whi ch they cone, or be an average of the range of materials present. |If
this appears difficult because of variations in the stratum it may be
necessary to consider subdivisions of the stratum for sanpling, testing, and
desi gn purposes. In general, tests on sanples of mixed or stratified
material, such as varved clay, should be avoided; usually such results are
not indicative of material characteristics; and better data for analysis can
be obtained by testing the different materials separately. Undi sturbed
sampl es for structural properties tests nust be treated with care to avoid
di sturbance; an "undi sturbed" sanple found to be disturbed before testing
normal |y should not be tested. Fine-grained cohesive sanples naturally
moi st in the ground should not be allowed to dry before testing, as
irreversi bl e changes can occur; organic soils are particularly sensitive.
Soils with chemical salts in the pore water may change if water is added,
diluting the salt concentration, or if water is renoved, concentrating or
precipitating the salt. Organic soils require long-term|ow tenperature
(60deg. C) drying to avoid severe oxidation (burning) of the organic
mat eri al

7.1-117 Change 1, Septenber 1986



TABLE 1
Requi rements for Index Properties Tests and Testing Standards

+)))))))))))))))))0))))))))))))))))))0))))))))))))))))))))))))))0)))))))))))))))))
* Reference for * Variations from Standard *Si ze or Wi ght of >

* * Standard Test * Test Procedures, *of Sanple for *
* Test * procedures[(a)] * Sanmpl e Requirenents *Test[(b)],[(c)] *
/)))))))))))))))))3))))))))))))))))))3))))))))))))))))))))))))))3)))))))))))))))))l
* Mbi sture (1, ASTM D2216) *= None. (Test requires * As large as *
* content of * * unal tered natural * conveni ent . *
* soil * * noisture content.) * *

/)))))))))))))))))3))))))))))))))))))3))))))))))))))))))))))))))3)))))))))))))))))l
* Misture, ash, * (1, ASTM D2974) * None.

* and organic * * *
* matter of peat * * * *
~ materials * * * *
/)))))))))))))))))3))))))))))))))))))3))))))))))))))))))))))))))3)))))))))))))))))l
* Dry unit *  None. Determine total dry * As large as *
wei ght * * weight of a sanple of * convenient.
* * nmeasured total volume. *

(Requires undi st ur bed *

* * | e *

)))))))))))))))))3))))))))))))))))))3))))))))))))))))))))))))))3)))))))))))))))))

Specific

gravity:
Mat eri al (1, ASTM D854) Vol unmetric flask 25 to 50 for
smal | er preferabl e; vacuum fine-grained
than No. 4 preferable for soil; 150 gm for

ok ok ok bk k% % X X
ok ok ok bk k% % X X
ok ok ok bk k% % X X

material may be used
rather than a renol ded

* * sanpl e. *

-232333333333333132>33333333333333333233333333333333333333133133233133313313313I))) -

si eve size de-airing. coar se- grai ned
soils.
Mat eri al (1, ASTM C127) None. 500 gm
I arger than
No. 4 sieve
si ze * * *
213333133333313333331333131313331313331333131313313331313313131331313131333331333131313311I1))
Atterberg * * Use fraction passing *
Limts: * * No. 40 sieve; material *
* * should not be dried *
* * before testing. *
Liquid limt = (1, ASTM D423) * None. * 100 to 500 gm
Pl astic * (1, ASTM D424) * Gound glass plate * 15 to 20 gm
limt * * preferable for rolling. *
Shri nkage * (4) * In sone cases a trimed * 30 gm
limt * * speci men of undisturbed *

ook ok b b R kX X X b b b b RN R X X X X b b ok b b ok X N X X % %
ook ok o bk kX X X b b b b Rk X X X X o bk F b k% X X X % %
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TABLE 1 (continued)
Requi rements for Index Properties Tests and Testing Standards

+)))))))))))))))))0))))))))))))))))))0)))))))))))))))))))))))))0))))))))))))))))))
* Reference for * Variations from Standard* Size or Weight of*

* * Standard Test * Test Procedures, * Sampl e for *
* Test * procedures[(a)] * Sampl e Requirements * Test[(b)],[(c)] *

/)ég)a))))))))))))3))))))))))))))))))3)))))))))))))))))))))))))3))))))))))))))))))l
* Gradation

* Si eve * (1, ASTM D422) * Sel ection of sieves to *500 gmfor soil *
* analysis * * be utilized may vary *with grains to *
* * * for sanples of different*3/8"; to 5,000 *
* * * gradati on. *mfor soil with =*
* * * * grains to 3". *
* Hydr onet er * (1, ASTM D422) * Fraction of sanple for *65 gm for *
* analysis * * hydronmeter analysis may *fine-grained soil; >
* * * be that passing No. 200 *115 gm for sandy *
* * * sieve. For fine-grained*soil. *
* * * soil entire sanple may * *
* * *~ be used. Al material * *
* * * must be smaller than No.* *
* * * 10 sieve. * *
731333333333333333333331333131333313131333133133313313131313313131331313133131313331I030))))1
* Corrosivity: * * * *
* Sul phat e * (5) * Several alternative *s0i | / wat er *
*  content * * procedures in reference. *sol uti on prepared *
* * * *see reference. *
* Chl ori de * (5) * Several alternative *Soi | / wat er *
*  content * * procedures in reference. *sol uti on prepared, *
* * * *see reference. *
* pH * (1, ASTM DI 293) * Reference is for pH of = *
* * * water. For nostly * *
* * * solid substances, * *
* * * solution made with * *
* * *~ distilled water and * *
* * ~ filtrate tested; stand- * *
* * * ard not avail abl e. * *
* Resistivity * None. * Witten standard not * *
* (laboratory) = * available. Follow * *
* * * gui del i nes provided by = *
* * * manuf acturers of testing* *
* * * appar at us. * *
* Resistivity * (6) * In situ test procedure. * *

(field) * * *
=2223133333311333323133333131133331311323313113331313113331313113331313132)3333131IIIIXI00II)))-
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(a)
(b)

(c)

TABLE 1 (continued)
Requi rements for Index Properties Tests and Testing Standards

Nunber in parenthesis indicates Reference nunber.

Sanples for tests may either be disturbed or undisturbed; all sanples
nmust be representative and non-segregated; exceptions noted.

Wei ghts of sanples for tests on air-dried basis.
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b. Index Properties Tests. |Index properties are used to classify
soils, to group soils in major strata, to obtain estimtes of structura
properties (see correlations in this Chapter), and to correlate the results
of structural properties tests on one portion of a stratumw th other
portions of that stratumor other simlar deposits where only index test
data are avail able. Procedures for npst index tests are standardi zed (Table
1). Either representative disturbed or undi sturbed sanples are utilized.
Tests are assigned after review of boring data and visual identification of
sampl es recovered. For a sinple project with 4 to 6 borings, at least 3
gradation and/or Atterberg tests should be nade per significant stratum (5
to 15 feet thick). For conplex soil conditions, thick strata, or |arger
sites with nore borings, additional tests should be made. Misture content
tests should be made liberally on sanples of fine-grained soil. |n general
the test program should be planned so that soil properties and their
variation can be defined adequately for the lateral and vertical extent of
t he project concerned.

c. Tests for Corrosivity. The likelihood of soil adversely affecting
foundation el enents or utilities (concrete and nmetal el enents) can be
eval uated on a prelinmnary basis fromthe results of the tests referenced in

Table 1. The tests should be run on sanples of soil which will be in
contact with the foundations and/or utilities in question; typically these
will be only near-surface materials. For a sinple project with uniform

conditions, three sets of tests may be adequate. Usually the chenical tests
are run only if there is reason to suspect the presence of those ions. (See
DM 5.7 for application of test results and possible nitigating nmeasures.)

d. Structural Properties Tests. These nmust be planned for particul ar
design problems. Rigid standardization of test prograns is inappropriate.
Performtests only on undi sturbed sanpl es obtained as specified in Chapter 2
or on conpacted speci mens prepared by standard procedures. |In certain
cases, conpletely renolded sanples are utilized to estimate the effect of
di sturance. Plan tests to determne typical properties of najor strata
rather than arbitrarily distributing tests in proportion to the nunber of
undi st urbed sanpl es obtained. A linmted number of high quality tests on
carefully selected representative undi sturbed sanples is preferred. In
general , selecting design values requires at |least three test values for
simple situations of limted areal extent; |arger and nore conpl ex
conditions require several tinmes these nunbers.

Wher e instantaneous deformation characteristics of soils are to be
eval uated, constitutive relationships of the materials in question nust also
be established. For initial estimtes of Young's nodul us, E+s,, see Chapter
5, and for K+o, value, see DM 7.2, Chapter 3.

e. Dynanic Tests. Dynamic testing of soil and rock involves three
ranges: |ow frequency (generally |less than 10 hertz) cyclic testing,
resonant col umm high frequency testing, and ultrasonic pulse testing. The
dynam c tests are used to evaluate foundation support characteristics under
repeat ed | oadi ngs such as a drop forge, traffic, or earthquake; a primary
concern is often liquefaction. Young's nmodulus (E+s,), shear nodulus (Q,
and danpi ng characteristics are determined by cyclic triaxial and sinple
shear tests. Resonant columm can be used to determ ne E+s,, G and danpi ng.
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Fromthe resonant frequency of the material in |ongitudinal, transverse, and
torsi onal nodes, Poisson's ratio ([upsilon]) can be conmputed fromtest

data. Foundation response to dynam c |oading, and the effect of wave energy
on its surroundings is studied in the light of these test results. The

ul trasonic pul se test al so evaluates the two noduli and Poisson's ratio, but
the test results are nore reliable for rocks than for soils.

Dynami c tests can be run on undi sturbed or conpacted sanples, but
should be run only if the particular project really requires them The
nunber of tests depends on project circunstances. Estimates of dynamc
paranmeters can be obtained fromcorrelations with other properties (see
references in Section 6 of this chapter).

f. Conpaction Tests. |In prospecting for borrow materials, index tests
or compaction tests nay be required in a nunber proportional to the vol une
of borrow invol ved or the nunber of sanples obtained. Structural properties
tests are assigned after borrow materials have been grouped in major
cat egories, by i ndex and compacti on properties. Select sanples for
structural tests to represent the main soil groups and probabl e conpacted
condi tion. At | east one conpaction or relative density test is required
for each significantly different material (based on gradation or
plasticity). Numbers of other tests depend on project requirenents.

g. Typical Test Properties. Various correlations between index and
structural properties are avail abl e showi ng the probabl e range of test
val ues and rel ation of paraneters. |In testing for structural properties,
correlations can be used to extend results to simlar soils for which index
val ues only are available. Correlations are of varying quality, expressed
by standard devi ation, which is the range above and bel ow the average trend,
wi t hin which about two-thirds of all values occur. These relationships are
useful in prelimnary anal yses but nmust not supplant careful tests of
structural properties. The relationships should never be applied in fina
anal yses without verification by tests of the particular material concerned.

Section 2. | NDEX PROPERTI ES TESTS

1. MJ STURE CONTENT, UNIT WEI GHT, SPECIFIC GRAVITY. Index properties tests
are used to conmpute soil volume and wei ght conponents (Table 6).

Ordinarily, determ ne noisture content for all the representative sanples
(di sturbed or undisturbed) for classification and grouping of materials in
principal strata. See Table 1 for test standards.

a. Unsaturated Sanples. Measure noisture content, dry weight, specific
gravity, and total volune of specinmen to conpute vol urme-wei ght
rel ati onshi ps.

b. Saturated Sanples. |If npisture content and dry wei ght are neasured,
all vol ume-wei ght paraneters may be conputed by assuming a specific gravity.
I f noisture content and specific gravity are neasured, all vol une-wei ght
paranmeters may be conputed directly. Vol une-weight of fine-grained soils
bel ow the water table may be deternmined with sufficient accuracy by assum ng
saturation.
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2. GRADATION. In addition to their use in classification, grain-size
anal yses may be applied to seepage and drai nage problens, filter and grout
design, and evaluation of frost heave. See Table 1 for test standards.

a. Gain-Size Paraneters. Coefficient of unifornmty, C+u,, and
coefficient of curvature, C+z,, are conputed from D+60,, D+30,, and D+10,,
which are particle size diameter correspondi ng respectively to 60% 30% and
10% passi ng on the cunul ative particle size distribution curves. C+u, and
C+z, indicate the relative broadness or narrowness of gradation. D+10, is
an approxi mate neasure of the size of the void spaces in coarse-grained
soils. See Chapter 1

b. Testing Program Gradations of a |large nunber of sanples usually
are not required for identification. Sanples should be grouped in principa
strata by visual classification before perform ng grain-size anal yses on
speci mens of mmjor strata.

3. ATTERBERG LIMTS. For classification of the fine-grained soils by
Atterberg Limits, see Chapter 1. |In addition to their use in soi
classification, Atterberg Linits also are indicators of structura
properties, as shown in the correlations in this chapter. Atterberg Limt
tests should be perforned discrimnately, and should be reserved for
representative sanples selected after evaluating subsoil pattern. Determne
Atterberg Linmits of each consolidation test sanple and each set of sanples
grouped for triaxial shear tests. For selected borings, deternine Atterberg
Limts on sanples at regular vertical intervals for a profile of Limts and
correspondi ng natural water content. See Table 1 for test standards.

Section 3. PERMEABILITY TESTS

1. APPLICATIONS. Perneability coefficient is used to conpute the quantity
and rate of water flow through soils in drainage and seepage anal ysis.
Laboratory tests are appropriate for undi sturbed sanples of fine-grained
material s and conpacted materials in dans, filters, or drainage structures.
See Table 2 for test standards and recomrended procedures.

a. Fine-Grained Soils. Perneability of fine-grained soils (undisturbed
or conpacted) generally is conmputed from consolidation test data or by
di rect neasurement on consolidation or triaxial shear specinens. For soils
with perneability less than 10. -6- cnisec, a seal ant nust be used between
the specinen and the wall of the perneaneter.

b. Sand Drain Design. Sand drain design may require conplete
permeability data for soils to be stabilized, including determnination of
permeabilities in both vertical and horizontal direction

c. Field Pernmeability Tests. The secondary structure of in situ soils,
stratification, and cracks have a great influence on the perneability.
Results of |aboratory tests should be interpreted with this in mnd, and
field perneability tests (Chapter 2) should be perforned where warranted.
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2. TYPICAL VALUES. Coefficient of permeability is a property highly
sensitive to sanple disturbance, and shows a wi de range of variation due to
differences in structural characteristics. See Reference 14, Soil Mechanics
in Engineering Practice, Terzaghi and Peck, for correlations of permeability
with soil type. Perneability of clean, coarse-grained sanples is related to
D+10, size (Figure 1).

Section 4. CONSOLI DATI ON TESTS

1. UTILIZATION. One-dinmensional consolidation tests with conplete latera
confinenent are used to determine total conpression of fine-grained soi
under an applied load and the time rate of conpression caused by gradua
vol une decrease that acconpani es the squeezing of pore water fromthe soil
See Figure 2 for test relationships.

2. TESTI NG PROGRAM Consol idation tests require undi sturbed sanpl es of
hi ghest quality. Select sanples representative of principal conpressible
strata. Determination of consolidation characteristics of a stratum
requires fromtwo to about eight tests, depending on the conplexity of
conditions. Select |oading programto bracket anticipated field Ioading
condi tions.

a. lIncrenmental Loading (IL) Wth Stress Control. Odinarily, apply
| oads starting at 1/4 tsf and increase them by doubling 1/2, 1, 2, 4, 8,
etc., tsf. For soils with pronounced swelling tendency, it may be necessary
to rapidly increase loading to 1/2 tsf or higher, perhaps to overburden
pressure, to prevent initial swell. For soft, normally consolidated soils,
start loading at 1/16 or 1/32 tsf and increase | oads by doubling the
previous value. (See Reference 2.) To establish the reconsolidation index
C+r,, and swelling index C+s,, include an unload-reload cycle, after P+c,
has been reached. Unload nust be to 1/8 the existing |oad, or preferably
| ess. Reloads should be applied in the same manner as for the initia
curve.

b. Constant Rate of Strain (CRS). The specinmen is subjected to a
constantly changing | oad while maintaining a constant rate of strain. Pore
pressure is continuously nmonitored to ensure that the primary consolidation
is conpleted at the applied strain rate. These tests can be perforned in
shorter time than IL tests and yield nore accurate val ues of
preconsol i dation pressure P+c,. Coefficient of consolidation c+v, val ues
can be determ ned for very small |oad increnents, but the test equipment is
nore conplicated and requires that estinmates of strain rate and P+c, be made
prior to the start of the test. See Reference 15, Consolidation at Constant
Rate of Strain, by Wssa, et al., for guidance.

c. Gadient Controlled Test (GC). Drainage is permtted at the upper
porous stone while pore pressure is neasured at the | ower porous stone. A
| oadi ng control systemregul ates the application of load so that a
predet ermi ned hydrostatic excess pressure is maintained at the bottom of the
specimen. This nmethod as well as CRS has similar advantages over |L, but
does not require a prior estimate of strain rate. However, the equiprment is
nore conplex than for CSR. See Reference 16, New Concepts in Consolidation
and Settlement Analysis, by Lowe, for guidance.
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3. PRECONSOLI DATI ON PRESSURE. This pressure value, P+c,, fornms the
boundary between reconpressi on and virgin conpression ranges and is
approxi mately the maxi mum normal effective stress to which the material in
situ has been consolidated by a previous |oading. Desicccation produces a
simlar effect. The preconsolidation pressure cannot be deternined

preci sely, but can be estinmated from consolidation tests on high quality
undi st ur bed sanpl es.

a. Gaphical Deternmination. Estinate preconsolidation pressure from
sem | ogarithm c pressure-void ratio curve using the procedure given in the
central panel of Figure 2. Alternative nmethods are given in Reference 17,
Foundati on Engi neering, by Leonards, and Reference 18, The Undi st urbed
Consolidation of day, by Schmertmann. Maxi mumtest pressures should exceed
preconsolidation by an amount sufficient to define the slope of virgin
conpression. GCenerally, this requires application of three or nore | oad
i ncrenents exceedi ng the preconsolidation val ue.

b. Approximate Values. See Figure 3 for a relationship between
preconsolidation pressure and liquidity index. For sanples with natura
nmoi sture at the liquid limt (liquidity index of 1), preconsolidation ranges
bet ween about 0.1 and 0.8 tsf depending on soil sensitivity. For natura
noi sture at the plastic linmt (liquidity index equal to zero),
preconsol i dati on ranges from about 12 to 25 tsf.

g+u,/ 2
J3313333313331331))
Alternately estimate: P+c, = 0.11 + 0.0037 PI in which g+u, is
t he unconfined conpressive strength, and Pl is the soil plasticity index.

4. VIRG N COWPRESSION. Virgin conpression is deformation caused by | oadi ng
in the range of pressures exceeding that to which the sanple has been
subj ected in the past.

a. Conpression Index. The semilogarithmc, pressure-void ratio curve
is roughly linear in the virgin range. The semlogarithmc, straight |ine
slope for virgin conpression is expressed by the conpression index C+c,.
(See Figure 2.)

b. Approximate Values. The conpression index of silts, clays, and
organi ¢ soils has been correlated with the natural water content, initia
void ratio and the liquid limt. Approximte correlations are given in
Chapter 5. The approxi mate val ues of C+c, for uniformsands in the | oad
range of 1 to 4 tsf may vary from0.05 to 0.06 (loose condition), and from
0.02 to 0.03 (dense condition).

5. RECOVWPRESSI ON AND SWELL. Depending on the magnitude of
preconsol i dati on, pressures applied by new construction may lie partly or
wholly in the reconpression range. |If the |oad is decreased by excavation
fine-grained soil will undergo a volunetric expansion in the stress range
bel ow preconsol i dati on.

a. Swelling Index. The slope of straight-line rebound of the
sem | ogarithm c pressure-void ratio curve is defined by C+s, (see Figure 2).
The swelling index is generally one-fifth to one-tenth of the conpression
i ndex except for soils with very high swell potential. For typical values
of C+s,, see Chapter 5.
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b. Reconpression Index. The slope of the straight Iine in the
reconpression range of the semlogarithnmic pressure-void ratio curve is
defined by C+r,, where C+r, is equal to or less than C+s,. (See Figure 2).

6. COWPRESSI ON OF COLLAPSIBLE SO LS. Such soils require a special test for
determ ning their collapse potential. See Chapter 1 for test details.

7. COEFFI Cl ENT OF CONSOLI DATION (c+v,). Those soil properties that contro
t he drai nage rate of pore water during consolidation are conbined in the
coefficient of consolidation.

a. Determination. Conpute c+v, fromthe semlogarithmc
ti me-conpression curve for a given load increnent (bottom panel of Figure
2). Correct the origin for conpression for the effect of air or gas in void
spaces by the procedure given in Reference 2.

b. Approximate Values. Figure 4 may be used to deterni ne approxi mte
val ues of c+v,.

8. SECONDARY COWPRESSI ON. After conpletion of primary consolidation under
a specific load, the senmilogarithm c time-conpression curve continues
approximately as a straight line. This is terned secondary conpression
(Figure 2). It occurs when the rate of conpression is no |onger primarily
controlled by the rate at which pore water can escape; there are no excess
pore pressures remaining.

a. Oganic Materials. 1In organic materials, secondary conpression may
domi nate the tine-conpression curve, accounting for nore than one-half of
the total conpression, or even obliterating the change in slope used to
establish the linmt of primary conpression

b. Approximate Values. The coefficient of secondary conpression
C+[alpha] , is a ratio of decrease in sanple height to initial sanple height
for one cycle of tine on log scale. See bottom panel of Figure 4 for
typi cal val ues.

9. SAMPLE DI STURBANCE. Sanple disturbance seriously affects the val ues
obt ai ned from consolidation tests as shown in Figure 2 and bel ow.

a. Void Ratio. Sanple disturbance lowers the void ratio reached under
any applied pressure and nakes the |ocation of the preconsolidation stress
| ess distinct.

b. Preconsolidation Pressure. Sanple disturbance tends to |ower the
conpressi on index (C+c,) and the preconsolidation pressure (P+c,) obtained
fromthe test curve.

c. Reconpression and Swelling. Sanple disturbance increases the
reconpression and swel ling indices.

d. Coefficient of Consolidation. Sanple disturbance decreases
coefficient of consolidation for both reconpression and virgin conpression
For an undi sturbed sanple, c+v, usually decreases abruptly at
preconsolidation stress. This trend is not present in badly disturbed
sanpl es.
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e. Coefficient of Secondary Conpression. Sanple disturbance tends to
decrease the coefficient of secondary conpression in virgin conpression
| oadi ng range.

Section 5. SHEAR STRENGTH TESTS

1. UTILIZATION. The shear strength of soil is required for the anal ysis of
all foundation and earthwork stability problens. Shear strength can be
determ ned by | aboratory and field tests, and by approxi mate correl ati ons
with grain size, water content, density, and penetration resistance.

2. TYPES OF SHEAR TESTS. Many types and variations of shear tests have
been devel oped. |In nost of these tests the rate of deformation is
controlled and the resulting | oads are nmeasured. |n some tests tota

stress paraneters are determ ned, while in others effective stress strength
paranmeters are obtained. See Chapter 4 for a discussion of total and

ef fective stress concepts. The followi ng are the nost w dely used testing
procedures:

a. Direct Shear Test. A thin soil sanple is placed in a shear box
consisting of two parallel blocks. The |lower block is fixed while the upper
bl ock is nmoved parallel to it in a horizontal direction. The soil fails by
shearing al ong a plane assuned to be horizontal

This test is relatively easy to perform Consolidated-drained tests
can be performed on soils of |low perneability in a short period of tine as
conpared to the triaxial test. However, the stress, strain, and drai nage
conditions during shear are not as accurately understood or controlled as in
the triaxial test.

b. Unconfined Conpression Test. A cylindrical sanple is |oaded in
conpression. Cenerally failure occurs along diagonal planes where the
greatest ratio of shear stress to shear strength occurs. Very soft materia
may not show di agonal planes of failure but generally is assumed to have
failed when the axial strain has reached a value of 20 percent. The
unconfined conpression test is performed only on cohesive soil sanples. The
cohesion (c) is taken as one-half the unconfined conpressive strength.

c. Triaxial Conpression Test. A cylindrical sanmple is confined by a
menbrane and | ateral pressure is applied; pore water drainage is controlled
t hr ough tubi ng connected to porous discs at the ends of the sanmple. The
triaxial test (Figure 5) permits testing under a variety of |oading and
drai nage conditions and al so all ows neasurenent of pore water pressure. For
details on testing procedures, see Reference 2. Triaxial shear test
rel ati onshi ps are shown graphically in Figure 6.

(1) Unconsolidated-Undrained (UU) or Quick Test (Q. In the UU test
the initial water content of the test specinen is not pernmitted to change
during shearing of the specinen.
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The shear strength of soil as determined in UU tests corresponds
to total stress, and is applicable only to situations where little
consol idati on or drainage can occur during shearing. It is applicable
primarily to soils having a perneability less than 10. -3- cm per sec.

(2) Consolidated-Undrained (CU) or R Test. In the CU test, conplete
consolidation of the test specimen is pernitted under the confining
pressure, but no drainage is permtted during shear. A mininumof three
tests is required to define strength parameters c and [phi], though four
test specinmens are preferable with one serving as a check. Specinmens nust
as a general rule be conpletely saturated before application of the deviator
stress. Full saturation is achieved by back pressure. Pore water pressure
is measured during the CU test, thus pernmitting deternination of the
ef fective stress paraneters c¢' and [phi]'. |In the absence of pore pressure
nmeasurements CU tests can provide only total stress values ¢ and [phi].

(3) Consolidated-Drained (CD) or S Test. 1In the CD test, conplete
consolidation of the test speciman is pernitted under the confining pressure
and drainage is permtted during shear. The rate of strain is controlled to
prevent the build-up of pore pressure in the specimen. A mininmumof three
tests are required for ¢' and [phi]' determination. CD tests are generally
performed on well draining soils. For slow draining soils, several weeks
may be required to performa CD test.

(4) Factors Affecting Tests. Triaxial test results nust be
appropriately corrected for nenbrane stiffness, piston friction, and filter
drai ns, whenever applicable. The shear strength of soft sensitive soils is
greatly affected by sanple disturbance. The |aboratory-neasured shear
strength of disturbed sanples will be lower than the in-place strength in
the case of UU tests. |In the case of CU or CD tests, the strength may be
hi gher because of the consolidation pernitted.

d. Oher Procedures. In certain instances, nore sophisticated tests
are warranted. These may include triaxials with zero lateral strain
conditions, sinple shear tests, and tests inducing anisotropic stress
condi tions.

3. TEST SELECTION. |In determining the type of test to be enpl oyed,

consi derati ons nust be given to soil type and the applications for which the
test data is required. (See Chapter 4 for a discussion of total and

ef fective stress concepts.)

a. Soil Type.

(1) Cean Sands and Gravels. Undisturbed sanples are very difficult
to obtain and test properly, therefore sophisticated shear tests are usually
i mpractical. For sinple foundation problens, the angle of internal friction
can be satisfactorily approximated by correlation with penetration
resi stance, relative density, and soil classification (Figure 7).
Confirmation of the potential range of the angle of internal friction can be
obt ai ned from shear tests on the sanple at | aboratory densities bracketing
conditions anticipated in the field. For earth dam and hi gh enbanknent work
where the soil will be placed under controlled conditions, triaxia
conpression tests are warranted.
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(2) Clays. For sinple total stress applications where the i nmedi ate
stability of foundations or embankments is of concern, the unconfined
conpression test or UU triaxial test is often adequate (Chapter 1). For
very soft or sensitive soils, difficult to sanple, the field vane test
(Chapter 2) is useful. For long-termstability problenms requiring effective
stress analysis, such as landslides, CU triaxial tests with pore pressure
nmeasurenments should be used. Long-termstability problens in some highly
overconsol i dated clays may require the CD test (see Reference 19, Stability
of Natural Slopes and Enbanknent Foundations State-of-the-Art Report, by
Skenpt on and Hut chi nson).

(3) Silts and M xed Soils. The choice of test is governed by
whet her total stress analysis or effective stress analysis is applicable.
In cases of very soft silts, such as in marine deposits, the in-place vane
shear test is especially hel pful in evaluating the shear strength and its
increase with depth. For sone thinly layered soils, such as varved clay,
direct shear tests or sinple shear tests are well suited for determ ning the
strength of the individual |ayers. Were partial drainage is anticipated,
use CU tests with pore water pressure nmeasurenments to obtain effective
strength paraneters.

(4) Overconsolidated Soils. Frequently overconsolidated soils have
defects such as jointing, fissures, etc. The |aboratory values of strength
which are obtained froma small test specinen are generally higher than the
field strength val ues which are representative of the entire soil nass.

The rel ease of stress due to excavati on and exposure to
weat hering reduces strength over a long period of tine. This effect cannot
be assessed by any of the laboratory tests currently in use. Mbst
overconsol i dated cl ays are ani sotropic and the degree of anisotropy may al so
be influenced by their age. Effect of anisotropy can be determned in the
| aboratory.

In highly overconsolidated soil which may not be fully
saturated, unusually high back pressure may be necessary to achieve ful
saturation, thus making it difficult to performCU tests. CD tests are nore
appropri ate.

b. Type of Application.

(1) Total Stress Analysis. It is appropriate for the inmedi ate
(during and end of construction) safety of foundations and structures
(enbanknments) consisting of or resting on clays where perneability is | ow
It is also applicable to enbanknment stability where rapid drawdown can
occur. Use of unconfined conpression tests or UU test is appropriate.
Sanpl e di sturbance has significant effect on shear strength in these types
of tests.

(2) Effective Stress Analysis. Evaluation of long-termstability of
sl opes, enbanknents, and earth supporting structures in cohesive soi
requires the use of effective stress strength parameters, and therefore CU
tests with pore water pressure neasurenents or CD tests are appropriate.
Tests nust be run at a slow enough strain rate so that pore pressures are
equal i zed during the CU test or are dissipated throughout the CD test.
Essentially all analyses of granular soils are nade using effective stress.
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(3) Stress Path Method. The stress path nethod is based on
nodel | i ng the geol ogi cal and historical stress conditions as they are known
to influence soil behavior. To apply the nmethod, stress history is
determ ned and future stresses are conputed based on actual construction
plans. The stresses are nodelled in a set of triaxial or sinmilar strength
tests (see Figure 6). Details of this procedure are found in Reference 20,
Stress Path Method, Second Edition, by Lanbe and Marr

Section 6. DYNAM C TESTI NG

1. UTILIZATION. Capabilities of dynamic soil testing nethods and their
suitability for various notion characteristics are shown in Table 7 (from
Ref erence 10). Dynamic testing is needed for |oose granular soils and soft
sensitive clays in earthquake areas, for machine foundation design, and for
i npact | oadings. Only a brief description of tests follows. For further
gui dance on testing procedures, see References 10 and 11.

2. RESONANT COLUWN TEST. The resonant columm test consists of the
application of sinusoidal vibration to one end (terned the active end) of a
solid or hollow cylindrical soil specinen. The other end is known as the
passi ve end. Conpression waves or shear waves are propagated through the
soi|l specinmen to deternine either Young's nmodulus (E+s,) or shear nodul us
(G. Mduli are conmputed fromthe resonant frequency of the cylinder. For
exanpl e, in the case where passive end platen is fixed, the | owest frequency
for which the excitation force is in phase with the velocity at the active
end is ternmed the resonant frequency. Danping is deternined by turning off
the excitation at resonant frequency and recording the decaying vibration

3. CYCLIC TESTS. Currently, these are the nost commonly used net hods of
eval uating the Young's nodul us, shear nodul us, danping, and |liquefaction
potential of coarse-grained soils.

a. Cyclic Triaxial Conpression Test. In triaxial testing of saturated
soils, cell pressure is maintained constant while the axial stress is
vari ed.

b. Cyclic Sinple Shear Test. Sinple shear equi pment has al so found
wi de use in cyclic testing. The non-uniformstress conditions in sinple
shear may cause failure at a | ower stress than that which woul d cause
failure in situ. Measurement or control of lateral pressure is difficult
in sinple shear tests.

c. Cyclic Torsional Shear. Cyclic torsional sinple shear tests on
hol | ow sanpl es offer the capability of neasuring lateral confining pressure.
In hollow cylinders stresses within the specinen are nore uniform though
the specinens are difficult to produce. Also, tapered hollow cyclinders
have been used in torsional cyclic tests.
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d. Factors Affecting Tests. Various testing and material factors that
may affect cyclic strength as determined in the |aboratory are method of
speci men preparation, difference between reconstituted and intact specinens,
prestressing, |oading wave form grain size and gradation, etc. For details
on cyclic testing, see Reference 21, A Review of Factors Affecting Cyclic
Triaxial Tests, by Townsend. For the nature of soil behavior under various
types of dynamic testing see Reference 22, The Nature of Stress-Strain
Behavior for Soils, by Hardin.

4. EMPIRICAL | NDI CATORS. The enpirical relationships given here are to
be used only as indicators and not in final design. Design involving
dynam c properties of soil must be done only under the direction of
experi enced personnel

a. Shear Modulus. In the absence of dynamic tests initial estinmates of
shear nodulus, G nmay be made using the relationships found in Reference 23,
Shear Mbdulus and Danping in Soils: Design Equations and Curves, by Hardin
and Drnevich, and Reference 24, Soil Mduli and Danping Factors for Dynanic
Response Anal yses, by Seed and |driss.

b. Poisson's Ratio. Values of Poisson's ratio ([upsilon]) are
generally difficult to establish accurately. For nost projects, the val ue
does not affect the response of the structure sufficiently to warrant a
great deal of effort in their determ nation. For cohesionless soils,
[upsilon] = 0.25 and for cohesive soils [upsilon] = 0.33 are considered
reasonabl e assunptions. See Reference 25, Foundation Vibration, by Richart.

c. Liquefaction of Coarse-Grained Soils. Liquefaction has usually
occurred in relatively uniformmaterial with D+10, rangi ng between 0.01 and
0.25 mm C+u, between 2 and 10, and standard penetration resistance |ess
than 25 blows per foot. Liquefaction is nore likely to be triggered by
hi gher velocity than by higher acceleration. These characteristics may be
used as a guide in determ ning the need for dynanmic testing. The potentia
i nfl uence of local soil conditions (depth of stratum depth of groundwater
table, variation in soil density, etc.) on shaking and damage intensity nust
be carefully evaluated. See References 26, Earthquake Effects on Soi
Foundati on Systens, by Seed, and Reference 27, A Practical Method for
Assessing Soil Liquefaction Potential Based on Case Studies at Various Sites
in Japan, by Iwasaki, et al. A surcharge reduces the tendency of a deposit
to liquefy.

Section 7. TESTS ON COVMPACTED SO LS

1. UTILIZATION. Conpaction is used to densify soils during placenent to
m ni m ze post-construction consolidation and to inprove strength
characteristics. Conpaction characteristics are determ ned by noisture
density testing; structural and supporting capabilities are eval uated by
appropriate tests on sanples of conpacted soil

2. MO STURE- DENSI TY RELATI ONSHI PS. The Proctor test or a variation is

enpl oyed in determ ning the noisture-density relationship. For cohesionless
soils, Relative Density nethods nmay be nore appropriate.
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a. Standard Proctor Test. Use standard Proctor tests for ordinary
embankment conpaction control. In preparing for control, obtain a famly of
conpaction curves representing principal borrow materials.

b. Mdified Proctor Test. Specially applicable to either a heavily
conpact ed base course or a subgrade for airfield paverent and nmay al so be
used for mass earthwork

c. Relative Density of Cohesionless Soils. Proctor tests are often
difficult to control for free-draining cohesionless soils and may give
erratic conpaction curves or density substantially |less than those provided
by ordi nary conpaction in the field (see Reference 28, Soil Mechanics, by
Lanbe and Whitman). Thus, relative density nethods may be preferred. Tests
for maxi mum and ni ni nrum densities should be done in accordance with ASTM
St andard D2049, Rel ative Density of Cohesionless Soils (Table 3).

3. STRUCTURAL PROPERTIES. Structural properties of conpacted-fil
materials classified in the Unified Systemare listed in DM 7.2, Chapter 2,
Tabl e 1.

4. CALI FORNI A BEARI NG RATIO (CBR). This test procedure covers the

eval uation of subgrade, subbase, and base course materials for pavenent
design for highways and airfields. The resistance of a conpacted soil to

t he gradual penetration of a cylindrical piston with 3 square inches in area
is measured. The load required to cause either 0.1 inch or 0.2 inch
penetration of the piston is conpared to that established for a standard
conpacted crushed stone to obtain the bearing ratio. (See DM 21.03 for
approxi mate rel ati onshi ps between soil type and CBR.) For gui dance for
desi gn of subbase and bases, see DM 5.04 and DM 21. 03.

Section 8. TESTS ON ROCK

1. STRUCTURAL TESTS. Standard methods of testing rock in the | aboratory
for structural characteristics are only for intact rock. See Table 8 for
testing procedures. Behavior of in situ rock, which typically has bedding
pl anes, joints, etc., and nmay contain discontinuities filled w th weaker
material, is found to be very different fromthat of intact rock. In situ
tests of joint strengths and conpressibility are, therefore, nore
appropriate. See Chapters 1 and 2 for rock and rock joint classifications
and in situ neasurenments of their properties. The use of data from

| aboratory tests for bearing and settlenent cal cul ati ons of shallow and deep
foundations is showmn in DM 7.02 Chapters 4 and 5. Factors which correl ate
i ntact rock sanple paraneters to realistic field paranmeters are RQ@ (Rock
Quality Designation) or the ratios of field values to | aboratory val ues of
conpressi on or shear wave velocities (see Chapters 1 and 2).
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TABLE 8
Test Procedures for Intact Rock

+)))))))))))))))))))))))))))0)))))))))))))))))0)))))))))))))))))))))))))))))))))

Ref erence *
* * fOr * *
* * St andard * *
* Test * Procedure[(a)] * Si ze of Sanple for Test *
/)))))))))))))))))))))))))))3)))))))))))))))))3)))))))))))))))))))))))))))))))))1
* Unconfined conpressive * (1, ASTM D2938) * Right circular cylinder with
* strength of core * * length to dianeter ratio of 2 =
* speci men * * to 2.5, and a dianeter not |ess*
* * * than 2 inches. *

/)))))))))))))))))))))))))))3)))))))))))))))))3)))))))))))))))))))))))))))))))))1
* Elastic constants of core * (l ASTM D3148) = Right circular cylinder with

* speci men * length to dianeter ratio of 2 =
* * *t025 *

/)))))))))))))))))))))))))))3)))))))))))))))))3)))))))))))))))))))))))))))))))))1
*~ Direct tensile strength * (1, ASTM D2936) * Right circular cylinder with

* of intact rock core * * length to dianeter ratio of 2 =
* speci men * * to 2.5. *
/)))))))))))))))))))))))))))3)))))))))))))))))3)))))))))))))))))))))))))))))))))1
* Triaxial strength of * (1, ASTM D2664) * Right circular cylinder with

* core specimen * * length to dianeter ratio of 2 =
* * *t025 *
/)))))))))))))))))))))))))))3)))))))))))))))))3)))))))))))))))))))))))))))))))))1
* Dynami c propertles of * (1, ASTM D2845) * \Vari able, dependent on proper- *
* core specinmen at snall * * ties of specinen and test *
* strains * * apparat us. *

/333333333333333333333333333233333333333333333233133333133133133313313313313I))))1

*[(a)] Nunber in parenthesis indicates Reference nunber. *
-3233333333333333333333333333313333313313333313333313313331331333331333131313331I0I3)III))-
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2. ROCK QUALITY TESTS.

a. Standards. Quality is normally evaluated by visual exam nation of
the state of weathering and nunber and condition of discontinuities. RQD
provi des the best currently avail able basis for establishing overall rock
quality. See Chapter 1 for additional guidance regarding the eval uation of
rock quality using RQD. Relative nmeasurements of rock quality can be made
by conparing ratios of field values of conpression or shear wave velocities
to |l aboratory values (see Chapters 1 and 2).

b. Aggregate Tests. While intended for roadway construction and
asphalt and concrete aggregates, there are several standard tests which
provi de nethods for measuring certain aspects of rock quality (see Table 9).
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TABLE 9
Test Procedures for Aggregate

+))))))))))))))))))))))))))0))))))))))))))))0))))))))))))))))))))))))))))))))))

Ref erence *
* * fOr * *
* * St andard * *
* Test * Procedure[(a)] * Applicability to Rock Cores *
7313333333333333333333313333331313131331313131333133133131313133131313313131313331I10I0)))O))1
*\\eat heri ng resistance. * (1, ASTM C88) * Applicable in principle, can be *
* * * used directly by fracturing *

/))))))))))))))))))))))))))3))))))))))))))))3))))))))))))))))))))))))))))))))))1
*Vi sual eval uation of rock * (l ASTM C295) *~ Direct.

*qual ity. * *
/))))))))))))))))))))))))))3))))))))))))))))3))))))))))))))))))))))))))))))))))1
*Resi stance to freezing. * (1, ASTM C666) > Applicable in principle; but

* * * only with significant procedure *
* * * changes. *
/))))))))))))))))))))))))))3))))))))))))))))3))))))))))))))))))))))))))))))))))1
*Har dness. * (1, ASTM C851) > Direct.

/333333333333333333333333332>33133333333333132333313333313313313313313313303I)))1

*

*(a)] Nunber in parenthesis indicates Reference nunber. *
-323333333333333333333333333333333333333133333133133333133313133131313131313333)I1I)))-
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29. Naval Facilities Engineering Command, Design Manuals (DM.

DM 5. 04

DM 21 Series

DM 21. 03

Pavenment s
Airfield Pavenent
Fl exi bl e Pavenent Design for Airfields

Copi es of design nmanual s nmay be obtained fromthe U. S. Naval
Publ i cations and Forms Center, 5801 Tabor Avenue, Phil adel phi a,

19120.
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CHAPTER 4. DI STRI BUTI ON OF STRESSES
Section 1. | NTRODUCTI ON

1. SCOPE. This chapter covers the analysis of stress conditions at a
point, stresses beneath structures and enbankments, and enpirical mnethods
for estimating | oads on buried pipes, conduits, shafts, and tunnels.

2. RELATED CRITERIA. For certain criteria not covered in this
publication, but concerning the design of buried pipes and conduits and
ot her underground structures, see the follow ng sources:

Subj ect Sour ce
Airfield Pavements ........ . . ... . . NAVFAC DM 21 Seri es
Drai nage SyStemB ... ... ...t NAVFAC DM 5. 03

3. STATE OF STRESS. Stresses in earth masses are anal yzed using two

basi ¢ and different assunptions. One assumes elastic conditions, and the

ot her assunmes full nobilization of shear strength (plastic equilibrium.

El astic solutions apply to problems for which shear failure is unlikely. If
the safety factor against shear failure exceeds about 3, stresses are
roughly equal to values conputed fromelastic theory. Plastic equilibrium
applies in problens of foundation or slope stability (see Chapter 7) and
wal | pressures where shear strength may be conpletely nobilized (see

DM 7.02, Chapter 3).

Section 2. STRESS CONDI TI ONS AT A PO NT

1. MOHR S CIRCLE OF STRESS. |[|f normal and shear stresses at one
orientation on an elenent in an earth mass are known, stresses at all other
orientations may be determned from Mdhr's circle. Exanples of stress
transformation are given in Figure 1.

a. Plastic Equilibrium The use of Mhr's circle for plastic
equilibriumis illustrated by analysis of triaxial shear test results (see
Figure 5 of Chapter 3).

2. STRESSES IN SO LS. The normal stress at any orientation in a

saturated soil mass equals the sumof two elenents: (a) pore water pressure
carried by fluid in soil spaces, and (b) effective stress carried by the
grain skel eton of the soil

a. Jotal Stress. The total stress at any point is produced by the
over burden pressure plus any applied | oads.

b. Pore Water Pressure. Pore water pressure may consist of (a)
hydrostatic pressure, (b) capillary pressure, (c) seepage or (d) pressure
resulting fromapplied | oads to soils which drain slowy.
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c. Effective Stress. FEffective stress equals the total stress m nus
the pore water pressure, or the total force in the soil grains divided by
the gross cross-sectional area over which the force acts.

d. Overburden Pressure. Division of weight of overlying soil and water
into effective stress and pore water pressure depends on the position of the
groundwat er table or the flow field induced by seepage. For static water
condition, effective stresses at any point below the groundwater |evel may
be conputed using the total unit weight of soil above the water |evel and
buoyant unit weight below the water level. Pore water pressure is equal to
the static head tinmes the unit weight of water. |If there is steady seepage,
pore pressure is equal to the piezonetric head tines the unit wei ght of
water, and the effective stress is obtained by subtracting the pore water
pressure fromthe total stress.

e. Applied Load. Division of applied | oad between pore pressure and
effective stress is a function of the boundary conditions, the stress-strain
properties, and the perneability of the stressed and surrounding soils.

When drai nage of pore water is inhibited, |load is conpensated for by

i ncreased pore water pressures. These pressures may decrease with tinme, as
pore water is drained and load is transferred to the soil skeleton, thereby
i ncreasing effective stress. CQuidance on estimating changes in pore water
pressure is given in Chapter 5.

f. Effects of Stresses on a Soil Mass. Analysis of a soil system
(e.g., settlenent, stability analyses) are perforned either in terns of
total stresses or effective stresses. The choice between the two anal ysis
nmet hods i s governed by the properties of the surrounding soils, pore water
behavi or, and the nethod of |oading. (See Chapters 5, 6, and 7 for further
di scussion.)

Section 3. STRESSES BENEATH STRUCTURES AND ENMBANKMENTS
1. SEM-INFINTE, ELASTIC FOUNDATI ONS.

a. Assuned Conditions. The follow ng solutions assune el asticity,
continuity, static equilibrium and conpletely flexible |oads so that the
pressures on the foundation surface are equal to the applied |load intensity.
For loads of infinite length or where the Iength is at least 5 tines the

wi dth, the stress distribution can be considered plane strain, i.e.
deformati on occurs only in planes perpendicular to the |ong axis of the
load. In this case stresses depend only on direction and intensity of |oad

and the | ocation of points being investigated and are not affected by
el astic properties.

Shearing stresses between an enbanknent and its foundation are
negl ect ed.

b. Stress Distribution Formulas. Figure 2 presents formulas based on
t he Boussi nesq equations for subsurface stresses produced by surface | oads
on sem -infinite, elastic, isotropic, honpbgeneous foundations. Below a
dept h of
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three times the width of a square footing or the dianmeter of a circular
footing, the stresses can be approxi mated by considering the footing to be a
point load. A strip load nmay also be treated as a line |load at depths
greater than three tinmes the width of the strip.

c. Vertical Stresses Beneath Reqular Loads. Charts for conputations of
vertical stress based on the Boussinesq equations are presented in Figures 3
through 7. Use of the influence charts is explained by exanples in Figure
8. Computation procedures for common | oading situations are as foll ows:

(1) Square and Strip Foundations. Quick estimates may be obtai ned
fromthe stress contours of Figure 3. For nobre accurate conputations, use
Figure 4 (Reference 1, Stresses and Deflections in Foundati ons and
Pavenents, by the Department of Civil Engineering, University of California,
Ber kel ey) .

(2) Rectangul ar Mat Foundation. For points beneath the mat, divide
the mat into four rectangles with their common corner above the point to be
i nvestigated. Obtain influence values | for the individual rectangles from

Figure 4, and sumthe values to obtain the total |I. For points outside the
area covered by the mat, use superposition of rectangles and add or subtract
appropriate | values to obtain the resultant I. (See exanple in Figure 9.)

(3) Uniformy Loaded Circular Area. Use Figure 5 (Reference 2,
Stresses and Deflections |Induced by Uniform Circular Load, by Foster and
Ahl vin) to conpute stresses under circular footings.

(4) Enbanknent of Infinite Length. Use Figure 6 (Reference 3,
Influence Values for Vertical Stresses in a Seni-Infinite Mass Due to an
Enbanknment Loadi ng, by Osterberg) for enbanknents of sinple cross section
For fills of nore conplicated cross section, add or subtract portions of
this basic enmbanknent [oad. For a symretrical triangular fill, set
di rension b equal to zero and add the influence values for two right
triangles.

(5) Sloping Fill of Finite Dimension. Use Figure 7 (Reference 1)
for stress beneath the corners of a finite sloping fill | oad.

d. Vertical Stresses Beneath Irreqular Loads. Use Figure 10 (Reference
4, Soil Pressure Conputations: A Mdification of Newrmark's Method, by
Ji menez Sal as) for conplex | oads where other influence diagrans do not
suffice. Proceed as follows:

(1) Draw a circle of convenient scale and the concentric circles
shown within it. The scale for the circle nmay be selected so that when the
foundation plan is drawn using a standard scale (say 1"=100"), it will lie
within the outer circle.

(2) Plot the | oaded area to scale on this target with the point to
be investigated at the center.

(3) Estimate the proportion A of the annul ar area between adjacent
radii which is covered by the |oad.
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DMGANKMENT LOAD OF INFINITE LENGTH NORMAL
TO THIS CROSS SECTION.
—=-oc . STRESSES DETERMINED FROM ELASTIC

LOAD * SOLTION FOR ESOTROPIC SEM - INFINITE

92
o NORMAL STRESSES
== e _ .|  PRODUCED BY
EMBANKMENT, AS A
QL RATIC TO UNIT LOAD P:

SHEAR STRESSES
PRODUCED BY
EMBANKMENT, AS A
RATYO TOUNIT LOAD P:
Ty z ON VERTICAL AND
HORIZONTAL PLANES

STRESSES AT POINTS
@ ®E NTHE
FOUNDATION

PRINCIPAL
STRESSES

MOHR'S CIRCLES
FOR STRESSES
PRODUCED BY
EMBANKMENT LOAD

»Txx)

FIGURE 1

Examples of Stress Conditions at a Point
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Examples of Computation cof Vertical Stress
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Influence Chart for Vertical Stress Beneath Irregular Load
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(4) See the bottomchart of Figure 10 for influence values for
stresses at various depths produced by the | oads w thin each annul ar space.
The product | x A multiplied by the |oad intensity equals vertical stress.

(5) To determine a profile of vertical stresses for various depths
beneath a point, the target need not be redrawn. Obtain influence val ues
for different ordinates Z/R fromthe influence chart.

e. Horizontal Stresses. Elastic analysis is utilized to determ ne
hori zontal stresses on unyielding walls from surcharge | oads (see Chapter
7.02, Chapter 3), and pressures on rigid buried structures. (See basic
formulas for sinple loads in Figure 2.) For nore information, see Reference
5, Elastic Solutions for Soil and Rock Mechanics, by Poul os and Davis.

f. Shear Stresses. Elastic solutions generally are not applicable when
shear stresses are critical, as in stability problenms. To deternmine if a
stability analysis is required, determ ne the maxi mum shear stress from
elastic formul as and conpare this stress with the shear strength of the

soil. For enmbanknent |oads in Figure 2, maxi mum shear stress in the
foundation is exactly or approximtely equal to p/[pi] depending upon the
shape of the load and point in question. |[|f the maxi num shear stress equals

shear strength, plastic conditions prevail at sone point in the foundation
soil and if the load is increased, a |arger and | arger portion of the
foundati on soil passes into plastic equilibrium In this case, failure is
possi bl e and overall stability nust be eval uated.

2.  LAYERED OR ANl SOTROPI C FOUNDATI ONS. Actual foundation conditions

differ fromthe honogeneous isotropic, sem-infinite mass assuned in the
Boussi nesq expressions. The nmodulus of elasticity usually varies fromlayer
to layer, and soil deposits frequently are nore rigid in the horizonta
direction than in the vertical

a. Westergaard Analysis. The Westergaard analysis is based on the
assunption that the soil on which load is applied is reinforced by closely
spaced horizontal |ayers which prevent horizontal displacenent. The effect
of the Westergaard assunption is to reduce the stresses substantially bel ow
t hose obtai ned by the Boussinesq equations. The Westergaard analysis is
applicable to soil profiles consisting of alternate |ayers of soft and stiff
materials, such as soft clays with frequent horizontal |ayers of sand having
greater stiffness in the horizontal direction. Figures 11 (Reference 1), 12
(Reference 6, An Engineering Manual for Settlenent Studies, by Duncan and
Buchi gnani), and 13 (Reference 1) can be used for calculating vertica
stresses in Westergaard material for three | oading conditions. Conputations
for Figures 11, 12, and 13 are nmade in a manner identical to that for
Figures 3, 4, and 7, which are based on the Boussinesq equations. For
illustration see Figure 8.

b. Layered Foundations. When the foundation soil consists of a nunmber
of layers of substantial thickness, having distinctly different elastic
properties, the vertical and other stresses are markedly different from
t hose obtai ned by using the Boussinesq equation. (See Figure 14, Reference
7, Stresses and Displacenent in Layered Systens, by Mehta and Vel etsos, for
i nfl uence val ues of vertical stresses in a two-layer foundation with various
rati os of nodulus of elasticity. See Figure 15 for an exanple.)
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(1) Rigid Surface Layer Over Weaker Underlying Layer. |If the
surface layer is the nore rigid, it acts as a distributing mat and the
vertical stresses in the underlying soil |ayer are | ess than Boussinesq
val ues.

(2) Weaker Surface Layer Over Stronger Underlying Layers. |f the
surface layer is less rigid than the underlying layer, then vertica
stresses in both layers exceed the Boussinesq values. For influence
di agrams for vertical stresses beneath rectangul ar | oaded areas, see
Ref erence 8, Stress and Displacenent Characteristics of a Two-Layer Rigid
Base Soil System Influence Diagrams and Practical Applications, by
Burm ster. Use these influence diagrams to determ ne vertical stress
distribution for settlenent analysis involving a soft surface |ayer
underlain by stiff materi al

(3) Multi-Layer (Three or Mrre) Systems. See Reference 6 for a
di scussion of the use of various approxi mate solutions for nulti-I|ayer
syst ens.

c. Critical Depth. |If there is no distinct change in the character of
subsurface strata within the critical depth, elastic solutions for |ayered
foundati ons need not be considered. Critical depth is the depth bel ow the
foundati on within which soil conpression contributes significantly to
surface settlenents. For fine-grained conpressible soils, the critica
depth extends to that point where applied stress decreases to 10 percent of
ef fective overburden pressure. |In coarse-grained material critical depth
extends to that point where applied stress decreases to 20 percent of
ef fective overburden pressure.

3. RIGDLOADED AREA. A rigid foundation nmust settle uniformy. \en
such a foundation rests on a perfectly elastic material, in order for it to
deformuniformy the | oad nmust shift fromthe center to the edges, thus
resulting in a pressure distribution which increases toward the edges (see
Figure 16). This is the case for clays. |In the case of sands, the soi

near the edges yields because of the |ack of confinenent, thus causing the
load to shift toward the center

4. STRESSES | NDUCED BY PILE LOADS. Estimates of the vertical stresses

i nduced in a soil nmass by an axially |l oaded pile are given in Figure 17
(Reference 9, Influence Scale and Influence Chart for the Conputation of
Stresses Due, Respectively, to Surface Point Load and Pile Load, by Gillo)
for both friction and end-bearing piles. (See DM 7.2, Chapter 5 for further
gui dance on pile foundations.)

Section 4. SHALLOW Pl PES AND CONDUI TS

1. CGENERAL. Pressures acting on shallow buried pipe and conduits are

i nfluenced by the relative rigidity of the pipe and surrounding soil, depth
of cover, type of |oading, span (maxi mumw dth) of structure, nethod of
construction, and shape of pipe. This section describes sinple procedures
for determ ning pressures acting on a conduit in conpressible soil for use
in conduit design. For detail ed analysis and design procedures for conduits
in backfilled trenches and beneath enbanknments, consult one of the
fol |l owi ng:
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Ref erence 10, Buried Structures, by Watkins; Reference 11, Design and
Construction of Sanitary and Storm Sewers, by the Anerican Society of Civi
Engi neers; Reference 12, Handbook of Drainage and Construction Products, by
Arnco Drai nage and Metal Products, Inc.; Reference 13, Engineering Handbook,
Structural Design, by the U S Departnment of Agriculture, Soil Conservation
Service; Reference 14, Concrete Pipe Design Manual, by American Concrete
Pi pe Associ ation; or Reference 15, CANDE User Manual, by Katona and Smith.

2. RIADPIPE. Pipes made from precast or cast-in-place concrete, or cast
iron are considered rigid pipes.

a. Vertical lLoads.

(1) Dead Load. Vertical soil pressure estimates for dead | oads are
obtai ned as foll ows:

EQUATI ON: W= C+w, _[Upsilon]-B.2- (4-1)
wher e W = total dead |oad on the conduit per unit |ength of conduit
C+w, = correction coefficient; function of trench depth to width
rati o, angle of trench side slopes, friction angle of

backfill and trench sides, bedding conditions

B = width of trench at |evel of top of pipe, or pipe outside
di ameter if buried under an embanknent

[ Upsi | on] unit wei ght of backfil
w

Dead | oad pressure, P+DL, =)
B

(a) Enbanknent Fill. Use Figure 18a (Reference 16, Underground
Conduits - An Appraisal of Mdern Research, by Spangler) to determni ne
embankment dead | oad. For soils of unit weight other than 100 pcf, adjust
proportionately; e.g., for [Upsilon] = 120 pcf, multiply chart by 1.20.

(b) Trench Backfill. Use Figure 18b (Reference 10) to determ ne
val ues of C+w,.

(c) Jacked or Driven Into Place. Use Figure 18c (Reference 17,
Soft Ground Tunneling, by Commercial Shearing, Inc.) for C+w,. This diagram
may al so be used for jacked tunnels.

(2) Live Load. Vertical pressure due to surface |oad, P+LL,, is
cal cul at ed by Boussi nesq equation (see Figure 2). |Inpact factor is included
inthe live load if it consists of traffic load. For exanple, an H 20 truck
| oadi ng consists of two 16,000 |b. |oads applied to two 10- by 20-inch
areas. One of these loads is placed over the point in question, the other
is 6 feet away. The vertical stresses produced by this |oading including
the effect of inpact are shown in Figure 19 for various heights of cover
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{d) THREE EDGE BEARING (¢) LOAD FACTORS Ly FOR RIGID PIPES BASED ON
METHOD.

SPECIFIED CLASSES OF BEDDING,

D LOAD

CLASS A CLASS B CLASS C CLASS D

CLASS A-CONCRETE CRADLE; B- COMPACTED GRANULAR
MATERIAL ; C-COMPACTED GRANULAR MATERIAL OR
DENSELY COMPACTED BACKFILL ;, D- FLAT SUBGRADE .

CLASS-A CLASS8 CLASS-C CLASSD

TRENCH® 48 1.9 s N
" 3.4
" 28

94.8 FOR 1.0% REINFORCING STEEL ; 3.4 FORO4%
REINFORCING STEEL ; 2.8 FOR PLAIN.

FIGURE 18 {continued)
Backfill Coefficients, Embankment Loads,

and Load Facters
for Rigid Conduits
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Vertical Pressure on Culvert Versus Height of Cover
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b. Design of Rigid Conduit. To design a rigid conduit, the conputed
| oads (dead and live) are nodified to account for bedding conditions and to
rel ate maxi mum al l owabl e load to the three-edge bearing test load D. (See
Figure 18d.) See ASTM C76, Reinforced Concrete Culvert, Storm Drain, and
Sewer Pipe, for test standards for D | oad.

Beddi ng conditions for pipes in trenches may be accounted for by use
of a load factor, L+f,. Determine L+f, fromFigure 18e (Reference 14).
Determine D fromthe foll owi ng equation:

N
EQUATI ON: D+0. 01, = (P+DL, + P+LL,) D)) (4-2)
L+f ,
wher e D+0.01, = Allowable load in Ib/ft of |ength of conduit
per foot of inside dianmeter for a crack width of 0.01"
L+f , = load factor
N = safety factor (usually 1.25)

Wth the specified D |oad, the supplier is able to provide adequate pipe.

The soil pressure against the sides of a pipe in an enbanknent
significantly influence the resistance of the pipe to vertical |load. The
| oad factor for such cases considers not only pipe bedding, but also pipe
shape, lateral earth pressure, and the ratio of total |ateral pressure to
total vertical pressure. For further guidance see Reference 11

3. FLEXIBLE STEEL PIPE. Corrugated or thin wall snpoth steel pipes are
sufficiently flexible to devel op horizontal restraining pressures
approxi mately equal to vertical pressures if backfill is well conpacted.
Vertical exterior pressure acting at the top of the pipe may range from
pressures exceedi ng overburden pressure in highly conpressible soils to
much | ess than the overburden pressure in granular soils because of the
effect of "arching", in which a portion of the overburden pressure is
supported by the surroundi ng soil

a. Vertical lLoads.

(1) Dead Load. For flexible pipe, the dead | oad pressure is sinply
t he height of the columm of soil above the conduit tines the unit weight of
the backfill, as follows:.
EQUATI ON: P+DL, = [Upsilon] [multiplied by] H (4-3)
(2) Live Load. Conputed by Boussinesq equations for rigid pipes.

(3) Pressure Transfer Coefficient. The dead |oad and live | oad
pressures are nodi fied by pressure transfer coefficient, C+p,, to yield
apparent pressure, P, to be used in design.

EQUATI ON: P = C+p,(P+LL, + P+DL,) (4-4)

See Figure 20 (Reference 18, Response of Corrugated Steel Pipe
to External Soil Pressures, by Watkins and Mdser) for the values of C+p,.
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b. Initial Designs. Use the follow ng design procedures:

(1) Determine apparent ring conpression stress of the pipe:

PD
EQUATI ON: Apparent ring conp. stress = )) (4-5)
2A
wher e P = apparent vertical soil pressure on top of conduit,
as determined from Equation (4-4)
D = outside dianeter of conduit

A = cross-sectional area of the wall per unit length of conduit

(2) Equate apparent ring conpression stress to allowable ring
conpression strength to determine required cross-sectional wall area, A, per
unit | ength of pipe:

S+y,
EQUATI ON: Al l owabl e ring conp. strength =)))) (4-6)
F+S,
PDS+y ,
EQUATI ON: A=D» (4-7)
2F+S,

wher e S+y, yi el d point strength of the steel (typically 33 to 45 ksi)

F+S, = safety factor (usually 1.5 to 2)

(3) Select appropriate pipe size to provide the m ninum
cross-sectional wall area A as determ ned above.

(4) Check ring deflection so that it does not exceed 5% of the
nom nal diameter of the pipe. Ring deflection Y, is governed by the tota
soi|l pressure P+v, = P+DL,+P+LL,, dianeter D, nmonent of inertia I, nodul us
of elasticity of conduit E, and soil nodulus E. Generally, ring deflection
does not govern the design. See Figure 21 (Reference 10) for an exanple.

(5) The Handling Factor is the maximum flexibility beyond which ring
is easily damaged. Pipe design nmust consider limting the Handling Factor
to such typical values as D.2-/El = 0.0433 in/lb for 2-2/3 x 1/2 corrugation
and 0.0200 in/lb for 6 x 2 corrugation.

c. Soil Placenment. Great care nmust be exercised in soil placenent.
Ri ng deflection and external soil pressures are sensitive to soil placenent.
If a loose soil blanket is placed around the ring and the soil is carefully
conpacted away fromit, soil pressure is reduced considerably.

d. Design of Flexible Steel Pipe. For analysis and design procedures
for large size flexible pipe of non-circular cross section, see Reference
12.

4. CONDUI TS BENEATH EMBANKMENTS OF FI NI TE W DTH. Desi gn of culverts and
conduits beneath narrow-crested embanknments nmust consi der the effect of the
embankment base spread and settlenent on the pipe.
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a. Longitudinal Extension. The maxi mum horizontal strain of a conduit
beneat h an embanknment or earth dam occurs under the center of the fill.
Maxi mum strai n depends on the ratios b/h, b/d, and the average vertica
strain in the foundation beneath center of the fill. (See Figure 22 for the
definitions and the rel ationship between vertical strain and horizonta
strain.)

b. Joint Rotation. Besides the horizontal extension of the conduit,
addi ti onal joint opening may occur at the bottom of the pipe because of
settl enent under the enbanknent |oad. For concrete pipe in sections about
12 feet long, conpute additional joint opening due to settlenent by Equation
(4-8).

[delta] cr
EQUATI ON: Opening = )))))g)))) (4-8)

wher e [ del t a]

settl enent of base of pipe at embanknment centerline (in)

b embankment base width (in)
¢ = constant, varying from5 for uniform foundation
conditions to 7 for variable foundation conditions

r = pipe radius (in)

c. Pipe Selection. Conpute total settlenment bel ow embanknent by
met hods in Chapter 5. Fromthis value, conpute maxi numjoint opening at
pi pe m d-hei ght as above. Add to this opening the spread at the top or
bottom of the pipe fromjoint rotation conputed from Equati on (4-8).

Specify a pipe joint that will accomodate this novement and renain
watertight. |[If the joint opening exceeds a safe value for precast concrete
pi pe, consider cast-in-place conduit in |long sections with watertight
expansion joints. Corrugated netal pipe is generally able to | engthen
wi t hout rupture, but it may not be sufficiently corrosion resistant for
wat er retention structures.

5. LONG SPAN METAL CULVERTS. The above nethods are not applicable to very
large, flexible metal culverts, i.e., widths in the range of 25 to 45 feet.
For anal ysis and design procedures for these see Reference 19, Behavior and
Design of Long Span Metal Culverts, by Duncan

Section 5. DEEP UNDERGROUND OPENI NGS

1. CGENERAL FACTORS. Pressures acting on underground openings after their
conpl eti on depend on the character of the surrounding materials, inward
noverment permtted during construction, and restraint provided by the tunne
['ining.
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2. OPENINGS IN ROCK. Stress analysis differs for two rock groups: sound,
nonswel | i ng rock that can sustain considerable tensile stresses, and
fractured bl ocky, seany, squeezing, or swelling rock. For detailed

expl anati ons of these rock groups, see Chapter 1.

a. Sound Rock. Determ ne stresses surrounding tunnels or openings in
intact, isotropic rock, such as crystalline igneous types, or honogeneous
sandstone and |imestone, by elastic analyses. Use the nmethods of Reference
20, Design of Underground Openings in Conpetent Rock, by Overt, et al

For these materials, stresses in rock surroundi ng spheroida
cavities are lower than those for tunnels with the same cross section. Use
el astic anal yses to determ ne the best arrangenent of openings and pillars,
provi ding supports as required at | ocations of stress concentrations. For
initial estimtes of roof pressure, Table 1 (Reference 21, Rock Tunneling
with Steel Supports, by Proctor and Wite) may be used.

b. Broken and Fractured Rock. Pressure on tunnels in chenmically or
mechani cal ly altered rock nust be anal yzed by approxi mate rul es based on
experience. For details, see Reference 21

c. Sgueezing and Swelling Rocks. Squeezing rocks contain a
consi derabl e amount of clay. The clay fraction may be from non-swelling
kaolinite group or fromhighly swelling nmontnorillonite group. These
rocks are preloaded clays and the squeezing is due to swelling. The
squeeze is intimately related to an increase in water content and a
decrease in shear strength.

3. LOADS ON UNDERGROUND OPENI NGS I N ROCK

a. Vertical Rock Load. Table 1 gives the height of rock above the
tunnel roof which nust be supported by roof |ining.

b. Horizontal Pressures. Determine the horizontal pressure P+a, on
tunnel sides by applying the surcharge of this vertical rock load to an
active failure wedge (see diagramin Table 1). Assunme val ues of rock shear
strength (see Chapter 3 for a range of values) on the active wedge failure
pl ane, which allow for the fractured or broken character of the rock
Eval uate the possibility of nmovement of an active failure plane that
coincides with weak strata or bedding intersecting the tunnel wall at an
angl e.

c. Support Pressures as Determined From Rock Quality. As an alternate
met hod of analysis, use enmpirical correlations in Reference 22, _Engi neering
Classification of Rock Masses for Tunnel Support, by Barton, et al., to
determ ne required support pressures as a function of rock nass quality "Q
The anal ysis incorporates rock quality designation (RQD) and various joint
properties of the surrounding material, and is applicable for sound or
fractured rock. Results may be used directly for evaluating type of roof or
wal | support required.
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TABLE 1

Overburden Rock Load Carried by Roof Support

Rock Conditions Rock Load H, in Feet Remarks
1. Hard and intact Zero Sometimes spalling or
popplng occurs.
2. Hard stratified or |0 to 0.5 B Light pressures.
schistose
3. Massive, mod- 0O to 0.25 B Load may change
erately jointed erratically from polnt
to polint.
4, Moderately blocky 0.25 B to 0.35 (B+H) No side pressure.
and seany
5. Very blocky and 0.35 to 1,10 (B+H,) Little or no side
seamy pPressure.
6. Completely crushed 1.10 (B+H¢) Considerable side
but chemically pressure. Softening
intact effect of seepage
towards bottom of
tunnel.
7. Squeezing rock, (1,10 to 2.10) (B+Hy)
moderate depth Heavy side pressure.
8. Squeezing rock, (2.10 to 4.58) (B+H )
great depth
9. Swelling rock Up to 250 ft. irrespective| Very heavy pressures.
of value of (B+Hg)
Notes:
1. Above values apply to tunnels at ROCK SURFACE
depth greater than 1.5 (B+Hg).
2. The roof of the tunnel is assumed to HILS5 {B+Hy )
be located below the water table.
If it is located permanently above
the water table, the values given elr ““n‘ _______ TH*“""161'
for rock conditions 4 to 6 can be ICARRIED | CARRIED BY FARR'D ! Hp
t ROOF SUPPORT gy webge|
reduced by fifty percent. L_laec, __ J 3
3. Some very demse clays which have not ey Cl :d_ /f
vet acquired properties of shale \\ \ 1acnv5/
rock may behave as squeezing or \ W
swelling rock. \ Pg Ry / Hy
4. Where sandstone or limestone contain \ ,’
horizontal layers of dimmature shale, A / F
roof pressures will correspond to rock

condition "very blocky and seamv.”
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4. OPENINGS I N SOFT GROUND.

a. Gound Behavior. The nmethod of construction of tunnels depends upon
t he response of the ground during and after excavations. The stand up tine
depends upon the type of soil, the position of groundwater, and the size of
openi ng. Dependi ng upon the response during its noverment period, the ground
is classified as: (1) firm (2) raveling, (3) running, (4) flow ng, (5)
squeezing or (6) swelling.

(1) In firmground, no roof support is needed during excavation and
there is no perceptible nmovenent.

(2) I'n raveling ground, chunks or flakes of material begin to fal
prior to installing the final ground supports. Stand up time decreases with
i ncreasing size of excavation. Wth rising groundwater, raveling ground nmay
becorme running ground. Sand with clay binder is one exanple of this type of
soil .

(3) In running ground, stand up tine is zero. The roof support
nmust be inserted prior to excavation. Renoval of side supports results in
i nflow of material which comes to rest at its angle of repose. Dry
cohesionless soils fall into this category.

(4) Flowing ground acts as a thick liquid and it invades the opening
fromall directions including the bottom |If support is not provided, flow
continues until the tunnel is conpletely filled. Cohesionless soil bel ow
groundwat er constitutes flow ng ground.

(5) Squeezing ground advances gradually into the opening w thout any
signs of rupture. For slow advancing soil, stand up time is adequate, yet
the I oss of ground results in settlenment of the ground surface. Soft clay
is a typical exanple of squeezing ground.

(6) Swelling ground advances into the opening and is caused by an
increase in volume due to stress rel ease and/or noisture increase.
Pressures on support nenbers may increase substantially even after the
noverment is restrained.

b. Loss of Ground. As the underground excavation is made, the
surroundi ng ground starts to nove toward the opening. Displacenents result
fromstress release, soil conming into the tunnel fromraveling, runs, flows,
etc. The resulting | oss of ground causes settlenent of the ground surface.
The | oss of ground associated with stress reduction can be predicted
reasonably well, but the ground | oss due to raveling, flows, runs, etc.
requires a detail ed know edge of the subsurface conditions to avoid
unaccept abl e amounts of settlenment. For acceptable |evels of ground loss in
vari ous types of soils see Reference 23, Earth Tunneling with Stee
Supports, by Proctor and Wite.

7.1-196



yjaeg uy sBujuadp punoafaspup uo uorioy peO

£ 28114
IVINILYN NYINNYED (O}
0 -m:
NOILO3S UYTINOWD NOJ ﬁll .J
- ]
A¥IY SNOINIBONMON (q) -\ /

L2 ] tw \ /

A
_././.l..fr..l..l\\ __
tag anoew | N \:
= N
| I
u///..r - y

30vIuNE  GNNOW® JOV4UNE  ONNOHES

7.1-197




c. Loads. The support pressures in the underground openings are
governed by the unit weight of the soil, groundwater table, soil properties,
def ormati ons during excavation, interaction between soil and the supports,
shape of the opening, and the Iength of time that has el apsed since the
installation of lining. Oher factors such as the presence of another
openi ng adjacent to it, excavation of a |large deep basenment near an existing
openi ng, |load from nei ghboring structures, and change in groundwater
conditions, will also affect the design pressures on the tunnel supports. A
schematic representation of the |oad action on underground openings i s shown
in Figure 23 (Reference 23).

Estimate of load for tenporary supports in earth tunnels may be
obtained from Table 2 (Reference 23). For further guidance see Reference 23
and Reference 24, Tunneling in Soft Ground, Geotechnical Considerations, by
Peck.

5. PRESSURE ON VERTI CAL SHAFTS.

a. Shaft in Sand. In the excavation of a vertical cylindrical shaft
granul ar soils, pressures surrounding the shaft approach active values. |If
outward directed forces froma buried silo nove the silo walls into the
surroundi ng soil, pressures approach passive values as an upper limt.

(1) Pressure Coefficients. See Figure 24 for active and passive
pressure coefficients for a cylindrical shaft of unlinited depth in granul ar
soils.

(2) Modification of Active Pressures. For relatively shallow shafts
(depth less than twice the dianeter), rigid bracing at the top may prevent

devel opnent of active conditions. |In this case, horizontal pressures may be
as large as at-rest pressures on a long wall with plane strain in the
surrounding soil. (See DM 7.2, Chapter 3.)

(3) If groundwater is encountered, use subnerged unit weight of sand
and add hydrostatic pressure.

b. Shaft in C ay.

(1) Pressure on Walls of Shafts in Soft Clay. For a cylindrica
shaft, no support is needed fromthe ground surface to a depth of
2C

z+0, = ))))))). To determ ne the approxi mate value of ultimate horizonta
[ Upsi | on]
earth pressure on a shaft lining at any depth z, use

ph = [Upsilon] [multiplied by] z-c

wher e [Upsilon] = effective unit weight of clay
z = depth
¢ = cohesion

This pressure is likely to occur after several nonths.
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TABLE 2
Loads For Tenporary Supports in Earth Tunnels at Depths Mre Than
1.5 (B + H+t,)

+))))))))))))))))0)))))))))))))))))0)%%)))))E))3?)?)))))))))))))))))))))0)))))))))
* Design Loa

* Type of Ground *Ground Condition * H+p * Remarks *
/))))))))))))))))3)))))))))))))))))3))))))))))))))))))))))))))))))))))))3)))))))))l
* Runni ng *Loose .50 (B + H+t,)
* ground above * * * *
* water table *Medi um * 0.04 (B + H+t,) * *
* *Dense * 0.30 (B + H+t,) * *
/))))))))))))))))3)))))))))))))))))3))))))))))))))))))))))))))))))))))))2)))))))))1
* Runni ng * Disregard air pressure; H+p, equal to *
* ground in * * that for running ground, above water *
* conpressed-air * * table with equal density. *
* tunnel * * *
/))))))))))))))))3)))))))))))))))))3))))))))))))))))))))))))))))))))))))))))))))))1
* Flomﬁng ground * * Hor 2 (B + H+t,)
*in free-air * * whi chever is smaller *
* tunnel * * *
731333333333333333333331333131331333133331313313331331313131331313133131313133131313315031313)))))1
x> x> + . x>
* *T-t >
Ravel i ng *Above wat er

*

*))) * H+p, (running)
ground *t abl e > T

* -

*

x>
*Bel ow wat er
*t abl e
*(free air)
x>

*T_t ;
*))) * H+p, (running)
* T

*
*

* +

ook ok ok b b k% X X X X % % %

*Bel ow wat er *T-t * P+c,
*tabl e *))) * 2Hep, - DI
*(conpressed air) * * [ Upsi | on]

233333333333333133)1333133113311331133)) ))))))))))))))))))))))))))))))))))))3)))))))))

P+c,

Squeezi ng *Honogeneous H- D)) - )))))))))))))))))) *Af ter
ground * [Upsilon] 2[Upsilon] (B +2H+t ,) *conplete
* *bl owout ,
* P+c, Hg+u *P+c, = 0
*=Soft roof, stiff H- 5D - ))))))))))))))))))) >
*si des [ Upsi | on] 2[Upsilon] B *

*

P+c, Hg+u,

*Stiff roof, soft H- 3333000 - 23)0)0000000)D»
*si des [Upsilon] 2[Upsilon] (B +6H+t ,) >
-32333333333333332333333333333333132>33313313331313331313313131331333131333131312)1313)))))-

ok ok b b F ok X X X X W ok ok ok bk kX X X X O ok %

*
*

ook ok o bk % X X X b P R R b ok X X X X b ok ok b F ok % X X

ook ok b b ok X X X b F N R R R ok X X X X b b ok b k% X X

*
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TABLE 2 (continued

)

Loads For Tenporary Supports in Earth Tunnels at Depths Mre Than

1.5 (B + H+t ,)

+))))))))))))))))0)))))))))))))))))0)))))))))))))))))))))))))))))0))))))))))))))))

* Desi gn

* Type of Ground *Ground Condition * H+p

/))))))))))))))))3)))))))))))))))))3)))))))))))))))))))))))))))))3))))))))))))))))

*

Swel i ng
ground

*
*
*
*
*
*
*
*
*
*

*

ook b o b R kX X X X b b b b b bk x X X X b O NF R ok % X X X X % %

*

Fi ssured, bel ow*
wat er tabl e, *

Load[ *]

*

*

I ntact *  Very small *
* *

* *

Fi ssured, above* H+p, equal to that for *
wat er table > raveling ground with *
> same stand up time H *

*

*

*

*

free-air tunnel >

*

per square foot

structure, ninutes

H = vertica

H+p, = design load in feet of earth

H+t = height of tunnel, see Table 1
B = width of tunnel, see Table 1

*

23333333333333332>33333333333333332>33333333133313311333133113311331323331331331331)))

p+c, = air pressure in pounds per square foot

g+u, = unconfined conpressive strength of ground above roof in pounds

[Upsilon] = unit weight of soil in pounds per cubic foot
t = stand up time, mnutes
T = el apsed tine between excavating and conpl eti on of pernanent

di stance between ground surface and tunne

see Table 1

[*] For circular tunnels, H+t , = 0, B = Dianeter

Remar ks

Per manent roof
support shoul d
be conpl et ed
within a few
days after

m ni ng

roof in feet

oo ok b b Rk x X X X b o b b b R % X X X X b R R b ok % X X X X ok F F R ke

-2333333333333333333333333333333333333333333333333333333331331333133313313313313I)))-
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FIGURE 24
Coefficients for Active or Passive Pressures on Underground
Cylindrical Shafts or Silos
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(2) Pressure on Walls of Shafts in Stiff Clay. On shafts located in
stiff, intact, or fissured swelling clays, initially the pressure on the
shaft lining is very small. Over a period of tine, the pressure may
increase to several tinmes the overburden pressure (i.e., ultimately to the
swel ling pressure if shaft lining is sufficiently rigid). Local experience
in that soil or field nmeasurenents can provide useful information. For
further details of pressures on shafts, see Reference 23.

Section 6. NUMERI CAL STRESS ANALYSI S
Stress anal ysis using nunerical methods and conputers are available for nmany

simple as well as nore conplex |oading conditions. See DM 7.3, Chapter 3 on
avai | abl e conput er prograns.
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CHAPTER 5. ANALYSI S OF SETTLEMENT AND VOLUME EXPANSI ON
Section 1. | NTRODUCTI ON

1. SCOPE. This chapter concerns (a) inmmediate settlenments, (b) long-term
settlenents, (c) rate of settlenment, (d) criteria for tolerable settlenent,
(e) methods of reducing or accelerating settlenents for saturated
fine-grained soils and (f) nethods for controlling and/or estimating heave
in swelling soils. Procedures given are for fine-grained conpressible soils
as well as for coarse-grained soils.

Gui dance in other special cases such as collapsing soil, sanitary |and
fill, etc., is provided in DM 7.3, Chapter 3. NMonitoring of settlements is
di scussed in Chapter 2.

2. OCCURRENCE OF SETTLEMENTS. The settlement of saturated cohesive soi
consi sts of the sum of three conmponents; (1) inmediate settl enent
occurring as the load is applied, (2) consolidation settlenment occurring
gradual | y as excess pore pressures generated by | oads are dissipated, and
(3) secondary conpression essentially controlled by the conposition and
structure of the soil skeleton.

The settlement of coarse-grained granular soils subjected to foundation
| oads occurs primarily fromthe conpressi on of the soil skeleton due to
rearrangenment of particles. The perneability of coarse-grained soil is
| arge enough to justify the assunption of imedi ate excess pore pressure
di ssi pation upon application of load. Settlenment of coarse-grained soil can
al so be induced by vibratory ground notion due to earthquakes, blasting or
machi nery, or by soaking and submnergence.

3. APPLICABILITY. Settlement estimates discussed in this chapter are
applicable to cases where shear stresses are well bel ow the shear strength
of the soil.

Section 2. ANALYSIS OF STRESS CONDI Tl ONS

1. MECHANI CS OF CONSOLI DATI ON. See Figure 1. Superinposed | oads devel op
pore pressures in conpressible strata exceeding the original hydrostatic
pressures. As pore pressure gradients force water froma conpressible
stratum its volune decreases, causing settlenent.

2. INITIAL STRESSES. See Figure 2 for profiles of vertical stress in a
conpressi bl e stratum prior to construction. For equilibriumconditions
with no excess hydrostatic pressures, conmpute vertical effective stress as
shown in Case 1, Figure 2.
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COMPUTATION OF SETTLEMENT

AW = SETTLEMENT FROM CONSOLIDATION

Ae = DECREASE IN VOID RATIO CORRESPONDING TO A
STRESS INCREASE FROM Pp TO (P + AP} AT THE
MIT -HEIGHT OF THE LAYER Hy.

IF Ae 1S DETERMINED DIRECTLY ON THE (8-LOGP)
CURVE FROM LABORATORY CONSOLIDATION
TEST, AH IS OOMPUTED AS FOLLOWS:

Ae
|_+A§ %T Ah= Tt

IF COMPRESSION INDEX Cq IS INTERPRETED FROM
A SERIES OF SEMILOGARITHMIC {8-P) CURVES
OF CONSOLIDATION TESTS, AM IS COMPUTED
A5 FOLLOWS:

AH = %TL (LOG 29—— )

AH MAY BE COMPUTED FROM Qy THE SLOPE OF

ARITHMETIC (& -P) CURVES, IN THE RANGE

COMPUTATION OF TIME RATE OF CONSOLIDATION

U = AVERAGE PERCENT OF CONSOLIDATION COMPLETED AT
ANY TIME t AND DEPENDS ON THE DEGREE OF
DISSIPATION CF THE INITIAL HYDROSTATIC EXCESS
PORE WATER PRESSURES yg.

U AT ANY TIME IS MEASURED BY THE DIVISION OF THE AREA
UNDER THE INITIAL EXCESS PRESSURE DIAGRAM
BETWEEN EFFECTIVE STRESS AND PORE PRESSURE:

= Ag _ _Ag
up Hy Ag+Ay

THIS RELATIONSHIP IS EVALUATED BY THE THEORY OF

CONSOLIDATION AND IS EXPRESSED BY THE TIME FACTOR

Ty - TO DETERMINE U AS A FUNCTION OF TIME FACTOR,

UgE CURVES OF FIGURE 9.

Ty =
¥ TH

H = LENGTH OF LONGEST VERTICAL PATH FOR DRAINAGE
OF PORE WATER. FOR DRAINAGE TO PERVIOUS LAYERS

FROM {Pg) TO (Py + AP : AT TOP AND BOTTOM OF COMPRESS|BLE STRATUM,
ay AP Hy . 0435 H=His2,
AH= | +9g ay Py + AP/2
FIGURE 1

Consolidation Settlement Analysis
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STRESS CONDITION DIAGRAM OF VERTICAL STRESSES DESCRIPTION
) _~GROUND SURRCE
-y — —— WL TOTAL STRESS UgS COMPUTEQ USING TOTAL
SIMPLE OVERBURDEN PRESSURE 7 L m UNIT WEIGHT Yy BOTH ABOVE AND BELOW
Z 2, TOTAL STRESS 77 THE GW.L. PORE WATER PRESSURE U1 DLETD

/K AWINNET T, ™
]

IVE STRESS £B#SECFCLAY

GW.LEFFECTIVE STRESS T30 - U.

(2)

LOWERING OF GROUND
WATER LEVEL

IMMEDIATELY AFTER LOWERING OF THE
GROUNDWATER TOTAL STRESS IN TOP

SAND LAYER REMAINS PRACTICALLY
UNCHANGED, BUT THE EFFECTIVE STRESSES
INCREASE. SINCE THE WATER ESCAPES
SLOWLY FROM THE CLAY LAYER THE
EFFECTIVE STRESS REQUIRES LONG TIME
TO REACH THE NEW EQUILIBRIUM VALUE.

HYDROSTATIC EXCESS PRESSURE

(3 TOTAL STRESSES ON A CLAY LAYER INCREASED
BY THE ADDITION OF SURCHARGE LOAD.
PARTIAL QONSOLIDATION —;\ -———-a.w.L.}Am£D FAL INITIALLY THIS LOAD IS CARRIED BY PORE
UNDER WEIGHT OF INITIAL 7 N WATER IN THE FORM OF EXCESS PORE PRESSURE.
FILL ) ey AS THE SETTLEMENT PROGRESSES IN THE
% Ny N\ CLAY LAYER, THE EFFECTIVE STRESS
L AN INCREASES T CORRESPOND TO THE STRESS
i EFFECTIVE STRESS FRUM SURCHARGE LOAD.
4 3
= RISE OF GROUND WATER LEVEL DECREASES
gg RISE OF GROUND i ;\ \_RASED L EFFECTIVE PRESSURE OF OVERBURDEN EFFEC-
32 WATER LEVEL 7/ \ ~ <% TIVE STRESS LINE MOVES TC LEFT. THEN PRE -
8 / - CONSLIDATION STRESS EQUALS ORIGINAL
§ / ) "E&"{I-'WION STRESS EFFECTIVE STRESS OVERBURDEN. TOTAL
LT STRESS PRACTICALLY UNCHANGED.
r =L EFFECTIVE STRESS

FIGURE 2

Profiles of Vertical Stresses Before Construction
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PRECONSOLIDATED CONDITIONS

STRESS CONDITION DIAGRAM OF VERTICAL STRESSES OESCRIPTION

(5)

EXCAVATION OF CVERBURDEN MATERIAL
EXCAVATION UNLOADS CLAY LAYER. EFFECTIVE STRESS

LINE MOVES TO THE LEFT. THEN PRECONSOL-
IDATION STRESS EQUALS ORIGINAL EFFECTIVE
STRESS OF OVERBURDEN.

{6

PRECONSOLIDATION FROM
LOADING IN THE PAST

PRECONSOLIDATION FROM PAST LOADINGS
GREATER THAN THE EXISTING OVERBURDEN
MAY HAVE BEEN CAUSED BY WEIGHT OF
GLACIAL ICE ,EROSION OF FORMER QVER -
BURDEN, LOWER GROUND WATER LEVEL PLUS
DESSICATION, DR REMOVAL OF FORMER

STRUCTURES.

M
ARTESIAN PRESSURE

D 2NN 2R

SAND STRATUM BELOW THE CLAY MAY BE
SUBJECT TO ARTESIAN HYDRAULIC
PRESSURES THAT DECREASE EFFECTIVE
STRESS AT BASE OF CLAY, TOTAL STRESS
REMAINS UNCHANGED.

FIGURE 2 (continued)
Profiles of Vertical Stresses Before Comstruction




a. Preconsolidation. Stresses exceeding the present effective vertica
pressure of overburden produce preconsolidation (1) by the wei ght of
materi al that existed above the present ground surface and that has been
renoved by erosion, excavation, or recession of glaciers, (2) by capillary
stresses from desiccation, and (3) by lower groundwater |evels at sone tine
in the past.

b. Underconsolidation. Conpressible strata may be inconpletely
consol i dated under existing |oads as a result of recent |owering of
groundwat er or recent addition of fills or structural |oads. Residua
hydrostatic excess pore pressure existing in the conpressible stratumwil|
di ssipate with tine, causing settlenents.

c. Evaluation of Existing Conditions. Deternine consolidation
condition at start of construction by the follow ng steps:

(1) Review the data available on site history and geol ogy to
estimte probabl e preconsolidation or underconsolidation

(2) Compare profile of preconsolidation stress determ ned from
| aboratory consolidation tests (Chapter 3) with the profile of effective
over - burden pressures.

(3) Estimate preconsolidation fromc/P+c, ratio, where c is the
cohesion (g+u/2,) and P+c, is the preconsolidation stress, using |aboratory
data from unconfined conpression test and Atterberg linits (see Chapter 3).

(4) If underconsolidation is indicated, install piezonmeters to
nmeasure the magni tude of hydrostatic excess pore water pressures.

d. Conputation of Added Stresses. Use the elastic solutions (Chapter
4) to determne the vertical stress increment fromapplied | oads. On
vertical lines beneath selected points in the | oaded area, plot profiles
of estimated preconsolidation and effective overburden stress plus the
i ncrenent of applied stress. See Figure 3 for typical profiles. Lowering
of groundwater during construction or regional drawdown increases
ef fective stress at the boundaries of the conpressible stratum and
initiates consolidation. Stress applied by drawdown equal s the reduction
i n buoyancy of overburden corresponding to decrease in boundary water
pressure. |n developed |ocations, settlenent of surrounding areas from
drawdown nust be carefully eval uated before undertaking dewatering or wel

punpi ng.

Section 3. | NSTANTANEQUS SETTLEMENT

1. | MVEDI ATE SETTLEMENT OF FI NE- GRAI NED SO LS. Generally, the

i nst ant aneous settlenment results fromelastic conpression of clayey soil
For foundations on unsaturated clay or highly overconsolidated clay, the
el astic settlement constitutes a significant portion of the tota

settl enent.
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TO P, RESULTING SETTLEMENT 1§ 7 | BELOW P,
RECOMPRESSION AND TAKES PLACE é = . Mo
COMPARATIVELY RAPIDLY. IALLIE OF i . }H
e oF c¢ © m::::" g %
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FROM P, TO Pz EXPANSION TAXESPLICE | 71 \ 5 .
ALONG REBOUND SLOPE OF & 3 f AU B % (4)LAMGE STRESS INCREASE
CURVE COMPARATIVELY RAPIDLY. 7 iy 2 l | pELOW P,
A >
IR . L
{4) STRUCTURE LDAD APPLIED, o E OF Ce M’o‘“"s q’fl!oLJmPo)
STRESS IS NCREASED FROM 10 | 8 o
Py, RECOMPRESSION WILL OCCUR ] \
FROM P2 TO Pe. AND VIRGINCOMPRESSION| /] "
FROMPC TO Py PyISASTRESS N- A [ D
CREASE ABOVE PRENSCLIATON By 55| 7% | {4)LARGE. STRESS NCREASE TO
A STRESS INCREASE BELOW -| %4 R OR ABOVE P
IOATION. Yor- "
(5) WATER LEVEL ALLOWED TO RISE * VALUE OF Cr— HINFQ A"’om't’c'(r'o)é"';&)
BACK TO TS ORVINAL LEVEL. "
t-iocpomve/] )| B oy 9 R
THIS CAUSES SOME UPLIFT ON :
STRUCTURE REDUCING THE LOAD TO Py, e

EFFECTIVE PRESSURE AT MIDHEGHT OF LAYER {LOG SCALE}

FIGURE 3
Computation of Total Settlement for Various Loading Conditions




| mredi ate settlenent [delta]+v, is estimated as:

+ ’
* 1-[gamm] +2, =
[delta]+v, =g B * >)))3)30)))*
* E+U , *
g is applied uniformpressure; Bis width of |oaded area; | is conbined

shape and rigidity factor; [ganma] is Poisson's ratio - ranges between 0.3
and 0.5, the higher value being for saturated soil with no vol ume change
during | oading; and E+u, is undrained nodul us obtained froml aboratory or
field (pressurenmeter) tests. Table 1 (Reference 1, Stresses and Deflections
in Foundations and Pavenents, by Departnent of Civil Engineering, University
of California, Berkeley) provides values of |I. Enpirical relationship
derived fromfield measurement may be used to determ ne E+u, when actua

test values are not avail able; see Table 2 (adapted from Reference 2, An
Engi neeri ng Manual For Settl ement Studies, by Duncan and Buchi gnani).
Enmpirical correlations for estimation of OCR (Over Consolidation Ratio) are
presented in Chapter 3.

If the factor of safety against bearing failure (see DM 7.2, Chapter 4)
is less than about 3, then the i mediate settlenent [delta]+v, is nodified
as follows:

[delta] +c, = [del ta] +v/ SR,

[delta] +c, = i medi ate settlement corrected to all ow
for partial yield condition

SR Settl ement Ratio

Determine SR fromFigure 4 (Reference 3, Initial Settlenent of Structures
on Clay, by D Appolonia, et al.). See Figure 5 for an exanple.

2. SETTLEMENT OF COARSE- GRAINED SO LS. This inmmediate settlenment is a
function of the width and depth of footing, elevation of the water table,
and the nodul us of vertical subgrade reaction (K+VlI,) within the depth
affected by the footing. Figure 6 may be used to estimate K+VI, fromthe
soil boring log, and to conmpute anticipated settlenent.

For large footings where soil deformation properties vary significantly
with depth or where the thickness of granular soil is only a fraction of the
wi dth of the | oaded area, the method in Figure 6 may underestimate
settl enent.

3. TOTAL SETTLEMENT I N GRANULAR SO LS. Total settlement is the conbi ned
effect of immediate and long-termsettlements. A usually conservative
estimte of settlement can be nade utilizing the method in Figure 7
(Reference 4, Static Cone to Conpute Static Settlenment Over Sand, by
Schrmertmann). A review of methods dealing with settl enent of sands
utilizing the standard penetration test results can be found in Reference 5,
Equi val ent Linear Mddel for Predicting Settlenents of Sand Bases, by Oweis.
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TABLE 1
Shape and Rigidity Factors | for Calculating Settlenents
of Points on Loaded Areas at the Surface of an Elastic Half-Space

+))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))

* Shape and Rigidity Factor | for Loaded Areas
* on an Elastic Hal f-Space of Infinite Depth

*

/))))))))))))))))))))))0)))))))))0)))))))))0)))))))))))))))0)))))))))))))))l

Ok od X

* * * * *

* Shape and * * * Edge/ M ddl e * *
* Rigidity * Center = Corner = of Long Side = Average *
/))))))))))))))))))))))3)))))))))3)))))))))3)))))))))))))))3)))))))))))))))l
* Circle (flexible) = 1.00 * * 0. * *
* Circle (rigid) * 0.79 * * 0.79 * O 79 *
* Square (flexible) == 1.12 * 0.56 * 0.76 * 0. 95 *
* Square (rigid) * 0. 82 * 0.82 * 0.82 * 0.82 *
* Rect angl e: * * * * *
* (flexible) * * * * *
* | engt h/ wi dt h * * * * *
* 2 * 1.53 * 0.76 * 1.12 * 1.30 *
* 5 * 2.10 * 1.05 * 1.68 * 1.82 *
* 10 * 2.56 > 1.28 * 2.10 * 2.24 *
* Rect angl e: * * * * *
* (r|g|d) * * * * *
* | engt h/ wi dt h * * * * *
* 2 *1.12 * 1.12 * 1.12 * 1.12 *
* 5 * 1.6 * 1.6 * 1.6 * 1.6 *
* 10 * 2.0 * 2.0 * 2.0 * 2.0 *
=22222333333333333333112131111111121313111111132131313131111111111I3231313131311I1III))))-
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TABLE 1 (continued)

Shape and Rigidity Factors I for Calculating Settlements
of Points on Loaded Areas at the Surface of an Elastic Half-Space

Shape and Rigidity Factor
on an Elastic Half-Space of Limited Depth Over a Rigid Base

I

for Loaded Areas

Center of Corner of Flexible Rectangular Area
Rigid Circular

Area
H/B Diameter = B (strip)
L/B=1|L/B=2|L/B=5 |L/B=10|L/B =»

for v = 0.50
0 0.00 0.00 0.00 0.00 0.00 0.00
0.5 0.14 0.05 0.04 0.04 0.04 0.04
1.0 0.35 0.15 0.12 0.10 0.10 0.10
1.5 0.48 0,23 0.22 0.18 0.18 0.18
2.0 0.54 0.29 0.29 0.27 0.26 0.26
3.0 0.62 0.36 0,40 0.39 0.38 0.37
5.0 0.69 0.44 0.52 055 0.54 0.52
10.0 0.74 0.48 0.64 0.76 0.77 0.73
for v = 0.33
0 0.00 0.00 0.00 0.00 0.00 0.00
0.5 0.20 0.09 0.08 0.08 0.08 0.08
1.0 0.40 0.19 0.18 0.14 0.16 0.16
1.5 0,51 0.27 0.28 0.25 0.25 0.25
2,0 0.57 0.32 0.34 0.34 0.34 0.34
3.0 0.64 0.38 0.44 0.46 .45 0.45
5.0 0.70 0.46 0.36 0.60 .61 0.61
10,0 0,74 0.49 .66 0.80 0.82 0.81
B
B B
fe—B o
LOCATION
OF INFLUENCE
H POINT
-
7
EINGK)BASE
RECTANGLE + CIRGLE

NOTATION FOR LOADED AREAS, SHOWN IN FLAN VIEW
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TABLE 1! {(continued)
Shape and Rigildity Factors I for Calculating Settlements
of Points on Loaded Areas at the Surface of an Elastic Half-Space

Example:

Compute immediate settlement at center of uniformly loaded area
(flexible) measuring 20' by 20°'.

Calculate as the sum of the
inflwence values at the

© 10 corners of four equal-sided
rectargles.
10
, . i-ye
y 20 8,7q8 & ¢
10 a4 KSF,B:I0"
¥ =05, Eu:20KSF

20 H/B=1, L/B=1 12045
i 1-0.88
e 8-4x|ox[20:|xms
4 * 4Ks = 0.225'
. E,20KSF
o w05

RIGID BASE
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TABLE 2
Rel ati onshi p Bet ween Undrai ned Mbdul us and Overconsolidation Ratio

+)))))))g%%f??)))))0)))))))))))))))))))))))))))))))))))),

Eu/ c
/3335313131313131133311311313131013131113113113)000)0)0))))))1
* * P| <30 * 30<PI <50 * PI>50 *
> /333)133131131333131)1)13)13)I03X)I)I)I))I)))1
* <3 * 600 * 300 * 125 *
* 3 - 5 * 400 * 200 * 75 *
* >5 * 150 * 75 * 50 *

-223333333333333333233333333332331313333133131313132)33I33131))))-

[*] OCR = Overconsolidation ratio

¢ = Undrained shear strength

PI Pl asti c i ndex
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APPLIED STRESS RATIO, 9/ .
qr applied stress H= thicknass of elastic loyer

Guit= uitimate bearing capacity B= width of foundation
f = initial shear stress ratio (see FIGURE 4b)
FIGURE 4a

Relationship Between Settlement Ratio and Applied Stress Ratio
for Strip Foundation on Homogeneocus Isotropic Layer
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o
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OVERCONSOLIDATION

RATIO

Relationship Between Initial Shear Stress and Overconsolidation Ratio

FIGURE 4b
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+)%§)))?))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))),
anpl e:

G ven LL = 58% Pl = 25% c = 1 KSF
Moderately consolidated clay, OCR <3
Depth to rigid layer (H = 10.5 ft
[gamm] = 0.5
Rigid strip footing, width =7 ft g+appl , = 2.5 KSF g+ult, = 6 KSF
Find i medi ate settl ement.
(1-[ganme] +2,)
[delta]+v, = dB >>13)333333))))
E+u,
| = 2.0 (Table 1) assume | ength/w dth [approxi mately] 10
From Table 2, E+u,/c = 600
E+u, = 600 x 1 = 600 KSF

2.5 x 7 x (1-0.5.2-) x 2.0
))))))))))))ggg))))))))))) x 12 = 0.52 inches

[del ta] +v,
Find factor of safety against bearing failure.
F+S, =

Y = 2.4, 2.4 <3.0

N O
U1\ O

Correct for yield.
f = 0.7 (Figure 4b)
g+appl ,/g+ult, = 0.42, HB = 1.5
SR = 0.60 (Figure 4a)

Corrected value of initial settlement

R o R X b b R b R R b X o b X ok R % b R X R b X kR % X ok X X ok F X % %
bk o R X b b R b Rk b b X o b X ok R X b R X X ok b X kR % X ok b X X ok F X % %

0.52
[delta]l +c, = D)D) = 0.87 inches
0. 60
-2222333333333333313333333313311313311333131333131333131331133311333113331111I1I11I1I)))D)-

FI GURE 5
Exanpl e of I mediate Settl ement Conputations in Clay
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CLAY |VERY|SOFT |MEDIUM STIFF VERY STIFF
SOF T STIFF
%0 T .y T
i 2 3
UNCONFINED COMPRESSIVE STRENGTH qu . TSF
300 /
- g
M
T 200 -
P Kuw- FOR COARSE-GRAINED SOILS /
e
= B a
_ X,, FOR FINE—
= GRAINED SOILS
100 7
RELATIVE DENSITY D,, PERCENT
ol® 20 40 X é0 , oD 00|
sanp  very LoosE | LoosE | MEDIUM DENSE I DENSE I very oENsE

DEFNITIONS

AH= MMEDIATE SETTLEMENT OF FOOTING

qa = FOOTMNG UNIT LOAD IN tef

B *= FOOTING WIDTH

D = DEPTH OF FOOTING BELOW GROUND
SURFACE

Ky © MODULUS OF VERTICAL SUBGRADE
REACTION

NOTES: 1.

COARSE-GRAINED SOWLS

{MODULUS OF ELASTICITY INCREASING
LINEARLY WITH DEPTH)

SHALLOW FOOTINGS O & B

FOR B % 20FT!

i
FOR B & 40FT:

2 [
AHi =g, AR

INTERPOLATE FOR INTERMEDIAYE
VALUES OF B8

DEEF FOUNDATION D ¥ 58
FOR B ¥ 20FT:

2 q B
an gt

NONPLASTIC SILT IS ANALYZED AS COARSE-GRAINED SOIL WITH MOOULUS OF

ELASTICITY INCREASING LINEARLY WiTH DEPTH.

2. VALUES OF K, SHOWN FOR COARSE-GRAINED SOILS APPLY TO DRY OR mOIST MATERIAL
WITH THE GROUNDWATER LEVEL AT A DEPTH OF AT LEAST 1.5B BELOW BASE OF FOOTING.
F GROUNDWATER IS AT BASE OF FOOTING, USE K,,/2 IN COMPUTING SETTLEMENT

3. FOR CONTINUOUS FOOTINGS MULTIPLY THE SETTLEMENT COMPUTED FORWIDTH B By 2.

FIGURE &
Instantaneous Settlement of Isoclated Footings on Coarse-Grained Soils
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~DATA_ REQUI RED' -
*1. A profile of standard penetration resistance N (blows/ft) versus depth, *
* fromthe proposed foundation level to a depth of 2B, or to boundary of

* an inconpressible |ayer, whichever occurs first. Value of soil nodul us
> E+s, is established using the follow ng rel ati onshi ps.

* Soi |l Type E+s,/ N

* Silts, sands silts, slightly cohesive

* silt-sand m xtures 4

* Clean, fine to ned, sands & slightly

* silty sands 7

* Coarse sands & sands with little gravel 10

* Sandy gravels and gravel 12

*2. Least width of foundation = B, depth of enbednment = D, and

* proposedaver age contact pressure = P

*3. Approxi mate unit weights of surcharge soils, and position of water

* table if within D.

*4. |If the static cone bearing value g+c, neasured conpute E+s, based on

*

*

*ANALYSI S PROCEDURE

E+s, = 2 g+c,.

*

*Refer to table in exanple problemfor colum nunbers referred to by
*par ent hesi s:

L S ]

Di vi de the subsurface soil profile into a conveni ent nunmber of |ayers
of any thickness, each with constant N over the depth interval 0 to 2B
bel ow t he foundation

Prepare a table as illustrated in the exanple problem using the
i ndi cated col unm headings. Fill in colums 1, 2, 3 and 4 with the
| ayering assigned in Step 1.

Multiply N values in colum 3 by the appropriate factor E+s,/N (col. 4)
to obtain values of E+s,; place values in colum 5.

R % kR R X b b R X ok R R R X o b X kR kX ok b X X b b X % ok X % F % X

Draw an assumed 2B-0.6 triangular distribution for the strain influencex*
factor 1+z,, along a scaled depth of 0 to 2B bel ow t he foundati on. >
Locate the depth of the md-height of each of the |ayers assunmed in *
Step 2, and place in colum 6. Fromthis construction, determne the =
| +z, value at the m d-height of each layer, and place in colum 7. >

=233333333333333333333333333313331333333331313133333313131313333133131313113333313111)1I)))-

FI GURE 7
Settl ement of Footings Over Granul ar Soils: Exanple Conputation
Usi ng Schrertmann's Met hod
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5., Calculate (I, /Eg) AZ, and place in column 8. Determine the sum of
all values in ceolumn 8,

2B
6. Total settlement = AH = C1CAp % (IEzs YAZ,

where C; = 1 = 0.5 (pg/Ap); C|go,5 embedment correction factor

It

Co 1 + 0.2 log (10c) creep correction factor
Po = overburden pressure at foundation level

AP = net foundation pressure -increase

t = elaspsed time Iin vears.

EXAMPLE PROBLEM:
GIVEN THE FOLLOWING SOiL SYSTEM AND CORRESPONDING STANDARD PENETRATION

TEST (SPT)DATA , DETERMINE THE AMOUNT OF ULTIMATE SETTLEMENT UNDER
A GIVEN FOOTING AND FOOTING LOAD:

2:5.0 |Ds2.0

[
—-
e [O :
: Lo—- Jo— =
=
3 O] / 25 -
e [ e °
® ‘l!/./ ASSUMED  »
A 29-0-8 8
STRESS
§ ® / 20 DISTRISUTION
0
H % 2¢
':_ Ll T T T Y T
01 02 03 04 085 06 32
Q W STRAIN WFLUENCE FACTOR, I,
‘ ——
-
18 —% %

STANDARD - PENETRATION TEST VALUE (N)

FIGURE 7 {continued)
Settlement of Footings Over Granular Soils:
Example Computation Using Schmertmann's Method
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Footing Details:

Footing width: 6.0 ft. (min.) by 8.0 ft. (max.)
Depth of Embedment: 2.0 ft. Load (Dead + Live): 120 tons

Scil Properties:

Depth Below Depth Below Base Unit Wt. {pcf)
Surface (ft.) of Footing (ft.) Moist Sat. Soil Description
0 -5 <5 95 105 Fine sandy silt
5-10 3-8 105 120 Fine to medium sand
10 - 17 8 - 15 120 130 Coarse sand
Solutiont
Layer Az N Eg 2o I, | I, A=z
(inJ) Eg/N (tsf) {(in.) T (in./tsf)}
(1) (2) (3) (4) (5) (62 (7 8 (8l
1 24 10 4 40 12 .20 0.120
2 24 16 4 64 36 .60 0.225
3 12 25 4 100 54 .50 0.060
4 12 25 7 175 66 43 0.029
5 24 12 7 84 84 .33 0.094
3] 24 20 7 140 108 .20 0.034
7 24 26 10 260 132 07 0.006
> = 0.568
Po (2.0 ££)(95 pef) = 190 psf = 0,095 tsf

AP 120 tons/(6 ft.)(8 ft.) = 2,50 tsf
At t = 1 yr,
¢; =1 - 0.5(.095/2.50) = 0.981
Cop = 1+ 0.2 log (10)(1) = 1,20

AR = (0.981)(1.20)(2,50)(0,568) = 1,67 in.

FIGURE 7 (continued)
Settlement of Footings Over Granular Soils:
Example Computation Using Schmertmann's Method
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Section 4. PRI MARY AND SECONDARY SETTLEMENTS
1. PRI MARY CONSOLI DATI ON

a. Consolidation Settlenent. For conditions where excess pore
pressures are devel oped during the application of |load and if
preconsolidation stress is determned reliably, total settlenent can be
predicted with reasonabl e accuracy. The percentage error is greatest for
settlenent fromreconpression only. In this case an overestinmate may result
unl ess high quality undisturbed sanples are used for consolidation tests.

(1) Typical Loading Cycle. See Figure 3 for |oading sequence in
buil di ng construction. Foundation excavati on can cause swell and heave.
Application of a structural |oad reconpresses subsoil and may extend
consolidation into the virgin conpression range. Stress changes are plotted
on a senilogarithm c pressure-void ratio e-log p curve sinmlar to that shown
in Figure 3.

(2) Pressure-Void Ratio Diagram Deternine the appropriate e-log p
curve to represent average properties of conpressible stratum from
consolidation tests. The e-log p curve may be interpreted from straight
line virgin conpression and reconpression slopes intersecting at the
preconsolidation stress. Draw e-log p curve to conformto these straight
lines as shown in Figure 3.

(3) Magnitude of Consolidation Settlenment. Conmpute settlenent
magni tude from change in void ratio corresponding to change in stress from
initial to final conditions, obtained fromthe e-log p curve (Figure 3). To
i mprove the accuracy of conputations divide the clay |ayer into a nunber of
subl ayers for conputing settlenent. Changes in conpressibility of the
stratum and existing and applied stresses can be dealt with nore accurately
by consi dering each subl ayer independently and then finding their conbined
effect.

(4) Prelimnary estimtes of C+c, can be made using the correl ations
in Table 3.

b. Corrections to Magni tude of Consolidation Settlenments. Settlenents
conputed for overconsolidated clays by the above procedures may give an
overestimate of the settlement. Correct consolidation settlenment estimte
as follows:

H+c, =[al pha] ([ WDELTA]H) +oc,

H+c, = corrected consolidation settl ement

[ al pha] function of overconsolidation ratio (OCR)

and the width of |oaded area and thickness of
conpressi ble stratum (See Figure 8 for val ues and
Ref erence 6, Estimating Consolidation Settlenents
of Shall ow Foundation on Overconsolidated C ay, by

Leonards.)
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TABLE 3
Esti mates of Coefficient of Consolidation (C+c,)

233333333333333333333333333333333331313133331331313133333131313131313333131313113333131)))

+
> C+c, = 0.009 (LL - 109 inorganic soils, with sensitivity less than 4 =
> C+c, = 0.0115 w+n, organic soils, peat >
> C+c, = 1.15 (e+o, - 0.35) all clays >
* C+c, = (1 + e+0,)(0.1 + [w+n, - 25] 0.006) varved cl ays *

*w+n, i s natural noisture content, LL is water content at liquid Ilinit and
*e+0, is initial void ratio.
S00000000000000000000000000000000000000000000000000DDD0DDDDDD DD D I
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OVERCONSOLIDATION RATIO, Pc /Po
2 4 [ [ 0 iz 14 1. T

N

x i
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= —_ ~h“1-

5 0.4 -
b3 111}

o

- 02§

S clay stratum |®

(/2]

. nncomms@&z"

FIGURE B8
Relation Between Settlement Ratio and Overconsclidation Ratio
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OCR

preconsol i dati on pressure/overburden pressure
(P+c,/ P+o,) (See Chapter 3.)

([ W DELTA] H) +oc,

cal cul ated settlenent resulting fromstress increnent
of P+o, to P+c, by procedures outlined in Figure 3,
Section 2.

2. TIME RATE OF PRI MARY CONSCLI DATI ON

a. Application. Settlement tine rate nust be determi ned for foundation
treatnment involving either acceleration of consolidation or preconsolidation
bef ore construction of structure. Know edge of settlenment rate or percent
consolidation conpleted at a particular time is inportant in planning
renmedi al nmeasures on a structure damaged by settlement.

b. Tinme Rate of Consolidation. Where pore water drainage is
essentially vertical, the ordinary one di nensional theory of consolidation
defines the time rate of settlement. Using the coefficient of consolidation
c+v,, compute percent consolidation conpleted at specific el apsed tinmes by
the tine factor T+v, curves of Figure 9 (upper panel, Reference 7, Soils and
Geol ogy, Procedures for Foundation Design of Buildings and Other Structures
(Except Hydraulic Structures), by the Departnents of the Arnmy and Air
Force). For vertical sand drains use Figure 10 (upper panel, Reference 7).
For prelimnary estimtes, the enpirical correlation for c+v, in Chapter 3
may be used.

(1) Effect of Pressure Distribution. Rate of consolidation is
i nfluenced by the distribution of the pressures which occur throughout the
depth of the conpressible |ayer. For cases where the pressures are uniform
or vary linearly with depth, use Figure 9 which includes the nost common
pressure distribution. The nonograph in Figure 11 may be used for this
case.

For nonlinear pressure distribution, use Reference 8, Soi
Mechanics in Engineering Practice, by Terzaghi and Peck, to obtain the tinme
factor.

(2) Accuracy of Prediction. Frequently the predicted settlenent
time is longer than that observed in the field for the foll ow ng reasons:

(a) Theoretical conditions assuned for the consolidation
anal ysis frequently do not hold in situ because of internmediate |latera
dr ai nage, anisotropy in pernmeability, time dependency of real |oading, and
the variation of soil properties with effective stress. Two or three
di mensi onal | oading increases the tine rate of consolidation. Figure 12
(after Reference 9, Stress Deformation and Strength Characteristics, by Ladd
et al.) gives exanples of how the width of the | oaded area and anistropy in
permeability can affect the consolidation rate substantially. As the ratio
of the thickness of the conpressible layer to the width of the | oaded area
i ncreases, the theory tends to overestinmate the time factor. For deposits
such as sonme horizontal varved clays where continuous seans of high
permeability are present, consolidation can be expected to be considerably
faster than settlenment rates conputed based on the assunption of no latera
dr ai nage.

(b) The coefficient of consolidation, as determined in the
| aboratory, decreases with sanple disturbance. Predicted settlenment tine
tends to be greater than actual tinme (see Chapter 3).
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TONSOLIDATION WITH VERTICAL DRAINAGE
-
--..._""':_::_‘ TN INSTANTANEOUS  LOADING
- y S
5 o
=~ Nn,l.‘\ 2,
X TWO-WAY DRAINAGE \.\ Ny o
2 (ALL VALLES @) — \\\\
" &0 No N\
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s & N
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¥ )
\ E-WAY DRAINAGE
. |
g ®©
4
“ oo
0.l 0.0i 0.10 1.00 0
TIME FACTOR, Ty
e ﬁﬁfﬁﬁﬁl? Ui
| H -
u,xu‘” j SRR (TR TV 4 YL
M Uz
ONE WAY DRAINAGE TWO WAY DRAINAGE DISTRIBUTION OF INITIAL
PORE PRESSURE
(D INSTANTANEOUS LOADING, VERTICAL DRAINAGE ONLY
UNIFORM APPLIED LDAD Ap=C8TSF
l l l 1 l l 1 FROM LABORATORY TESTS ON THE CLAY STRATUM:
i - 05100 Cet02  Cy=003FTZ/DAY  (q:0.00
; 1" LOAD INCREMENT, Ap QB TSF {VIRGIN COMPRESSION)
7 (1) FOR K00% PRIMARY LIDATION
/7 et o MG o (RLOR). ZOSKOZ) 5 3s)- 635
148 o 2,00 L
(CLAYIQTBTSE) OBVSE ) | [_
7 Ap ¢ {2) SECONDARY coumrs?m FOR | CYCLE OF TIME:
Hz ; .
z R P Agec= Caty LOG hf'i-) 001 (12}(8)LOG10) =192 N,

A

tey [TyzTIME FCTOR POR VERTICAL DRAINAGE .
"& t = TIME FOLLOWING LOADING .

{3) TIME - CONSOLIDATION RELATIONSHIP: Ty =
03) 52030 Ty DAYS
TV s'"g..?l

USE UPPER PANEL FOR Ty v8 U. PLOT SETTLEMENT v8 TIME -SEE CURVE(D) IN FIGURE 10 {LOWER PANEL }

FIGURE 9
Time Rate of Consolidation for Vertical Drainage
Due to Instantaneous Loading

7.1-227




0
e CONSOLIDATION WITH RADIAL ORAINAGE TO
—- [ T - SAND DRAINS
] ~ *n,.\\\.\\..
= ™ N, ety NOTATIONS
& 20 -~
3 N
& \
(=
I N
B o
s
K
W
3 \"H \\\
Y g0 P Tl B
Z ooo 0.0t ol 1.00 0o
TIME FACTOR, Ty
il (3) INSTANTANEOUS LOADING WITH SAND DRAINS
[ \\] ANALYZE SAND DRAINS FOR ACCELERATION OF CONSOLIDATION.
\ DRAINS IN TRIANGULAR ARRAY SPACING, S:10’ dg®i0L%', WELL DIAMETER, dy ="
/ T\ HORIZONTAL COEFFICIENT OF CONSOLIDATION, T *0.06FTZ/DAY
¢
i Tar B tsimaoTy nedL 005
\ R (de)e LB

SAND DRAIN USE CURVE IN GRAPH ABOVE FOR =7 TO OBTAIN Tx vé Ug. PLOT {t va Ug) AS
CURVE (Z) . BELOW COMBINED EFFECT OF VERTICAL AND RADIAL DRAINAGE :

e 2 100 - uoo-ggii(aoo—l],j]. PLOT (tvs Og) AS cUrvE(E) BELOW.
|

o — I Hl'rmz SETTLEMENT CURVES °
v [ -
I~ ]
"'t;: /-—GURVEG) o 2
2 b INSTANTANEOUS & uepTiCAL DRAINAGE ONLY—
l N /\ LOADING u:mu 1w
wn FIGURE 9
W MW@,R&D{AL—/H \ \\ [
¥ DRAINAGE TO SAND DRAIN. N N
o oe— Ly NN 3%
x | cuRvE(S),COMBINED RADIAL \Y N .
¥ | AND VERTICAL ORAINAGE - N AH2633 . FOR 100% 0 5
2 N PRIMARY ]
t o “» \ l ;
Wog Mh - CONSOLIDATION ¥
M \“" +!— -4 K0 g
S » AN
\ + at oeC:
.\4 oy, 192
\ \\ ~
0 00 1000 10000
TIME SINCE START OF CONSTRUCTION, DAYS
FIGURE 10 )
Vertical Sand Drains and Settlement Time Rate
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AVERAGE EXCESS PORE WATER AVERAGE DEGREE OF CONSOLIDATION [
PRESSURE RATIO AL PERCENT ——y U, PERCENT 94
‘o %10 8
100- L SUPPORT LINE 5 :q
8%8% DIRECTIONS %
0704 TO DETERMINE THE AVERAGE DEGREEOF [
060-] 1 CONSOLIATION AT A GIVEN TWE #°TER 4
050-] ) INSTANTANEOLS, LOADING
] THICKNESS OF COMPRESSIBLE STRATUM, | PASS A STRAGHT LNEBETWEEN  ° ]
» 040 FEET, ONE WAY DRAINAGE THE COEFFICIENT OF CONSOLIDATION
§ 1 w0l o Cy (POINT 1) AND THE THCKNESS OF .|
“
g 0303 1 COMPRESSIBLE STRATUM HAVING ONE-
Lo i WAY DRAINAGE (POINT 2) TO ESTAB-
S on ] %0 LISH POINT 3 ON THE SUPPORT LINE ===t
2 0207 40 ®_FROA THE GIVEN ELAPSED TIME
2 30 AFTER LOADING (PONT 4)PASSA 1
£ ] STRANGHT LINE THROUGH POINT 3 TO
3 1 ) OBTAIN POINT 5. THE DESIRED VALUE
2 010 ® OF THE AVERAGE DEGREE OF CON-
g 094 SOLIDATION (OR AVERAGE EXCESS
y 0087 0 PORE WATER PRESSURE RATIO) IN
S 007 PERCENT.
E 006 3. PROCEED IN A SIMILAR MANNER USING
Y 005 5 KNOWN DATA TO ESTABLISH UNKNOWN
E o] 4 VALUES REVISING SEQUENCE OF
w o] s OPERATIONS AS REQUIRED,
© o084
i 2
002 3 NOTES:
] 2F80 | NOMOGRAPH APPLIES TO ONE-WAY DOUBLE DRAINAGE WHERE INITIAL
. DRAINAGE OF A STRATUM. DISTRIBUTION OF EXCESS PORE WATER
] 2. IF COMPRESSIBLE STRATUM HAS TWO- PRESSURE IS LINEAR WITH DEPTH,OR
001 WAY DRANAGE USE ONE-HALF OF FOR CASES OF SINGLE DRAINAGE WHERE

51 g5 STRATUM THICKNESS.
3. NOMOGRAPH APPLIES TO CASES OF

8

L LA A
DAYS

& 8

EXCESS PORE WATER PRESSURE 15
CONSTANT WITH DEPTH.

FIGIRE 11

Homograph for Consclidation With Vertical Drainage
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PERCENT CONSOLIDATION AT CENTERLINE,
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TIME FACTOR T,

4 0
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Find time needed for 507 consolidation,

¢y = 0,03 ftzlday

H/B=2.5

ky/k,=5

Hy=16 ft., drainage at top and botton

Drainage distance,H=8 ft,

T, = 0,02

tsy (for Lsotropic permeability) = 9;92h§_§3 = 42,67 days
0.03

Corrected tsg for anisetropy.

tSO (aniso)/t50 (150)=0.65

Therefore, tog {aniso)=0,05 x 42,67=21,7 days

PIGURE 1?2
Effect of Drainage Conditions on Time Rate of Consolidatien




(3) Gradual Load Application. |If construction tine is appreciable
conpared to time required for primary consolidation, use the time factors of
Figure 13 (Reference 10, Consolidation Under Tine Dependent Loading, by
O son) to deternine consolidation rate during and follow ng construction

(4) Coefficient of Consolidation FromField Measurenments. \Where
pi ezoneters are installed to neasure pore water pressure under the applied
| oads, c+v, is computed as shown in Figure 14.

c. Time Rate of Multi-Layer Consolidation. |f a conpressible stratum
contains layers of different overall properties, use the procedure of Figure
15 to determine overall settlenment time rate.

3. SECONDARY COWVPRESSI ON

a. Laboratory e-log p Curve. A laboratory e-log p curve includes an
amount of secondary conpression that depends on duration of test |oads.
Secondary conpression continues exponentially with time without definite
term nation. Thus, total or ultimate settlenment includes secondary
conpression to a specific tine followi ng conpletion of primary
consol i dati on.

b. Settlenent Conputation. Conpute settlenent from secondary
conpression followi ng primary consolidation as follows:

t +sec,
H+sec, = C+[alpha]l , (H+t,) log D)D)
t+p,
H+sec, = settlenent from secondary conpression
C+[ al pha] , = coefficient of secondary conpression
expressed by the strain per log cycle of tine
(See Chapter 3)
H+t, = thickness of the conpressible stratum
t+sec, = wuseful life of structure or tine
for which settlenment is significant
t+p, = tine of conpletion of primary consolidation

See exanple in Figure 9 for calculating the secondary settlement.
The paranmeter C can be determ ned from |l aboratory consolidation tests
(Chapter 3); for prelimnary estimtes, the correlations in Figure 16 (after
Ref erence 2) may be used. This relationship is applicable to a wi de range
of soils such as inorganic plastic clays, organic silts, peats, etc.

c. Conbining Secondary and Primary Consolidation. |f secondary
conpression is inmportant, conpute the settlement from primary consolidation
separately, using an e-l1og p curve that includes only conpression from
primary consolidation. For each load increment in the consolidation test,
conpression is plotted versus time (log scale) (see Chapter 3). The
conpression at the end of the primary portion (rather than standard 24
hours) may be used to establish e-log p curve.
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a|| FIND DEGREE OF CONSOLIDATION 15 DAYS AND
E o ™~ JOODAYS AFTER THE START OF CONSTRUCTION.
u 4 ) 0.0:¢C '02. {t) CONSOLIDATION WITH VERTICAL DRAINAGE
ﬁ 0 AN N CONSTRUCTION TIME tg =30 DAYS,
. \ THICKNESS OF COMPRESSIBLE STRATUM: IOFT.
£ % \\\\ X DRAINAGE CONDITION 1 DOUBLE DRAINAGE
= z
i3 w0 % & °'°5,:T=/°‘Yt  laosso)
§ 50 |- NOTE-THE NUMBERS \ T} JERT S
S [N THE CIRCLE ARE FOR:
S 60[-THE CONSTRUGTION o ‘( % \ t - IS0AYS,T = Mz'i’qom,n‘,:?%
% o [ TIME FACTORS 5:%20_ \ o FoR {s)
— “ b = 1I000AYS,T = M=0.2.Dy=47°fo
L ool 9. — (s)2
o g ' \
g wof \
- ltiol I “' | i CONSOLIOATION WITH VERTICAL DRAINAGE .
00 o] 5 10.0 | GRADUAL CONSTRUCTION TIME (Un FOR
' TIME FACTOR, T " |DISTRIBUTION OF INITIAL PORE PRESSURE ).
0 a [2) CONSOLIDATION WITH RADIAL DRAINAGE
0 0 ok Ch = 0.1 FT2/DAY
2 Do z.@% Gy 1OFT; dq=IOFT.
\ : L HT. g L
X Ay (d./Z
40—{n=5] AY ‘\ \‘
L (o0{30) _
: : to- QU o
%)
o (] ‘ ‘ ' Ch f
i i . Li5x0)
: TO:Q i ‘ 1Y 1 =15 04YSTh a2 To/272 0.06,Ug=2%
= | 5 '
x ol k. \ AND t 100 DAYS,Tq : X501 .64 Ty 359
Eda t t \ 1} "R (o/2) Ur=35%
- %0 o \Y
5 JEREEENI \
= 100 ERNEERIN
S
g TR I {3) COMBINED (Dic) VERTICAL AND RADIAL FLOW
g o ' | 5l Oc =100-[00-Ug] [l00-0y] For
& 20 2} -\ t =100 DAYS, D¢ = 100- 100~ 35] f00- 47]6555%
w
g 30 AY 00
] | :]oj , 3 LAY
S 40 . A
& {
g % \
1
wogo
a |_NOTE: NUMBERS IN CIRGLES || *
7O INDICATE VALUES OF To 11T
[~ Ch to Y
80T, : ‘Lz
[ 0" (de/2)
or | CONSOLIDATION WITH RADIAL DRAINAGE
100 ' 1 TO SAND DRAINS.
0.01 0. 0, 120
t
RADIAL TIME FACTOR Tg =
"R {de2)
FIGURE 13

Time Rate of Conscolidation for Gradual Load Application
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PERYVIOUS IMPERYVIOUS
TWO WAY DRAINAGE ONE WAY DRAINAGE

U, =1 —%& (consolidation ratio)}

v, = Excess pore pressure at some time ¢

]

ug, Excess pore pressure at time t = 0 (due to external loading}

FIGURE 14
Coefficient of Consolidation from Field Measurements
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anpl e:

Thi ckness of clay layer H+#t, = 66 ft, Drainage - top & bottom

H=66/2 =33 ft

Depth of piezoneter bel ow top of conpressible layer = 21 ft

Applied external load [WDELTA]p = 1.5 KSF

Initial excess pore water pressure = u+o, = [WDELTA]p = 1.5 KSF

Excess pore pressure after time t+1, = 15 days, u+e,(15) = 20 ft = U+etl,
Excess pore pressure after time t+2, = 100 days, u+e,(100) = 14 ft = U+et2,

Pi ezoneter measure U+o, = 24 feet of water +21 ft (initial static head)
for a total of 45 ft.

zZ 21
) =)) =0.64
H 33

Consolidation ratio at tinme t+1, = 15 days = (u+z,)t+1, =1 - 20/24 = 0.17
Consolidation ratio at tine t+2, = 100 days = (u+2,)t+2, = 1 - 14/24 = 0.47

From above graph T+t1, = 0.11 (point A), T+t2, = 0.29 (point B)

ook b b b b b X X X b b o b b b ko X X X X b b b b b F % % X X
ook b o b bk x X X X b b b b b b k% X X X X b b ok b b F ok % X X

0.29 - 0.11
CH, = D)) X (33).2- = 231 ft .2-/day
100 - 15

-23323333333333333333333333333333333333313313333313333333333333333313313313I)))-
FI GURE 14 (conti nued)

Coefficient of Consolidation fromField Measurenents
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*For a soil systemcontaining n layers with properties C+vi, (coefficient of
*consol i dation) and H+i , (layer thickness), convert the systemto one
*equi val ent layer with equival ent properties, using the followi ng procedure

*

*1. Select any layer i, with properties c+v, = c+vi,, H= H+ ,

x>

*2. Transformthe thickness of every other layer to an equival ent thickness
of a layer possessing the soil properties of layer i, as follows:

+ ’
* c+vi, *1/2
H+1,/75000)0)1

* c+vl, =

H +1,

+ ’
* c+vi, *1/2
H+2,/5000)0)1

* Cc+v2, *

H +2,

+ ’
* c+vi, *1/2
HN L, /D))00))1

* c+vn, *

H +n,

ook ok ok b bk % X X X X ok b %k b %

*3. Calculate the total thickness of the equivalent |ayer
* H+T, = H+2, + H+2, + ... +H + , + ... + H +n,

*4. Treat the systemas a single layer of thickness H +T,, possessing a
* coefficient of consolidation c+v, = c+vi,

*5. Deternmine val ues of percent consolidation (LD at various times (t) for
* total thickness (H +T,) using nonograph in Figure 11
-323333333333333333333333333333333333333133333333331331333131331313131313131333II1I)))-

FooF b o b k% X X X X b o o o b kX X X X b b ok R b ok % X X X X % %

FI GURE 15
Procedure for Determining the Pate of Consolidation
for All Soil Systens Containing "N' |ayers
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EXAMPLE OF COMPUTATION OF RATE OF CONSOLIDATION FOR A MULT!-LAYERED SYSTEM:

LAYERED SYSTEM:

ACTUAL STRATIFICATI

T AT
AT, P NP T NSV

AR o

LAYER A Hy= 14 FT.

LAYER B

EQUIVALENT STRATIFICATION

L e s £t e e R g ne Dng paE et 4
R N RO R A T S b T4 P ST

LAYER A Ph-H:rﬂSJO FT.

R R DM IRL ok

KNOWN APPLICABLE SOIL PROPERTIES :
LAYER A:
cva =0.04 FTZ/pAY
LAYER B:
cvp = 1.20 FT.9 DAY
ASSUME : DOUBLE DRAINAGE
DETERMINATION OF EQUIVALENT LAYER THICKNESS:

. ASSUME AN EQUIVALENT L AYER POSSESSING THE PROPERTIES OF SOIL A,
2 EQUIVALENT THICKNESS HT =HA+Hp e
<
=Ha+Hg (i)

. 094 ,1/2
=14+6 (T35}
= |4 +}.10
H7 =I5I0FT.
3. DETERMINE U FROM FIGURE Il ,eg. AT 1 =0.25 YEARS,USING H= (1510)/2=T 55 FT.
(DRAINAGE PATH ASSUMING DOUBLE DRAINAGE ) AND cva = 0.04 FT2/DAY,U=29.1%

FIGURE 15 {continued)}
Procedure for Determining the Rate of Consolidation
for All Soil Systems Containing "N" Lavers
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COEFFICIENT OF SECONDARY COMPRESSION, C.

o1

Qo

T T =T rTrrs — T rrrrfy
= 3
b— -
- /’
: / —
- / -
i / ]
[ // ]
L b A L L L atl 1 | W |
10 100 1000 3000

NATURAL WATER CONTENT, w, PERCENT

FIGURE 16

Coefficient of Secondary Compression as Related to

Natural Water Content
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4. SANI TARY LANDFI LL. Foundations on sanitary landfills will undergo
extensive settlenments, both total and distortional, which are extrenely
difficult to predict. Settlenments result not only from conpression of the
underlying materials, but also fromthe deconposition of organic matter.
Gases in landfill areas are health and fire hazards. A thorough study

i snecessary when utilizing sanitary landfill areas for foundations. Further
gui dance is given in DM 7.3, Chapter 3.

5. PEAT AND ORGANIC SO LS. Settlenents in these soils are conputed in a
simlar manner as for fine-grained soils. However, the primary
consol i dati on takes place rapidly and the secondary conpressi on continues
for a long period of time and contributes much nore to the total settlenent.

Section 5. TOLERABLE AND DI FFERENTI AL SETTLEMENT

1. APPLICATIONS. For an inportant structure, conpute total settlenent at a
sufficient number of points to establish the overall settlenment pattern.
Fromthis pattern, determ ne the maxi mum scope of the settlenent profile or
the greatest difference in settlenment between adjacent foundation units.

2. APPROXI MATE VALUES. Because of natural variation of soil properties and
uncertainty on the rigidity of structure and thus actual |oads transnitted
to foundation units, enpirical relationships have been suggested to estimate
the differential settlements (or angular distortion) in terns of tota
settlenent (see Reference 11, Structure Soil Interaction, by Institution of
Cvil Engineers). Terzaghi and Peck (Reference 8, page 489) suggested that
for footings on sand, differential settlement is unlikely to exceed 75% of
the total settlement. For clays, differential settlenent may in some cases
approach the total settlenent.

3. TOLERABLE SETTLEMENT

a. Criteria. Differential settlenents and associ ated rotati ons and
tilt may cause structural damage and could inpair the serviceability and
function of a given structure. Under certain conditions, differentia
settlenents could underm ne the stability of the structure and cause
structural failure. Table 4 (Reference 12, Allowable Settlenments of
Structures, by Bjerrum provides sone guidelines to evaluate the effect of
settlenent on nost structures. Table 5 provides guidelines for tanks and
other facilities.

b. Reduction of Differential Settlenent Effects. For methods of
reduci ng or accel erating consolidation settlenments, see Section 6.
Settlement that can be conpleted during the early stages of construction,
bef ore placing sensitive finishes, generally will not contribute to
structural distress. In buildings with |ight frames where | arge
differential settlements nmay not harmthe frame, make special provisions to
avoid damage to utilities or operating equipment. |Isolate sensitive
equi pment, such as notor-generator sets within the structure, on separate
rigidly supported foundations. Provide flexible couplings for utility lines
at critical |ocations.
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TABLE 5

Tolerable Differentlial Settlement for Miscellaneous Structures

STRUCTURE TOLERABLE DISTORTION
Bra o B
L
A. WUNREINFORCED LOAD BEARING BAGGING A
WALLS FOR LM <3 T = 1/3800 10 /2800
(Land H are respactively FOR L/H >8 f‘—f‘"— s 1/2000% 1/i250.
length ond height of the HOBBING
wall from top of footing) POR LM = | —A:‘“ « 1/8000
FOR L/H = & Omox

—= * I/2800

B. JOINTED RIGID CONCRETE PRESSURE CONDUITS

{MAXIMUM ANGLE CHANGE AT JOINT 2 TO 4 1/ 6
TIMES AVERAGE SLOPE OF SETTLEMENT
PROFILE. LONGITUDINAL EXTENSION
AFFECTS DAMAGE.)
C. CRCULAR STEEL PETROLEUM OR 8 < /300

FLUID STORAGE TANKS.

8’c 1/800%0 1/300

POINTS ON TANK PERIMETER

h i

T T 7
s 5

5

CBSERVED SETTLEMENTS

8 - 8
p._i_T._L

Fi I
, S+ 8
L E

s s! “BEST FIT
SINE CURVE

A < o
Ar_TI.T
A sl ¢ 0
"\,_‘
—L—
A [ ] ¢ D
—L —
FOUNDATION MOVEMENTS
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4. EFFECT OF STRUCTURE RIG DITY. Conputed differential settlenment is |ess
accurate than conputed total or average settlenent because the interaction
bet ween the foundati on el enents and the supporting soil is difficult to
predict. Conplete rigidity inplies uniformsettlenment and thus no
differential settlement. Conplete flexibility inmplies uniform contact
pressure between the mat and the soil. Actual conditions are always in

bet ween the two extrene conditions. However, depending on the magnitude of
relative stiffness as defined below, mats can be defined as rigid or
flexible for practical purposes.

a. Uniformy Loaded Circular Raft. |In the case where the raft has a
frictionless contact with an elastic half space (as soil is generally
assuned to represent), the relative stiffness is defined as

[retrieve Equation]

R = radius of the raft, t = thickness of raft, subscripts r and s refer to
raft and soil, [upsilon] = Poission's ratio and E = Young's nodul us.

For K+r, < /= 0.08, raft is considered flexible and for K+r, < /= 5.
raft is considered rigid.

For internedi ate stiffness val ues see Reference 13, Nunerica
Anal yses of Uniformly Loaded Circular Rafts on Elastic Layers of Finite
Dept h, by Brown.

b. Uniformly lLoaded Rectangular Raft. For frictionless contact between
the raft and soil, the stiffness factor is defined as:

[retrieve Equation]
B = width of the foundation. Oher synmbols are defined in (a).

For K+r, < /= 0.05, raft is considered flexible and for K+r, >/ = 10,
raft is considered rigid.

For internedi ate stiffness val ues see Reference 14, Nunerica
Anal ysis of Rectanqular Raft on Layered Foundations, by Frazer and Wardle.

Section 6. METHODS OF REDUCI NG OR ACCELERATI NG SETTLEMENT

1. CENERAL. See Table 6 for methods of m ninizing consolidation
settlenents. These include renoval or displacenment of conpressible materia
and preconsolidation in advance of final construction.

2. REMOVAL OF COWPRESSIBLE SO LS. Consider excavation or displacenent of

conpressible materials for stabilization of fills that must be placed over
soft strata.
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TABLE 6
Met hods of Reducing or Accelerating Settlement or Coping with Settl enment

+)))))))))))ﬁg))))))))))))))))))0))))))))))))))))))))))gg))))))))))))))))))))))
nment
/)))))))))))))))))))))))))))))))3))))))))))))))))))))))))))))))))))))))))))))))1
*Procedures for linear fills on =
* swanps or conpressible *
* surface stratum

*

*Excavation of soft material....> Wen conpressible foundation soils extend to
depth of about 10 to 15 ft, it may be
practicable to renpve entirely. Partia
renoval is conmbined with various nethods

of displacing renmaining soft materi al

LI I I

Conpl et e di spl acenent is obtained only when
conpressi bl e foundation is thin and very
soft. \Weight displacenent is conbined
wi th excavation of shallow naterial

*Di spl acenent by weight of fill.

*
*

*

*Jetting to facilitate

displacement................ For a sand or gravel fill, jetting within
the fill reduces its rigidity and
pronmotes shear failure to displace soft
foundation. Jetting within soft
foundation weakens it to assist in

di spl acenent.

ok ok ok F %

*Bl asting by trench or shooting

methods. .................... Charge is placed directly in front of
advancing fill to blast out a trench into
which the fill is forced by the weight of
surcharge built up at its point. Limted
to depths not exceeding about 20 ft.

*
*
*
*
*
*

*Blasting by relief method...... Used for building up fill on an ol d roadway
or for fills of plastic soil. Trenches
are blasted at both toes of the fill
sl opes, relieving confining pressure and
allowing fill to settle and displace

underlying soft materials

ok ok b b %

*Bl asting by underfill nethod...*> Charge is placed in soft soil underlying
fill by jetting through the fill at a
prelimnary stage of its buil dup
Bl asting | oosens conpressible materi al
accel erating settlenment and facilitating
di spl acenent to the sides. In sone cases
relief ditches are cut or blasted at toe
of the fill slopes. Procedure is used in

* swanp deposits up to 30 ft thick

-23323333333333333333333333333332333333333333333333333313313313313313313313I)))-

ook ok b b R kX X X X b o b b b b kX X X X b b R b b b X X X X b b ok b b F % % X X
ook ok b b ok ok X X X b o b o b b kX X X b b b R b bk X X X X b b b b b k% X X X X % %

LI I N N N A
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TABLE 6 (continued)
Met hods of Reducing or Accelerating Settlement or Coping with Settl enment

+)))))))))))ﬁg))))))))))))))))))0))))))))))))))))gg))))))))))))))))))))))))))))
ment
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*Procedures for preconsolidation*

~of soft foundations: * *
> Surcharge fill.............. *Used where conpressible stratumis *
* > relatively thin and sufficient time is *
* > available for consolidation under *
* * surcharge load. Surcharge material may *
* * Dbe placed as a stockpile for use later *
* * in permanent construction. Soft *
* > foundation nust be stable against shear *
* > failure under surcharge |oad. *
* * *
*Accel erating consolidation by = *
*vertical drains............... *Used where tolerable settlenent of the *
* > conpleted structure is small, where tine =
* > available for preconsolidation is *
* > limted, and surcharge fill is reasonably =
* > economical. Soft foundation nust be *
* > stable against shear failure under *
* *  surcharge | oad. *
* * *
*Vertical sand drains with or * *
*wi t hout surcharge fill........ *Used to accelerate the time for *
* * consolidation by providing shorter *
* > drainage paths. *
* * *
*\Wel | points placed in vertical * *
*sand drains................... *Used to accel erate consolidation by reducing =
* * the water head, thereby permtting *
* > increased flow into the sand drains. *
* * Particularly useful where potential *
* * instability of soft foundation restricts *
* * pl aci ng of surcharge or where surcharge *
* * is not economi cal . *
* * *
*Vacuum nethod. ................ *Variation of wellpoint in vertical sand drain *
* * but with a positive seal at the top of the =
* * sand drain surroundi ng the well point pipe. *
* *  Atnospheric pressure replaces surcharge in *
* * consolidating soft foundations. *
* * *
*Bal ancing | oad of structure * *
*by excavation................. *Utilized in connection with mat or raft *
* > foundations on conpressible material or *
* > where separate spread footings are founded *
* * in suitable bearing material overlying *
* * conpressible stratum Use of this method =
* * may elimnate deep foundations, but it *
* * requires very thorough analysis of soil *
* *

* conpressibility and heave
-323333333333333333333333333333325333333133333331333331333131331313131313131333)I1I)))-
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a. Renmpval by Excavation. Organic swanp deposits with | ow shear
strength and high conmpressibility should be renmoved by excavati on and
repl aced by controlled fill. Frequently these organic soils are underlain
by very loose fine sands or silt or soft clayey silts which nmay be adequate
for the enbanknent foundation and not require replacenent.

Topsoil is usually stripped prior to placenent of fills; however
stripping may not be required for enbanknents higher than 6 feet as the
settlenent fromthe upper 1/2 foot of topsoil is generally small and takes
pl ace rapidly during construction period. However, if the topsoil is left
in place, the overall stability of the embankment shoul d be checked assum ng
a failure plane through the topsoil using the nethods of Chapter 7.

b. Displacenent. Partial excavation may be acconpani ed by di spl acenent
of the soft foundation by the weight of fill. The advancing fill should
have a steep front face. The displacenment nmethod is usually used for peat
and nmuck deposits. This nethod has been used successfully in a few cases
for soft soils up to 65 feet deep. Jetting in the fill and various blasting
nmet hods are used to facilitate di splacenent. Fibrous organic materials tend
to resist displacenment resulting in trapped pockets which may cause
differential settlenent.

3. BALANCI NG LOAD BY EXCAVATION. To decrease final settlenent, the

foundati on of heavy structures may be placed above conpressible strata
within an excavation that is carried to a depth at which the weight of
over burden, renoved partially or conpletely, balances the applied |oad.

a. Conputation of Total Settlenent. |In this case, settlenent is
derived largely fromreconpression. The anmount of reconpression is
i nfl uenced by magni tude of heave and magni tude of swell in the unloading
st age.

b. Effect of Dewatering. If drawdown for dewatering extends well bel ow
t he planned subgrade, heave and consequent reconpression are decreased by
the application of capillary stresses. |If groundwater level is restored
after construction, the |load renmoved equals the depth of excavation tines
total unit weight of the soil. [If groundwater pressures are to be

permanently relieved, the | oad removed equals the total weight of soil above
the original water table plus the submerged wei ght of soil below the
original water table. Calculate effective stresses as described in Figure
2, and consolidation under structural |oads as shown in Figure 3.

4. PRECONSOLI DATI ON BY SURCHARGE. This procedure causes a portion of the

total settlement to occur before construction. It is used primarily for
fill beneath paved areas or structures with conparatively |ight colum
| oads. For heavier structures, a conpacted fill of high rigidity may be

required to reduce stresses in conpressible foundation soil (see DM 7.2,
Chapter 2).

a. Elimnation of Primary Consolidation. Use Figure 17 to determi ne
surcharge | oad and percent consolidation under surcharge necessary to
elimnate primary consolidation under final |oad. This conputation assunes
that the rate of consolidation under the surcharge is equal to that under
final | oad.
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SETTLEMENT UNDER SURCHARSE LOAD

" !.' ] Tl\-mﬂ:nuwwm LOAD
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"‘-“__ ANyay
TTLEMENT LsOER Te—— —-—
Py+y TO ELMHNATE ANRf & = O o

e e
T ELATE & c bures

w
PRIMARY COMBOLIOATION SECONDARY COMFIRERS ION

o SELECTING ANAPAROPRITE SURCHARGE LOAD AND DURATICH OF SURCHARSE LOADING
ALL OR PART OF THE SETTLEMENT UNDER FINAL LOAD CAM BE ELWNATED .

Pp = EXSTMNE OVERBURDEN STRESS.

ang = SETTLEMENT DUE TO PRIMARY CONSOLIDATION UNDER Py

u&-m‘rummwm COMPRESSION UNOER Py

M'" = SETTUIMENT DUE TO COMMLETE PRIMARY CONSOLIDATION UNDER Py +P,
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afﬂ AHE AN
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- T I
-..'--_._______‘ VALLIE OF RATIO /Ry
r
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FIGURE 17
Surcharge Load Required to Eliminate Settlement Under Final Load
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b. Elimnation of Secondary Consolidation. Use the fornula in the
bott om panel of Figure 17 to determ ne surcharge |oad and percent
consol i dati on under surcharge required to elimnate primary consolidation
pl us a specific secondary conpression under final |oad.

c. Limtations on Surcharge. In addition to considerations of tine
avai | abl e and cost, the surcharge | oad may induce shear failure of the soft
foundation soil. Analyze stability under surcharge by methods of Chapter 7.

5. VERTI CAL DRAINS. These consist of a colum of pervious material placed
in cylindrical vertical holes in the conpressible stratumat sufficiently
cl ose spaces so that the horizontal drainage path is less than the vertica
drai nage path. All drains should be connected at the ground surface to a
drai nage bl anket. Vertical drains are utilized in connection with fills
supporting pavenments or |ow to noderate-load structures and storage tanks.
Conmon types of vertical drains are shown in Table 7 (Reference 15, Use of
Preconpression and Vertical Sand Drains for Stabilization of Foundation
Soils, by Ladd). Sand drains driven with a closed-end pi pe produce the

| argest di spl acement and di sturbance in the surrounding soil and thus their
ef fectiveness is reduced.

a. Characteristics. Vertical drains accel erate consolidation by
facilitating drai nage of pore water but do not change total conpression of
the stratum subjected to a specific load. Vertical drains are laid out in
rows, staggered, or aligned to formpatterns of equilateral triangles or
squares. See Figure 18 for cross-section and design data for typica
installation for sand drains.

b. Consolidation Rate. Tinme rate of consolidation by radial drainage
of pore water to vertical drains is defined by tine factor curves in upper
panel of Figure 10. For conveni ence, use the nonpograph of Figure 19 to
deternine consolidation time rate. Deternine the conmbined effect of
vertical and radial drainage on consolidation tine rate as shown in the
exanpl e in Figure 10.

c. Vertical Drain Design. See Figure 20 for an exanple of design. For
atrial selection of drain dianmeter and spacing, conbine percent
consolidation at a specific tine fromvertical drainage with percent
consolidation for radial drainage to the drain. This conmbined percent
consolidation U+c, is plotted versus elapsed time for different drain
spacing in the center panel of Figure 20. Selection of drain spacing
depends on the percent consolidation required prior to start of structure,
the tine available for consolidation, and econom c considerations.

d. Allowance for Snear and Disturbance. In cases where sand drain
hol es are driven with a cl osed-end pipe, soil in a surroundi ng annul ar space
one-third to one-half the drain dianeter in width is renolded and its
stratification is distorted by snear. Snear tends to reduce the horizonta
permeability coefficient, and a correction should be made in accordance with
Figure 21.
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SETTLEMENT PLATE
SETTLEMENT PROBES

BERMS IF REQUIRED /- ~Mramzmz
W% FINAL GRADE
ALIGNMENT STAKE 2
‘H 77
4 /’ ’/ e %52 COLLECTOR DRAIN
_APIDD, '-/ r.z,, 7 ‘-’//.Z,//«
) Q_:-i [l ol '._,” |NA& &-ANK . ‘,:.'.‘ : b -1'\5- -
PIEZO. | 1/}
GAUGES - . o |
WATER Ll- B
DRAINAGE oA - :
PATTERN

TYPICAL SAND DRAIN INSTALLATION

DIAMETER OF DRAINS RANGES FROM & TO 30 IN.,GENERALLY BETWEEN 16 AND 20N,

SPACING OF DRAINS RANGES FROM 6 TO 20 FT ON CENTER ,GENERALLY BETWEEN 6 AND IOFT.

PRI METHODS FOR INSTALL /NG DRAINS ARE CLOSED OR OPEN MANDRELS ADVANCED BY DRIVING OR JETTING,
OR ROTARY DRILLING WITH OR WITHOUT JETS. DRIVING CLOSED MANDREL 1S THE MOST COMMON.

DRAIN BACKFILL MATERIAL SHOULD HAVE SUFFICEENT PERMEABILITY TO DISCHARGE PORE WATER FLOW ANTI-
CIPATED, BUT USUALLY DOES NOT MEET FILTER REQUIREMENTS AGAINST FOUNDATIONS SOILS. CLEAN SANDS
WITH NO MORE THAN 3% BY WEIGHT PASSING No. 200 SIEVE IS USUALLY SUITABLE. A TYPICAL GRADATION
IS AS FOLLOWS

SIEVE No. 4 1€ 50 100 200
9% FINER BY WEIGHT: 90-100 40-85 2-30 0O-7 0-3

SAND DRAINAGE BLANKET MATERIAL IS SIMILAR TO THAT USED FOR DRAIN BACKFILL.IN SOME CASES GRAVEL
WINDROWS OR PERFORATED, CORRUGATED, ME TAL PIPE ARE PLACED IN DRAINAGE BLANKET TO REDUCE
HEAD LOSS IN DRAINAGE BLANKET. LONGITUDINAL DITCH OR COLLECTOR DRAIN MAY BE PL ACED AT TOE.
GRANULAR WORKING MAT IS SOMETIMES PLACED BELOW DRAINAGE BLANKET TD SUPPORT EQUIPMENT.

SURCHARGE LOAD IS PLACED TO REDUCE OR ELIMINATE POSTCONSTRUCTION CONSOLIDATION BENEATH NORMAL
FILL. GENERALLY THE SURCHARGE LDAD IS NO MORE THAN ABOUT 30% OF NORMAL EMBANKMENT LOAD.

FIELD CONTROL DEVICES :

PIEZOMETERS OF STANDPIPE OR CLOSED SYSTEM TYPE TO QBSERVE PORE WATER PRESSURES;

SETTLEMENT PLATES, MINIMUM 3FT SQUARE , PLACED AT BASE OF FILL TO RECORD TOTAL SETTLEMENT;

SETTLEMENT PROBES DRIVEN OR AUGERED INTO FOUNDATION STRATUM TO MEASURE COMPRESSION
WITHIN FOUNDATION.

ALIGNMENT STAKES,T- SHAPED STAKES PLACED AT DR QUTSIDE EMBANKMENT TOE TO OBSERVE
LATERAL MOVEMENT AND HEAVE.

FIGURE LE
Data for Typiecal Sand Drain Installation
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FILL OF WIDE EXTENT, INCLUDES ADDITIONAL
FILL TO COMPENSATE FOR SETTLEMENT

I A

K 27207 NG ——}c
;// Pb& Pg =210 TSF X_Hﬂo'
RN

COMPUTATION OF TOTAL SETTLEMENT
Fo =063 TSF, Pz Pg+Pg = 2,73 TSF
FROM PRIMARY CONSOLIDATION:

GIVEN S0IL PROPERTIES
—FiLL SAND:
YT =120 PCF YT =125 PCF
HEIGHT =35 FT Ysyp =65 PCF
Pg=2.10 TSF
CLAY:
Ysup = 4O PSF Ch = 0.50 FT#/ DAY
ec = L350 Ca 20O FT/FT/CYCLE OF TIME
Cc = 0.60 Ky=6Ex 38 CM/SEC
Cy =CIOFT.2/DAY Kph:=30x10-8 CM/SEC
Kg T 1O 2 10-8 CM/SEC

FOR A KNOWN SET OF FOUNDATION CONOITIONS
AND A REQUIRED HEIGHT OF FILL,VARIOUS
COMBINATIONS OF SURCHARGE AND VERTICAL

Ang= oy AL (oo FL - O80x20 156 273 .507FT  SAND DRAINS ARE INVESTIGATED TO ELIMINATE
I+&0 © - - OR ACCELERATE FINAL SETTLEMENTS.
FROM SECONDARY COMPRESSION :
AHgge*Cq (M) LOG % FOR —'%‘—’:l CYCLE OF TIME
AHgpc =0.015120%10.30FT.  TOTAL AH=3.37FT.
Q
RATE OF CONSOLIDATION
4 WITH OR WITHOUT SAND ORAINS
=
& 20
= TO STUDY VARIOUS SPACING
& OF DRAINS, VALLIES OF Ug
T 40 I VS TIME ARE COMPUTED
3 \ - VERTICAL DRAINAGE ONLY FOR de=10,I6 & 20,
{NG SAND DRAINS ) RESULTS ARE PLOTTED AT
M, LEFT.
60
= \ SAND DRAINS \
20'FT OC.
§ | saND DRAINS \
. L 6 FT OC -
[ SANC DRAINS ICFTGC. e
2 COMBINED VERTICAL AND |
& RADIAL DRAINAGE
) 100 200 300 400 500 600 700
TIME INM DAYS
DESIGN _OF SAND DRAINS (NG SURCHARGE INCLUDED)
SELECT 8™ DRAIN AND CONSIDER SPACING OF IO FT 16 FT & 20FT OC.=dg
ALLOWANCE FOR SMEAR EFFECT: K /Kg =3 ASSUME 5 z1.2 FOR dg=10. n = —;9'— = 6.67

WHERE Kg = SMEAR ZONE PERMEABILITY
THEN FROM FIG. 21, EQUIVALENT N =9.5 ,EQUIVALENT fy=63" dw:=12.6"
TIME REQUIRED FOR CONSOLIDATION : TO OBTAIN TIME VS Uy FOR VERTICAL DRAINAGE ONLY ,USE
NOMOGRAPH OF FIG.1i TO OBTAIN TIME VS Up FOR RADIAL DRAINAGE TO SAND DRAIN, USE NOMOGRAPH

OF FIG. IS, _ R
COMBINED Tg AT ANY TIME IS : g = 100- [(00 - GR)(00-Tv)] IN %
100
FIGURE 20

Fxanple of Surcharge and Sand Drain Design
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LY
Iﬁ%@'mu COMBINATION OF SURCHARGE
RY ONLY, DASHED
LINES POR PRIARY . AND SANO URAINS TO ELIMINATE

SETTUEMENT UNDER FINAL LOAD

' |
® NEDVERT \ [\, VERTICAL T
N0 RADUAL X
DRANAGE \
|
SAND LRAINS N
AT 20FT.0¢ <

MHEMNMT OF SURCHARGE FT.
3
e
-
e

F

.
FJ

» LY
S0 ]

o NSFTOC.
'-.._____

0 00 00 M0 40 X0 00 M0

SURCHARGE LOADING PERIOD IN DAYS

cr HEIGHT
A 1307, AMggr 2030, My/Po: 338

TO ELIMINATE SETTLEMENT UNOER Py, Dy 1S TAXEN EQUAL TO U4, Ugay: AA:: " me
" s

RELATION OF Uf...' AND TIME (5 GIVEN ABOVE FOR YARIOUS DRAIN SPACINGS.

- W
SUNCHANGE Py, FOR VALUES OF Dy * Sl 13 GVEN I FIG.T
Bhpey

SURCHARGE Py FOR VALUES OF Uf4s %f;;‘“iﬁ IS GIVEN BY FORMULA IN FIG.I7
fes

USING THESE RELATIONSHIPS, Py (EXPRESSED AS HEIGHT OF SURCHARGE ) REPLACES Ofyq N

FIRURE 7.

COMBINATION OF SAND DRAIN AND SURCHARGE IS SELECTED BASED ON TIME AVAILABLE

ANO COMPARATIVE COSTS,

FIGURE 20 (continued)
Example of Surcharge and Sand Drain Design
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Q0
RELATION OF ACTUAL AND EQUIYALENT n VALUES |
TO (Kh/Kg}
s NN 24 32 48] e .
0 LEGEND: 77 7 2 7
0 —_——812 g ad A P
—_———— G A ) o 4
2 . -20 / A A
= =2 7 A
3 /, o / vl
o
é ° V/17 2 ‘ // -
g, 7 .e/4W. 2V
EXAMPLE // “ 24 /" d"/
2 - PAANP - pd Felil
o4 L,
4 ZZA 2 A w2 B=—(Kp/Kg)
3 !
1 i
2 : :
! |
i
i }
) i
1 z2 3 45 7 © 20 3040 5 70 00 200 300 40C %00 700
EQUIVALENT Ngqy = FOR DRAIN WITH NO SMEAR
EFINITIONS EXAMPLE: TO DETERMINE EQUIVALENT

WELL
® SPACING -, @

DRAIN WELLS N
TRIANGULAR PATTERN

DRAIN | WELL
7 7
NO FLOW /0% | 5K lf'l
ACROSS &“f’ Ky i
=—— _‘_T
OUTER [T — il K 2H
SURRICE | ™\ -
<\"\ .
SMEAR ZONE— Tl [T
s
patem gy ——e
SECTION 0-0

FOR TRIANGULAR PATTERN
de =1.05{WELL SPACING}
FOR SQUARE PATTERN
de =i 14 (WELL SPACING )

de = EFFECTIVE DIAMETER
OF SAND DRAIN.

¥ = HORIZONTAL PERMEABILITY|
Ky = SME AR ZDME PERMEASILITY]

nede_ _ fe
dw [
EFFECTIVE RADIUS
RADIUS OF DRAIN
5=J13
Tw

. RADIUS OF SMEAR ZONE
RADIUS OF DRAN

RADWS OF DRAIN WITHOUT SMEAR

WHOSE EFFECT 1S EQUAL TO THE ACTUAL

DRAIN WITH SMEAR.
GIVEN:

__iw =18
— rg =1 8
- rp =TS
ACTUAL SAND DRAIN
n:5,Kn/Ke=7
ESTIMATED $5:=1.2

DETERMINE Nagqy FROM DVAGRAM ABCVE:
neqy =15, rw = 13- -0

fw 0. 5

F-————Trga=

EQUIVALENT SAND DRAIN ,
NO SMEAR

FIGURE 21

Allowance for Smear Effect in Sand Drain Design
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e. Sand Drains Plus Surcharge. A surcharge load is normally placed
above the final fill level to accelerate the required settlement. Surcharge
is especially necessary when the conpressible foundati on contains materia
i n which secondary conpressi on predom nates over primary consolidation. The
percent consolidation under the surcharge fill necessary to elimnate a
speci fic amount of settlement under final load is determ ned as shown in the
| owest panel of Figure 20.

f. General Design Requirenents. Analyze stability against foundation
failure by the methods of Chapter 7, including the effect of pore pressures
on the failure plane. Deternine allowable buildup of pore pressure in the
conpressi bl e stratum as height of fill is increased.

(1) Horizontal Drainage. For mejor installation investigate in
detail the horizontal coefficient of consolidation by |aboratory tests with
drai nage in the horizontal direction, or field perneability tests to
det erm ne horizontal perneability.

(2) Consolidation Tests. Evaluate the inportance of snear or
di sturbance by consolidation tests on renol ded sanples. For sensitive soils
and highly stratified soils, consider nondisplacenment nethods for form ng
drain hol es.

(3) Drainage Material. Determ ne drainage material and arrangenent
to handl e maxi mum fl ow of water squeezed fromthe conpressible stratumin
accordance with Chapter 6.

g. Construction Control Requirements. Control the rate of fill rise by
installing piezonmeter and observing pore pressure increase for conparison
with pore pressure values conpatible with stability. Check anticipated rate
of consolidation by pore pressure dissipation and settlenent neasurenents.

Section 7. ANALYSIS OF VOLUME EXPANSI ON

1. CAUSES OF VOLUME EXPANSI ON. Vol ume expansion is caused by (a) reduction
of effective stresses, (b) mneral changes, and (c) formation and growth of
ice lenses. Swell with decrease of effective stress is a reverse of the
consol i dati on process. For description of swelling problenms and suggested
treatment, see Table 8. Were highly preconsolidated plastic clays are
present at the ground surface, seasonal cycles of rainfall and desiccation
produce vol ume changes. The nbst severe swelling occurs with
nmontrorillinite clays although, in an appropriate climte, any surface clay
of mediumto high plasticity with relatively |ow noisture content can heave.
For estimation of swell potential see Chapter 1, Section 6.

2. MAGNI TUDE OF VOLUME EXPANSI ON. Figure 22 outlines a procedure for
estimating the magnitude of swelling that may occur when footings are built
on expansive clay soils. This figure also indicates a nmethod of deternining
t he necessary undercut to reduce the heave to an acceptabl e value. Further
gui dance for foundations on expansive soils is contained in DM 7.3, Chapter
3.
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BASE OF STRUCTURE , | FT. DEPTH
bbb bbb
NN
\ \ AVERAGE TREND
NN 4

SWELL DETERMINED
FROM TEST noalrr. ALLDWAHJ.E SWELL
i TOTAL SWELL AT ANY DEPTH=
AREA UNDER PERCENT SWELL
CURVE,, ABOVE DEPTH OF
ZERQ SWELL.
g | 8

~

7

IN FEET*
7

IN FEET

DEPTH
)

DEPTH
»

PERCENT SWELL TOTAL SWELL
o VERSUS DEPTH 0 VERSUS DEPTH
o | 2 3 4 0 0.05 o0 [+1..]
PERCENT SWELL TOTAL SWELL , FEET

MATERIALS INVESTIGATED ARE CLAYS, HIGHLY OVERCONSOLIDATED BY CAPILLARY STRESSES THAT ARE
EFFECTIVE PRIOR TO THE CONSTRUCTION OF THE STRUCTURE UPON THEM.

PROCEDURE FOR ESTIMATING TOTAL SWELL UNDER STRUCTURE LDAD.

I. OBTAIN REPRESENTATIVE UNDISTURBED SAMPLES OF THE SHALLOW CLAY STRATUM AT
A TIME WHEN CAPILLARY STRESSES ARE EFFECTIVE ; ).E., WHEN NOT FLOODED OR
SUBJECTED TO HEAVY RAIN.

2. LOAD SPECIMENS (AT NATURAL WATER CONTENT) IN CONSOLIDOMETER UNDER A
PRESSURE EQUAL TO THE ULTIMATE VALUE OF OVERBURDEN FOR HIGH GROUND WATER,
PLUS WEIGHT OF STRUCTURE. ADD WATER TO SATURATE AND MEASURE SWELL.

3, COMPUTE FINAL SWELL IN TERMS OF PERCENT OF ORIGINAL SAMPLE HEIGHT AND
PLOT SWELL VERSUS DEPTH, AS IN THE LEFT PAMEL.

4. COMPUTE TOTAL SWELL WHICH 1S EQUAL TO THE AREA UNDER THE PERCENT SWELL
VERSUS DEFTH CURVE. FOR THE ABOVE EXAMPLE:

TOTAL SWELL = 1/2 [B.2-1.0) x2.8/100:=QI0FT.

PROCEDURE FOR ESTIMATING UNDERCUT NECESSARY TO REDUCE SWELL TO AN ALLOWABLE VALUE.
l. FROM PERCENT SWELL VERSUS DEPTH CURVE PLOT RELATIONSHIP OF TOTAL SWELL
VERSUS DEPTH AT THE RIGHT. TOTAL SWELL AT ANY DEPTH EQUALS AREA UNDER
THE CURVE AT LEFT, INTEGRATEC UPWARD FROM THE DEPTH OF 2ERC SWELL.
2. FOR A GIVEN ALLOWABLE VALUE OF SWELL, READ THE AMOUNT OF UNDERCUT
NECESSARY FROM THE TOTAL SWELL VERSUS DEPTH CURVE. FOR EXAMPLE, FOR AN
ALLOWABLE SWELL OF 0.03 FT, UNDERCUT REQUIRED = 4.6 FT. UNDERCUT CLAY IS
REPLACED BY AN EQUAL THICKNESS OF NONSWELLING COMPACTED FILL.

FICURE 22
Computation of Swell of Desiccated Clays
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CHAPTER 6. SEEPAGE AND DRAI NAGE
Section 1. | NTRODUCTI ON
1. SCOPE. This chapter covers surface erosion, and analysis of flow
quantity and groundwat er pressures associated with underseepage.
Requi renments are given for nmethods of drainage and pressure relief.

2. RELATED CRITERIA. Oher criteria, relating to groundwater utilization
or control, can be found in the foll ow ng sources:

Subj ect Sour ce
Drai nage SyStemB ... ... ...t NAVFAC DM 5. 03
Drai nage for Airfield Pavenents ......................... NAVFAC DM 21. 06

Dewat eri ng and G oundwater Control for Deep Excavations.. NAVFAC P-418

Additional criteria for permanent pressure relief and seepage contro
beneath structures are given in DM 7.02, Chapter 4.

3. APPLICATIONS. Control of soil erosion nust be considered in all new
construction projects. Seepage pressures are of primary inmportance in
stability analysis and in foundation design and construction. Frequently,
drawmdown of groundwater is necessary for construction. In other
situations, pressure relief must be incorporated in tenmporary and pernanent
structures.

4. | NVESTI GATI ONS REQUI RED. For erosion analysis, the surface water flow
characteristics, soil type, and slope are needed. For analysis of nmjor
seepage problens, determ ne perneability and piezometric levels by field
observations. See Chapter 2 for techniques.

Section 2. SEEPAGE ANALYSI S

1. FLOWNET. Figure 1 shows an exanple of flow net construction. Use this
procedure to estimate seepage quantity and distribution of pore water
pressures in two-di mensional flow. Flow nets are applicable for the study
of cutoff walls and well points, or shall ow drainage installations placed in
a rectangul ar | ayout whose length in plan is several tinmes its width. Flow
nets can al so be used to evaluate concentration of flow |ines.

a. Goundwater Pressures. For steady state flow, water pressures
depend on the ratio of nmean perneability of separate strata and the
ani sotropy of layers. A carefully drawn flow net is necessary to determ ne
pi ezonetric levels within the flow field or position of the drawdown curve.

7.1-259 Change 1, Septenber 1986



LFl.ow NET FOR UNDERSEEPAGE TO DRY DOCK I
CUTOFF SHEET PILE w:.n.? ”_*___/2_’_ —————m ¢ oo
¥ FILL—FREE WATER SURFACE i .
%ﬁmw&mm INTERVALS— F4 H:=50
] ¥ DRAINAGE LAYERS-—
: DISCHARGE LEVEL
l:.'-:.....-. ALY L (] b .-l.‘l:l.. .u_.‘.‘k b;_"-'
FLOW LINE
FLOW PATH
K=002
PERVIOUS ‘
FPM STRATUM
EQUIPOTENTIAL |
\ LINE |
7 L IMPERVIOUS BASE [
TRANSFER CONDITIONS AT INTERFACE BETWEEN STRATA:
STRATUM (D
/~y PERMEABILTY K
". . l:'.'.. .
STRATUM
PERMEABILITY Kz
TAN B
%z - TANG
F SQUARES ARE DRAWN IN STRATUM (-
RATIO - N STRATUM = TT:.Z_
EQUIPOTENTIAL
FROM_FLOW NET: FOR ANISQTROPIC SOIL:
NUMBER OF FLOW PATHS = nf =6 TRANSFORM CROSS SECTION BY DIVIDING
NUMBER OF EQUIPOTENTIAL DROPS = ng =I5 DIMENSIONS IN THE DIRECTION OF Kyax
K
UNDERnSEEPAGE PER RUNNING FOOT OF BOCK WALL, BY THE FaCTOR [ KMAX
a:x M _y:002 (—5— 50 :0.4 CFM KMIN
nd 15
SEEPAGE PRESSLURE IN A DISTANCE D= ﬁg—ﬁ—n

FIGURE 1
Flow Net Conmstruction and Seepage Analysis
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))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))
RULES FOR FLOW NET CONSTR

)))))))))))))))))))))))))))))))

1. VWHEN MATERI ALS ARE | SOTROPI C W TH RESPECT TO PERVEABI LI TY, THE
PATTERN OF FLOW LI NES AND EQUI POTENTI ALS | NTERSECT AT RI GHT ANGLES. DRAWA
PATTERN | N WH CH SQUARE FI GURES ARE FORMED BETWEEN FLOW LI NES AND
EQUI POTENTI ALS

2. USUALLY IT I S EXPEDI ENT TO START W TH AN | NTEGER NUMBER CF
EQUI POTENTI AL DROPS, DI VI DI NG TOTAL HEAD BY A WHCLE NUMBER, AND DRAW NG FLOW
LI NES TO CONFORM TO THESE EQUI POTENTI ALS. I N THE GENERAL CASE, THE QUTER FLOW
PATH WLL FORM RECTANGULAR RATHER THEN SQUARE FI GURES. THE SHAPE OF THESE
RECTANGLES (RATI O B/ L) MJST BE CONSTANT.

3. THE UPPER BOUNDARY OF A FLOW NET THAT IS AT ATMOSPHERI C PRESSURE | S A
"FREE WATER SURFACE". | NTEGER EQUI POTENTI ALS | NTERSECT THE FREE WATER SURFACE
AT PO NTS SPACED AT EQUAL VERTI CAL | NTERVALS.

4. A DI SCHARGE FACE THROUGH WH CH SEEPAGE PASSES | S AN EQUI POTENTI AL
LINE I F THE DI SCHARCE | S SUBMERGED, OR A FREE WATER SURFACE | F THE DI SCHARGE | S
NOT SUBMERGED. |IF IT IS A FREE WATER SURFACE, THE FLOW NET FI GURES ADJO NI NG
THE DI SCHARGE FACE W LL NOT BE SQUARES.

5. IN A STRATIFI ED SO L PROFI LE WHERE RATI O CF PERVEABI LI TY OF LAYERS
EXCEEDS 10, THE FLOWIN THE MORE PERVEABLE LAYER CONTROLS. THAT IS, THE FLOW
NET MAY BE DRAWN FOCR MORE PERVEABLE LAYER ASSUM NG THE LESS PERMEABLE LAYER TO
BE | MPERVI QUS. THE HEAD ON THE | NTERFACE THUS CBTAINED IS | MPOSED ON THE LESS
PERVI QUS LAYER FOR CONSTRUCTI ON OF THE FLOW NET WTHI N I T.

6. |IN A STRATIFIED SO L PROFI LE WHERE RATI O OF PERVEABILITY OF LAYERS IS
LESS THAN 10, FLOW IS DEFLECTED AT THE | NTERFACE | N ACCORDANCE W TH THE DI AGRAM
SHOMN ABOVE.

7. WHEN MATERI ALS ARE ANI SOTROPI C W TH RESPECT TO PERMEABI LI TY, THE
CRCSS SECTI ON MAY BE TRANSFORMVED BY CHANG NG SCALE AS SHOWN ABOVE AND FLOW NET
DRAWN AS FOR | SOTRCPI C MATERI ALS. I N COVPUTI NG QUANTI TY OF SEEPAGE, THE
DI FFERENTI AL HEAD | S NOT ALTERED FOR THE TRANSFCRVATI ON.

8. WHERE ONLY THE QUANTITY OF SEEPAGE IS TO BE DETERM NED, AN

APPROXI MVATE FLOW NET SUFFI CES. | F PORE PRESSURES ARE TO BE DETERM NED, THE
FLOW NET MUST BE ACCURATE.

23233333333333331333333333333333133333133113313331333331333331333331333133133313313313311I)I))

FI GURE 1 (conti nued)

Fl ow Net Construction and Seepage Anal ysis
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b. Seepage Quantity. Total seepage conputed from fl ow net depends
primarily on differential head and nmean perneability of the npst pervious
layer. The ratio of permeabilities of separate strata or their ani sotropy
has |l ess influence. The ratio n+f,/n+d, in Figure 1 usually ranges from1/2
to 2/3 and thus for estimating seepage quantity a roughly drawn fl ow net
provi des a reasonably accurate estimate of total flow Uncertainties in the
permeability values are much greater linitations on accuracy.

For special cases, the flow regime can be analyzed by the finite
el ement method. Mathematical expressions for the flow are witten for each
of the elenments, considering boundary conditions. The resulting system of
equations is solved by conputer to obtain the flow pattern (see Appendix A).

2. SEEPAGE FORCES. The flow of water through soil exerts a force on the
soil called a seepage force. The seepage pressure is this force per unit
vol une of soil and is equal to the hydraulic gradient tines the unit weight
of water.

i [ gamma] +w,

P+s,

wher e P+s, = seepage pressure

[ hydraul i c gradi ent

[gamma] +w, = unit wei ght of water

The seepage pressure acts in a direction at right angles to the
equi potential lines (see Figure 1).

The seepage pressure is of great inmportance in analysis of the stability
of excavations and sl opes (see Chapter 7 and DM 7.2, Chapter 1) because it
is responsible for the phenonenon known as boiling or piping.

a. Boiling. Boiling occurs when seepage pressures in an upward
direction exceed the downward force of the soil. The condition can be
expressed in ternms of critical hydraulic gradient. A m ninmm factor of
safety of 2 is usually required, i.e.

i+c, =i [ gamma] +T, - [ganmma] +W, [ gamma] +b,

CRITICAL = 1311131322222
[ gamma] +W,

MDD
[ gamma] +W,

i +C,

D)) = 2
|

F+s,

wher e i

actual hydraulic gradient

[ gamma] +T, total unit weight of the soi

[ gamma] +W, unit wei ght of water

[ gamma] b buoyant unit wei ght of soi

b. Piping and Subsurface Erosion. Mst piping failures are caused by
subsurface erosion in or beneath dams. These failures can occur severa
nonths or even years after a damis placed into operation
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In essence, water that comes out of the ground at the toe starts a
process of erosion (if the exit gradient is high enough) that culmnates in
the formati on of a tunnel -shaped passage (or "pipe") beneath the structure.
Wen the passage finally works backward to neet the free water, a m xture of
soil and water rushes through the passage, underm ning the structure and
fl oodi ng the channel below the dam It has been shown that the danger of a
pi ping failure due to subsurface erosion increases with decreasing grain
si ze.

Sim | ar subsurface erosion problens can occur in relieved drydocks,
where water is seeping froma free source to a drainage or filter blanket
beneath the floor or behind the walls. If the filter fails or is defective
and the hydraulic gradients are critical, serious concentrations of flow can
result in |arge voids and eroded channels.

Potenti al passageways for the initiation of piping include:
uni formy graded gravel deposits, conglonmerate, open joints in bedrock
cracks caused by earthquakes or crustal nmovenments, open joints in pipelines,
hydraulic fracture, open voids in coarse boul der drains including French
drai ns, abandoned wel | poi nt hol es, gopher holes, cavities formed in |evee
foundations by rotting roots or buried wood, inproper backfilling of
pi pel i nes, pipes w thout anti seepage collars, etc.

Failure by piping requires progressive noverment of soil particles
to a free exit surface. It can be controlled by adequately designed filters
or relief blankets. Guidelines for preventing piping beneath dams may be
found in Reference 1, Security from Under Seepage of Misonary Danms on Earth
Foundati ons, by Lee.

3. DEWATERI NG Dewatering nethods are discussed in Table 7,

DM 7.2, Chapter 1. Figures 13 and 14 in DM 7.2, Chapter 1 illustrate sone
met hods of construction dewatering and soil grain size limtations for

di fferent dewatering nmethods. See NAVFAC P-418 for dewatering and
groundwat er control systens.

4. THREE- DI MENSI ONAL FLOW For analysis of flow quantity and drawdown to
i ndi vidual wells or to any array of wells, see Section 5.

Section 3. SEEPAGE CONTROL BY CUTOFF

1. METHODS. Procedures for seepage control include cutoff walls

for decreasing the seepage quantity and reducing the exit gradients, and
drai nage or relief structures that increase flow quantity but reduce seepage
pressures or cause drawdown in critical areas. See Table 1; Table 7 of

DM 7.2, Chapter 1; and DM 7.3, Chapter 3 (D aphragm Walls) for methods of
creating partial or conplete cutoff. See NAVFAC P-418 for construction
dewat eri ng.

2. SHEETPILING A driven line of interlocking steel sheeting may be
utilized for a cutoff as a construction expedient or as a part of the
conpl eted structure

a. Applicability. The follow ng considerations govern the use of
sheet pi | i ng:
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(1) Sheeting is particularly suitable in coarse-grained materia
wi th maxi mum si zes | ess than about 6 inches or in stratified subsoils with
alternating fine grained and pervious | ayers where horizontal perneability
greatly exceeds verti cal

(2) To be effective, sheeting rmust be carefully driven with
interlocks intact. Boulders or buried obstructions are alnost certain to
damage sheeting and break interlock connections. Witertightness cannot be
assuned if obstructions are present.

(3) Loss of head across a straight wall of intact sheeting depends

on its watertightness relative to the perneability of the surrounding soil
I n homobgeneous fine-grained soil, head | oss created by sheeting may be
insignificant. |In pervious sand and gravel, head | oss may be substantia
dependi ng on the extent to which the flow path is |engthened by sheeting.
In this case, the quantity of water passing through intact interlocks may be
as much as 0.1 gpm per foot of wall length for each 10 feet differential in
head across sheeting, unless special nmeasures are taken to seal interlocks.

b. Penetration Required. This paragraph and Paragraph "c" bel ow apply
equally to all inpervious walls listed in Table 1. Seepage beneath sheeting
driven for partial cutoff may produce piping in dense sands or heave in
| oose sands. Heave occurs if the uplift force at the sheeting toe exceeds
t he submerged wei ght of the overlying soil colum. To prevent piping or
heave of an excavation carried bel ow groundwat er, sheeting nmust penetrate a
sufficient depth bel ow subgrade or supplenmentary drainage will be required
at subgrade. See Figure 2 (Reference 2, Mddel Experinents to Study the
Influence of Seepage on the Stability of a Sheeted Excavation in Sand, by
Mar sl and) for sheeting penetration required for various safety factors
agai nst heave or piping in isotropic sands. For honpgeneous but anisotropic
sands, reduce the horizontal cross-section dinensions by the transformation
factor of Figure 1 to obtain the equivalent cross section for isotropic
conditions. See Figure 3 (Reference 2) for sheeting penetration required in
| ayered subsoils. For clean sand, exit gradients between 0.5 and 0.75 will
cause unstable conditions for nen and equi pnent operating on the subgrade.
To avoid this, provide sheeting penetration for a safety factor of 1.5 to 2
agai nst pi ping or heave.

c. Supplenmentary Measures. |If it is uneconomical or inpractical to
provi de required sheeting penetration, the seepage exit gradients may be
reduced as foll ows:

(1) For honpgeneous materials or soils whose perneability decreases
with depth, place wellpoints, punping wells, or sunps within the excavation
Wel | poi nts and punping wells outside the excavation are as effective in sone
cases and do not interfere with bracing or excavation.

(2) For materials whose perneability increases with depth, ordinary
relief wells with collector pipes at subgrade may suffice.

(3) A pervious berm placed agai nst the sheeting, or a filter bl anket

at subgrade, will provide weight to balance uplift pressures. Materia
pl aced directly on the subgrade should neet filter criteria of Section 4.
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RATIO D/MHw = RATIO OF PENETRATION REQUIRED TO NET HYDROSTATIC HEAD

Y

PENETRATION REQUIRED FOR CUT OFF WALL
IN SANDS OF INFINITE DEPTH
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FIGURE 2

Penetration of Cut Off Wall to Prevent Piping in Isotropiec Sand
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SAND UNGERLYING FINE SAND
PRESENCE OF COARSE LAYER MAKES FLOW iN FINE MATERIAL MORE NEARLY

VERTICAL ANDGENERALLY  INCREASES SEEPAGE GRADIENTS IN THE
FINE LAYER COMPARED TO THE HOMOGENEOUS CROSS-SECTION OF
FIGURE 2.

IF TOP OF COARSE LAYER IS AT A DEPTH BELOW CUT OFF WALL BOTTOM
GREATER THAN WIDTH OF EXCAVATION, SAFETY FACTORS OF FIGURE 2
POR INFINITE DEPTH APPLY.

IF TOP OF COMRSE LAYER [$ AT A DEPTH BELOW CUT OPF WALL BOTTOM
LESS THAN WIDTH OF EXCAVATION, THE UPLIFT PRESSURES ARE
OREATER THAN FOR THE HOMOGENEQUS CROSS-SECTION. IF PERMEABILITY
OF COMRSE LAYER IS MORE THAN TEN TIMES THAT OF FINE LAYER,
RAILURE HEAD (Hy) * THICKNESS OF FINE LAYER (H3).

FINE SAND UNDERLYING COARSE SAND
PRESENCE OF FINE LAYER CONSTRICTS FLOW BENEATH CUT OFF WALL
AND GENERALLY DECREASES SEEPAGE GRADIENTS I THE COARSE LAYER,

F TOP OF FINE LAYER LIES BELOW CUT OFF WALL BOTTOM,SAFETY FACTORS
ARE INTERMEDIATE BETWEEN THOSE FOR AN iIMPERMEABLE BOUNDARY
AT TOP OR BOTTOM OF THE FINE LAYER USING FIGURE 2.

IF TOP OF THE FINE LAYER LIES ABOVE CUT OFF WAL L BOYTOMTHE SAFETY
FACTORS OF FIGURE 2 ARE SOMEWHAT CONSERVATIVE FOR PENETRATION
RECQUIRED.

FIGURE 3

Penetration of Cut Off Wall Required to Prevent Piping in

Stratified Sand
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FINE LAYER IN HOMOGENEOUS SAND STRATUM

IF THE TOP OF FINE LAYER IS AT A DEPTH GREATER THAN
WIDTH OF EXCAVATION BELOW CUT OFF WALL BOTTOM SAFETY
FACTORS OF FIGURE 2 APPLY, ASSUMING IMPERYIOUS BASE
AT TOP OF FINE LAYER .

IF TOP OF FINE LAYER 13 AT A DEFTH LESS THAN WIOTH OF
EXCAVATION BELOW CUT OFF WALL TS, PRESSURE NELIEF
IS REQIMRED SO THAT UNBALANCED HEAD BELOW FINE
LAYER DOES NOT EXCEED MEIGHT OF 30IL ABOVE BASE OF
LAYER .

e Y IF FINE LAYER LIES ABOVE SUBGRADE OF EXCAVATION, FINAL

AT S0L) COMDITION IS SAFER THAN HOMOGENEOUS CASE,BUT
L DANGEROUS CONDITION MAY ARISE DURING EXCAVATION

; ABOVE THE FINE LAYER AND PRESSURE RELIEF IS REQUIRED

AS IN THE PRECEDING CASE .

= TO AVOID BOTTOM HEAVE, ¥ X Hy SHOULD BE GREATER THAN
- Yw XHg4.

¥y =TOTAL UNIT WEIGHT OF THE SOIL
Yw® UNIT WEIGHT OF WATER

FIGURE 3 (continued)
Penetration of Cut Off Wall Required to Prevent Piping in
Stratified Sand
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(4) An outside open water source may be bl anketed with fines or
bent oni te dunped through water or placed as a slurry. See Table 2.

Eval uate the effectiveness of these neasures by flow net analysis.

3. GROUTED CUTOFF. For grouting nmethods and naterials, see DM 7.3, Chapter
2. Complete grouted cutoff is frequently difficult and costly to attain.
Success of grouting requires careful evaluation of pervious strata for

sel ection of appropriate grout mix and procedures. These techniques, in
conbinati on with other cutoff or drainage nmethods, are particularly usefu
as a construction expedient to control |ocal seepage.

4. IMPERVIOUS SO L BARRIERS. Backfilling of cutoff trenches with sel ected
i mpervi ous material and placing inpervious fills for enbanknent cores are
routi ne procedures for earth dans.

a. Conpacted Inpervious Fill. Properly constructed, these sections
permt negligible seepage conpared to the flow t hrough foundations or
abutnents. Pervious |layers or lenses in the conpacted cutoff nust be
avoi ded by bl ending of borrow materials and scarifying to bond successive
lifts.

b. Mxed-in-Place Piles. Overlapping m xed-in-place piles of cenent
and natural soil forns a cofferdamwi th sone shear resistance around an
excavati on.

c. Slurry-filled Trench. Concurrent excavation of a straight sided

trench and backfilling with a slurry of bentonite with natural soil is done.
Al ternatively, a cenent bentonite m x can be used in a narrower trench where
coarser gravel occurs. |n certain cases, trem e concrete may be placed,

wor ki ng upward fromthe base of a slurry-filled trench, to forma permanent
peri pheral wall (Di aphragm Wall, see DM 7.3, Chapter 3).

5. FREEZING  See Section 2, DM 7.3, Chapter 2, and Table 7, DM 7.2,
Chapter 1.

Section 4. DESIGN OF DRAI NAGE BLANKET AND FI LTERS

1. FILTERS. |If water flows froma silt to a gravel, the silt wll
wash into the interstices of the gravel. This could Iead to the foll ow ng,
whi ch must be avoi ded:

(1) The loss of silt may continue, causing creation of a cavity.

(2) The silt may clog the gravel, stopping flow, and causing
hydrostatic pressure buil dup

The purpose of filters is to allow water to pass freely across the
interface (filter nust be coarse enough to avoid head |oss) but still be
sufficiently fine to prevent the mgration of fines. The filter particles
nmust be durable, e.g., certain crushed |inmestones may dissolve. Filter
requirements apply to all permanent subdrai nage structures in contact with
soil, including wells. See Figure 4 for protective filter design criteria.
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The filter may be too fine grained to convey enough water, to
provi de a good working surface, or to pass the water freely wi thout |oss of
fines to a subdrain pipe. For this condition, a second filter layer is
pl aced on the first filter layer; the first filter layer is then considered
the soil to be protected, and the second filter layer is designed. The
finest filter soil is often at the base, with coarser |ayers above. This is
referred to as reversed or inverted filters.

Concrete sand (ASTM C33, Specifications for Concrete Aggregates)
suffices as a filter against the majority of fine-grained soils or silty or
cl ayey sands. For non-plastic silt, varved silt, or clay with sand or silt
| enses, use asphalt sand (ASTM D1073, Specifications for Fine Aggregates for
Bi t um nous Paving M xtures) but always check the criteria in Figure 4.
Local |y avail able natural nmaterials are usually nore econom cal than
processed materials, and should be used where they neet filter criteria.

The fine filter layer can be replaced with plastic filter cloths under the
followi ng conditions (after Reference 3, Performance of Plastic Filter
Coths as a Replacenent for Granular Materials, by Cal houn, et al.):

(a) Non-woven filter cloths, or woven filter cloths with | ess than
4% open area should not be used where silt is present in sandy soils. A
cloth with an equival ent opening size (EOS) equal to the No. 30 sieve and an
open area of 36%w ll retain sands containing silt.

(b) When stones are to be dropped directly on the cloth, or where
uplift pressure fromartesian water nmay be encountered, the mnimumtensile
strengths (ASTM D1682, Tests for Breaking Load and El ongati on of Textile
Fabrics) in the strongest and weakest directions should be not |ess than 350
and 200 I bs. respectively. Elongation at failure should not exceed 35%

The mi ni mum burst strength should be 520 psi (ASTM D751, Testing Coated
Fabrics). Where the cloths are used in applications not requiring high
strength or abrasion resistance, the strength requirenents nmay be rel axed.

(c) Coths made of polypropyl ene, polyvinyl chloride and
pol yet hyl ene fibers do not deteriorate under nost conditions, but they are
af fected by sunlight, and should be protected fromthe sun. Materials
shoul d be durabl e agai nst ground pollutants and insect attack, and
penetration by burrow ng ani nmal s.

(d) Where filter cloths are used to wap collection pipes or in
simlar applications, backfill should consist of clean sands or gravels
graded such that the D+85, is greater than the ECS of the cloth. When
trenches are lined with filter cloth, the collection pipe should be
separated fromthe cloth by at |east six inches of granular material

(e) Coths should be made of nonofilament yarns, and the absorption
of the cloth should not exceed 1% to reduce possibility of fibers swelling
and changi ng ECS and percent of open area.

For further guidance on types and properties of filter fabrics see
Ref erence 4, Construction and Geotechnical Engineering Using Synthetic
Fabrics, by Koerner and Wl sh.
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2. DRAI NAGE BLANKET. Figure 5 shows typical filter and drai nage bl anket
installations.

a. Perneability. Figure 6 (Reference 5, Subsurface Drai nage of
Hi ghways, by Barber) gives typical coefficients of perneability for clean,
coarse-grai ned drai nage material and the effect of various percentages of
fines on perneability. M xtures of about equal parts gravel with mediumto
coarse sand have a perneability of approximately 1 fpm Single sized, clean
gravel has a perneability exceeding 50 fpm For approxi mate relationship of
permeability versus effective grain size D+10,, see Figure 1, Chapter 3.

b. Drainage Capacity. Estimate the quantity of water which can be
transmitted by a drai nage bl anket as foll ows:

g =k [nmultiplied by] i [nmultiplied by] A

wher e g = quantity of flow, ft_3-/sec
k = perneability coefficient, ft/sec
i = average gradient in flow direction, ft/ft
A = cross sectional area of blanket, ft_2-

The gradient is limted by uplift pressures that may be tolerated at
the point farthest fromthe outlet of the drainage blanket. Increase
gradients and fl ow capacity of the blanket by providing closer spacing of
drain pipes within the blanket.

(1) Pressure Relief. See bottom panel of Figure 7 (Reference 6,
Seepage Requirenents of Filters and Pervi ous Bases, by Cedergren) for
conbi nati ons of drain pipe spacing, drainage course thickness, and
permeability required for control of flow upward from an underlying aquifer
under an average vertical gradient of 0.4.

(2) Rate of Drainage. See the top panel of Figure 7 (Reference 5)
for tine rate of drainage of water froma saturated base course beneath a
paverment. Effective porosity is the volune of drainable water in a unit
volunme of soil. It ranges from25 percent for a uniformmaterial such as
medi umto coarse sand, to 15 percent for a broadly graded sand-grave
m xture.

c. Drainage Bl anket Design. The follow ng guidelines should be
fol | owed:

(1) Gradation. Design in accordance with Figure 4.

(2) Thickness. Beneath, structures require a mnimmof 12 inches
for each layer with a mnimumthickness of 24 inches overall. |[If placed on
wet, vyielding, uneven excavation surface and subject to construction
operation and traffic, mnimmthickness shall be 36 inches overall
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d. Chemical Cogging. Filter systems (filter layers, fabrics, pipes)
can become chemcally clogged by ferrugi nous (iron) and carbonate
depositions and incrustations. Where the permanent subdrai nage systemis
accessi ble, pipes with larger perforations (3/8 inch) and increased
t hi ckness of filter layers can be used. For existing facilities, a weak
solution of hydrochloric acid can be used to dissol ve carbonates.

3. I NTERCEPTI NG DRAINS. Intercepting drains consist of shallow trenches
with coll ector pipes surrounded by drainage material, placed to intercept
seepage noving horizontally in an upper pervious stratum To design proper
control drains, determine the drawdown and flow to drains by flow net

anal ysis. Figure 8 shows typical placements of intercepting drains for
roadways on a sl ope

4. SHALLOW DRAI NS FOR PONDED AREAS. Drains consisting of shallow stone
trenches with collector pipes can be used to collect and control surface
runoff. See Figure 9 (Reference 7, Seepage Into Ditches From a Pl ane Water
Tabl e Overlying a Gravel Substratum by Kirkham and Reference 8, Seepage
Into Ditches in the Case of a Plane Water Table And an | npervious
Substratum by Kirkham for deternmination of rate of seepage into drainage
trenches. |If sufficient capacity cannot be provided in trenches, add
surface drainage facilities.

5.  PIPES FOR DRAI NAGE BLANKETS AND FILTERS. Normally, perforated wall

pi pes of nmetal or plastic or porous wall concrete pipes are used as

coll ector pipes. Circular perforations should generally not be |arger than
3/8 inch. Filter material must be graded according to the above guidelines.

Pi pes shoul d be checked for strength. Certain deep buried pipes may
need a cradle. Check for corrosiveness of soil and water; certain netal
pi pes may not be appropriate.

Since soil migration may occur, even in the best designed systens,
install cleanout points so that the entire systemcan be flushed and snaked.

Section 5. WELLPO NT SYSTEMS AND DEEP WVELLS

1. METHODS. Excavation bel ow groundwater in soils having a perneability
greater than 10. -3- fpmgenerally requires dewatering to permt
construction in the dry. For materials with a perneability between 10. -3-
and 10. -5- fpm the anmpbunt of seepage may be small but piezonmetric |levels
may need to be lowered in order to stabilize slopes or to prevent softening
of subgrades. Drawdown for internediate depths is nornmally acconplished by
wel | poi nt systens or sunps.

Deep drai nage net hods include deep punping wells, relief wells, and deep
sheeted sunps. These are appropri ate when excavati on exceeds a depth that
can be dewatered efficiently by wellpoint systens al one or when the
princi pal source of seepage is from!|ower perneable strata.
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FIGURE 8
Intercepting Drains for Roadways on a Slope
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a. Construction Controls. For inportant construction dewatering,
install piezoneters below the base of excavati ons and behind sl opes or
cofferdanms to check on the perfornmance and adequacy of drai nage system

b. Settlenent Effects. Where dewatering lowers the water levels in
permeabl e strata adjacent to conpressible soils, settlenent nay result. See
Chapter 5 for nmethods of settlement eval uation

c. Dewatering Schenes. For construction of dewatering systens and
procedures, refer to DM 7.2, Chapter 1, and NAVFAC P-418.

2. VELLPO NT SYSTEMS. Wl points consist of 1-1/2 or 2-inch dianeter pipes
with a perforated bottom section protected by screens. They are jetted or
placed in a prepared hole and connected by a header pipe to suction punps.

a. Applicability. Wellpoints depend upon the water flowi ng by gravity
to the well screen. Punping nmethods for gravity drai nage generally are not
ef fective when the average effective grain size of a soil D+10, is less than
0.05 mm In varved or lam nated soils where silty fine sands are separated
by clayey silts or clay, gravity drainage may be effective even if the
average material has as much as 50 percent smaller than 0.05 mMm
Conpressible, fine-grained materials containing an effective grain size |ess
than 0.01 mm can be drai ned by providing a vacuum seal at the ground surface
around the wellpoint, utilizing atnospheric pressure as a consolidating
force. See Section 4 for limtations due to iron and carbonate cl oggi ng.

b. Capacity. Wellpoints ordinarily produce a drawdown between 15 and
18 feet below the center of the header. For greater drawdown, instal
wel | points in successive tiers or stages as excavati on proceeds. Discharge
capacity is generally 15 to 30 gpm per point. Points are spaced between 3
and 10 feet apart. In finely stratified or varved materials, use m ni num
spaci ng of points and increase their effectiveness by placing sand in the
annul ar space surroundi ng the well point.

c. Analysis. Wllpoint spacing usually is so close that the seepage
pattern is essentially two dinensional. Analyze total flow and drawdown by
flow net procedure. (See Section 2.) For fine sands and coarser nateri al
the quantity of water to be renpved controls wellpoint layout. For silty
soils, the quantity punped is relatively small and the nunmber and spaci ng
of wellpoints will be influenced by the time available to acconplish the
necessary drawdown.

3. SUWPS. For construction convenience or to handle a large flow in
pervious soils, sunps can be excavated with sol dier beam and horizonta

wood | aggi ng. Collected seepage is removed with centrifugal punps pl aced
within the sunp. Analyze drawdown and flow quantities by approxi mating the
sump with an equivalent circular well of |arge dianeter.

Sheeted sunps are infrequently used. Unsheeted sunps are far nore

conmon, and are used primarily in dewatering open shallow excavations in
coarse sands, clean gravels, and rock
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4. ELECTRO OSMOSIS. This is a specialized procedure utilized in silts and
clays that are too fine-grained to be effectively drained by gravity or
vacuum met hods. See DM 7. 03, Chapter 2.

5. PUWPI NG WELLS. These wells are formed by drilling a hole of sufficient
di ameter to accommpdate a pipe colum and filter, installing a well casing,
and placing filter material in the annul ar space surroundi ng the casing.
Punps may be either the turbine type with a notor at the surface and pipe
col um wi th punp bow s hung inside the well, or a subnersible punp placed
within the well casing.

a. Applications. Deep punmping wells are used if (a) dewatering
installations nust be kept outside the excavation area, (b) large quantities
are to be punped for the full construction period, and (c) punpi ng nust
conmence before excavation to obtain the necessary tinme for drawdown. See
Fi gure 10 (bottom panel, Reference 9, Analysis of G oundwater Lowering
Adj acent to Open Water, by Avery) for analysis of drawdown and punping
quantities for single wells or a group of wells in a circular pattern. Deep
wells may be used for gravels to silty fine sands, and water bearing rocks.
See Section 4 for linmtations due to iron and carbonate cl oggi ng.

Bored shallow wells with suction punps can be used to repl ace
wel | poi nts where punping is required for several nonths or in silty soils
where correct filtering is critical

b. Special Methods. Ejector or eductor punps nay be utilized within
wel | points for lifts up to about 60 feet. The ejector punp has a nozzle
arrangenent at the bottomof two small dianmeter riser pipes which renmove
water by the Venturi principle. They are used in lieu of a multistage
wel | point systemand if the |arge punping capacity of deep wells is not
required. Their primary application is for sands, but with proper contro
they can also be used in silty sands and sandy silts.

6. RELIEF WELLS. These wells are sand columms used to bl eed water from
underlying strata containing artesian pressures, and to reduce uplift forces
at critical location. Relief wells may be tapped bel ow ground by a
col l ector systemto reduce back pressures acting in the well

a. Applications. Relief wells are frequently used as construction
expedi ents, and in situations where a horizontal drainage course may be
i nadequate for pressure relief of deep foundations underlain by varved or
stratified soils or soils whose perneability increases with depth.

b. Analysis. See Figure 11 (Reference 10, Soil Mechanics Design
Seepage Control, by the Corps of Engineers) for analysis of drawdown
produced by line of relief wells inboard of a long dike. To reduce uplift
pressures h+m, m dway between the wells to safe values, vary the wel
di anmeter, spacing, and penetration to obtain the best combination
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Section 6. LIN NGS FOR RESERVO RS AND POLLUTI ON CONTROL FACI LI TI ES

1. PURPCSE. Linings are used to reduce water loss, to minimze seepage

whi ch can cause instability in enbanknents, and to keep pollutants from

m grating to groundwater sources as in holding ponds at sewage treatnent and
chemical facilities, and in sanitary landfills. For further gui dance see
Ref erence 4 and Reference 11, WAstewater Stabilization Pond Linings, by the
Col d Regi ons Research and Engi neeri ng Laboratory.

2. TYPES. Table 2 lists types of linings appropriate where wave forces are
insignificant. Where erosive forces are present, conbine Ilining with sl ope
protection procedure. See Chapter 7, Section 6.

3. SUBDRAINAGE. If the water level in the reservoir may fall bel ow the
surroundi ng groundwater |evel, a permanent subdrai nage system shoul d be
provi ded bel ow the |ining.

4. I NVESTI GATION FOR LI NING  Check any potential lining for reaction to
pol lutants (e.g., synthetic rubber is subject to attack by hydrocarbons),
potential for insect attack (e.g., certain synthetic fabrics may be subject
to termte attack), and the potential for borrow ng animals breaching the
['ining.

Section 7. EROSI ON CONTROL

1. CGENERAL. The design of erosion controls nmust consider the vol une of
runof f fromprecipitation, the runoff velocity, and the anount of soil | oss.

a. Volunme of Runoff. The volume of runoff depends on the amount of
precipitation, ground cover, and topography. For guidance on evaluating the
vol une of runoff see DM 5.3 or Reference 12, Urban Hydrol ogy for Snmmll
Wat ersheds, by the Soil Conservation Service.

b. Anmpunt of Soil Loss. Soil |osses can be estimted using the
Uni versal Soil Loss Equation devel oped by the Soil Conservation Service:

A =E [multiplied by] KLS

wher e A = conputed soil |oss per acre, in tons
El = rainfall erosion index
K = soil erodibility factor
L = slope length factor
S = slope gradient factor
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TABLE 2

| rper meabl e Reservoir Linings

+)))))))))))))))))0))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))
Met Applicability and Procedures

/)))))))))))))))))3))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))1
* Buried Plastic * |Inpervious liner forned of black col ored ponV|ny
* Li ner chloride plastic film \Were foundation is rough or
rocky, place a layer 2 to 4 inches thick of fine-grained
soil beneath liner. Seal liner sections by
bondi ng wi th manufacturer's recommended sol vent with
6-inch overlap at joints. Protect liner by 6-inch
mn. cover of fine grained soil. On slopes add a
6-inch layer of gravel and cobbles 3/4 to 3-inch
size. Anchor liner in a trench at top of slope
Avoi d direct contact with sunlight during construction
before covering with fill and in conpleted
installation. Usual thickness range of 20 to 45
mls (.020" to 045"). Itenms to be specified
include Tensile Strength (ASTM D412), Elongation at
Break (ASTM D412), Water Absorption (ASTM D471)
Col d Bend (ASTM D2136), Brittleness Tenperature
(ASTM D746), Ozone Resistance (ASTM D1149), Heat
Agi ng Tensile Strength and El ongation at Break
* (ASTM D412), Strength - Tear and Grab (ASTM D751).

/)))))))))))))))))3))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))1
* Buried Synthetic* |Inpervious liner forned by synthetic rubber, nost

ook ok b b R % X X X X o b ok b %
ok ok ok b % X X X X o ok % b %
ook ok b b R ok % X X X X b b % b %

* Rubber Liner * often polyester reinforced. Preparation, seallng, *
* * protection, anchoring, sunlight, thickness, and ASTM *
* * standards are same as Buried Plastic Liner. *

/)))))))))))))))))3))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))1
*~ Bentonite Seal * Bentonite placed under water to seal |eaks after

* reservoir filling. For placing under water
bentonite may be poured as a powder or nixed as a
slurry and placed into the reservoir utilizing

met hods reconmended by the manufacturer. Use at

| east 0.8 pounds of bentonite for each square foot
of area, with greater concentration at |ocation of
suspected | eaks. For sealing silty or sandy soils
bentonite shoul d have no nore than 10 percent |arger
than 0.05 mm for gravelly and rocky materials
bentonite can have as much as 40 percent |arger than
0.05 mm For sealing channels with flow ng water or
large | eaks, use mixture of 1/3 each of sodium

* bentonite, calciumbentonite, and sawdust.

-233233333333333332>3333333333333333333333333333331333333133133313313313313313I)))-

ook ok b ok % X X X % %
ok ok bk ok %X X X X % %
ok ok ok o k% X X X X % %
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TABLE 2 (conti nued)
| nper meabl e Reservoir Linings

+)))))))))))))))0))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))
Met Applicability and Procedures

/)))))))))))))))3))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))1

Earth Lining Lining generally 2 to 4 feet thick of soils having

| ow perneability. Used on bottom and sides of

reservoir extending to slightly above operating
water |levels. Pernmeability of soil should be no

greater than about 2x10. -6- fpmfor water supply
linings and 2x10. -7- fpm for pollution contro
* facility linings

213133233333313333131333333313333313313133313331331333131331313131333131333131313131I1))
Thin Conpacted> Dispersant is utilized to mninze thickness of

Soi | Lining * earth lining required by decreasing perneability of

wi th Cheni cal the lining. Used where wave action is not liable to

Di sper sant erode the lining. Dispersant, such as sodium
tetraphosphate, is spread on a 6-inch lift of clayey silt
or clayey sand. Typical rate of application is 0.05

I bs/sf. Chemical and soil are mixed with a mechanica

m xer and conpacted by sheepsfoot roller. Using

a suitabl e dispersant, the thickness of conpacted
linings may be linmted to about 1 foot; the permeability
of the conpacted soil can be reduced to 1/10
* of its original value

-23233333333333323333333333333333333333333333333333333333333313313313313I1I))-

ok ok ok F %

ook ok R b ok ok X X X X XN R R b b ok % X X
ok ok F b k% X X

ook ok ok b ok % X X X X P F F ok % X X
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El, L, and S val ues should be obtained fromlocal offices of the
U.S. Soil Conservation Service. K values may be determ ned from published
data ona particular locality. |In the absence of such data, it may be
roughly estimated from Figure 12 (after Reference 13, Erosion Control on
H ghway Construction, by the H ghway Research Board).

2. I NVESTI GATI ON. \Where erosion can be expected during earthwork
construction, on-site investigations should include: (1) field
identification and classification for both agricultural textures and the
Unified system (2) sanpling for grain size distribution, Atterberg limts
and | aboratory classification, and (3) determ nation of in-place densities
(see Chapter 2).

3. SURFACE EROSI ON CONTROL. For typical erosion control practices see
Table 3, (nodified from Reference 13). General considerations to reduce
erosi on incl ude:

a. Construction Scheduling. Schedule construction to avoid seasons of
heavy rains. Wnds are al so seasonal, but are negligible in inpact conpared
to water erosion.

b. Soil Type. Avoid or mnimze exposure of highly erodible soils.
Sands easily erode but are easy to trap. Clays are nore erosion resistant,
but once eroded, are nore difficult to trap

c. Slope Length and Steepness. Reduce slope |engths and steepness to
reduce velocities. Provide benches on slopes at maxi mumvertical intervals
of 30 feet.

d. Cover. Cover quickly with vegetation, such as grass, shrubs and
trees, or other covers such as mulches. A straw mulch applied at 2
tons/acre may reduce soil |osses as nmuch as 98% on gentle slopes. O her
mul ches include asphalt emul sion, paper products, jute, cloth, straw, wood
chi ps, sawdust, netting of various natural and man-nade fibers, and, in sone
cases, gravel

e. Soil Surface. Ridges perpendicular to flow and | oose soil provide
greater infiltration

f. Exposed Area. Mninize the area opened at any one tinme. Retain as
much natural vegetation as possible. Leave vegetation along perineters to
control erosion and act as a sedi nent trap.

g. Diversion. Mninize flow over disturbed areas, such as by placing a
bermat the top of a disturbed sl ope.

h. Sprinkling. Control dust by sprinkling of exposed areas.

i. Sedinent Basins. Construct debris basins to trap debris and silt
before it enters streans.

4. CHANNEL LININGS. Table 4 presents guidelines for mnimzing erosion of
earth channel s and grass covered channels (nodified after Reference 14,
M ni m zing Erosion in U banizing Areas, by the Soil Conservation Service).
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TABLE 4
Limting Flow Velocities to M ninize Erosion

+33233333133333333333333333333333333333333333333333333133313331333133313331333133113) 5

* PERM SSI BLE VELOCI TY *
/133333333333333333333333330133133333033333333333133333133313313313313331331033)))1

* Wth Channel Vegetation *
/33)131333)135033313333331313303313335))0))5))1
Bare * 6" to 10" * 11" to 24" * Over 30" *

* o % %

* Soi | Type * Channel = in height * in height * in height =
73133333333333333333333131333>3131313133131313313131313133313313131331313133X311I1I3)I)))*
* Sand, Silt, Sandy *~ 1.5 =*2.0to3.0 * 2.5t035 *3.0to 40>
* loam Silty |oam * * * * *
* Silty clay loam Silty = 2.0 *3.0to 4.0 * 3.5to04.5 *40to 50~
* CI ay * * * * *
* Cay * 2.5 =*=3.0to50 * 3.0to55 *3.0to6.0*

-233233333333333333333333332>33333333233133333333132>3333313313313233313313I)))-
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5. SEDI MENT CONTROL. Typical sedinent control practices are included in
Tabl e 3.

a. TIraps. Traps are small and temporary, usually created by excavating
and/ or diking to a maxi num hei ght of five feet. Traps should be cleaned
peri odi cal |l y.

b. Ponds.
(1) Size the outlet structure to accept the design storm
(2) Size the pond length, width and depth to renove the desired
percent age of sedinent. See Figure 13 (nodified after Reference 15, Trap

Efficiency of Reservoirs, by Brune). For design criteria see Reference 16,
Reservoir Sedinentation, by Gottschal k.

(3) If pond is pernmanent, conpute volume of anticipated average
annual sedinmentation by the Universal Soil Loss Equation. Miltiply by the
nunber of years between pond cl eaning and by a factor of safety. This
equal s m ni mum required vol une bel ow water |evel. Dinmensions of the pond can
then be cal cul ated based on the avail able area. The design depth of the
pond should be approximately three to five feet greater than the cal cul ated
depth of sedinment at the time of clearing.

6. RIPRAP PROTECTION. Frequently coarse rock is placed on enbanknents
where erodi ble soils nust be protected fromfast currents and wave action
When coarse rock is used, currents and waves may wash soil out from under
the rock and lead to undermning and failure. Soil |oss under rock slopes
can be prevented by the use of filter fabrics or by the placenment of a
filter layer of internmedi ate sized material between the soil and rock. In
sonme cases soil |loss can be prevented by the use of well-graded rock
containing suitable fines which work to the bottom during placenment. For
further gui dance see Reference 17, Tentative Design Procedure for Rip Rap
Li ned Channels, by the H ghway Research Board.

For determining rock sizes and filter requirements use Figure 14
(Reference 18, Design of Snall Dans, by the Bureau of Reclamation).
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+33333333333333333333333333333333333333133333313313131313313133331331333333333333331)),
*Exanpl e Cal cul ati on:

Annual soil loss in watershed = 0.9 acre-feet/year
(from Universal Soil Loss Equation or
other method, i.e. design charts)

Desired pond efficiency = 70% or 0.63 acre-feet of sedi nent
trapped each year.

Annual vol une of runoff from watershed draining into
proposed pond = 400 acre-feet/yr.

For 70% efficiency using median curve C/I = 0.032
Requi red pond capacity C = 0.032 x 400 = 12.8 acre-feet.

Assumi ng average depth of pond of 6 ft, required pond
area about 2.1 acres. Pond should be cl eaned when
capacity reduced 50%

(Note: Trap efficiency decreases as vol une of pond
decreases; this has not been considered in the exanple.)

Vol une avail able for sediment = 50% x 12.8 = 6.4 acre-feet.

Years between cl eaning = 6.4
)))) [approximtely] 10 years.
0.63

o % R R X o R Xk o b X ok o % X ok X X ok F X % ¥

o % R R X b o R ok % X R b X % ok X % F % X

=233333333333333333333333333313333333333313131333331313131313333133313131313333313111)1I)))-

FI GURE 13 (conti nued)
Capacity of Sedi ment Control Ponds
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STONE DIAMETER

EQUIVALENT

CLEAR SQUARE OPENINGS US STANDARD SIEVE NUMBERS

Wive vy 3880 o ¢ geges B
\ N TN TN [ o o
N \ FOR EXPECTED
L RS
% . oA [FHY?; ! {FILTER LAYERT feﬁwun;ang
s | A \ \ \
S \ \ N \
\ |\
: \LLL AL\
g y q \ AN \ N
\\ N \\ \\ \
\\ N N IN \ X
00086 43 2 T0086 43 2 1086 43 2 186 43 2 106 43 2 0
GRAIN SIZE MILLIMETERS
BOULDERS | COBBLES MSEME[ "Eo"i;_"mol FINE SILT ORCLAY

GENERAL REQUIREMENTS: MAXIMUM AVERAGE
FOR EMBANKMENT SLOPES WAVE HEIGHT ROCK SIZE

BETWEEN I:

DUMPED RIPRAP SHALL
MEET THE FOLLOWING

CRITERIA:

MAXIMUM LAYER

ROCK SIZE  THICKNESS

2 AND 14 FT. Dag. IN POUNDS IN,
010 | 8 100 2
1702 10 200 15
2704 12 500 8
4706 15 1500 24
6 T08 ] 2500 )
8700 2 4000 3%

RIPRAP SHALL BE WELL GRADED FROM A MAXIMUM SIZE AT LEAST 1.5 TIMES AVERAGE ROCK SIZE,
TO | . SPALLS SUITABLE TO FILL vOIDS BETWEEN ROCKS.

RIPRAP BLANKET SHALL EXTEND TO AT LEAST 8FT, BELOW LOWEST LOW WATER,

4 UNDER THE MOST EXTREME ICING AND TEMPERATURE CHANGES, ROCK SHOULD MEET SOUNDNESS AND

DENSITY REQUIREMENTS FOR CONCRETE AGGREGATE. OTHERWISE , ANY UNWEATHERED ROCK WITH

G »2.60, CTHER THAN ARGILLACEQUS TYPES ARE SUITABLE .

FILTER SHALL BE PROVIDED BETWEEN MAXIMUM WAVE
RIPRAP AND EMBANKMENT SOILS TO HEIGHT,FT,
MEET THE FOLLOWING CRITERIA: 0 T0 4

4 TO 10

NO FILTER IS NEEDED IF EMBANKMENT MEETS
THE ABOVE REQUIREMENTS FOR Dgg SIZE.

FILTER Dgs
SIZE AT LEAST:
I TO -I/2 IN.

/2 TO 2IN.

FIGURE 14

Design Criteria for Riprap and Filter on Earth Embankments
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+)))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))
R MAY NOT BE REQUI RED | F EMBANKMENT CONSI STS OF CH OR CL W TH LL)

* RESI STANT TO SURFACE EROCSION. | F A FILTER |s USED IN THI'S CASE IT *
* ORDI NARI LY MEETS FILTER CRI TERI A AGAI NST RI PRAP ONLY. *
* | F EMBANKMENT CONSI STS OF NONPLASTI C SO LS WHERE SEEPAGE W LL MOVE FROM *
* EMBANKMENT AT LOWWATER, 2 FILTER LAYERS MAY BE REQUI RED WHI CH SHALL *
* MEET FI LTER CRI TERI A AGAI NST BOTH EMBANKVENT AND Rl PRAP.  ( EXAMPLE |'S SHOWK*
* ABOVE) . *
* 6. M N MM TH CKNESS OF S| NGLE LAYER MAXI MUM WAVE FI LTER *
* FI LTERS ARE AS FOLLOWE: HEl GHT, FT. THI CKNESS, | N. *
> I2II00000030) 020000300000 0))) >
* 0 TO 4 6 *
*  DOUBLE FILTER LAYERS SHOULD BE AT 4 TO 8 9 *
* LEAST 6 IN. THI CK. 8 TO 12 12 *

* *

-33233333333333333333333333333333331333333333313333313333313331331331133133313313313313I)I))-

FI GURE 14 (conti nued)
Design Criteria for Riprap and Filter on Earth Enbanknments
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CHAPTER 7. SLOPE STABI LI TY AND PROTECTI ON
Section 1. | NTRODUCTI ON

1. SCOPE. This chapter presents nethods of analyzing stability of natura
sl opes and safety of enbanknents. Diagrans are included for stability
anal ysis, and procedures for slope stabilization are discussed.

2. APPL|I CATIONS. Overstressing of a slope, or reduction in shear strength
of the soil may cause rapid or progressive displacenents. The stability of
sl opes may be eval uated by conpari son of the forces resisting failure with
those tending to cause rupture along the assuned slip surface. The ratio of
these forces is the factor of safety.

3. RELATED CRITERIA. Excavations, Earth Pressures, Special Problens - See
DM 7.2, Chapters 1, 2 and 3 and DM 7.3, Chapter 3.

4. REFERENCE. For detailed treatment on subject see Reference 1, Landslide
Anal yses and Control, by the Transportation Research Board.

Section 2. TYPES OF FAI LURES

1. MODES OF SLOPE FAILURE. Principal npodes of failure in soil or rock are
(i) rotation on a curved slip surface approximated by a circular arc, (ii)
translation on a planar surface whose length is |arge conpared to depth

bel ow ground, and (iii) displacenment of a wedge-shaped nass al ong one or
nore planes of weakness. Qher nodes of failure include toppling of

rocksl opes, falls, block slides, |lateral spreading, earth and nud flow in
clayey and silty soils, and debris flows in coarse-grained soils. Tables 1
and 2 show exanpl es of potential slope failure problems in both natural and
man- made sl opes.

2. CAUSES OF SLOPE FAILURE. Slope failures occur when the rupturing force
exceeds resisting force.

a. Natural Slopes. |nbalance of forces may be caused by one or nore of
the follow ng factors:

(1) A change in slope profile that adds driving weight at the top or
decreases resisting force at the base. Exanples include steepening of the
sl ope or undercutting of the toe.

(2) An increase of groundwater pressure, resulting in a decrease of
frictional resistance in cohesionless soil or swell in cohesive material
Groundwat er pressures may increase through the saturation of a slope from
rainfall or snowrelt, seepage froman artificial source, or rise of the
wat er table.
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TABLE 1
Analysis of Stability of Natural Slopes

FAILURE AT
RELATIVELY SHALLOW

MLURE OF THIN WEDGE,
POSITION INFLUENCED BY

LOW GROUNDWATE R HIGH GROUNDWATER

{1} SLOPE IN COARSE-GRAINED SOIL
WITH SOME COHESiON

WITH LOW GROUNDWATER, FAILURE OCCURS ON
SHALLOW, STRAIGH T, OR SLIGHTLY CURVED SURFACE .
PRESENCE OF A TENSION CRACK AT THE TOP OF
THE SLOPE INFLUENCES FAILURE LOCATION. WITH
HIGH GROUNDWATER, FAILURE OCCURS ON THE
RELATIVELY SHALLOW TOE CIRCLE WHOSE POSITION
IS DETERMINED PRIMARILY BY GROUND
ELEVATION.

ANALYZE WITH EFFECTIVE STRESSES USING
STRENGTHS €'AND ¢’ FROM CD TESTS. PORE
PRESSURE 1S GOVERNED BY SEEPAGE CONDITION.
INTERNAL PORE PRESSURES AND EXTERNAL WATER
PRESSURES MUST BE INCLUDED.

STABLE SLOPE ANGLE STABLE SLOPE
+ EFFECTIVE FRICTION ANGLE = /2
AMGLE EFFECTIVE

" FRMCTION ANGLE

HH GAOUNDWATER

LOW GROUNCWATER

{2) SLOPE IN COARSE-GRAINED,
COHESIONLESS S0IL

STABILITY DEPENDS PRIMARILY ON GROUND-
WATER CONDITIONS. WITH LOW GROUNDWATER,
FAILURES OGCUR AS SURFACE SLOUGHING UNTIL
SLOPE ANGLE FLATTENS TO FRICTION ANGLE. WITH
HIGH BROUNDWATER , STABLE SLOPE IS APPROXI-
MATELY 1/2 FRICTION ANGLE

ANALYZE WITH EFFECTIVE STRESSES USING
STRENGTH ¢’ SLIGHT COHESION APPEARING
N TEST ENVELOPE IS IGNORED. SPECIAL CON-
SIDERATION MUST BE GIVEN TO POSSIBLE FLOW
SLIDES IN LOOSE, SATURATED FINE SANDS.

LOCATION OF FRILURE DEPENDS ON VARIATION
OF SHEAN STRENGTH WITH DEFTH

{3) SLOPE iN NORMALLY CONSOLIDATED
OR SLIGHTLY PRECONSOLIDATED CLAY

FAILURE OCCURS ON CIRCULAR ARCS WHOSE
POSITION 15 GOVERNED BY THEORY, SEE FIG. 3,
POSITION OF GROUNDWATER TABLE DCOES
NOT INFLUENCE STABILITY UNLESS TS FLUCTU-
ATION CHANGES STRENGTH OF THE CLAY OR ACTS
IN TENSION CRACKS.

ANALYZE WITH TOTAL STRESSES, ZONING CROGC
SECTIOM FOR DIFFERENT VALUES CF SHEAR
STRENGTHS. DETERMINE SHEAR STRENGTH FROM
UNCONFINED COMPRESSION TEST, UNCONSOLIDATED
UNDRAINED TRIAXIAL TEST OR VANESHEAR.
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TABLE 1 {(continued)
Analysis of Stability of Natural Slopes

LOCATION OF FAILURE LOCATION OF FAILURE PLANE IS CONTROLLED
DEPENDS ON RELATIVE BY RELATIVE STRENGTH AND ORIENTATION OF
STRATA. FAILURE SURFACE IS COMBINATION OF
ACTIVE AND PASSIVE WEDGES WITH CENTRAL
SLIDING BLOCK CHOSEN TO CONFORM TO
STRATIFICATION.

ANALYZE WITH EFFECTIVE STRESS USING ' AND
$' FOR FINE-GRAINED STRATA AND ¢’ FOR
COHESIONLESS MATERIAL .

(4) SLOPE IN STRATIFIEC 30IL PROFILE

STRENGTH OF OLD SLIDE MASS DECREASES
WITH MAGNITUDE OF MOVEMENT THAT HAS
OLD SCARP OCCURRED PREVIOUSLY. MOST DANGEROUS

’f""*— SITUATION IS IN STIFF, OVER - CONSOLIDATED
CLAY WHICH IS SOFTENED, FRACTURED,OR
SLICKENSIDED IN THE FAILURE ZONE .

BOWL - SHAPED AREA OF LOW SLOPE
(9 TO I1 %) BOUNDED AT TOP BY

-
e
-

~"TF - FAILURE SURFACE OF LOW
CURVATURE WHICH IS A PORTION
OF AN OLD SHEAR SURFACE.

{3} DEPTH CREEP MOVEMENTS IN OLD SLIDE MASS
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TABLE
Analysis of Stability of Cut and Fill S

2
lopes, Conditions Varving with Time

LOCATION OF FAILURE DEFENDS ON GEOMETRY
AND STRENGTH OF CROSS SECTION.

{1} FAILURE OF FILL ON SOFT COHESIVE
FOUNDATION WITH SAND DRAINS

USUALLY MIN/MUM STABILITY OCCURS
DURING PLACING OF FILL .IF RATE OF
CONSTRUCTION 1S CONTROLLED, ALLOW FOR
GAIN IN STRENGTH WITH CONSOLIDATION
FROM DRAINAGE .

ANALYZE WITH EFFECTIVE STRESS USING
C'AND ¢' FROM CU TEST WITH PORE
PRESSURE MEASUREMENT. APPLY ESTIMATED
PORE PRESSURES OR PIEZOMETRIC PRESSURES.
ANALYZE WITH TOTAL STRESS FOR RAPID
CONSTRUCTION WITHOUT OBSERVATION OF PORE
PRESSURES, USE SHEAR STRENGTH FROM
UNCONFINED COMPRESSION OR UNCONSOLIDATED
UNDRAINED TRIAXIAL .

FAILURE SURFACE MAY BE ROTATION
CIRCULAR ARC OR TRANSLATION WITH
ACTIVE AND PASSIVE WEDGES.

ON

- -
-

FRrTFRIR IR VINITIFRSN TR NN T IV T B

{2) FAILURE OF STIFF COMPACTED FILL
ON SOFT COHESIVE FOUNDATION

USUALLY, MINIMUM STABILITY OBTAINED AT
END OF CONSTRUCTION. FALURE MAY BE IN
THE FORM OF ROTATION OR TRANSLATION, AND
BOTH SHOULD BE CONSIOERED.

FOR RAPID CONSTRUCTION IGNORE CONSOLIDA-
TION FROM DRAINAGE AMD UTILIZE SHEAR
STRENGTHS DETERMINED FROM U OR UU TESTS
OR VANE SHEAR IN TOTAL STRESS ANALYSIS, IF
FAILURE STRAIN OF FILL AND FOUNDATION MATE-
RIALS DIFFER GREATLY K SAFETY FACTOR SHOULD
EXCEED ONE , IGNORING SHEAR STRENGTH OF
FILL.  ANALYZE LONG-TERM STABILITY USING
€ AND ¢ FROM CUTESTS WITH EFFECTIVE
STRESS AMALYSS , APPLYING PORE PRESSURES
OF GROUNDWATER ONLY.

ORIGINAL GROUND LINE

[
} )
I” AJL*‘
/I/',
. f’/

.
:€,¢:55ert.ms SURFACE
DEPENDS ON PATTERN OF
FISSURES OR DEPTH OF
SOFTENING

FAILURE FOLLOWING CUT IN STIFF
FISSURED CLAY

(3)

RELEASE OF HORIZONTAL STRESSES BY
EXCAVATION CAUSES EXPANSION OF CLAY AND

OPENING OF FISSURES, RESULTING IN LDSS
OF COHESIVE STRENGTH.

ANALYZE FOR SHORT TERM STABILITY USING ¢'
AND ¢' WITH TOTAL STRESS ANALYSIS. ANALYZE FOR
LONG TERM STABILITY WITH C'r AND ¢y, BASED
ON RESIDUAL STRENGTH MEASURED IN
CONSOLIDATED DRAINED TESTS .
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(3) Progressive decrease in shear strength of the soil or rock mass
caused by weathering, |eaching, mneral ogical changes, opening and softening
of fissures, or continuing gradual shear strain (creep).

(4) Vibrations induced by earthquakes, blasting, or pile-driving.
I nduced dynani c forces cause densification of |oose sand, silt, or |oess
bel ow t he groundwater table or collapse of sensitive clays, causing
i ncreased pore pressures. Cyclic stresses induced by earthquakes may cause
liquefaction of |oose, uniform saturated sand | ayers (see DM 7.3, Chapter
1).

b. Enbanknent (Fill) Slopes. Failure of fill slopes may be caused by
one or nore of the follow ng factors:

(1) Overstressing of the foundation soil. This may occur in
cohesive soils, during or i mediately after embankment construction
Usual |y, the short-termstability of embankments on soft cohesive soils is
nore critical than the long-termstability, because the foundation soil wll
gain strength as the pore water pressure dissipates. It nmay, however, be
necessary to check the stability for a nunber of pore pressure conditions.
Usual ly, the critical failure surface is tangent to the firmlayers bel ow
the soft subsoils.

(2) Drawdown and Piping. 1In earth danms, rapid drawdown of the
reservoir causes increased effective weight of the enbanknent soil thus
reduci ng stability. Another potential cause of failure in enbanknent sl opes
i s subsurface erosion or piping (see Chapter 6 for gui dance on prevention of

pi pi ng) .

(3) Dynanmic Forces. Vibrations may be induced by earthquakes,
bl asting, pile driving, etc.

c. Excavation (Cut) Slopes. Failure nay result fromone or nore of the
factors described in (a). An additional factor that should be considered
for cuts in stiff clays is the rel ease of horizontal stresses during
excavation which may cause the formation of fissures. |f water enters the
fissures, the strength of the clay will decrease progressively. Therefore,
the long-termstability of slopes excavated in cohesive soils is normally
nore critical than the short-termstability. When excavati ons are open over
a long period and water is accessible, there is potential for swelling and
| oss of strength with tinme.

3. EFFECT OF SO L OR ROCK TYPE.

a. Failure Surface. In honpgeneous cohesive soils, the critica
failure surface usually is deep whereas shall ow surface sl oughi ng and
sliding is nore typical in honpbgeneous cohesionless soils. In

nonhonogeneous soil foundations the shape and | ocation of the failure
depends on the strength and stratification of the various soil types.

b. Rock. Slope failures are common in stratified sedinmentary rocks, in
weat hered shal es, and in rocks containing platy mnerals such as talc, nica
and the serpentine mnerals. Failure planes in rock occur along zones of
weakness or discontinuities (fissures, joints, faults) and beddi ng pl anes
(strata). The orientation and strength of the discontinuities are the nost
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i mportant factors influencing the stability of rock slopes. Discontinuities
can devel op or strength can change as a result of the follow ng
envi ronnental factors:

(1) Chemi cal weathering.

(2) Freezing and thawi ng of water/ice in joints.

(3) Tectonic novenents.

(4) Increase of water pressures within discontinuities.

(5) Alternate wetting and drying (especially expansive shal es).

(6) Increase of tensile stresses due to differential erosion

Further guidance pertinent to rock slopes can be found in DM 7.2,
Chapter 1.

Section 3. METHODS OF ANALYSI S

1. TYPES OF ANALYSIS. For slopes in relatively honogeneous soil, the
failure surface is approximated by a circular arc, along which the resisting
and rupturing forces can be analyzed. Various techniques of slope stability
anal ysis may be classified into three broad categories.

a. Limt EquilibriumMethod. Mst linmt equilibriumnethods used in
geot echni cal practice assunme the validity of Coulonb's failure criterion
al ong an assuned failure surface. A free body of the slope is considered to
be acted upon by known or assunmed forces. Shear stresses induced on the
assuned failure surface by the body and external forces are conpared with

the avail abl e shear strength of the material. This method does not account
for the load deformation characteristics of the materials in question. Most
of the nethods of stability analysis currently in use fall in this category.

The nethod of slices, which is a rotational failure analysis, is
nost comonly used in limt equilibriumsolutions. The mininumfactor of
safety is computed by trying several circles. The difference between
vari ous approaches stens from (a) the assunptions that make the problem
determ nate, and (b) the equilibriumconditions that are satisfied. The
soil mass within the assuned slip surface is divided into several slices,
and the forces acting on each slice are considered. The effect of an
eart hquake may be consi dered by applying appropriate horizontal force on the
slices. Figure 1 (Reference 2, Soil Mechanics, by Lanbe and Wit man)
illustrates this method of analysis applied to a sl ope of honbpgeneous sandy
soi|l subjected to the forces of water seeping laterally toward a drain at
t he toe.

b. Linmt Analysis. This nmethod considers yield criteria and the
stress-strain relationship. It is based on | ower bound and upper bound
theorens for bodies of elastic - perfectly plastic materials. See Reference
3, Stability of Earth Slopes, by Fang, for further guidance.
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becomes {neglecting earthquake forces):

i=N
Z [c':'bi +{W; —u;b;) TAN d_:]/mai
Fim = N
I w;sINa,

ANg; TAN ¢
WHERE Mgj= COSg;(1+ TANGiTAN §

Fl'h
The above equation is solved by successive approximations. Value of Mg;
obtained from Figure 1l (continued} Graph for Determination of Mgz for an
assumed value of Fp.

Example:

CENTER OF FAILURE CIRCLE -

DRAIN SURFACE OF FIRM STRATUM

Find Fp for the trial slip circle shown.

Properties

T =90 psf, § = 32°, Yy = 125 PCF

Slope 1-1/2 horizontal to 1 vertical.

Flow conditions as shown.

of ,
RADIUS OF CIRGLE = 30 FT. “
YeiZGLB/FT
Ts90LB/FT .
$ .32 \,l
' gorFT.

Considering the equilibrium of forces in the wvertical direction but neglecting
the shearing forces between slices the factor of safety for moment equilibrium

is

FIGURE 1
Method of Slices — Simplified Bishop Method (Circular Slip Surface)
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Procedure {numbers in parenthesis corresponds to column in example):

1.

-

9.

10.

1l.

Divide cross section into vertical slices,{l).

Calculate weight of each slice (Wi} using total unit weights, where

bj is the width of the slice and H is the average height of the slice,
{2),(3), (4.

Caleculate Wj sin ¢y for each slice, where 0y is the angle bhetween the
tangent of the failure surface and the horizontal, (5}(6).

Multiply the cohesive strength (T) times the width of each slice (bi),
(7).

Multiply the average pore water pressure [{u3) = (hi)(,0624 KSF)]
along the failure surface of each slice, times the width of each slice,
(8).

Calculate (Wi - ujbi)tand for each slice, (9).

Add Th; plus (W; - uibi)tana for each slice, (10).

Select two factors of safety (Fp), and find May for each slice using
graph below (11). .

Divide ©b; + (Wi — ujbjy) tanf by Moy for each slice and sum
resultants, {(12).

Divide yu., . - {=n
¢bi+ {Wi- uibi) TAN$ by fWiSINOf to obtain calculated Fy
1-1 Moy 1a]

Compare to Fpi1g assumed in Step 8. Reiterate Steps 8§, 9, and 10 until
assumed Fp of Step 8 equals calculated Fp of Step 10,

Repeat above analysis varying center location and radius of failure
circle tc establish least factor of safety.

1.6 ¥ T T T
NOTE: O 'S ¢ WHEN SLOPE OF FAILURE| ARC Ill
M SAME QUADRANT AS GROUND |SLOPE

1.4 0 g
P il = \\
z / \ _-""--l.\ .
g 0"”"’,E§z::::::::; --\\N\\s;\\ : ‘\\\\\
s //e)/// "¢|=m¢1(|‘ TAN.;n 9
[+ 1 ]
% EN

ok
-40° -30° -20° -i10° a° 0° 2o° 30° 40° 50° [ 1rd
“4——— VALUES OF @ —

GRAPH FOR DETERMINATION OF Mg

FIGURE 1 (continued)
Method of Slices - Simplified Bishop Method (Circular 51lip Surface)
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LTE-T L

(Wi-uihi) Mﬂi (IOJ+(II)
b; H W, W sin a; 2b; u b TANG | (749} | Fp= Fms Fn? Fns
Slice (FT) (FT) (KIPS) sinai (KIPS) (KIPS) {KIPS (KIPS) | (KIPS) 1.25 1.35 1.25 135
(n (2) (3} (4} (8) (6) (7 (8) {8) {10) ) {12)
1 4.5 1.6 0.9 0.03 0 0.40 0 0.55 ) 0.93 | 0,97 0.97 1.00 1.00
2 3.2 4.2 1.7 0.05 0.1 0.29 0 1.05 § 1.35 | 1.02]1.02 1.30 1.30
24 1.8 5.8 1.3 0,14 0.2 0.16 0.05 0.80 | 0.95 | 1.06 | 1.05 0.90 0.90
3 5.0 1.4 4.6 0,25 1,2 0,45 1.05 2,25 | 2,70 | 1.09 ] 1.08 2.50 2,50
b 5.0 9.0 5.6 0,42 2.3 0.45 1,45 2,55 1 3.00 | 1,12 | 1.10 2.70 2.75
5 5.0 9.3 5.8 0,58 3.4 0,45 1.25 2,70 1 .15 | 1.10] 1.08 2.85 2.90
b 4o 8.4 4.6 0.74 3.4 0.40 0.50 2.65 | 3.05 | 1.05|1.02 2.90 2.95
6A 0.6 6.7 0.5 0.82 0.4 0,05 0 0.30 § 0.35 | 0,98 0.95 0,35 0.40
7 3.2 3.8 1.5 0.87 1.3 0.29 0 0,951 1,25 1 0.93 | 0.92 1.30 1,35
12.3 15,80 | 16.05
15.8
For assumed Fp = 1.25, calculated, Fm = 12.3° 1.29
505
Fp = 1.35, calculated, Fm = IE‘;‘ = 1,31

A trial assuming F = 1,3 would yield Fm = .3

FIGURE 1 (continued)
Method of Slices - Simplified Bishop Methed (Circular Slip Surface)




c. Finite Element Method. This nmethod is extensively used in nore
conpl ex problems of slope stability and where earthquake and vibrations are
part of total |oading system This procedure accounts for deformation and
is useful where significantly different material properties are encountered.

2. FAILURE CHARACTERI STICS. Table 1 shows sone situations that may arise
in natural slopes. Table 2 shows situations applicable to man-made sl opes.
Strength parameters, flow conditions, pore water pressure, failure nodes,
etc. should be selected as described in Section 4.

3. SLOPE STABI LI TY CHARTS.

a. Rotational Failure in Cohesive Soils ([phi] = 0)

(1) For slopes in cohesive soils having approxi mately constant
strength with depth use Figure 2 (Reference 4, Stability Analysis of Slopes
with Di nensionless Paraneters, by Janbu) to determine the factor of safety.

(2) For slope in cohesive soil with nore than one soil |ayer,
determ ne centers of potentially critical circles fromFigure 3 (Reference
4). Use the appropriate shear strength of sections of the arc in each
stratum Use the follow ng guide for positioning the circle.

(a) If the lower soil layer is weaker, a circle tangent to the
base of the weaker |ayer will be critical
(b) If the Iower soil layer is stronger, two circles, one

tangent to the base of the upper weaker |ayer and the other tangent to the
base of the |l ower stronger |ayer, should be investigated.

(3) Wth surcharge, tension cracks, or submergence of slope, apply
corrections of Figure 4 to determ ne safety factor

(4) Enbanknents on Soft Clay. See Figure 5 (Reference 5, The Desiagn
of Enmbanknments on Soft C ays, by Jakobsen) for approxi nate anal ysis of
embankment with stabilizing bernms on foundations of constant strength.
Determ ne the probable formof failure fromrelationship of berm and
embankment wi dt hs and foundation thickness in top |left panel of Figure 5.

4. TRANSLATI ONAL FAI LURE ANALYSIS. In stratified soils, the failure
surface may be controlled by a relatively thin and weak | ayer. Analyze the
stability of the potentially translating mass as shown in Figure 6 by
conparing the destabilizing forces of the active pressure wedge with the
stabilizing force of the passive wedge at the toe plus the shear strength
al ong the base of the central soil mass. See Figure 7 for an exanpl e of
translational failure analysis in soil and Figure 8 for an exanpl e of
translational failure in rock

Jointed rocks involve nultiple planes of weakness. This type of problem
cannot be anal yzed by two-di nensional cross-sections. See Reference 6, The
Practical and Realistic Solution of Rock Slope Stability, by Von Thun.

5. REQUI RED SAFETY FACTORS. The follow ng val ues shoul d be provided for
reasonabl e assurance of stability:
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DEFINITIONS [ 4 17 [' l
I

TR A
J717 T
‘TR
' k ]
/A1l
7 717 ]
1’ i/ .‘!' .‘?
7 i1 §
!;’I! :
KNS &
. ‘/!r "i:)’ Jrolifif z BASE g
N Az ";--’7 .
o ’:::::"::"1P‘ )

S i S o S e P I

"
Ry TOE CIRCLES
;ﬁr/ :
70 o0 L) 30 20 r o
SLOPE ANGLE, S, DESREES
jos |  [ers | v | s | 2] |13 |+ & 9 «
SOPE,
ASSUMED CONDITIONS : EXAMPLE :
1. NO OPEN WATER OUTSIDE OF SLOPE. Hz2s'
Z. NO SURCHARGE OR TENSION CRACKS, B=35°
3. 30IL IS HOMOGENEDUS TO DEPTH D. ——’—
4. SHEAR STRENGTH IS DEMVED FROM . p=20"
COMESION CNLY AND IS CONSTANT WITH i
5. MILLRE TAKES PLACE AS ROTATION ON FIRM
" CMCULAR ARC. :ﬁ-::::cr C= 600 PSF ¢=°’
= E 3 =
NOTES: * 204252080, B =35
I. FOR LOCATION OF CENTER OF CRITICAL =
CIRCLE SEE FIG.3. FoxNo 328 ey L2
2. POR REDUCTION FACTORS FOR SUBMERGENCE, | raLUNE SURFACE IS BASE CIRCLE
SURCHARGE OR TENSION CRACKS,SEE
G 4.

FIGURE 2
Stability Analysis for Slopes in Cohesive Soils, Undrained Conditions,
i.e., Assumed @ = 0
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\. roe Lo . 3.
Ly S \-o—-*-',l‘/ Y/ {’s ‘

N

£=]

UNIT ABSCISSA {Xg) AND ORDIMATE (Y5) POR CENTER OF CRITICAL CIRCLE

[+
8]0
@\5
g
§
28
; F
g
ﬂ
Sh—
g
apﬁ
[=]

BASE CIRCLE SLOPE CIRCLE

Xor 35—~

EXAMPLE @D B- 100, =05 EXAMPLE ® Brase, <10

ExamPLE ©
X3 =-03, yo:.6 Xg =05 | yo=165 Xo =145, yo=2.15

FIGURE 3
Center of Critical Circle, Slcope in Cohesive Soil

7.1-320




SURCHARGE LOAD,q “‘7 SUBMERGENCE UNDER WATER HEIGHT, My

¥ s, 43
g i e 0. el - ey L 2 e
! . ) Q-!‘ ] v-i.f - ""_';
Feab - N P 4
09 §b 45° - .E 'j /
SS=- =
-:“g a0, A
0s dso, B
FACTOR q "0, & FACTOR piyy
] : O.II 0. 04 0!6 E! Q4 r 3 1.0

2 0.3
RATIO, Q/yH RATIO, Hw/H

TENSION CRACKS TO DEPTH, Hy
0 FULL HYDROSTATIC PRESSURE IN CRACKS TEROQ MYDROSTATIC PRESIURE W leoﬂ

e b o - I I T r py (s}
10.’ e Bl O : s o - - g -.’ o
. s e T k ~.~____-_
Q os > QB
= or M dz0, B —] —— o7
5 . < A d — d!l
05| -BASE CROLE weweaa— & s
FOR BASE ORCLE DOES NOT
TOE CIACLE, =T INFLUENGE THE REDUCTION FACTOR
0 [+1] [%3 [+%] 04 [-X- [o] [+T] 02 a3 04 [ }
RATIO  Hy/H RATIO, Hy /N
EXAMPLE WHEN $10 |
For 9 Hw i MoC
2 YHeq - rw Hw

POR: 8:33° Hi23FT, ¥ * 115 PCF, Ca600PSF,¢0,d =08
a1 200PSF,q/7n k- 0.0693

P 515 FT, Hy /H * t3/25 *0.60
Hy: 4FT HE/H = 4/28 s0.18, No = 3.8

THEN  jhg = 0.988, jhy 10945
A4 10985 (ZERO HYDROSTATIC PRESSURE)

. Fo : 2908 x0.945x 09852585800
AND: Fg 15425 +200-624n15 2L

FIGURE 4
Influence of Surcharge, Submergence, and Tension Cracks on Stability

7.1-321




J AL T [Tovex TR [N [ [[oem ]
i \\ 2; R/py 0 \4 % 2: Pi/p,
3¢ CASE T z\ \
4 2‘4\ FAiUHE!p ¥
g!n- (28 1 \L‘ \
E% s ‘\\2\\\ E\ caeemés \\ L\
5 s
5 L NS\ \NAN
H e NN Ny
FAILLRES - ~) N
ASS N
'o a5 | 5 5|08 I T 4 _sh
EMBANKMENT WIDTH b ALLOWABLE SHEAR  Coil
THICKNESS OF CLAY ' D EMBANKMENT LDAD ©  P;

CASE I

\
A\ N
| Rl \3\

\ H -
SSE \ PROCEDURE FOR APPROXIMATE DESIGN OF BERMS

GIVEN by, P, D. SHEAR STRENGTH =C
SAFETY FACTOR = Fy
ALLOWABLE SHEAR STRESS, Cqy) = C/Fs
DETERMINE Pp: Pz =P -5.5 (Cail
P2 MUST NOT EXCEED 55 (cu.n

oouwrt%-mo F‘,mn LOCATE Jlum LEFT

) GRAPH,
5&2- alf ‘:l{ Yo - / IF CONDITIONS INOICATE CASE Il AVLURE, -51
— * IS DETERMINED FROM THIS GRAPH.
e e P 5. IF CONDITIONS INDICATE CASE I OR CASETI
FAILURE ,ENTER APPROPRIATE ompu wn'H
1 —Egu-AND-—LTO DETERMINE -ﬁ-on -
B SR - S T R s Pe
ALOWABLE SHEAR . Cq1 € FOR cp.s:: CHECK BY n:rsnmu:;e _E
EMBANKNENT LOAD ' P, X¢b; FOR CASE I FAILURE. Az 72 x by
FIGURE 5

Design of Berms for Embankments on Soft Clays
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ACTIVE
WEDGES

CENTRAL WEDGE

PASSIVE
WEDGES

AL\ e

STRATUM (& b

STRATUM (D)

4 7

’ POTENTIAL
SLIDING

POTENTIAL SUDING SURFACE
SURF;
s
¥ P
W
| |
b, 7, | —F
v u'¢m
¢
o9 <
a a
RESULTANT HORIZONTAL FORCE FOR A WEDGE
hwii Yy  SLIDING ALONG abcde (Pg). (A GENERAL CASE)
hw

Iw
Pg =t

m

A\
4’&

h'i ‘

RESULTANT HORIZONTAL FORCE FOR A WEDGE
SLIDING ALONG ¢ f g (Pg) (A GENERAL CASE)

FIGURE 6

Stability Analysis of Translational Failure
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DEFINITION OF TERMS

Py =

g
| ]

RESULTANT HORIZONTAL FORCE FOR AN ACTIVE OR CENTRAL WEDGE ALONG
POTENTIAL SLIDING SURFACE 0 bc d & .
RESULTANT HORIZONTAL FORCE FOR A PASSIVE WEDGE ALONG PCTENTIAL
SLIDING SURFACE o f g.
TOTAL WEIGHT OF SOIL AND WATER IN WEDGE ABOVE POTENTIAL SLIDING SURFACE .
RESULT OF NORMAL AND TANGENTIAL FORCES ON POTENTIAL SLIDING SURFACE
CONSIDERING FRICTION ANGLE OF MATERIAL .
RESULTANT FORCE DUE TO PORE WATER PRESSURE ON POTENTIAL SLIDING SURFACE
CALCULATED AS - [ui + by

P' = —_—

7 J(L)('r‘,)

FRICTION ANGLE OF LAYER ALONG POTENTIAL SLIDING SURFACE .
COHESION OF LAYER ALONG POTENTIAL SLIDING SURFACE .
LENGTH OF POTENTIAL SLIDING SURFACE ACROSS WEDGE .
DEPTH BELOW PHREATIC SURFACE AT BOUNDARY OF WEDGE.
UNIT WEIGHT OF WATER .

PROCEDURES

)

23}

3.)

&)

6.}

EXCEPT FOR CENTRAL WEDGE WHERE Q IS DICTATED BY STRATIGRAPHY
USE o - 45° 4 _zL , B=a5®_ + FOR ESTIMATING FAILURE SURFACE .

SOLVE FOR Pg AND Pgp FOR EACH WEDGE IN TERMS OF THE SAFETY FACTOR (Fg)

USING THE EQUATIONS SHOWN BELOW. THE SAFETY FACTOR IS APPLIED TO SO

STRENGTH VALUES (TAN ¢ AND C).

MOBILIZED STRENGTH PARAMETERS ARE THEREFORE CONSIDERED AS ‘m = TAan"! ("—Nt)
- Fo

AND C,= ¢

| )

Pa =E,,,'_.;;‘,“._ SNa-Py cosa] TaN[a -¢m|-[cmLcOS @ -PysiNa]
Pyt [W+CmL SIN 8-P, cos £][Tan (B+$mi}+[c, LcOo8 Bep, smﬁ]

N WHICH THE FOLLOWING EXPANSIONS ARE TO BE USED:

TaNa - e Tan g+ gt
blockha N S

= L ]
T TANg TN (Btem): TAN $

Fs I-TAN B -

FOR EQUILIBRIUM Z Py =F Pg, SUM Pg AND Pg FORCES IN TERMS OF Fy, SELECT TRIAL Fy,
CALCULATE Z Pa AND IPg. IF ZPaat}:PB , REPEAT. PLOT Pa AND Pg vS.

Fg WITH SUFFICIENT TRIALS TO ESTABLISH THE POINT OF INTERSECTION

(i.e., EPg = ZPg), WHICH IS THE CORRECT SAFETY FACTOR.

TAN (- ) =

DEPENDING ON STRATIGRAPHY AND SOIL STRENGTH, THE CENTER WEDGE MAY ACT
TO MAINTAIN OR UPSET EQUILIBRILM.

NOTE THAT FOR ¢ =0, ABOVE EQUATIONS REDUCE TO:
Cm L Co L
= - Lfm=- s
Pg= W TaN a —~ M0 . Pg=wTan 8+ Fgls_ﬁ_
THE SAFETY FACTOR FOR SEVERAL POTENTIAL SLIDING SURFACES MAY HAVE TO BE

COMPUTED N ORDER TO FIND THE MINIMUM SAFETY FACTOR FOR THE GIVEN STRATIGRAPHY.

FIGURE 6 (continued)
Stabllity Analysis of Translational Failure
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FORCES Pg
WEDGE I: ¢ :25% C 20,302 KCF (SLIDING SURFACE ob}

@, =45 +¢,/215T.5°

Wz —2!.;! 20 TAN 32.3°X 0.i2 = 15.29 KIPS

ryr (235) cace2) x( GrrRyaw ) - 3.s8KiPs
( a -M

+P,SIN&
{1+ Tana, Fe ) hd !

Py, {W-P,COST,)

-.47
(15,29 - 1.98) (_l.s_r__ﬁ_)_ +3_Dx(_m +3.10

(, +'Q?T§L) Fg +0.73

WEDGE 2: ¢ £0,C = D80 KSF, ) =0.082 KCF { SLIDING SUNFACE bc)
ay = 48°
WII2XI0 X012 +12 X 10 X012 + F— 312 X 0.092 : 35.42 KiPS

L

Paz= WTAN a3 — ?oss_-—z (FOR ¢:0)

(¥)kr) = 35.42-12.90
Fs

{T07)

WEDGE 3: ¢ :0,C *0SOKSF, ¥ = 0.092 KCF [ SLIDING SURFACE cd )
ay=TANl D1=85.7"

=35 42—

w: B0 xazx0.u2+ Ez"—z X 42 X D.092Z =104.88 KIPS

Pay®WTAN @y — (FOR ¢ =0}

i —
C0Sa

_?Q. x 32
: 1049 x 0.10) —E—SO_—&’—’)—] =ao.u--z%_.11

X1l
Zr, +49.01 -ﬂLFs

Fg +0.73

FORCES #,
wEScae 4. $:0,C =060 KSF, y=0.092 KCF (SLIDING SURFACE d ¢}
s - 45*
w: 1§ x62 x0092:12.07 KIPS

Pa, TWTANE+ Ts_ﬂ_ios {FOR $=0)

165.20
Q9% x
= 12.07 + [—3ﬁ:| =12.07 + —'%gi

0.707
3 =12.07 + 1244
Py =12.07 + -1%

FIGURE 7 {continued)
Example of Stability Analysis of Translational Failure
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SOLVE FOR Fg, FROM 2P : ZP‘

e IP, IP,

0 T4 38

1) 207 297

12 253 283

13 283 270
F, =127

L3 v
- By =127 A
.2 ,’ \
/ \\
u* s
Lo i \
/ \
S
l.o / A A [l
20 2% 30
IP, , IP,

FIGURE 7 {continued)

Example of Stability Analysis of Translatiomal Failure
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W * WEIGHT OF WEDGE

: ! 2
K w Pwy * WATER FORCE ON THE JOINT REACTION =%y -Ny
Pwy Pwnr = WATER FORGE OM THE ASSUMED
( g FAILURE PLANE = = 7y-hy. L

L k : SEISMIC GOEFFICIENT TO AGCOUNT FOR

a
\’/ DYNAMIC HORIZONTAL FORCE .

__cL + [ WCosa — kW Sina —~ Pya—Py, Sina J tang
WSing + kW Cosa + Py, Cosa

FIGURE 8
Stability of Rock Slope
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(1) Safety factor no less than 1.5 for permanent or sustained
| oadi ng conditions.

(2) For foundations of structures, a safety factor no less than 2.0
is desirable to linmt critical novenents at foundation edge. See DM 7.2,
Chapter 4 for detailed requirenents for safety factors in bearing capacity
anal ysi s.

(3) For tenporary |oading conditions or where stability reaches a
m ni mum duri ng construction, safety factors may be reduced to 1.3 or 1.25 if
controls are maintai ned on | oad application.

(4) For transient |oads, such as earthquake, safety factors as | ow
as 1.2 or 1.15 may be tol erated.

6. EARTHQUAKE LOADI NG Earthquake effects can be introduced into the

anal ysis by assigning a disturbing force on the sliding mass equal to kW
where Wis the weight of the sliding nass and k is the seisnic coefficient.
For the analyses of stability shown in Figure 9a, k+s,Wis assunmed to act
parallel to the slope and through the center of mass of the sliding mass.
Thus, for a factor of safety of 1.0:

W + k+s,Wh = FR
The factor of safety under an earthquake | oading then becones

FR

F+Se.= >
W + k+s,Wh

To determine the critical value of the seisnmic efficient (k+cs,) which
will reduce a given factor of safety for a stable static condition (F+So,)
to a factor of safety of 1.0 with an earthquake | oading (F+Se, = 1.0), use

b
k+cs, = ) (F+So, - 1) = (F+So, -1) sin [theta]
h

If the seisnmic force is in the horizontal direction and denoting such
force as k+ch, W then k+ch, = (F+So,-1) tan[theta].

For granular, free-draining material with plane sliding surface (Figure
9b): F+So, = tan[phi]/tan[theta], and k+cs, = (F+So, -1)sin[theta].

Based on several nunerical experinments reported in Reference 7, Critica
Accel eration Versus Static Factor of Safety in Stability Analysis of Earth
Dans and Enbankments, by Sarma and Bhave, k+ch, may be conservatively
represented as k+ch, [approxi mately] (F+So, -1)0.25.

The downsl ope novenent U may be conservatively predicted based on
Ref erence 8, Effect of Earthquakes on Dans and Enbanknments, by Newrark as:

V.2- A
U = D)) [multiplied by] >))>)
2g k+cs, k+cs,
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{a) CIRCULAR SLIDING SURFACE

{b) PLANE SLIDING SURFACE

FIGURE 9
Earthquake Loading on Slopes
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wher e A

a peak ground acceleration, g's

g a acceleration of gravity

V = peak ground velocity

The above equations are based on several sinplifying assunptions: (a)
failure occurs along well defined slip surface, (b) the sliding nass behaves
as a rigid body; (c) soils are not sensitive and would not coll apse at snall
deformation; and (d) there is no reduction in soil strength due to ground
shaki ng.

Section 4. EFFECTS OF SO L PARAMETERS AND GROUNDWATER ON STABI LI TY

1. | NTRODUCTION. The choice of soil parameters and the nethods of anal yses
are dictated by the types of materials encountered, the anticipated
groundwat er conditions, the tine frame of construction, and climatic
conditions. Soil strength parameters are selected either on the basis of
total stress, ignoring the effect of the pore water pressure, or on the
basis of effective stress where the analysis of the slope requires that the
pore water pressures be treated separately.

2. TOTAL VS. EFFECTI VE STRESS ANALYSIS. The choice between total stress
and effective stress paraneters is governed by the drainage conditions which
occur within the sliding mass and along its boundaries. Drainage is
dependent upon soil perneability, boundary conditions, and tinme.

a. TJTotal Stress Analysis. Where effective drainage cannot occur during
shear, use the undrained shear strength parameters such as vane shear
unconfi ned conpressi on, and unconsolidated undrained (UU or Q triaxia
conpression tests. Field vane shear and cone penetration tests nmay be used.
Assume [phi] = 0. Exanples where a total stress analysis are
appl i cabl e incl ude:

(1) Analysis of cut slopes of normally consolidated or slightly
preconsolidated clays. |In this case little dissipation of pore water
pressure occurs prior to critical stability conditions.

(2) Analysis of embankments on a soft clay stratum This is a
speci al case as differences in the stress-strain characteristics of the
embankment and the foundation nay |l ead to progressive failure. The
undr ai ned strength of both the foundation soil and the embankment soi
shoul d be reduced in accordance with the strength reduction factors R+E, and
R+F, in Figure 10 (Reference 9, An Engineering Manual for Slope Stability
St udi es, by Duncan and Buchi gnani).

(3) Rapid drawdown of water |evel providing insufficient time for
drai nage. Use the undrained strength corresponding to the overburden
condition within the structure prior to drawdown.
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R,al.”' FOR TYPE A FOUNDATION
STRESS- STRAIN CURVE

1.0 — ——
R, FOR TYPE B FOUNDATION
osl— FTRESS- STRAN GURVE
I ] ATRESS
| /
g.., oL NI TYPE A
« ——-—--SL Rg FOR TYPE A OR TYPE B I
- R EMBANKMENT STRESS-STRAN STRAIN
« 906 T<C | cunve -
o | N
-
o l \s
a2 05 " N
.
] N
5 Q4 { \i‘\ STMESS
5 i N,
R 03 ( <
|
¥ 0.2 H \\ S TYPE 2
|
x
- | STRAIN
2 ol H ~ : —
! i IYPEA
o
MEDIUM DENSE SANDS , OR NORMALLY
I 2 3 4 5 & 7 6 9 CONSOLIDATED CLAYS
i AVERASE EMBANKMENT STRENSTH TYPE D
- ——
Sy AVERASE FOUNDATION STREMGTH DENSE SANDS , OVERCONSOLIDATED
OR  SENSITIVE,NORMALLY
CONSOLIDATED CLAYS
EXAMPLES :

FROM LAB: EMBANKMENT SOIL {S TYPE A, UNDRAINED SHEAR STRENGTH + 1000 PSF
FOUNDATION SOIL IS TYPE B, UNDRAINED SHEAR STRENGTM = 400 PSF

THEN 3§ | 1000 ..
L 400 -

Rg s O.87

Mg = 0.93

USE UNDRAINED SHEAR STRENGTHS Sg =670 AND Sp:=3T2 FOR ANALYSIS
NOTE :UNDRAINED SHEAR STRENGTH IS INDEPENDENT OF TOTAL NORMAL STRESS

FIGURE 10
Correction Factors Rg and Ry to Account for Progressive
Failure in Embankments on Soft Clay Foundations
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(4) End-of-construction condition for fills built of cohesive soils.
Use the undrained strength of sanples conpacted to field density and at
wat er content representative of the enbanknent.

b. Effective Stress Analysis. The effective shear strength paraneters
(c', [phi]"') should be used for the foll owi ng cases:

(1) Long-termstability of clay fills. Use steady state seepage
pressures where applicable.

(2) Short-termor end-of-construction condition for fills built of
free draining sand and gravel. Friction angle is usually approximted by
correlation for this case. See Chapter 1

(3) Rapid drawdown condition of slopes in pervious, relatively
i nconpressi ble, coarse-grained soils. Use pore pressures corresponding to
new | ower water |evel with steady state flow.

(4) Long-termstability of cuts in saturated clays. Use steady
state seepage pressures where applicable.

(5) Cases of partial dissipation of pore pressure in the field.
Here, pore water pressures nmust be nmeasured by piezoneters or estimated from
consol i dati on dat a.

3. EFFECT OF CROUNDWATER AND EXCESS PORE PRESSURE. Subsurface water
novermrent and associ ated seepage pressures are the nost frequent cause of
slope instability. See Table 1 for illustrations of the effects of water on
sl ope stability.

a. Seepage Pressures. Subsurface water seeping toward the face or toe
of a slope produces destabilizing forces which can be eval uated by fl ow net
construction. The piezonmetric heads which occur along the assunmed failure
surface produce outward forces which nmust be considered in the stability
anal ysis. See Table 3 and the exanple of Figure 1

b. Construction Pore Pressures. Wen conpressible fill materials are
used in enmbankment construction, excess pore pressure may devel op and nust
be considered in the stability analysis. Normally, field piezonmetric
measurenents are required to evaluate this condition

c. Excess Pore Pressures in Enmbanknent Foundations. Where enbankments
are constructed over conpressible soils, the foundation pore pressures mnust
be considered in the stability analysis. See top panel of Table 3.

d. Artesian Pressures. Artesian pressures beneath slopes can have
serious effects on the stability. Should such pressures be found to exist,
they nmust be used to determine effective stresses and unit weights, and the
sl ope and foundation stability should be evaluated by effective stress
met hods.
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TABLE 3
Pore Pressure Conditions for Stability Analysis Homocgeneous Embankment

HITIALLY EXCESS PORE PRESSUNES ARE BUILT UPAT THE CENTER

OF THE IMPERVIOUS COMPRESSIBLE STRAT UM EQUAL TO TOTAL

PRESSURE OF APPLIED LOAD. IF THE STRATUM IS VARVED OR
WHTIAL EXCESS FORE PRESSURE LENSED WITH GREATER HOMZONTAL THAN VERTICAL

WITH MORIZONTAL DR AINASE PERMEABILITY, HORI 20NTAL DRAINASE CAUSES DECREASE OF
J FORE FRESSURE UNDER THE LOAD AND AN INCREASE BE YOMD

TOL OF SLOFE .

—

-
o el

- v

Y Sep——
-

- FiLL .
NYPTIVIVIFFYFFYIYPIYYIY \ 1]

POSSOLE FRILURE WEDOE———==, || | il
WIPERVIOUS COMPRESSIBLE STRATUM Uz Yy Ht DICESS PORE FRESSURE

FPPPSVISNPRSRRINIR IR IRV

oy rd

e
- —

(1) CONSOLIDATION PORE PRESSURES DEVELOPED W COMPRESS|BLE FOUNDATION

PORE PRESSURESIUIARE DE TERSH NED FROM

POSSIBLE PALLURE CIRCLE
FLOW NET FOR STEADY STATE SEEPAGE FROM

MEZOMETRIC LEVEL

(2) STEADY STATE SEEMMOE PRESSURES

PORE PRESSURES (V) BENEATH THE UPSTREAM
SLOME FOLLOWMNG RAPID DRAWDOWN ARE
HYDROSTATIC WITH SURFRCE OF UPSTREAM
SLOPE. FORE PREISURES IN THE CENTRAL
PORTION OF THE EMBANKMENT DO NOT
EXCEED THOSE FOR STEADY STATE

EQUIPOTENTIALS BENEATH  pOSSIBLE FAILURE CWCLE

EYLM IMPERAOUS BASE
(3) FORE PRESSURES RESIDUAL FROM RAMD DRAWDOWN
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4. STABILITY PROBLEMS | N SPECI AL MATERI ALS

a. Controlling Factors. See Table 1, DM 7.2, Chapter 1, for primry
factors controlling slope stability in some special problemsoils.

b. Strength Paraneters.

(1) Overconsolidated, Fissured Clays and Cl ayshal es. See Table 2.
Cuts in these materials cause opening of fissures and fractures with
consequent softening and strength | oss.

(a) Analysis of Cut Slopes. For long-termstability of cut
sl opes use residual strength paraneters c'+r, and [phi]' +r, from
drai ned tests. See Chapter 3. The npst reliable strength information for
fissured clays is frequently obtained by back figuring the strength from
| ocal failures.

(b) Ad Slide Masses. Myvenents in old slide masses frequently
occur on relatively flat slopes because of gradual creep at depth.
Expl orati on may show the failure mass to be stiff or hard; but a narrow
failure plane of low strength with slickensides or fractures may be
undetected. In such locations avoid construction which involves regrading
or groundwater rise that may upset a delicate equilibrium

(2) Saturated Granular Soils in Seismc Areas. G ound shaking may
result in |liquefaction and strength reduction of certain saturated granul ar
soils. Enpirical nmethods are available for estimating the Iiquefaction
potential. See DM 7.3, Chapter 1 for guidance. Methods of stabilization
for such soils are discussed in DM 7.3, Chapter 2.

(3) Loess and Other Collapsible soils. Collapse of the structure of
these soils can cause a reduction of cohesion and a rise in pore pressure.

Eval uate the saturation effects with unconsoli dated undrai ned
tests, saturating sanples under | ow chanber pressure prior to shear. See
Chapter 1 for evaluating coll apse potential

(4) Talus. For talus slopes conposed of friable material, [phi]
may range from 20deg. to 25deg. |If consisting of debris derived from
slate or shale, [phi] may range from 20deg. to 29deg., |inmestone about
32deg., gneiss 34deg., granite 35deg. to 40deg. These are crude estimates
of friction angles and should be suppl emented by analysis of existing talus
sl opes in the area.

Section 5. SLOPE STABI LI ZATI ON

1. METHODS. See Table 4, for a sumary of slope stabilization methods. A
description of sone of these follows:

a. Regrading Profile. Flattening and/or benching the slope, or adding
material at the toe, as with the construction of an earth berm wl|
increase the stability. Analyze by procedures above to determ ne nost
ef fective regradi ng.
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TABLE 4

Methods of Stabilizing Excavation Slopes

Scheme

Applicable Methods

Comments

1.

Changing Geometry

EXCAVATION

o
,'7_‘

1. Reduce slope height
by excavation at top
of slope.

2. Flatten the slope
angle.

3. Excavate a beanch in
upper part of slope.

1.

Area has to be
accessible to con-
struction equipment,
Disposal site needed
for excavated soil.
Drainage sometimes
incorporated in this
method,

2.

Earth Berm Fill

_£::::7///_~"-

l. Compacted earth or
rock berm placed ‘at
and beyond the toe.
Drainage may be
provided behind
berm.,

Sufficient width and
thickness of berm
required so failure
will not oeccur below
or through berm.

3‘

Retaining Structures

RETAINING STRUCTURES

AN

l. Retaining wall -
crlb or cantilever
type.

2. Drilled, cast—in-
place vertical
plles, founded well
below bottom of
slide plane. Gen—
erally 18 to 36
inches in diameter
and 4— to B-foot
spacing. Larger
diameter piles at
closer spacing may
be required in some
cases to mitigate
fallures of cuts in
highly fissured
clays,

Usually expensive.
Cantilever walls
might have to be
tied back.

Spacing should be
auch that seil can
arch between piles.
Grade beam can be
used to tie plles
together. Very
large diameter (6
feet ¥) piles have
been used for deep
slides.
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Methods of Stabilizing Excavation Slopes

TABLE 4 {(continued)

Scheme Applicable Methods Comments

3, Drilled, cast—im 3. Space close enough
place vertical piles 80 801l will arch
tied back with bat-— between piles.
tered piles or a Piles can be tied
deadman. Piles together with grade
founded well below beam.,
slide plane. Gen—
erally, 12 to 30
inches in diameter
and at 4- to B-foot
spacing.

4. Earth and rock 4, Can be used for high
anchors and rock slopes, and in very
bolts, restricted areas.

Conservative design
should be used,
especlally for per-
manent support. Use
may be essential for
slopes in rocks
where joints dip
toward excavation,
and such joints
daylight in the
slope. )

e ——

—— 5. Relnforced earth. 5. Usually expensiva,

4.

Other Methods

See Table 7, DM-7.2,
Chapter 1
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b. Seepage and Groundwater Control. Surface control of drainage
decreases infiltration to potential slide area. Lowering of groundwater
i ncreases effective stresses and elimnates softening of fine-grained soils
at fissures. Details on seepage and groundwater control are found in
Chapter 6.

c. Retaining Structures.

(1) Application. Walls or large dianeter piling can be used to
stabilize slides of relatively small dinmension in the direction of novenent
or to retain steep toe slopes so that failure will not extend back into a
| ar ger nmss.

(2) Analysis. Retaining structures are frequently misused where
active forces on wall are conputed froma failure wedge conprising only a
smal | percentage of the total weight of the sliding mass. Such failures may
pass entirely beneath the wall, or the driving forces may be | arge enough to
shear through the retaining structure. Stability analysis should evaluate a
possi bl e increase of pressures applied to wall by an active wedge extendi ng
far back into failing nass (see Figure 4, DM 7.2, Chapter 3), and possible
failure on sliding surface at any |evel beneath the base of the retaining
structure.

(3) Piles or Caissons. To be effective, the piles should extend
sufficiently below the failure surface to devel op the necessary latera
resi stance. Figure 11 shows how the effect of the piles is considered in
calcul ating the factor of safety. The distribution of pressure along the
pile can be conputed fromcharts shown in Figure 12. This assumes ful
nobi i zation of soil shear strength along the failure surface and shoul d be
used only when the safety factor without the piles is less than 1.4. This
criteria is based on results of analysis presented in Reference 10, Forces
I nduced in Piles by Unsymretrical Surcharges on the Soil Around the Pile, by
DeBeer and V&l | ays.

See Figure 13 for exanple conputations. Note the conputations
shown are for only one of the many possible slip surfaces.

d. Oher ©Methods.

(1) O her potential procedures for stabilizing slopes include
grouting, freezing, electro osnobsis, vacuum punpi ng, and di aphragm wal | s.
See Table 7 of DM 7.2, Chapter 1 for further gui dance on these nethods.

Section 6. SLOPE PROTECTI ON

1. SLOPE EROSION. Sl opes which are susceptible to erosion by wi nd and
rain-fall should be protected. Protection is also required for slopes

subj ected to wave action as in the upstream slope of a dam or the river and
canal banks al ong navi gational channels. |n some cases, provision nust be
made agai nst burrow ng ani nal s.
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TYPICAL SLICE
|||!

POTENTIAL SLIDING SURFACE

SAFETY FACTOR (Fq) FOR MOMENT EQUILIBRIUM FOR METHOD OF SLICES WITH
CIRCULAR POTENTIAL SLIDING SURFACE (WITHOUT SEISMIC LOADS, SURCHARGE
LOADS ,OR PARTIAL SUBMERGENCE OF SLOPE) IS TYPICALLY DEFINED AS:

Fox - §£LA+I(P-ul)RTAN ¢'

X wX

EFFECTIVE COHESION .

EFFECTIVE FRICTION ANGLE.

TOTAL WEIGHT OF SLICE .

TOTAL NORMAL FORCE ON BASE OF SLICE .

LENGTH OF POTENTIAL SLIDING SURFACE ACROSS SLICE.
AVERAGE PORE WATER PRESSURE ON POTENTIAL SLIDING
SURFACE ACROSS SLICE.

R = RADIUS OF MOMENT ARM FOR POTENTIAL SLIDING SURFACE
X = HORIZONTAL DISTANCE FROM CENTROID OF SLICE TO CENTER
OF ROTATION .

WHERE :

¢
¢l
w
[
L
]

FIGURE 11!
Influence of Stabilizing Pile on Safety Factor
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T AVERAGE] POTENTIAL FAILURE SURFACE

STABILIZING PILE

SAFETY FACTOR FOR MOMENT EQUILIBRIUM CONSIDERING THE SAME FORCES
AS ABOVE PLUS THE EFFECT OF THE STABILIZING PILE IS EXPRESSED AS:

Ic LR+ Z(P-ulJR TAN ¢'+TZ
I WX

Fy =

WHERE : T = AVERAGE TOTAL THRUST (PER LIN. FT,HORIZ.) RESISTING SOIL
MOVEMENT.
Z =DISTANCE FROM CENTROID OF RESISTING PRESSURE {THRUST) TO
CENTER OF ROTATION.

FIGURE 11 {continued)
Influence of Stabilizing Pile on Safety Factor
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LATERAL STRESS ON PILES (o)
0) SO WITH C an0 ¢, o= &, K +cx, — (1)
b} SOIL WITH C ONLY {$:0), o = T, + CK¢ — {2}

&,

A

v * EFFECTIVE VERTICAL STRESS AT DEPTH z

K§ - EARTH PRESSURE COEFFICIENT K¢ FOR ¢ =0
SEE (B) AND {C) BELOW FOR DEFINITION OF Kq AND K¢

4 ! Z

// z Dy \ T g

el % * Z

F: N d, I %

p ~ d Z
] .- STABILIZING PILE

B | Z

' Z

{A) o< —

FOR Z=40, FOR 2:00,
| ] rgE) Kqs222 400 - _ K¢ =759
s0
so // Y E—— .o ] . L".

= 3g°l ed3s3 1////,/~’

e w | £ 3ge ne

0 T 7T 7 N .
- i 25 2.91 40 4_._...—39—: | —— o= “

"1 K !

Ky /_/ ke s.a8 © 20 V///"' g ____!,'!“

= s 1 X

a //'_____ » 350 %___.._.. z i

iz  — - hud .93 10 T A
LO| s

- 3° 0.2

| —| Kqr0FOR g :9° .

o.4 & E 23] L] 20 [+] ) zl/oa s o
EARTH FRESSURE/C’CEFFICIENTS FOR EARTH PRESSURE COEFFICIENT FOR
OVERBURDEN PRESSURE COMESION

(c)
FIGURE 12

ile Stabilized Slope
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STABILIZING PILE S

B=I5FT / e
=1, . —— a
'L S=45FT // 1 o
T yd POTENTIAL
¢ / SLIDING
PLAN SURFACE

Ty, = 0.080 KCF
€ = D.200 KSF
¢ =15°

STABILIZING PILE

A PRESSURE DIAGRAM ON STABILIZING PILE

e

LPOTENT&N. SLIDING
SURFACE

FIGURE 13
Example Calculation - Pile Stabilized Slopes
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C.

E.

For trial slip surface s-a compute
lateral resistance, penerated by
presence of pile if factor of safety
without piles is less than 1,4,
Compute pressures using Figure 12.

& * 5, Kq+ oK.} SEE FIGURE 12 FOR DEFINITIONS

Lateral

Depth Below Vertical Effective Resistance to
Top of Pile Stress Ty 5011 Movement:

Zift) £/B kg X (kips/ft2) 9 KSF

0 0 1.5 4.0 0 0.8

3 2 2.1 10.8 0.15 2.48

6 4 2.4 12.8 0.30 3.28

9 6 2.6 14,0 0.45 3.97

Compute centroid of lateral resistance (i.e., location of force T)

Resultant Resistance (f)

Depth Range Over Depth Range - f2
0-3 3 (0.8 + 2,48\ p = 4.92B 1.5 7.388
(85245)
36 8.648 4,5 38,888
8-9 10.87B 7.5 81.53B
ZT =24,438 127.798

Z = 127,79/24.43 = 5,23 ft

Lateral resistance per linear foot of slope
Ty= IT/S = 24.43 x 1.5/4.5 = 8. 14k

Note that T accounts for three dimensional condition and need not be
corrected.

Use T} in Step D and Z in Step C to compute additional stabilizing

momen” for evaluating safety factor ipcluding effect of piles (see
Figure 11).

FIGURE 13 (continued}
Example Calculation - Pile Stabilized Slopes
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@)

%
I

O X % ok ok ok ok % X X %

Conpute +L, at depth corresponding to Z/B = 20 (Z = 30) in order to
conput e average | ncrease of positive resistance with depth:

K+g, = 3.1, K+c, = 16
[sigma] +L, = 3.1 x 30 x 0.05 + 16 x 0.2 = 7.85 KSF
Average increase in lateral resistance bel ow D+s,:

[ sigma] +L+avg,, = (7.85 - 3.97)/(30 - 9) = 0.185 KSF/ft

Assume that the direction of lateral resistance changes at depth d+1,

beneath failure surface, then:

Cal cul ate depth of penetration d by solving the follow ng equations
and increase d by 30% for safety:

T+ F+2, - F+1, =0 (1)
F+1,L+1, = F+2,L+2, (2)

Conpute forces per unit pile wdth:

T = 24.43 k-
F+1, = 3.97d+1, + 0.092d+1,.2-
F+2, = (3.97 + 0.185d+1,)(d-d+1,) + 0.092 (d-d+1,) .2-

0.092d.2- + 3.97d - 3.97+d,.1- - 0.092d+1,.2-
Use Eq (1) in Step Gto calculate d+1, for given val ues of d.
24.43 + 0.092d.2- + 3.97d - 7.94d+1, - 0.185d+1,.2- = 0O
24.43 + 0.092d.2- + 3.97d
d+1,.2- + 42.9d+1, - 13))33)3323220))03030)0))))) =0
0. 185
Let d = 15.8', then d+1, = 11.0

From Eq (2) Step G (consider each section of pressure diagram broken
down as a rectangle and triangle).

Ok X X b b B o R kX % b B R R F X % b b b R kX X X b o ok ok X X X X % % %

=2233333333333333333333333333333333331333131313333133131313333331313131313333313131)))I)))-

FI GURE 13 (conti nued)
Exanmple Calculation - Pile Stabilized Sl opes
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i 10 0.85 2 2X1L0
F L,-Esrxu.ox(a‘?n 5 )}4»[ 5 X0 x(3.77+ 3 )]

: 529.1 FT-KPS
d-d, = 4.8

Fptys Es.sv +0.185 X 110) X 4.8 x(3‘77+u.0+i§5—9

0185y 452 2x4.8
+l: 82 x 4.8 x(3.77+||.o+ 3 )]

= 5332
FiLi=Fp Lp= -4l
dz 158" OK.

Design
Increase d by 307 to obtain the practical driving depth

d=:158X1.3:205

LOCATE POINT OF ZERO SHEAR
24,43 33.97X +0092 X%

X2 + 43.15 X -265.54 =0

. =43.15% V43,152 +4 X 265.54

X 2

:5.46'
COMPUTE MAXIMUM BENDING ON PILE {B=1.5")

i 3,97 X5.46 | 0.185 X546
Mm“-EL43X(3.7?+5.46)- > + 2 )]XI.S

= 241.9 Kp-FT
CHECK PILE SECTION VS Mmax

Higher embedment may be required to minimize slope movements.
Use residual shear strength parameters if appropriate.
Analysis applicable for safety factor { 1.4 without piles.

Scil movement assumed to be large enough to justify assumption
on rupture conditions.

FIGURE 13 (continued)
Example Calculation - Pile Stabilized Slopes
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2. TYPES OF PROTECTI ON AVAI LABLE. The usual protection against erosion by
wind and rainfall is a layer of rock, cobbles, or sod. Protection fromwave
action may be provided by rock riprap (either dry dunped or hand placed),
concrete pavenment, precast concrete blocks, soil-cenent, fabric, and wood.
See Table 8, Chapter 6 for additional guidance.

a. Stone Cover. A rock or cobbles cover of 12" thickness is sufficient
to protect against wind and rain.

b. Sod. Grasses suitable for a given locality should be selected with
provision for fertilizing and uniform watering.

c. Dunped Rock Riprap. This provides the best protection against wave
action. It consists of rock fragnents dunped on a properly graded filter
Rock used shoul d be hard, dense, and durabl e agai nst weathering and al so
heavy enough to resist displacenent by wave action. See Table 5 for design
gui delines. For additional design criteria see Figure 14, Chapter 6.

d. Hand-placed Riprap. Riprap is carefully laid with m ni num anmount of
voids and a relatively snooth top surface. Thickness should be one-half of
t he dunped rock riprap but not less than 12". A filter blanket nust be
provi ded and enough openi ngs should be left in the riprap facing to permt
easy flow of water into or out of the riprap

e. Concrete Paving. As a successful protection agai nst wave action
concrete paving should be nmonolithic and of high durability. Underlying
materi al s should be pervious to prevent devel opnment of uplift water
pressure. Use a mninmumthickness of 6".

When monolithic construction is not possible, keep the joints to a
m ni mum and seal ed. Reinforce the slab at nmid depth in both directions with
continuous reinforcenent through the construction joints. Use steel area in
each direction equal to 0.5% of the concrete area.

f. Gabions. Slopes can be protected by gabions. Use of these is
di scussed in DM 7.02, Chapter 3.
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TABLE 5

Thi ckness and Gradation Linmits of Dunped Riprap

233333333333333333333333333333331333333313333313313131331333133133313133133313133313131)))),
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* Gradati on, percentage of stones of
* various wei ghts, pounds[1] *

733333333333330333333333333301>331331331333303331333133))))1
* * 40 to 50 50 to 60 * 0 to 10 *

*

ok ok b b %
ok ok b b %

Nomi nal * * per cent * percent * percent *
t hi ckness * Maxi mum >  greater * from- to * |ess *
i nches * Si ze * than * * than[ 2] *

x>

*

* * * *

*Sl| ope
733313333>3331333333133331313131313333313131313133131333131313133131313133X1313)))I03))1
*3:1 > 30 * 2,500 * 1,250 * 75 - 1,250 * 75 *
*2:1 > 36 * 4, 500 * 2,250 * 100 - 2,250 = 100 *
-22332332533333333333233331313333132333333131333133233133131333133313233131313)))))-

[1] Sand and rock dust shall be | ess than 5 percent, by weight, of the tota
riprap materi al

[2] The percentage of this size material shall not exceed an anpunt which will
fill the voids in larger rock

ook ok b b R ok X X X X b ok kb F o %

-23323333333333333333333333333333333333333333333333333333313313331333133313313313I))-
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GLOSSARY

Activity of Cay - The ratio of plasticity index to percent by weight of the
total sanple that is smallar than 0.002 nmmin grain size. This property is
correlated with the type of clay material

Ani sotropic Soil - A soil mass having different properties in different
directions at any given point referring primarily to stress-strain or
permeability characteristics.

Capillary Stresses - Pore water pressures |ess than atnospheric val ues
produced by surface tension of pore water acting on the nmeniscus forned in
voi d spaces between soil particles.

Clay Size Fraction - That portion of the soil which is finer than 0.002 nm
not a positive neasure of the plasticity of the material or its
characteristics as a clay.

Desi ccation - The process of shrinkage or consolidation of the fine-grained
soi | produced by increase of effective stresses in the grain skel eton
acconpanyi ng the devel opment of capillary stresses in the pore water.

Effective Stress - The net stress across points of contact of soi
particles, generally considered as equivalent to the total stress minus the
pore water pressure.

Equivalent Fluid Pressure - Horizontal pressures of soil, or soil and water,
i n conbinati on, which increase linearly with depth and are equivalent to
t hose that woul d be produced by a heavy fluid of a selected unit weight.

Excess Pore Pressures - That increnent of pore water pressures greater than
hydro-static val ues, produced by consolidation stresses in conpressible
materials or by shear strain.

Exit Gradient - The hydraulic gradient (difference in piezonmetric |evels at
two points divided by the distance between then) near to an exposed surface
t hr ough whi ch seepage is noving.

Flow Slide - Shear failure in which a soil mass noves over a relatively |ong
di stance in a fluidlike manner, occurring rapidly on flat slopes in |oose,
saturated, uniform sands, or in highly sensitive clays.

Hydrostatic Pore Pressures - Pore water pressures or groundwater pressures
exerted under conditions of no flow where the nagnitude of pore pressures
increase linearly with depth bel ow the ground surface.

|sotropic Soil - A soil nmass having essentially the same properties in al
directions at any given point, referring directions at any given point,
referring primarily to stress-strain or perneability characteristics.
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Normal Consolidation - The condition that exists if a soil deposit has never
been subjected to an effective stress greater than the existing overburden
pressure and if the deposit is conpletely consolidated under the existing
over burden pressure.

Overconsolidation - The condition that exists if a soil deposit has been
subj ected to an effective stress greater than the existing overburden
pressure.

Piezoneter - A device installed for neasuring the pressure head of pore
water at a specific point within the soil nass.

Pi ping - The novenent of soil particles as the result of unbal anced seepage
forces produced by percolating water, leading to the devel opment of boils or
er osi on channel s.

Plastic Equilibrium- The state of stress of a soil mass that has been
| oaded and deformed to such an extent that its ultimte shearing resistance
is mobilized at one or nore points.

Positive Cutoff - The provision of a line of tight sheeting or a barrier of
i mpervi ous material extending downward to an essentially inpervious |ower
boundary to intercept conpletely the path of subsurface seepage.

Primary Consolidation - The conpression of the soil under |oad that occurs
whi | e excess pore pressures dissipate with tine.

Ri ppability - The characteristic of dense and rocky soils that can be
excavated without blasting after ripping with a rock rake or ripper

Slickensides - Surfaces with a soil nass which have been snpot hed and
striated by shear novenents on these surfaces.

Standard Penetration Resistance - The number of blows of a 140-pound hamer,
falling 30 inches, required to advance a 2-inch O D., split barrel sanpler
12 inches through a soil mass.

Total Stress - At a given point in a soil mass the sum of the net stress
across contact points of soil particles (effective stress) plus the pore
wat er pressure at the point.

Underconsolidation - The condition that exists if a soil deposit is not
fully consolidated under the existing overburden pressure and excess
hydrostatic pore pressures exist within the materi al

Varved Silt or Jay - A fine-grained glacial |ake deposit with alternating
thin layers of silt or fine sand and clay, fornmed by variations in
sedi nentation fromw nter to sumer during the year
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Synbol

A

A+C ,
a+v,
B, b

CBR
C+c,

CD
C+r ,

C+s,
CcuU
C+u,

C+z,

C+[ al pha] ,
c

c+h,

c+v,
D, d

D+r ,
D+10,

D+5,, D+60,

D+85,

E+s,

e+f ,

e+o,

e+r,

F+s,

H, h

SYMBOLS
Desi gnati on

Cross-sectional area.

Activity of fine-grained soil

Coefficient of conpressibility.

Wdth in general; or narrow di mension
of a foundation unit.

California Bearing Ratio.

Conpression index for virgin
consol i dati on.

Consol i dat ed- drai ned shear test.

Reconpression index in
reconsol i dati on.

Swel | i ng i ndex.

Consol i dat ed- undr ai ned shear test.

Coefficient of uniformity of grain
size curve.

Coefficient of curvation of gradation
curve.

Coefficient of secondary conpression

Cohesion intercept for Mhr's envel op
of shear strength based on tota
stresses.

Cohesion intercept for Mbhr's envel ope
of shear strength based on effective
stresses.

Hori zontal coefficient of
consol i dati on.

Vertical coefficient of consolidation

Depth, dianeter, or distance.

Rel ative density.

Ef fective grain size of soil sanple;
10% by dry wei ght of sanple is
smal l er than this grain size.

Grain size division of a soil sanple,
percent of dry weight snmaller than
this grain size is indicated by
subscri pt.

Modul us of elasticity of structural
mat eri al

Modul us of elasticity or "nodul us of
def ormati on" of soil.

Voi d ratio.

Final void ratio reached in |oading
phase of consolidation test.

Initial void ratio in consolidation
test generally equal to natural void
in situ.

Void ratio existing at the start of
rebound in a consolidation test.

Shape factor describing the
characteristics of the flow
field in underseepage anal ysis.

Safety factor in stability or shear
strength anal ysis.

Specific gravity of solid particles in
soi|l sample, or shear nodul us of
soil .

In general, height or thickness. For



h+c,

H+t ,

H+w,

analysis of time rate of
consolidation, His the maximm
vertical dinmension of the drainage
path for pore water.

Capillary head formed by surface
tension in pore water.

Depth of tension cracks or tota
t hi ckness of consolidating
stratum or depth used in conputing
| oads on tunnels.

Hei ght of groundwater or of open water
above a base |evel

I nfluence val ue for vertical stress
produced by superinposed | oad,
equal s ratio of stresses at a
point in the foundation to intensity
of applied | oad.
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Synbol

K+A,
K+p,

K+v ,

K+v>,

k+H,
k+m,
ksf

ksi
k+V,

P+P,
P+PH,

P+v,
P+w,

g+u,

g+ul t,

Desi gnati on

Gradi ent of groundwater pressures in
under seepage anal ysi s.

Coefficient of active earth pressures.

Coefficient of passive earth
pressures.

Modul us of subgrade reaction for
bearing plate or foundation of w dth

Modul us of subgrade reaction for 1 ft
square bearing plate at ground
surf ace.

Coefficient of permeability in
gener al

Coefficient of permeability in
hori zontal direction.

Mean coefficient of perneability of
ani sotropi c subsoil

Ki ps per sq ft pressure intensity.

Ki ps per sq in pressure intensity.

Coefficient of permeability in
vertical direction.

Length in general or |ongest di nension
of foundation unit.

Li quidity index.

Liquid limt.

Coefficient of volume conpressibility
in consolidation test.

Porosity of soil sanple.

Nunber of equipotential drops in flow
net anal ysis of underseepage.

Ef fective porosity, percent by vol unme
of water drainable by gravity in
total volunme of soil sanple.

Nunber of flow paths in flow net
anal ysi s of underseepage.

Opt i mum noi sture content of conpacted
soil .

Resul tant active earth force.

Conponent of resultant active force in
hori zontal direction.

Density in pounds per cubic foot.

Preconsol i dati on stress.

Resul tant horizontal earth force.

Exi sting effective overburden pressure
acting at a specific height in the
soil profile or on a soil sanple.

Plasticity index.

Plastic limt.

Resul t ant passive earth force.

Conponent of resultant passive earth
force in horizontal direction.

Resul tant vertical earth force.

Resul tant force of water pressure.

Intensity of applied | oad.

Intensity of vertical |oad applied to
foundation unit.

Unconfi ned conpressive strength of
soi | sanple.

U timate bearing capacity that causes



R r

R+o0,

r+e,
r+s,

r+w,

SI

shear failure of foundation unit.
Radi us of pile, caisson well or other
right circular cylinder
Radi us of influence of a well
di stance fromthe well
along a radial line to the point
where initial groundwater |eve
is unaltered.
Ef fecti ve radi us of sand drain.
Radi us of smear zone surroundi ng sand
drai n.
Actual radius of sand drain.
Percent saturation of soil mmss.
Shri nkage i ndex.
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Synbol

SL
S+t ,

T+o0,

T+v,

t sf

t,t+1,,
t+2,,t+n,

t +50,,t+100,

[ gamme] +D,
[ gamma] +MAX,

[ gamma] +SAT,
[ gamma] +SUB,, [ ganme] +b,
[ gamma] +T,

[ gamme] +W,

[ epsil on]
[ epsil on] +a,
[ WDELTA] e

Desi gnati on

Shrinkage limt.

Sensitivity of soil, equals ratio of
renol ded to undi sturbed shear
st rengt h.

Shear strength of soil for a specific
stress or condition in situ, used
i nstead of strengh paraneters c¢ and
[phi].

Time factor for tine at end of
construction in consolidation
anal ysis for gradual | oading.

Time factor in consolidation
anal ysis for instantaneous | oad
application.

Tons per sq ft pressure intensity.

Time intervals fromstart of |oading
to the points 1, 2, or n.

Time required for a percent
consolidation to be conpleted
i ndi cated by subscri pt

Resul tant force of pore water or
groundwat er pressures acting on
a specific surface within the
subsoi | s.

Aver age degree of consolidation at any
tinme.

Intensity of pore water pressure.

Unconsol i dat ed- undr ai ned shear test.

Vol ume of air or gas in a unit total
vol ume of soil mass.

Vol ume of solids in a unit total
vol ume of soil mass.

Vol ume of voids in a unit total volune
of soil mass.

Vol ume of water in a unit total volune
of soil mass.

Wei ght of solids in a soil mass or
soi | sanpl e.

Total weight of soil mass or soil
sanpl e.

Wei ght of water in a soil mass or soi
sanpl e.

Moi sture content of soil.

Dry unit wei ght of soi

Maxi mum dry unit wei ght of soi
deterni ned from noi sture content
dry unit weight curve.

Saturated unit weight of soil.

Subrer ged (buoyant) unit wei ght of
soi |l mass.

Wet unit weight of soil above the
groundwat er tabl e.

Unit weight of water, varying from
62.4 pcf for fresh water to 64
pcf for sea water.

Unit strain in general

Axial strain in triaxial shear test.

Change in void ratio corresponding to
a change in effective stress,



[delta], [delta]+v,,

[phi]

[ sigma] >

[ sigma] +3,
D)

[ sigma] *.

D)

[ sigma] +3,
[ sigma] +x,,

[tau]
[tau] +MAX,
[upsilon]

[ sigma] +y,,

[del t a] +c,

[sigma] +z,

[ WDELTA] p.

Magni t ude of settlement for various
condi tions.

Angl e of internal friction or "angle
of shearing resistance,"
obtai ned from Mhr's failure
envel ope for shear strength.

Total mmjor principal stress.

Total m nor principal stress

Ef fective major principal stress

Ef fective m nor principal stress.

Normal stresses in coordinate
directions.

Intensity of shear stress.

Intensity of maxi mum shear stress.

Poi sson's Ratio
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Anisotropic foundations. ... ... ... ... 7.1-176
See Stresses, Elastic,
Layered or Anistropic
Atterberg limts. . . 7.1-137
See Tests, |aboratory,
I ndex Properties.

B
Bi bl i ography. . ... 7.1-B-1
C
Conpact i ON teSt S. ... 7.1-153
In-place density. ... ... 7.1-109
Laborat ory test s. . ... ... 7.1-153
Conputer Prograns, Listing of..... ... . . . . . . . . . . . 7.1-A-1
D
Di stribution of stresses and
Pl S S Ul B8, o . it it it et e e 7.1-162
See Stresses and pressures.
Drai nage anal ySi S. .. ... 7.1-260
See Seepage and drai nage.
Dynami c Soil Properties. .. ... ... 7.1-151
E
Exploration and sanpling. ............ ... 7.1-49
Exi sting soil and geol ogi ca
1021 1 7.1-51
Previous investigati Ons. ... ... ... ... 7.1-51
Eval uati on. .. ... 7.1-51
Shi pyard or waterfront
I BAS. . oo i 7.1-51
Geophysical methods. .. ... ... .. . . 7.1-59
Limitati ONS. ..o 7.1-65
Check borings. . ... ... 7.1-65
SOUrCeS Of BrroOr. ... 7.1-65
Utilizati on. . ... 7.1-59
Advant ages. . . ... 7.1-59
Applications. . ... .. 7.1-59
Goundwat er MeasUr EMBNES. . . . .ttt 7.1-93
Penetration Resistance
TSt S, o 7.1-85
Standard penetration......... ... .. ... 7.1-85
Cone penetration test...... ... ... 7.1-86
Program expl oration,
FeQUI T IMBNE S, . L o 7.1-65
Depths of test borings........ ... ..., 7.1-65
Check borings. . ... ... 7.1-71
Types of strata......... ... 7.1-65
Layout of test borings......... ... .. 7.1-65
Final borings....... .. ... 7.1-65
Prelimnary borings........ ... .. 7.1-65

Spacing requi remBNt S. . ... 7.1-65



Procedures, detailed........ ... ... . ... e 7.1-73

Sanple preservati on. ... ... .. ... 7.1-73
Sanpling operati on. . ... ... ... .. 7.1-63
Sanpl i ng program
FeQUI T eIMBNE S. . o o e e e 7.1-73
Representative dry
SaMPl €S, . o 7.1-73
Undi sturbed sanples. ..... ... .. . . 7.1-73

Undi st ur bed sanpl es,
equi prent for

obtai Ni NQG. .. ... 7.1-73
Undi st ur bed sanpl es,
obtai Ni NQG. .. ... 7.1-73
Programs, exploration. . ....... .. ... 7.1-49
Detailed exploration. . ........ ... e 7.1-51
Prelimnary exploration. .. ... ... .. ... 7.1-51
Reconnai SSANCE. . . . ..o 7.1-49
Renpte Sensing Methods. ... ... .. ... . 7.1-51
Limotati ONS. ..o 7.1-59
SOUI CBS . ottt it e 7.1-51
Coverage and aeria
phot ographs. . . ... 7.1-59
Services, photo
interpretati on. . ... ... ... 7.1-59
Utilizati on. . ... 7.1-51
Flight Strips. ... .. e 7.1-59
Interpretati on. .. ... ... 7.1-59
Sanpling devi Ces. . ... 7.1-73

Thi ck-wal |, spoon,
auger, and core barre

SaMPl B S, 7.1-73

Core barrel sanples..... ... .. . . 7.1-80

Thin-wal |l tube sanplers.. ... ... ... . . . 7.1-73

Test bOriNgS. . .o 7.1-65

Procedures, specific..... ... ... i 7.1-66
Sel ection of boring

Met hod. . . . 7.1-66

T DS . o o e 7.1-66

7.1-1NDEX-1



Expl oration and sanpling (continued)

Test pits and trenches. .. ... . ... 7.1-71
Hand- cut sanpl es. . ... ... 7.1-80
Machine excavati On. .. ... .. 7.1-72
T DS . o e 7.1-72

F
Foundations, elastiC Stress. . ... .. ... e 7.1-162

See Stresses and pressures.

Frost, regional penetration........ ... .. ... ., 7.1-39
G

G 0S8 SaAl Y. . ot it 7.1-G1
I

Isotropic foundati ONS. . ... .. ... 7.1-162

See Stresses, Elastic, Sem-infinite.

L
Laboratory tests and test
0T 0 o= g A T =3 7.1-117
M
Mohr's circle of stress. ... ... .. 7.1-161
P
Pore pressure anal ySi S. ... ... 7.1-333
See Stability anal ysis.
Pressure distribution. ... ... .. . 7.1-161
Pressure on buried StruCtUres ... ... ... e 7.1-161
Shafts, vertical..... ... ... . 7.1-198
[N Clay. .o 7.1-198
[N sand. . ... 7.1-198
Shal l ow pipes and conduits. . ....... .. .. 7.1-181
Condui ts beneath embankments........... ... ... .. ... . .. .. ... 7.1-190
Joint rotation.. ... ... ... . e 7.1-192
Longitudinal extension............. ... .. . . 7.1-192
Selection of pipe. ... ... . 7.1-192
Pipe, CONCrete. ... ... e 7.1-184
Pipe, flexible steel..... ... . .. . 7.1-188
TUNNEl S, L 7.1-192
In cohesionless soil..... ... . .. . . 7.1-196
In cohesive SOil. ... . .. 7.1-196
Pressures during
CONSEIUCET ON. . ..o e e e 7.1-198
Pressures foll ow ng
CONSEIUCET ON. . ..o e e e 7.1-198
[N roCK. .. 7.1-194
R
Reservoir inmpernmeabilization.......... .. . .. . . . 7.1-286

See Seepage and drai nage,
Reservoirs.



Rock:
Classification and description
(see Soil and rock

classification, ROCK)....... . ... 7.1-19
S
SaNPl i NG, . 7.1-73
See Exploration and sanpling
Sand drains, vertical....... ... .. 7.1-246

See Settlenment, Reducing or
accel erating.

Seepage and drainage analysis............ ... ... ... 7.1-259
Applicati ONS. ... 7.1-259
Drai nage at internedi ate

dept hS. .. 7.1-282
El @Ct I 0-0SIMDSI S. .ot it 7.1-283
Mt hodsS. . .. 7.1-279

Construction controls.......... . .. 7.1-282
Settlement effects. ... ... . 7.1-282
Sheet ed SUNMPS. . ..o 7.1-282
VLI poi Nt SYSt emB. . ... 7.1-279
Anal YSi S. .. 7.1-282
Applicabi lity. . . 7.1-282
CapaCi LY. o 7.1-282
Drai nage, deep. . .. ... 7.1-279
Met hodsS. . .. 7.1-283
Punping wel | s. ... 7.1-283
Applications. . ... . 7.1-283
Special methods. .. ... ... . .. 7.1-283
Relief wWells. . . .. 7.1-283
Anal YSi S. . . 7.1-283
Applications. . ... .. 7.1-283

Dr ai nage, shall ow, and

pressure relief. . . ... 7.1-275

Bl anket, shal | ow
drai Nage. . . ... 7.1-275
Capacity of drainage......... ... .. 7.1-275
Permeabi [ ity. ... 7.1-275
Intercepting drains. ... ... .. ... 7.1-279
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Seepage and drai nage anal ysi s
(conti nued)

Drai nage, shallow, and pressure
relief (continued)

Protective filters. ... ... .. . .1-271
Investigations required. ........ ... .1-259
Reservoir inmperneabilization....... ... ... ... . . . . . . . . .1-286
Seepage anal YSi S. .. ... .1-259

Fl oW Net . .. .1-259

Groundwat er PreSSUI BS. . o o ittt e e e e . 1- 259
Seepage quantity. ... ... .1-262

Three-dimensional flow. ..... ... . ... . . . . . . 7.1-263
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CCB Application Notes:
1. Character(s) preceded & followed by these synbols (. -) or (+ ,)
are super- or subscripted, respectively.
EXAMPLES: 42m.3- = 42 cubic neters
CO+2, = carbon di oxi de

2. Al degree synbols have been replaced with the word deg.
3. Al plus or nminus synbols have been replaced with the synbol +/-.

4. Al table note letters and nunbers have been encl osed in square
brackets in both the table and bel ow the table.

5. Whenever possible, mathematical synmbols have been replaced with
their proper name and encl osed in square brackets.
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ABSTRACT

Thi s manual covers the application of basic engineering principles of
soil mechanics in the design of foundations and earth structures for nava
shore facilities. It is intended for use by experienced engineers. The
contents include: excavations; conpaction, earthwork, and hydraulic fills;

anal ysis of walls and retaining structures; shallow foundations; and deep
f oundat i ons.
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FOREWORD

This design manual is one of a series devel oped from an eval uati on of
facilities in the shore establishment, from surveys of the availability of
new materials and construction nethods, and from sel ection of the best
design practices of the Naval Facilities Engi neering Command ( NAFACENGCOM ,
ot her CGovernnent agencies, and the private sector. This manual uses, to

t he maxi mum extent feasible, national professional society, association, and
institute standards in accordance w th NAVFACENGCOM policy. Deviations from
these criteria should not be made without prior approval of NAVFACENGCOM
Headquarters (Code 04).

Desi gn cannot remmin static any nore than the naval functions it serves or
the technologies it uses. Accordingly, recommendations for inprovenent are
encouraged fromw thin the Navy and fromthe private sector and shoul d be
furni shed to Commander, Naval Facilities Engineering command (Code 04B), 200
Stoval|l Street, Al exandria, VA 22332-2300.

This publication is certified as an official publication of the Nava
Facilities Engi neering Cormand and has been revi ewed and approved in
accordance with SECNNAVI NST 5600. 16, Procedures CGoverning Review of the
Depart ment of the Navy (DN) Publications.

J. P. JONES, JR

Rear Admiral, CEC, U. S. Navy
Commander

Naval Facilities Engi neering Command
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CHAPTER 1. EXCAVATI ONS
Section 1. | NTRODUCTI ON

1. SCOPE. This chapter covers the nethods of evaluating the stability of
shal | ow and deep excavations. There are two basic types of excavations: (a)
"open excavations" where stability is achieved by providing stable side

sl opes, and (b) "braced excavations" where vertical or sloped sides are

mai ntai ned with protective structural systens that can be restrained
laterally by internal or external structural elenments. Guidance on
performance nmonitoring is given in DM 7.1, Chapter 2.

2. METHODOLOGY. In selecting and designing the excavation system the
primary controlling factors will include: (a) soil type and soil strength
paraneters; (b) groundwater conditions; (c) slope protection; (d) side and
bottom stability; and (e) vertical and | ateral noverments of adjacent areas,
and effects on existing structures.

3. RELATED CRITERIA. For additional criteria on excavations, see the
foll owi ng source

Subj ect Sour ce
Dewat eri ng and G oundwater Control of Deep Excavations....NAVFAC P-418
Section 2. OPEN CUTS
1. SLOPED CUTS.

a. GCeneral. The depth and sl ope of an excavation, and groundwater
conditions control the overall stability and nmovenents of open excavati ons.
In granul ar soils, instability usually does not extend significantly bel ow
t he excavation provided seepage forces are controlled. 1In rock, stability
is controlled by depths and sl opes of excavation, particular joint patterns,
in situ stresses, and groundwater conditions. In cohesive soils,
instability typically involves side slopes but nay also include materials
wel | bel ow t he base of the excavation. Instability below the base of
excavation, often referred to as bottom heave, is affected by soil type and
strength, depth of cut, side slope and/or berm geonetry, groundwater
conditions, and construction procedures. Methods for controlling bottom
heave are given in DM 7.1, Chapter 6.

b. Evaluation. Methods described in DM 7.1, Chapter 7 may be used to
eval uate the stability of open excavations in soils where behavior of such
soils can be reasonably determ ned by field investigation, |aboratory
testing, and analysis. |In certain geologic formations (stiff clays, shales,
sensitive clays, clay tills, etc.) stability is controlled by construction
procedures, side effects during and after excavation, and inherent geol ogic
pl anes of weaknesses- Table 1 (nodified from Reference 1, Effects of
construction on Geotechnical Engineering, by C ough and Davidson) presents a

7.2-1



summary of the primary factors controlling excavation slopes in sone problem
soils. Table 2 (nodified from Reference 1 and Reference 2, Soils and

Geol ogy, Procedures for Foundation Design of Buildings and Other Structures,
Departments of Army and Air Force) summarizes nmeasures that can be used for
excavation protection for both conventional and problemsoils.

2. VERTICAL CUTS. Many cuts in clays will stand with vertical slopes for a
period of time before failure occurs. However, changes in the shear
strength of the clay with time and stress rel ease resulting fromthe
excavation can lead to progressive deterioration in stability. This process
can be rapid in stiff, highly fissured clays, but relatively slowin softer
clays. (See DM 7.1, Chapter 7 for critical heights for vertical cuts in
cohesive soils.) For cuts in hard unweathered rock, stability is nostly
controll ed by strength al ong beddi ng pl anes, groundwater condition, and
other factors (see DM 7.1, Chapter 6 and Reference 3, Stability of Steep

Sl opes on Hard Unweat hered Rock, by Terzaghi for detailed discussion on the
effects of rock discontinuities). Cuts in rock can stand vertical w thout
bolting or anchoring depending on rock quality and joint pattern.

Section 3. TRENCH NG

1. SITE EXPLORATION. Individual trenching projects frequently extend over

| ong di stances. An exploration program should be performed to define the
soil and groundwat er conditions over the full extent of the project, so that
t he design of the shoring systemcan be adjusted to satisfy the varying site
condi tions.

2. TRENCH STABILITY. Principal factors influencing trench stability are
the lateral earth pressures on the wall support system bottom heave, and
the pressure and erosive effects of infiltrating groundwater (see Chapter 3
and DM 7.1, Chapter 6). External factors which influence trench stability
i ncl ude:

a. Surface Surcharge. The application of any additional |oad between
t he edge of the excavation and the intersection of the ground surface with
t he possible failure plane nust be considered in the stability anal yses for
t he excavati on.

b. Vibration Loads. The effects of vibrating machinery, blasting or
other dynanmic loads in the vicinity of the excavati on nust be considered.
The effects of vibrations are cunul ative over periods of time and can be
particul arly dangerous in brittle materials such as clayey sand or gravel

c. Gound Water Seepage. |Inproperly dewatered trenches in granular
soils can result in quick conditions and a conplete |oss of soil strength or
bott om heave. (See DM 7.1, Chapter 6.)

d. Surface Water Flow. This can result in increased |oads on the wall
support system and reduction of the shear strength of the soil. Site
dr ai nage shoul d be designed to divert water away fromtrenches.

7.2-2



TABLE 1
Factors Controlling Stability of Sloped Cut in Sone Problem Soils
+333313333333333333333333333333133133333133313313331331331331331331133133331333313313)))»

* SO L TYPE PRI MARY CONSI DERATI ONS FOR SLOPE DESI GN *
*3333333333333333333333333333333333333331311313331313331333131333131313133I1311IIXII)I)))*
*Stiff-fissured days > Field shear resistance may be | ess than suggested by *

*and Shal es | aboratory tests. Slope failures nmay occur progressivel y*
and shear strengths reduced to residual val ues
conpatible with relatively | arge deformations. Sone

case histories suggest that the |ong-term perfornance

is controlled by the residual friction angle which for
sone shales may be as |low as 12 deg. The nost reliable
desi gn procedure woul d involve the use of |oca
experience and recorded observati ons.
*)))))))))))))))))))))*)))))))))))))))))))))))))))))))))))))))))))))))))))))))))
*Loess and O her * Strong potential for collapse and erosion of relatively
* Col |l apsible Soils dry material upon wetting. Slopes in |oess are
frequently nore stable when cut vertical to prevent
infiltration. Benches at intervals can be used to

reduce effective slope angles. Evaluate potential for
col | apse as described in DM 7.1, Chapter 1. (See

DM 7.3, Chapter 3 for further guidance.)

*2233333331333333333337333333333313333333333113313331331333133133133113313331331333133133)))

b X ok % X %
LN I I

*
*
*
*
*
*

LI I N .
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*Resi dual Soils > Significant local variations in properties can be

* * expect ed depending on the weathering profile from

* * parent rock. Quidance based on recorded observation

* > provi des prudent basis for design
*2233233333133333333333%3333333333331333313331313331331313133313133313331313331313131)))))
*Sensitive d ays * Consi derabl e | oss of strength upon renol di ng generated

* * by natural or nan-nmade di sturbance. Use anal yses

* * based on unconsolidated undrained tests or field vane

* * tests.
*323333333333333333333%33333333133331333313331313331331313133313133313313131333)31313)1))))
*Tal us * Talus is characterized by | oose aggregati on of rock

* * that accumul ates at the foot of rock cliffs. Stable

* * slopes are comonly between 1-1/4 to 1-3/4 horizonta

* *to 1 vertical. Instability is associated wi th abundance
* > of water, mostly when snow is nelting.
*)))))))))))))))))))))*)))))))))))))))))))))))))))))))))))))))))))))))))))))))))
*Loose Sands May settle under blasting vibration, or liquify,

* * settle, and |l ose strength if saturated. Al so prone to

* * erosion and pi pi ng

-33333333333333333333333333333333333333313333333133313333313333313313313313313311I)I1))-
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3. SUPPORT SYSTEMS. Excavation support systens comonly used are as
fol |l ows:

a. TIrench Shield. A rigid prefabricated steel unit used in lieu of
shoring, which extends fromthe bottom of the excavation to within a few
feet of the top of the cut. Pipes are laid within the shield, which is
pul | ed ahead, as trenching proceeds, as illustrated in Figure 1 (from
Ref erence 4, Cave-In! by Petersen). Typically, this systemis useful in
| oose granul ar or soft cohesive soils where excavation depth does not exceed
12 feet. Special shields have been used to depths of 30 feet.

b. Trench Tinber Shoring. Table 3 illustrates the Occupational Safety
and Health Act's mnimumrequirements for trench shoring. Braces and
shoring of trench are carried along with the excavation. Braces and
di agonal shores of tinmber should not be subjected to conpressive stresses in
excess of:

S = 1300 - 20 L/D
wher e: L = unsupported | ength (inches)
D = least side of the tinmber (inches)

S = all owabl e conpressive stress in pounds per square
inch of cross section

Maxi mum Ratio L/ D = 50

(1) Skeleton Shoring. Used in soils where cave-ins are expected.
Applicable to nost soils to depth up to 20 feet. See Figure 2 (from
Reference 4) for illustration and gui dance for skeleton shoring. Structura
conponents shoul d be designed to safely withstand earth pressures.

(2) dCose (Tight) Sheeting. Used in granular or other running
soils, conpared to skeleton shoring, it is applicable to greater depths.
See illustration in Figure 3 (from Reference 4).

(3) Box Shoring. Applicable to trenching in any soil. Depth
limted by structural strength and size of tinmber. Usually Ilinmted to 40
feet. See illustration in Figure 4 (from Reference 4).

(4) Tel escopic Shoring. Used for excessively deep trenches. See
illustration in Figure 5 (Reference 4).

c. Steel Sheeting and Bracing. Steel sheeting and bracing can be used
inlieu of tinber shoring. Structural nenbers should safely w thstand water
and | ateral earth pressures. Steel sheeting with tinber wales and struts
have al so been used.
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FIGURE 2
Skeleton Shoring
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FIGURE 3
Close (Tight) Sheeting
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FIGURE 4
Box Shoring

FIGURE 5
Telescopic Shoring
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Section 4. BRACED EXCAVATI ONS

1. WALL TYPES. Commonly used wall types and linmitations to be considered
in selection are given in Table 4. Schematics of support systens are shown
on Figure 6. A description of wall types listed in Table 4 is presented in
Ref erence 5, Lateral Support Systens and Under pi nning, by Gol dberg, et al

2. SELECTI ON OF SUPPORT SYSTEM Factors to be considered in selecting
types of support systens are given in Table 5.

3. EARTH PRESSURES. The two limting pressures which nay act on the wall
are the states of active pressure and passive pressure. Definitions and
nmet hods for conputing earth pressures are presented in Chapter 3.

For nmost practical cases, criteria for earth pressures do not exactly
conformto the state of active, passive or at rest pressure. Actual earth
pressure depends on wall deformation and this in turn depends on severa
factors. Anobng the principal factors are: (1) stiffness of wall and support
systens; (2) stability of the excavation; and (3) depth of excavation and
wal | deflection.

The effects of wall deflection on pressure distribution, and differences

bet ween strut | oads conputed from active earth pressure theory and those
actual ly neasured for deep excavation in soft clay, are illustrated in
Reference 6, Stability of Flexible Structures by Bjerrum et al. As many

di fferent variables affect pressures acting on walls, nmany types of anal yses
are available for special situations. (Details concerning these are given
in Reference 7, Braced Excavation by Lanbe.) Exanples of earth pressure
conputations are given in Chapter 3.

4. OTHER DESI GN AND CONSTRUCTI ON CONSI DERATI ONS. Several factors other than
earth pressures affect the selection, design and the perfornmance of braced
excavations. See Table 6 for a sunmary of these factors.

5. LATERAL MOVEMENTS. For well constructed strutted excavations in dense
sands and till, maxinmum |l ateral wall nmovements are often | ess than 0.2% of
excavation depth. Lateral nmovements are usually less for tied back walls.
In stiff fissured clays, lateral novenents may reach 0.5% or higher
dependi ng on quality of construction. |In soft clays, a major portion of
noverment occurs bel ow excavation bottom Lateral noverment may be in the
range of 0.5%to 2% of excavation depth, depending on the factor of safety
agai nst bottominstability. Hi gher novements are associated with | esser
factors of safety.

6. SO L SETTLEMENTS BEHI ND WALLS. Reference 8, Deep Excavations and
Tunneling in Soft Ground by Peck, provides guidance based on enpirica

observation of settlement behind wall. Settlenents up to about 1% of the
excavation depth have been measured behind well constructed walls for cuts
in sand and in nediumstiff clays. |In softer clays, this may be as high as

2% and considerably nore in very soft clays.
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TABLE 4
Types of Walls

+))))))))))))))))))))))))0)))%)))))))%?))))0)))))))))))))))))))))))))))))))))
* ypi cal

* Narme * Val ues * Coment s *
* * Per Foot (ksf) = *
*3333333333333333333333333333333333333333337/3333333333333333333333333))))))))1
* (1) Steel Sheeting * 900 - *- Can be i npervious *
* * 90, 000 *- Easy to handl e and construct *

* * * *

*))))))))))))))))))))))))3)))))))))))))))))/)))))))))))))))))))))))))))))))))l

* (2) Soldier Pile and * *- Easy to handl e and construct *
> Laggi ng * 120 000 *- Permts drai nage *
* * *- Can be driven or augered *

*))))))))))))))))))))))))3)))))))))))))))))/)))))))))))))))))))))))))))))))))l
* (3) Cast-in-place *- Can be i npervious

or Pre-cast Con- Rel atively high stiffness
crete Slurry Can be part of pernmanent

Wal | (di aphragm structure

wal | s, see DM Can be prestressed

7.3, Chapter 3) Rel atively less lateral wall
noverent permtted conpared
to (1) and (2)

High initial cost

Speci alty contractor
required to construct

Very | arge and heavy wal |
nmust be used for deep

syst ens

Permts yielding of sub-soils,
but precast concrete

usual Iy shows | ess yielding
t han steel sheeting or

* * sol dier pile procedures.
*))))))))))))))))))))))))3)))))))))))))))))/)))))))))))))))))))))))))))))))))
* (4) Cylinder Pile 000 - *- Secant piles inpervious

* wal | * 1 000 000 *- Relatively high stiffness

* *- Highly specialized equi prent
* * not needed for tangent piles
* *- Slurry not needed

-223333333333333333133333132>33333131333133313131323333131313333133131313133333131311)33II))))-

*

2 300 OOO

FoF % o ok R X X ok X % ok F X % %
oo ok % ok R % X ok X X ok F X X ¥
ooF o X ok X X Ok F X X X F X X ¥

FooR o X P X o R X kR X ok F ox X ok F X % ¥

LI .
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E. EARTH BERM SUPPORT

FIGURE 6
Support System — Walled Excavation
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TABLE 5
Factors Involved in Choice of A Support System
For A Deep Excavation (> 20 feet)

+))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))

* Requi renent s * Lends Itself to Use O * Conment s
*323333333333333333333%3333333333333333313331313331333™31333133131313331313331313131111)))
*1. Open excavation > Tiebacks or rakers or *

* area > cantilever walls (shallow =

* * excavati on) *

*333333332333333333333%3333333333333333313331313331333731333133131313331313331313131111)))
*2. Lowinitial cost *~ Soldier pile or sheetpile = -

* * wal |l s; conbined soil slope *

* * with wall *

*)))))))))))))))))))))*))))))))))))))))))))))))))))*)))))))))))))))))))))))))))))

Use as part of * Di aphragm (see DM 7. * Di aphragm wal | nost

* per manent * Chapter 3) or cyllnder * conmon as pernanent

* structure * pile walls > wal l.

*32333333333313331333137331333333133331313131313131313131313*3231313331313331313313133113131)11))

*4. Deep, soft clay =~ Strutted or raker * Ti eback capacity not

* subsurface con- * supported di aphragm or * adequate in soft clays.

* ditions * cylinder pile walls *

*)))))))))))))))))))))*))))))))))))))))))))))))))))*)))))))))))))))))))))))))))))
*5 Dense, gravelly = Soldier pile, diaphragm * Sheetpiles may | ose

* sand or clay * or cylinder pile * interlock on hard

* subsoi |l s * * driving

*322333333333333333331373)3133333131333313131313133131331313*3333133313133313133131331313131)1)))
6. Deep, overcon- * Struts, long tiebacks or * Hghin situ lateral

solidated clays = conbination tiebacks and * stresses are relieved

F ook o b b b ok b b b o b b b X bk b b X b b X R X b kX ok kX b % X

* * struts. * in overconsolidated

* * * soils. Lateral

* * * novenments may be | arge

* * * and extend deep into

* * * soil.

*333333333333333333333%3313333331333133331333133331333™313331331313133313133313131313111)))

*7. Avoid dewatering > Diaphragmwalls, possibly = Soldier pile wall is

* * sheetpile walls in soft * pervi ous.

* * subsoils *

*)))))))))))))))))))))*))))))))))))))))))))))))))))*)))))))))))))))))))))))))))))
*8 M nimze H gh prel oads on stiff * Anal yze for stability

* novenent s * strutted or tied-back wall * of bottom of

* * * excavati on.

*)))))))))))))))))))))*))))))))))))))))))))))))))))*)))))))))))))))))))))))))))))

. Wde excavation = Tiebacks or rakers * Ti ebacks preferable

* (greater than * * except in very soft

* 65 feet w de) * * clay subsoils.

*323333333333333333333%3333333333333333333313313331333™31333133133313331313331313131111)))

*10. Narrow excava- * Crosslot struts * Struts nore economni ca

* tion (less than = * but tiebacks still may

* 65 feet w de) * * be preferred to keep

* * * excavation open

-3323333333333333333333333333333333331333333333333313313331331333133133133113313331331II)))-
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7. PROTECTI ON OF ADJACENT STRUCTURES. Evaluate the effects of braced
excavations on adjacent structures to determ ne whether existing building
foundations are to be protected. See DM 7.3, Chapters 2 and 3 on
stabilizing foundation soils and net hods of underpinning. Figure 7
(rmodified from Reference 9, Damage to Brick Bearing Wall Structures Caused
by Adjacent Braced Cuts and Tunnels, by O Rourke, et al.) illustrates areas
behi nd a braced wall where underpinning is or may be required.

Factors influencing the type of bracing used and the need for underpinning
i ncl ude:

(a) Lateral distance of existing structure fromthe braced
excavation. Enpirical observations on this can be found in Reference 8.

(b) Lowering groundwater can cause soil consolidation and settl enent of
structures.

(c) Dewatering should be properly controlled to ensure there is no
renoval of foundation soils outside the excavation

(d) Tolerance of structures to novenent. See DM 7.1, Chapter 5 for
eval uation of tolerance of structure to vertical novements. Vertical and
| ateral novements produce horizontal strains in structure. Guidance on
perm ssi bl e horizontal strains for structures is given in Reference 9.

Section 5. ROCK EXCAVATI ON

1. OBJECTIVE. Primary objective is to conduct work in such a manner that a
stabl e excavation will be maintained and that rock outside the excavation
prismw Il not be adversely disturbed.

2. PRELI M NARY CONSI DERATI ONS. Rock excavation planni ng must be based on
detail ed geol ogical data at the site. To the extent possible, structures to
be constructed in rock should be oriented favorably with the geol ogi ca
setting. For exanple, tunnels should be aligned with axis perpendicular to
the strike of faults or major fractures. Downslope dip of discontinuities
into an open cut should be avoi ded.

In general, factors that nmust be considered in planning, designing and
constructing a rock excavation are as follows: (1) presence of strike, dip
of faults, folds, fractures, and other discontinuities; (2) in situ
stresses; (3) groundwater conditions; (4) nature of material filling joints
(5) depth and slope of cut; (6) stresses and direction of potentia
sliding;surfaces; (7) dynamic loading, if any; (8) design life of cut as
conpared to weat hering or deterioration rate of rock face (9) rippability
and/ or the need for blasting;, and (10) effect of excavation and/or blasting
on adj acent structures.

The i nfluence of npbst of these factors on excavations in rock is simlar to
that of excavations in soil, see DM7.1, Chapter 7.

7.2-19



TS AN
N =—— _TIGHTLY BRACED/TIE
' I /EXCAVATION wALL
\ B S—
\ BASE OF STABLE AND DEWATERED
C N EXCAVATION

Y _ra FEET

FIGURE 7
General Guidance for Underpinning

7.2-20




3. RIPPABILITY. Excavation ease or rippability can be assessed
approximately fromfield observation in sinmilar materials or by using
seisnmc velocity, fracture spacing, or point load strength index. Figure 8
(from Reference 10, Handbook of Ripping, by Caterpillar Tractor Co.) shows
an exanple of charts for heavy duty ripper performance (ripper nmounted on
tracked bull dozer) as related to seismc wave velocity. Charts simlar to
Figure 8 are available fromvarious equi pment manufacturers. Figure 8 is
for guidance and restricted in applicability to large tractors heavier than
50 tons with engi ne horsepower greater than 350 Hp. Ripper performance is
also related to configuration of ripper teeth, equipment condition and size,
and fracture orientation.

Anot her technique of relating physical properties of rock to excavation ease
is shown on Figure 9 (from Reference 11, Loggding the Mechani cal Character of
Rock, by Franklin, et al.) where fracture frequency (or spacing) is plotted
agai nst the point |oad strength index corrected to a reference dianmeter of
50 mMm (See Reference 12, The Point-load Strength Test, by Broch and
Franklin.)

A third and useful technique is exploration trenching in which the depth of
unri ppabl e rock can be established by digging test trenches in rock using
ri ppers (or other excavation equi pnent) anticipated to be used for the
project. The size and shape of the area to be excavated is a significant
factor in determ ning the need for blasting, or the equi pment needed to
renmove the rock

4. BLASTING O mmjor concern is the influence of the blasting on adjacent
structures. The maxi mum particle velocity (the longitudinal velocity of a
particle in the direction of the wave that is generated by the blast) is
accepted as a criterion for evaluating the potential for structural damage

i nduced by blasting vibration. The critical |evel of the particle velocity
depends on the frequency characteristics of the structure, frequency of
ground and rock notion, nature of the overburden, and capability of the
structure to withstand dynam c stress. Figure 10 can be used for estimating
t he maxi mum particle velocity, which can then be used in Figure 11 (from

Ref erence 13, Blasting Vibrations and Their Effects on Structures, by Bureau
of Mnes) to estimate potential damage to residential structures. Guidance
for human response to blasting vibrations is given in Figure 12 (from

Ref erence 14, Engineering of Rock Blasting on Gvil Protects, by Hendron).

Once it has been determ ned that blasting is required, a pre-blasting survey
shoul d be performed. As a minimum this should include: (a) exam nation of
the site; (b) detail ed exam nation and perhaps photographic records of

adj acent structures; and (c) establishnent of horizontal and vertical survey
control points. In addition, the possibility of vibration nonitoring should
be consi dered, and nmonitoring stations and schedul es shoul d be established.
During construction, detailed records should be kept of: (a) charge weight,
(b) location of blast point and distance fromexisting structures, (c)

del ays, and (d) response as indicated by vibration nonitoring. For safety,
smal | charges should be used initially to establish a site specific

rel ati onshi p between charge wei ght, distance, and response.
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Section 6. GROUNDWATER CONTROCL

1. APPLI CATION. Excavations bel ow the groundwater table require
groundwat er control to permt construction in the dry and maintain the
stability of excavation base and sides. This is acconplished by controlling
seepage into the excavation and controlling artesi an water pressures bel ow
the bottom of the excavation.

2. METHOD. See Table 7 (nmodified from Reference 15, Control of Groundwater
by Water Lowering, by Cashman and Harris) for nmethods of controlling
groundwater, their applicability, and limtations. Wellpoints, deep wells,
and sunps are nost commonly used. Figures 13(A) (from Reference 2) and
13(B) (from Reference 16, Design and Construction of Dry Docks, by
Mazur ki ewi cz) show a dewatering system using deep wells, and a two stage
wel | point system Figures 13(C) and 13(D) (from Reference 16) shows
details of a wellpoint system and a deep well with electric subnersible
punp. See Figure 14 (from Reference 2) for applicable Iimts of dewatering
met hods.

3. DESI GN PROCEDURE. See DM 7.1, Chapter 6 for description of design
procedures for groundwater control. For additional guidance on groundwater
control see NAVFAC P-418

Section 7. EXCAVATI ON STABI LI ZATI ON, MONI TORI NG, AND SAFETY

1. STABILIZATION. During the planning and design stage, if analyses

i ndicate potential slope instability, means for slope stabilization or
retention should be considered. Sonme nmethods for consideration are given in
Chapter 3.

On occasion, the conplexity of a situation may dictate using very
speci al i zed stabilization methods. These may include grouting and

i njection, ground freezing, deep drainage and stabilization, such as vacuum
wells or electro-osnpsis (see DM 7.3, Chapter 2), and diaphragmwalls (see
DM 7.3, Chapter 3).

2. MONITORING During excavation, potential bottom heave, lateral wall or
sl ope novenent, and settlenment of areas behind the wall or slope should be
i nspected carefully and nonitored if critical. Monitoring can be
acconpl i shed by conventional survey techniques, or by nore sophisticated
means such as heave points, settlenent plates, extensoneters or
inclinometers, and a variety of other devices. See DM 7.1, Chapter 2.

3. SAFETY. Detailed safety requirenents vary fromproject to project. As a
gui de, safety requirements are specified by OSHA, see Reference 17, Public
Law 91-596. A summary of the 1980 requirenents follows:
a. OSHA Rules.
(1) Banks nmore than 4 feet high shall be shored or sloped to the

angl e of repose where a danger of slides or cave-ins exists as a result of
excavati on.

7.2-27



*pasn
3¢ jouned Jutjurod
~ITon 2Fe3STITNM JRUI

d9]BM Q]

IFTT 03 se [Ton
SE ImnnNoeA 3]e3d0
01 J9}em =°ans

‘UMOpMEAP pautIucd o5 3deds *g]1T7I8 Apues -saxd ydiy 3ulsn
Jo yidop uc uorILITWIT ON uy suoTyeardx? dazq pue spues AI7IS ‘spueg | waisLs zolonps 3jar ‘%
*eale Juryiom IO IBITD
pa1ts °2q ued sTTaM  *yadsp
§1T INCYIN0IY] SIFLB] [BIDASS *suUeT]
meay lalem mexp o3 poudysep -emx0l dutaesq Jaiem *$3001 Butaeaq sdund a1q71s
9q uUBD STI3M ‘UMODHEBIP aaoqe 10 1dnoay) 131em pue ‘spues -13mqns DFI3IDTD
76 y3dap uo WOTIBITWIT O ‘ur suorimardxe doaq 3UTY AITIS 01 STOARIY yIm sTTeM desg ¢
*A1essarau
ST WOTIR[[®ISUT 93eis-F3Tnu
papesu ST 33T I97waad IT *(spues AITTS UT pasn
*193] 91 Jnoqe 03 PIITWIT ST *SUOTIBARDXD 0SB 3Q UBD T0IJUOD
1IT7 uorlong esyros a7qe3fns | youazj adtd Burpnyouy | Iadoxd yja) spues auyy | sdund wOTIONS YITM
UT TTBISUT 0] £SE€d pue o10) SU0TIEARIXS U 0] umop sTPARIE Kpueg sWa)s4s jutodfTam *7
*uotlewioy 3o AITTIq
-B3suT sefeancouy *punoid
Wol1J p3ACWAI AJISE® SAUTY *SUO0T1® *SpuUBs 95180
»jusmdnba Surdumd 3serdurg -ABX8 moTreys uadg pue sToARIE ues) Surdund dung <1
$3UBIMOY EEEN uswieall 104 POYIdl

37qe3INg STIOS

1023105 IDIEMPUNCIDH JO SPOYISY

{ A19VL

7.2-28



*sdoaaap

03 aufl 1a8uoT saye]
JusuwlBall *ucfieanp 3uol Jo
suotieartdde #8xeT 103 19318¢
*SpIEMINC 2DEJINS 3uliom
WoII JATIINIIP JULWIeRA]

*I9Em
sdois spyoa Al
U} 997 IO noypjemioj

*i201 pue STTOs
pejemies jo sadLy TV

Ioyeaadrazax
autaq/unyuoumy °®

(7 123dey) ‘ge/-Ha
sas) Buyzesiy

+sT24R13 uado uT 10 ‘sadeyins
¥o01paq 1eind211y 1o piey o3
-ut L3y 01 TeOTIR1dHMT 2q Key
*SBTEYS 3308 IO SLBRTD S®B 1ons
318115 oyqeemasdw] ojuy padey

aq uey ‘paTTeIsut ATprdey

BATSUSIXY

*SUOTIRARIXD Uado
puUnOIP STTEBM UTEIIND
*pE3I0TIIS
-3IUn ATTEOTIVRA

*5214qod pue
‘sTonr1d ‘spues ‘IS

(9 323deyqy ‘71°/-HQ
pue ¢ 1eidey)
‘¢*L-NQ @98) 330
=N youail A1anTg

9

*STETIDIEW JIFTIWIS 10 ‘Inoid
Juama? ‘ajTucjuaqg ‘isnp

-4BS Yl Y20yIsjuy BuTTIlj
£q a8eqedT YOOTISIUT ISEIIIS(
'PeRY TETIVAIIIITE IO 3J00]
aed TTeM 3o 33 bs/wdd 1p<g uo
paseq so7] 23edess ayEmrisy
+paanbex »q Lemw Surdund dumg
*peisAvlel 10 §¥iom Jjuau
-emiad uy pajeiodiodur aq Ued
T22313 *uorlerTeIsuy prdey
squeTd a7qeTTRAR ATTpPEAI
8uTsn poy1em POOITIAPIN-TTIM

*9s8n palolils
—s1un ATTeOTIORIY

*STT0S UNYpsm pue 313jos
UT STOTIBAEIX® MOTTEUS
107 pazITIIn Suplesys
poom SA0018 pue anBuol
*(spaq I13pTnoq 1da0xa)

1108 Jo sadfy TV

730
-100 Buirrd 199ys

'S

5] USmWOY)

T

JuAmiEaA] 107
ATQEIING STIOS

PoyIsH

10I3U0) 131BADUNOIS JO SPOYITH
(psnutined) [ FIEVL

7.2-29



*saTeys 1708 10 sfeT> se
uons eje13Is Irqesmraday ojuy
pokay aq usy -TTEs wieiydeyp
J0 mioJ ‘payTeisur ATprdex y

*s33eys ‘uorioniis

=uo3y punoxfiapun
‘siuamaseq dawg

AT1S0D pue ITMITIITP
8q dem siapInoq
y3noy3 uorirslanad
g sad4d) 1108 1TV

gar1d soetd

Ul pexyu jo

Tre# snorazadwy

1o STTEM

311d paxeq
STonZTIU0Y) *q

*uoTIepunoy BurisTxe
03 98072 £19a umop Ind aq ue)
*20Bds PaJITIISAI UT pasn

90 UE) '9STOU PUB UOTIBIGTA
TOETUTH  *¥901 O1UT pakey

2q UE) *SUOTIRABDX® IBTNOITY
107 Ua1ITI¥s ATIRTNOTiiRg
*uoTIEpUney Jusuemrad ® Jo
31ed miey o3 peuldysap aq uey

*'s37eUs ‘UOTIONILS

=0 punoidispun
‘gIusmaseq deaqg

*813pTNoq
Suturejuod asoyj Sur
-pnTout sad4y TrOS TTV

(g 193

-dey) ‘¢*/-a

¥98) (91912

=102 TBINY

-I0118) STTRA
ndeayderq ‘e

SYTEA TBINIDNIAS

yornb 3oy uOTIeRANp JI0US IO
guoT3edoridde TrEWS J0F I91laq

uy 99} Jo uoF3IBWIOF

sdojs sproa ay3

*}301 puUB STF0S
peaeanies Jo sadiy TTY

-1981a391 uald
=023Tu PENDIT ¢

wieayderg *§
*SINJ0 BABAY Punoif amog
*7013u0d ¥1T8 10TJIS searnbay
*aaTsUadxXs ST waloilyu
pmby1  cpeajnbai sT Suizeayg *I9IEA que

FRLELTTn)

sas(

Juamleaa] 107
2TqEITNG STIOS

POYIaH

T1013UQ¢) I93BADUNOIY
(penup3nod) 4

30 SpoUII
ATIVL

7.2=-30



]__ FIRST STAGE
GROUND ’ - SECOND STAGE

SURFACE
|wﬁﬂﬁvﬁﬁzﬁmﬁsﬁ'®_ (.
FIRST-STAGE WELLPONT SYSTEM

—_——— -

BOTTOM OF Excnvmon@\ /_'f_

NOTE: PUMPING FROM FIRST- STAGE SYSTEM LOWERS WATER TABLE APPROXIMATELY ISFEET WHICH WILL
PERMIT EXCAVATION FOR INSTALLATION OF SECOND-STAGE SYSTEM.

DEWATERING USING TWO STAGE WELLPOINT SYSTEM (DWATER L EVEL AFTER FIRST STAGE (QBOTTOM OF EXCAVATION
@ WATER LEVEL AFTER SECOND STAGE

® TWO STAGE -WELLFPOINT SYSTEM

I. PIEZOMETER 4. CLAY

2. GROUNDWATER LEVEL 5. DEEP WELLS

3. SAND 6. ARTESIAN WATER PRESSURE REDUCED
TO -36 FEET (HORIZONTAL SCALE/ VERTICAL
SCALE = 2/5)

7 DCWNWARD PRESSURE {TOTAL WEIGHT OF SOIL)
DEWATERING SYSTEM OF A DRY DOCK PIT

COMBINE WELLPOINT AND DEEPWELL SYSTEM

FIGURE 13
Methods of Comstruction Dewatering
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(2) Sides of trenches in unstable or soft material, 4 feet or nore
in depth, shall be shored, sheeted, braced, sloped, or otherw se supported
by means of sufficient strength to protect the enpl oyee working within them

(3) Sides of trenches in hard or conpact soil, including
embankment s, shall be shored or otherw se supported when the trench is nore
than 4 feet in depth and 8 feet or nore in length. |In lieu of shoring, the

sides of the trench above the 4-foot |level nmay be sloped to preclude
col | apse, but shall not be steeper than a 1-foot rise to each 1/2-foot

hori zontal. Wen the outside diameter of a pipe is greater than 6 feet, a
bench of 4-foot mnimum shall be provided at the toe of the sloped portion

(4) Materials used for sheeting and sheet piling, bracing, shoring,
and under pi nning shall be in good serviceable condition. Tinbers used shal
be sound and free fromlarge or | oose knots, and shall be designed and
installed so as to be effective to the bottom of the excavation.

(5) Additional precautions by way of shoring and bracing shall be
taken to prevent slides or cave-ins when (a) excavations or trenches are
made in | ocations adjacent to backfilled excavations; or (b) where
excavations are subjected to vibrations fromrailroad or highway traffic,
operation of machinery, or any other source.

(6) Enployees entering bell-bottom pier holes shall be protected by
the installation of a renpvabl e-type casing of sufficient strength to resist
shifting of the surrounding earth. Such tenporary protection shall be
provided for the full depth of that part of each pier hole which is above
the bell. A lifeline, suitable for instant rescue and securely fastened to
the shafts, shall be provided. This lifeline shall be individually manned
and separate fromany line used to renove materials excavated fromthe bel
footi ng.

(7) Mnimumrequirenents for trench tinbering shall be in
accordance with Table 3.

(8) \Where enployees are required to be in trenches 3 feet deep or
nore, |adders shall be provided which extend fromthe floor of the trench
excavation to at |least 3 feet above the top of the excavation. They shal
be | ocated to provide neans of exit without nore than 25 feet of latera
travel .

(9) Bracing or shoring of trenches shall be carried along with the
excavati on.

(10) Cross braces or trench jacks shall be placed in true
hori zontal position, spaced vertically, and secured to prevent sliding,
falling, or kickouts.

(11) Portable trench boxes or sliding trench shields may be used
for the protection of enployees only. Trench boxes or shields shall be
desi gned, constructed, and maintained to neet acceptabl e engineering
st andar ds.

(12) Backfilling and renmoval of trench supports shall progress
together fromthe bottomof the trench. Jacks or braces shall be rel eased
slowy, and in unstable soil, ropes shall be used to pull out the jacks or

braces from above after enpl oyees have cleared the trench
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CHAPTER 2. COMPACTI ON, EARTHWORK, AND HYDRAULI C FI LLS
Section 1. | NTRODUCTI ON

1. SCOPE. This chapter concerns design and construction of conpacted fills
and performance of conpacted materials. Conpaction requirenents are given
for various applications and equi pment. Earthwork control procedures end
anal ysis of control test data are discussed. Guidance on hydraulic fills is
al so incl uded.

2. RELATED CRITERIA. For additional criteria concerned with conpaction and
eart hwor k operations, consult the follow ng sources:

Subj ect Sour ce
Paverent s NAVFAC DM 5. 04
Fl exi bl e Pavenent Design for Airfield NAVFAC DM 21. 03
Dr edgi ng NAVFAC DM 26. 03
Types of Dredgi ng Equi prent NAVFAC DM 38. 02

3. PURPCSE OF COWPACTI ON

(1) Reduce material conpressibility.
(2) Increase material strength.

(3) Reduce perneability.

(4) Control expansion.

(5) Control frost susceptibility.

4. APPLI CATIONS. The principal uses of conpacted fill include support of
structures or pavenents, enbaknents for water retention or for |ining
reserviors and canals, and backfill surrounding structures or buried
utitlities.

5. TYPES OF FILL.

a. Controlled Conpacted Fills. Properly placed conpacted fill will be
nore rigid and uni form and have greater strength than nost natural soils.

b. Hydraulic Fills. Hydraulic fills cannot be conpacted during
pl acenent and therefore it is inportant that the source materials be
sel ected carefully.

c. Uncontrolled Fills. These consist of soils or industrial and
donestic wastes, such as ashes, slag, chenical wastes, building rubble, and
refuse. Use of ash, slag, and chenical waste is stringently controlled and
current Environnental Protection Agency or other appropriate regul ations
must be consi dered.
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Section 2. EMBANKMENT CROSS- SECTI ON DESI GN

1. I NFLUENCE OF MATERI AL TYPE. Table 1 lists sone typical properties of
conpacted soils which may be used for prelimnary analysis. For fina
anal ysi s engi neering property tests are necessary.

a. Uilization. See Table 2 for relative desirability of various soi
types in earth fill dans, canals, roadways and foundations. Although
practically any nonorganic insoluble soil may be incorporated in an
embankment when nodern conpaction equi prent and control standards are
enpl oyed, the following soils may be difficult to use econonically:

(1) Fine-grained soils may have insufficient shear strength or
excessive conpressibility.

(2) days of mediumto high plasticity may expand if placed under
| ow confining pressures and/or at |ow noisture contents. See DM 7.01
Chapter | for identification of soils susceptible to volune expansion

(3) Plastic soils with high natural noisture are difficult to
process for proper noisture for conpaction.

(4) Stratified soils may require extensive m xing of borrow.

2. EMBANKMENTS ON STABLE FOUNDATION. The side slopes of fills not

subj ected to seepage forces ordinarily vary between 1 on 1-1/2 and 1 on 3.
The geometry of the slope and bernms are governed by requirements for erosion
control and nmai ntenance. See DM 7.01, Chapter 7 for procedures to calcul ate
stability of enbanknents

3. EMBANKMENTS ON WEAK FOUNDATI ONS. Weak foundation soils may require
partial or conplete renoval, flattening of enbanknent slopes, or
densification. Analyze cross-section stability by nethods of DM 7.01
Chapter 7. See DM 7.03, Chapter 2 for nethods of deep stabilization, and
Chapter 3 for special problemsoils.

4. EMBANKMENT SETTLEMENT. Settlement of an embankment is caused by
foundati on consolidation, consolidation of the enbanknent material itself,
and secondary conpression in the enmbankment after its conpletion

a. Foundation Settlenment. See DM 7.01, Chapter 5 for procedures to
decrease foundation settlement or to accel erate consolidation. See DM 7. 03,
Chapter 1 for guidance on settlenment potential under seisnic conditions.

b. Enbanknment Consolidation. Significant excess pore pressures can
devel op during construction of fills exceeding about 80 feet in height or
for lower fills of plastic materials placed wet of optinmum noisture.

Di ssi pation of these excess pore pressures after construction results in
settlenent. For earth dans and other high fills where settlenent is
critical, construction pore pressures should be nonitored by the methods of
DM 7.01, Chapter 2.
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TABLE 2
Relative Desirability of Scolls as Compacted Fill

RELATIVE DESTRABILITY FOR VARIOUS USES
{No. 1 1a Consldered the Best, No. 14 Least Desirable)
Rolled Earth Fill Dams Canal Sections Foundations Roadways
Fills
Group
Symbo ¥ Sc1l Type w Ed P .
5u w - ) =
] o = E a - 5= S )
o g = & = E a T v =
N = & aa a = v & = 3 =4 =
-5 5 3 (3] & o = S o =) <
4 @ = = 4 as 25 -] =™ B 3
g H 3 g £t £ | TLE| B=: B% =
=) L} = - S = L) o 5 g ] o 8 =
=R = & L=l S o= M= @ = = A @
well graded gravels, gravel—
[ sand mixtures, litrla ar no - - ¥ 1 - - 1 1 1 3
fines
Poorly-graded gravels.
GF gravel-sand mixtures., ttie - - 2 2z - - 3 3 3
or no fines
oM 5iley gravels, poorly gpraded 2 & - 4 4 1 & 4 9
gravel-sand-silt mixtures
'] Clavey pravele, poorly graded 1 1 - 3 1 z 6 -3 5
Eravel-pand-clay mixtures
W Well-graded sends, gravelly - - 3 L] - - 2 2 2
sanda, little ar na fines 1f
gravelly
sp Poerly-graded sands, gravelly - - 4 7 - - s & 4
sands, little or no fines if if
gravelly | gravelly
SH Silty sands, poorly graded & 5 - & 5 3 7 & 10
sand-ailt mixtures if erosion
gravelly |erikical
sC Clayey sands, poorly graded 3 2 - 5 2 Ll 8 7 3
sand—clay mixtures
Inorganic milts and very fine
ML sands, rock flour, silty or [ & - - [ 13 o 10 11
clayey fine sands with alight ercsion
plasticity critical
Inorganic claye of low Eo
cL medivm plascicity, gravelly 5 3 - ] 3 5 10 9 F
clays, sandy clays, silcy
clays, lean clays
oL Organic S1lte and organic a8 a - - 7 ? 11 11 1z
sllt—clays of low plasticlty erosion
critical
HH Inorganic silts, migcageocus or 9 L] - - - 8 12 12 13
disromacecuad fine gandy or
g1lcy eoils, elastic silrs
CE Inorganic claya of high 7 7 - ic B-vol a 13 13 8
plasticity, fat clays change
cricical
oR Organic clays of medium high 10 La - - - o La 14 14
plasticicy

— Not appropriate for this type of use.
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c. Secondary Conpression. Even for well-conpacted enbanknents,
secondary conpression and shear strain can cause slight settlements after
conpletion. Normally this is only of significance in high enmbanknments,
and can ampbunt to between 0.1 and 0.2 percent of fill height in three to
four years or between 0.3 and 0.6 percent in 15 to 20 years. The |arger
val ues are for fine-grained plastic soils.

5. EARTH DAM EMBANKMENTS. Evaluate stability at three critical stages; the
end of construction stage, steady state seepage stage, and rapid drawdown
stage. See DM 7.1, Chapter 7 for pore pressure distribution at these
stages. Seismic forces nust be included in the evaluation. Requirenents
for seepage cutoff and stability dictate design of cross section and
utilization of borrow materials.

a. Seepage Control. Normally the earthwork of an earth damis zoned
with the | east pervious, fine-grained soils in the central zone and
coarsest, nost stable material in the shell. Analyze seepage by the methods

of DM 7.1, Chapter 6.

(1) Cutoff Trench. Consider the practicability of a positive
cutoff trench extending to inpervious strata beneath the embanknment and into
t he abut nments.

(2) Intercepting Seepage. For a properly designed and constructed
zoned earth dam there is little danger from seepage through the embanknent.
Drai nage design generally is dictated by necessity for intercepting seepage
t hrough the foundation or abutnents. Downstream seepage conditions are nore
critical for honpgeneous fills. See DM 7.1, Chapter 6 for drainage and
filter requirenents.

b. Piping and Cracking. A great danger to earth dans, particularly
t hose of zoned construction, is the threat of cracking and piping. Serious
cracking may result fromtension zones caused by differences in
stress-strain properties of zoned material. See Figure 1 (Reference 1
Influence of Soil Properties and Construction Methods on the Performance of
Honobgeneous Earth Dans, by Sherard) for classification of materials
according to resistance to piping or cracking. Analyze the embanknent
section for potential tension zone devel opment. Place an internal drainage
| ayer i mmedi ately downstream of the core to control seepage from possible
cracking if foundation settlenments are expected to be high.

c. Dispersive soil. Dispersive clays should not be used in dam
embankments. Determine the dispersion potential using Table 3 or the nethod
outlined in Reference 2, Pinhole Test for Identifying Dispersive Soils, by
Sherard, et al. A hole through a dispersive clay will increase in size as
water flows through (due to the breakdown of the soil structure), whereas
the size of a hole in a non-dispersive clay would rermain essentially
constant. Therefore, danms constructed with dispersive clays are extrenely
susceptible to piping.

7.2-41



CLEJ\R_SQUARE OPENINGS
KX §J§=_§;§.g <+

0%

—T—US STANDARD SIEVE NUMBERS "'1"— HYDROMETER ANALYSIS

I2QR S

w

100

_£

1 . = P
~l\j_llL.‘. _J:__-._SIFJ-..._\
N -~ ~ /S—PIPNG | S|
5 N P, \§ 13 thsnlwcr-:(ils L
y
- AR NN 1 TYPICAL GRADATION FOR
& A N \/ /| PIPING RE'SIIS'I;ANCE®
wl [y
¥ o S MY _‘\/ @A) LEAST CHANCE FOR
5 "\ ~ b 1 CRACKING
N /] A 11
& s a A VULRERABLE
¥ PIPING RESISTANCE {2 7 I L
& Y4 fi\ N TO CRACKING
L 40 7 L
3
= I / 1‘"&\
B Py, 1 .‘_ -
o
i @ LITTLE CHANCE FOR CRACKING T . A
20 b S
~Nl >
-~ b,
S
.y .‘ﬂ‘-h
0
0086 43 2 1086 43 & 86 43 2 186 43 2 086 43 2 .00
GRAIN SIZE MILLIMETERS
F
oBeLes [COARSE | FINE  POARSE] MEDIUM | INE SILTORCLAY{  ORNON )
GRAVEL SAND PLASTI LAST
CATEBORY MATERIAL CHARACTERISTICS
PIPING RESISTANCE:
0] CL AND CH WITH P1315,WELL | GREATEST RESISTANCE TO PIPING, SMALL AND MEDIUM CON-
GRADED SCWITH P13 15. CENTRATED LEAKS WILL HEAL THEMSELVES. EMBANKMENT
MAY RAIL AS A RESULT OF SLOWLY PROGRESSIVE PIPING
CAUSED BY LEAK OF ABOUT /2 CFS.
® CL AND ML WITH PIC 15, WELL | INTERMEDIATE RESISTANCE TO PIPING, SAFELY RESISTS
GRADED SC AND GC WITH SATURATION OF LOWER PORTION OF DOWNSTREAM SLOPE
157P)7, INDEFINITELY. MAY FAIL EVENTUALLY AS A RESULT OF
EROSION CAUSEN BYA SMALL CONCENTRATED LEAK OR BY
PROGRESSIVE SLOUGHING. IF A LARGE LEAK DEVELOPS,
PIPING CALSES RAILURE IN A SHORT TIME.
©) SP AND UNIFORM SM AND ML | LEAST RESISTANCE TO PIPING.USUALLY FAILS IN AFEW YEARS

WITH PI(7.

AFTER FIRST RESERVOIR FILLING IF SEEPAGE IS ABLE TO
BREAK OUT ON DOWNSTREAM SLOPE. SMALL CONCENTRATED
L EAK ON DOWNSTREAM SLOPE CAN CAUSE RAILURE IN A
SHORT PERIOD OF TIME. HIGH DENSITY FROM COM-
PACTION INCREASES RESISTANCE SIGNIFICANTLY,

FIGURE 1
Resistance of Earth Dam Embankment Materials To Piping and Cracking
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CATEGORY MATERIAL CHARACTERISTICS
CRACKING RESISTANCE
@ CH WITH Dy (CO2MM AND HIGH POSTCONSTRUCTION SETTLEMENT, PARTICULARLY IF
PlI>20 COWMPACTED DRY. HAS SUFFICIENT DEFORMABILITY
TO UNDERGD LARGE SHEAR STRAINS FROM DIFFERENTIAL
SETTLEMENT WITHOUT CRACKING.
GC,5C,5M, SP WITH SMALL POSTCONSTRUCTION SETTLEMENT. LITTLE

Dw)o.m MM

CL, ML AND SM WITH Pi( 20,
0.5 MM) D5 ) DO2 MM,

CHANCE FOR CRACKING UNLESS POORLY COMPACTED
AND LARGE SETTLEMENT IS IMPOSED ON EMBANK-
MENT BY CONSOLIDATION OF THE FOUNDATION.

MEDIUM TO HIGH POSTCONSTRUCTION SETTLEMENT
AND VULNERABLE TO CRACKING. SHOULD BE
COMPACTED AS WET AS POSSIBLE CONSISTENT WITH
STRENGTH REQUIREMENTS.

FIGURE 1 (continued)
Resistance of Earth Dam Embankment Materials To Piping and Cracking
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TABLE 3
Clay Dispersion Potentia

+))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))
*Percent Di spersion Di spersive Tendency

*2233333333333333333333333333333333337333333331333331333331333133133313313313313I3I1)I))*

* Over 40 * H ghly Dispersive (do not use) *
* 15 to 40 * Moder ately Di spersive *
* 0 to 15 * Resi stant to Di spersion *

*

*2233333333333333333333333333333333333333133333133333133313313331331333133133313313IXI1)I))*

**The ratio between the fraction finer than 0.005 mmin a soil-water suspension =*
* that has been subjected to a mnimum of nechanical agitation, and the total *
* fraction finer than 0.005 nmmdetermi ned froma regular hydroneter test x 100. =*
-3333333333333333333333333333333333333333133313313131333133131313331313331333131313131)I)))-
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Section 3. COVPACTI ON REQUI REMENTS AND PROCEDURES
1. COWPACTI ON REQUI REMENTS.

a. Summary. See Table 4 for a summary of conpaction requirenments of
fills for various purposes. Mddify these to neet conditions and materials
for specific projects.

b. Specification Provisions. Specify the desired conmpaction result.
State the required density, noisture limts, and maximum|lift thickness,
all owi ng the contractor freedomin selection of conpaction nethods and
equi prent. Specify special equipnent to be used if |ocal experience and
avail able materials so dictate.

2. COWPACTI ON METHODS AND EQUI PMENT. Table 5 lists comonly used
conpaction equi pment with typical sizes and weights and gui dance on use and
applicability.

3. I NFLUENCE OF MATERI AL TYPE

a. Soils Insensitive to Conpaction Misture. Coarse-grained, granular
wel | -graded soils with |l ess than 4 percent passing No. 200 sieve (8 percent
for soil of uniformgradation) are insensitive to conmpaction noisture.
(These soils have a perneability greater than about 2 x 10. -3- fpm) Pl ace
these materials at the highest practical mpisture content, preferably
saturated. Vibratory conpaction generally is the nost effective procedure.
In these materials, 70 to 75 percent relative density can be obtai ned by
proper conpaction procedures. |If this is substantially higher than Standard
Proctor maxi mum density, use relative density for control. Gravel, cobbles
and boul ders are insensitive to conmpaction noisture. Conpaction with snooth
wheel vibrating rollers is the nost effective procedure. Use |arge scale
tests, as outlined in Reference 3, Control of Earth Rockfill for Oroville
Dam by Gordon and M| er

b. Soils Sensitive to Conpaction Misture. Silts and sone silty sands
have steep mpisture-density curves, and field noisture nust be controlled
Wthin narrow limts for effective conpaction. Clays are sensitive to
moi sture in that if they are too wet they are difficult to dry to optinum
nmoi sture, and if they are dry it is difficult to mx the water in uniformy.
Sensitive clays do not respond to conpaction because they |ose strength upon
renol di ng or mani pul ation.

c. Effect of Oversize. Oversize refers to particles larger than the
maxi mum si ze all owed using a given nold (i.e. No. 4 for 4-inch nold, 3/4
inch for 6-inch mold, 2-inch for a 12-inch nold). Large size particles
interfere with conmpaction of the finer soil fraction. For normal enmbanknent
conpaction the maxi mum si ze cobbl e shoul d not exceed 3 inches or 50 percent
of the conpacted | ayer thickness. \Where econom c borrow sources contain
| arger sizes, conpaction trials should be run before approval
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Adj ust | aboratory maxi mum standard density (from noi sture-density
rel ations test, see DM 7.01 Chapter 3) to provide a reference density to
which field density test results (with oversize) can be conpared. Use the
foll owi ng equations to adjust the |aboratory maxi mum dry density and optimum
noi sture content to values to which field test data (with oversize
particles) may be conpared.

1 - {0.05)(F)
Tmax = F o, 1-F

162 N
where: Ymax = adjusted maximum dry density pef
7, = laboratory maximum dry density without
oversize, pcf
F = fraction of oversize particles by weight

{(from field density test)

Wy = F(wg) + (1-F)w,

where: Wy adjusted optimum moisture content
w, = molsture content of oversize {from field data)

laboratory optimum moisture content without oversize

]
It

The density of oversize material is assuned as 162 pcf, obtained
frombul k specific gravity 2.60, multiplied by 62.4.

This method is considered suitable when the wei ght of oversize is
| ess than 60% by wei ght, for well-graded materials. For poorly graded
materials, further adjustment may be appropriate. This nmethod is nodified
after that described in Reference 4, Suggested Method for Correcting Maxinmum
Density and Optimum Myisture Content of Conpacted Soils for Oversize
Particles, by MlLeod; also see Reference 5, Scal ping and Repl acenent Effects
on the Conpaction Characteristics of Earth-Rock M xtures, by Donaghe and
Townsend.

Section 4. EMBANKMENT COMPACTI ON CONTROL
1. GROUND PREPARATI ON
(1) Strip all organics and any other detrinmental material fromthe
surface. in prairie soils this may amount to renoval of 2 or 3 inches of
topsoil, and in forest covered |and between 2 and 5 or nore feet. Only the
heavy root mat and the stunps need be rempoved, not the hair-like roots.

(2) Renmove subsurface structures or debris which will interfere with
t he conpaction or the specified area use.

(3) Scarify the soil, and bring it to optimm noi sture content.
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(4) Conpact the scarified soil to the specified density.

2. FIELD TEST SECTION. By trial, develop a definite conpaction procedure
(equi prment, lift thickness, noisture application, and number of passes)
which will produce the specified density. Conpaction cannot be controlled
adequately by spot testing unless a well defined procedure is foll owed.

3. REQUI REMENTS FOR CONTROL TESTS. Performin-place field density tests
plus sufficient |aboratory noisture-density tests to eval uate conpaction
For high enbanknents invol ving seepage, settlement, or stability, perform
periodic tests for engineering properties of density test sanples, e.g.
permeability tests, shear strength tests. See DM 7.1, Chapter 3 for

| aboratory moisture density test procedures and DM 7.1, Chapter 2 for field
density test nethods.

a. Nunber of Field Density Tests. Specify the follow ng m ninumtest
schedul e:

(1) One test for every 500 cu yd of material placed for embanknment
construction.

(2) One test for every 500 to 1,000 cu yd of material for canal or
reservoir linings or other relatively thin fill sections.

(3) One test for every 100 to 200 cu yd of backfill in trenches or
around structures, depending upon total quantity of material involved.

(4) At least one test for every full shift of conpaction operations
on mass eart hwork

(5) One test whenever there is a definite suspicion of a change in
the quality of mpisture control or effectiveness of conpaction.

b. Field Density Test Methods. See DM 7.1, Chapter 2, for field
density test nethods.

Proofrolling (spotting soft spots with a rubber-tired roller or any
| oaded earth-noving equi prent) nmay be used in conjunction with density
testing, but is practical only for extensive earthwork or pavenent courses.

c. Laboratory Conpaction Tests. Prior to inportant earthwork
operations, obtain a fam |y of conpaction curves representing typica
materials. ldeally, this famly will forma group of parallel curves and
each field density test will correspond to a specific conpaction curve.

During construction obtain supplementary conpaction curves on field
density test sanples, approximtely one for every 10 or 20 field tests,
dependi ng on the variability of materials.

4. ANALYSI S OF CONTROL TEST DATA. Conpare each field determination of

noi sture and density with appropriate conpaction curve to eval uate
conformance to requirenents.
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a. Statistical Study. Overall analysis of control test data wll
reveal general trends in conpaction and necessity for altering nethods.
Inevitably, a certain nunber of field determ nations will fall bel ow
specified density or outside specified noisture range. Tabulate field
tests, noting the percentage difference between field density and | aboratory
maxi mum density and between field noisture and optimum

b. Misture Control. Close nmoisture control is evidenced if two-thirds
of all field values fall in a range +/- 1 percent about the medi an noisture
content specified. FErratic noisture control is evidenced if approximtely
two-thirds of all field values fall in a range +/ - 3 percent about the

medi an noi sture content specified. To inprove noisture control, blend
materials fromwet and dry sections of borrow area.

c. Conpactive Effort. Suitable conpaction nmethods are being utilized
if approximately two-thirds of all field densities fall in a range of +/- 3
percent about the percent maxi mum density required. |Insufficient or erratic
conpaction is evidenced if approximately two-thirds of all field values fal
in a range of +/- 5 percent about the percent maxi mum density required. To
i mprove conpaction, consider methods for nore uniform noisture control
alter the nunber of coverages, weights, or pressures of conpaction
equi prent .

d. Overconpaction. A given conpactive effort yields a maxi mumdry
density and a correspondi ng opti mum noi sture content. |f the conpactive
effort is increased, the maxi mumdry density increases but the corresponding
opti mum noi sture content decreases. Thus, if the conmpactive effort used in
the field is higher than that used in the |laboratory for establishing the
noi sture density relationship, the soil in the field may be conpacted above
its optimum noi sture content, and the strength of the soil may be | ower even
t hough it has been conpacted to higher density. This is of particular
concern for high enmbanknents and earth dans. For further gui dance see
Ref erence 6, Stabilization of Materials by Conpaction, by Turnbull and
Foster.

5. | NDI RECT EVALUATI ON OF COWPACTI ON I N DEEP FILLS. The extent of
conpaction acconplished is determ ned by conparing the results from standard
penetration tests and cone penetration tests before and after treatnent
(DM 7.1, Chapter 2).

6. PROBLEM SO LS. The conpaction of high volume change soils requires
special treatment. See DM 7.3, Chapter 3.

Section 5. BORROW EXCAVATI ON
1. BORROW PI T EXPLORATI ON

a. Extent. The number and spacing of borings or test pits for borrow
expl oration nust be sufficient to determ ne the approxi mate quantity and
quality of construction materials within an econonical haul distance from
the project. For mass earthwork, initial exploration should be on a
200-foot grid. |If variable conditions are found during the initia
expl orations, intermediate borings or test pits should be done.

Expl orati ons shoul d devel op the follow ng information:
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(1) A reasonably accurate subsurface profile to the anticipated
dept h of excavation.

(2) Engineering properties of each material considered for use.
(3) Approxi mte volunme of each material considered for use.
(4) Wwater |evel
(5) Presence of salts, gypsuns, or undesirable mninerals.
(6) Extent of organic or contam nated soils, if encountered.
2. EXCAVATI ON METHODS
a. Equipnment. Design and efficiency of excavation equi pnent inproves
each year. Check various construction industry publications for
speci fications.
b. Ripping and Blasting. Determine rippability of soil or rock by

bori ngs (RQD and core recovery, see DM 7.01, Chapters 1 and 2), geophysica
expl oration, and/or trial excavation.

3. UTILI ZATI ON OF EXCAVATED MATERI ALS. I n the process of earthnoving there
may be a reduction of the volume ("shrinkage") because of waste and
densification, or an increase of volunme ("swell") in the case of rock or
dense soils, because the final density is less than its original density.

a. Borrow Volune. Determ ne total borrow volume, V+B, required
for conpacted fill as foll ows:

W,

g

B

where: TF = dry unit welpght of fill
¥g = dry unit weight of borrow
Vp = required fill volume

Wy, = weight lost in stripping, waste, oversize and transportation

(1) Conpacted Vol unme. The vol ume of borrow soil required should be
i ncreased according to the volune change indicated above. A "shrinkage"
factor of 10 to 15 percent nmay be used for estimating purposes.

(2) Exclusions. A large percentage of cobble size material wll
i ncrease the waste, because sizes larger than 3 inches are generally
excluded from conpacted fill.

b. Rock Fill.
(1) Maxi mum Expansi on. Maxi mum expansion ("swell") fromin situ
conditions to fill occurs in dense, hard rock with fine fracture systens
t hat
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breaks into uniformsizes. Unit volume in a quarry will produce
approximately 1.5 volunes in fill.

(2) M nimum Expansi on. M ni mum expansi on occurs in porous, friable
rock that breaks into broadly graded sizes with numerous spalls and fines.
Unit volume in quarry will produce approximately 1.1 volunes in fill.

Section 6. HYDRAULI C AND UNDERWATER FI LLS

1. CGENERAL. Where large quantities of soil must be transported and anple
water is available, hydraulic methods are econom cal. The choice of nethods
for placing hydraulic fill is governed by the type of equi pnent avail abl e,
accessibility of borrow, and environmental regulations; see Table 6
(Reference 7, Control for Underwater Construction, by Johnson, et al.).
Renoval or placenment of soil by hydraulic nmethods must conformto applicable
wat er pollution control regulations.

2. PLACEMENT METHODS. Pl acenent, either under water or on |land, should be
done in a manner that produces a usable area with m ni nrum environnent al

i mpact .

a. Deep Water Placenment (over 75 feet). Mst deep water placenent is
by bottom dunmp scows and is unconfined, with no control on turbidity, except
by the rate of dunping.

b. Shallow Water Placenent. Placenent by pipeline, by nmechanica
equi prent, or by side dunping fromdeck scows are the nbpst comopn nethods in
shal | ow water. Sheet pile containment, silt "curtains", or dikes are
required to minimze lateral spreading and environnental inpact. Were
| ateral spreading is not desired and steeper side slopes are needed, contro
t he nmet hod of placenent or use a mxed sand and gravel fill material. Wth
borrow contai ni ng about equal anounts of sand and gravel, underwater sl opes
as steep as 1:3 or 1:2-3/4 may be achieved by careful placenent. To confine
the fill, provide berms or dikes of the coarsest available material or stone
on the fill perimeter. Where rock is placed underwater, sluice voids with
sand to reduce conpressibility and possible loss of material into the rock

c. Land Placenment. On land, hydraulic fills are commonly placed by
pi peline or by nechanical procedures (i.e. clamshell, dragline, etc.).
Dikes with adjustable weirs or drop inlets to control the quality of return
wat er are used for containment.

3. PERFORMANCE OF HYDRAULI C FI LLS.

a. Coarse-Gained Fills. The nost satisfactory hydraulically placed
fills are those having |l ess than 15 percent non-plastic fines or 10 percent
plastic fines because they cause the least turbidity during placenent, drain
faster, and are nore suitable for structural support than fine-grained
material. Relative densities of 50 to 60 percent can be obtai ned w thout
conpaction. Bearing values are in the range of 500 to 2000 pounds per
square foot depending on the |evel of permissible settlenent. Density,
beari ng and
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TABLE 6
Met hods of Fill Placement Underwat er

aracteristics *
*2233333333333333333333333333333333313331331333333331333331331331331133133313313IXI1I)I))*

+))))))))))%g?%)3))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))
* ods

* Bottom dunp scows 1. Linmited to mnimmdepths of about 15 ft.
* because of scow and tug drafts.

* 2. Rapid; quick discharge entraps air and

* m ni m zes segregation.

*22333333333333333333333333333333333133333133333133313333313313331331331331331331133)33))

* Deck scows 1. Usable in shallow water.

* 2. Unloading is slow 9 by dozer, clanshell, or
* hydraulic jets.

* 3. Inspection of naterial being placed nmay be
* difficult.

*223333333333333333333333333333333331333331333133133313333313313331331331331331331133)33))

* Dunping at |and edge of 1. Fines in naterial Placed below water tend to
fill and pushing materi al separate and accunulate in front of advancing
material into water by fill.
bul | dozer

2. Wik arrangenent should result in central
portion being in advance of side portions to
di spl ace sideways any soft bottom nmaterial s.

3. In shallow water, bulldozer blade can shove
mat erial s downward to assist displacenent of
soft materials.

LI N N N N N N R S I R I I N A R N N N N R

Foob X R % % b X o % X

-332333333333333333333333333333333333333133133313313333313331331333133133313313313311I)I))-

7.2-55



resi stance to seismc liquefaction may be increased substantially by
vi broprobe nethods. See DM 7.3, Chapter 2.

b. Fine-Gained Fills. Hydraulically placed, bottomsilts and cl ays
such as produced by maintenance dredging will initially be at very high
wat er contents. Depending on neasures taken to induce surface drainage, it
will take approximately 2 years before a crust sufficient to support I|ight
equi prent is formed and the water content of the underlying materials
approaches the liquid linmt. Placing 1 to 3 feet of additional granular
borrow will inprove these areas rapidly so that they can support surcharge
fills, with or without vertical sand drains to accel erate consolidation
Care must be exercised in applying the surcharge so that the shear strength
of the soil is not exceeded.

4. CONSOL| DATI ON OF HYDRAULI C FILLS. If the coefficient of perneability of

a hydraulic fill is Iess than 0.002 feet per mnute, the consolidation tine
for the fill will be long and prediction of the behavior of the conpleted
fill will be difficult. For coarse-grained materials, fill consolidation
and strength build-up will be rapid and reasonable strength estimtes can be
made. \Where fill and/or foundation soils are fine-grained, it may be

desirable to nmonitor settlement and pore water pressure dissipation if
structures are planned. Settlenment plates nay be placed both on the
underlying soil and within the fill to observe settlenment rates and anounts.
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CHAPTER 3. ANALYSI S OF WALLS AND RETAI NIl NG STRUCTURES
Section 1. | NTRODUCTI ON

1. SCOPE. Methods of determining earth pressures acting on walls and
retaining structures are summarized in this chapter. Types of walls
consi dered include concrete retaining walls and gravity walls that nove
rigidly as a unit, braced or tied bul kheads of thin sheeting that deflect
according to the bracing arrangenent, and doubl e-wal |l cofferdans of thin
sheeting to confine earth or rock fill.

2. RELATED CRITERIA. Additional criteria relating to the design and
utilization of walls appear in the foll ow ng sources:

Subj ect Sour ce

Application of Bul kheads and Cof ferdans to
Wat erfront Construction NAVFAC DM 25. 04

Structural Design of Retaining Walls NAVFAC DM 2 Seri es
Section 2. COWPUTATI ON OF WALL PRESSURES

1. CONDI TIONS. The pressure on retaining walls, bul kheads, or buried
anchorages is a function of the relative novenent between the structure and
t he surroundi ng soil

a. Active State. Active earth pressure occurs when the wall noves away
fromthe soil and the soil nmass stretches horizontally sufficient to
nobilize its shear strength fully, and a condition of plastic equilibriumis
reached. (See Figure 1 from Reference 1, Excavations and Retaining
Structures, by the Canadi an Geotechnical Society.) The ratio of the
hori zontal conponent or active pressure to the vertical stress caused by
wei ght of soil is the active pressure coefficient (K+a,). The active
pressure coefficient as defined above applies only to cohesionless soils.

b. Passive State. Passive earth pressure occurs when a soil nass is
conpressed horizontally, nobilizing its shear resistance fully (see Figure
1). The ratio of the horizontal conponent of passive pressure to the

vertical stress caused by the weight of the soil is the passive pressure
coefficient (K+p,). The passive coefficient, as defined here, applies only
the cohesionless soil. A soil mass that is neither stretched nor conpressed

is said to be in an at-rest state. The ratio of |lateral stress to vertica
stress is call the at-rest coefficient (K+o0,).
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2. COWPUTATI ON OF ACTI VE AND PASSI VE PRESSURES. See Figure 2 for fornul as
for active and passive pressures for the sinple case on a frictionless
vertical face with horizontal ground surface. Three basic conditions
required for validity of the formulas are listed in Figure 2. Under these
conditions the failure surface is a plane and the formul as represent
pressures required for equilibriumof the wedge shaped failure mass.

The intensity of pressures applied depends on wall novenents, as these
control the degree of shear strength nobilization in surrounding soil. (See
Figure 1 for the magnitude of the novement necessary for active condition to
exist.) Wall friction and wall vertical novenents also affect the

passi ve and active pressures.

The effect of wall friction on active pressures is small and ordinarily is
di sregarded except in case of a settling wall where it can be very
significant. The effect of wall friction on passive pressures is |arge, but
definite novement is necessary for nobilization of wall friction. (See
Table 1 for typical ultimte friction factors and adhesi on between wall and
backfill.) In the absence of specific test data, use these values in
conput ati ons that include effects of wall friction.

Unless a wall is settling, friction on its back acts upward on the active
wedge (angle [delta] is positive, see Figure 5), reducing active pressures.
Generally, wall friction acts downward agai nst the passive wedge (angle
[delta] is negative), resisting its upward novenent and increasing passive
pressures.

a. UniformBackfill, No Groundwater. Conpute active and passive
pressures by nethods from Figure 2.

b. Sloping Backfill, No Groundwater, Granular Soil, Smpooth WA
Conput e active and passive pressures by methods fromFigure 3. Use Figure 4
to determne the position of failure surface for active and passive wedge.

c. Sloping Wll, Granular Soil Wth Wall Friction. Use Figure 5
(Reference 2, Tables for the Calculation of the Passive Pressure, Active
Pressure and Bearing Capacity of Foundations, by Caquot and Kerisel) to
conpute active and passive earth pressure coefficients.

d. Sloping Backfill, Granular Soil with Wall Friction. Use Figure 6
(Reference 2) to compute active and passive earth pressure coefficient.

e. UniformBackfill, Static Groundwater. Conmpute active earth and
wat er pressures by formulas in Figure 7.

f. General Formula for Coefficients of Passive and Active Earth
Pressure. Use Figure 8 for sloping wall with friction and sl oping backfill.

g. Stratified Backfill, Sloping Groundwater Level. When conditions
i nclude | ayered soil, irregular surcharge, wall friction, and sl oping
groundwat er | evel, determne active pressures by trial failure wedge. (See
Figure 7.) Trial wedge is bounded by a straight failure plane or a series
of straight segnents at different inclination in each stratum Comence
the analysis with failure plane oriented at the angle shown in Figure 4.
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COHESIVE S0iL, NG
GRAMULAR SOIL FRICTIONAL RESISTANCE COMBINED COHESKON AND FRICTION

ACTIVE PRESSURES

MOVEMENT  HORIZDNTAL < *-_‘—W
‘-\— h A zo r' C L]
y  HEIGHTOF .
/L-FAILURE N|E Tensionzone . Mt A
SURFACE / ¢‘:0 / SURFACE
64 FAILLRE %
€:=0 SURRACE
RESULTANT
Py, P, Fa
y p A ™ b2
45°
R - Zo = (S5 TAN (45+ #/2)
Kp=TANZ (45-dyo) Zg:=2C/Y T cyZ TZANZHS-M)-zcmNMs-Wz)
%=KaYZ TRZyz-2¢ Py = (02 | TANZ(45-h/2)-2CH TANIAS
) 232 A= S ~h5)
PA=K‘YH2/2 Pa- )szfz—ZCH + +2C2/y
PASSIVE PRESSURES
p—qzC 2C TAN (45+¢/2}
/
& SFAILURE
S SURFACE
Pp
45° -~
ko
“TANZ .
Kp = TANZ (45 + dv2) TprYZ+2C TP <Y Z TANZ (45+ dy2)+2 CTAN(@5+¢y2)
Ip* Kp Yz Pp: é—YHZ +2CH pp:{ %) TANZ (45+dy2)+2CHTAN
PP K Y M2 {45+¢/2)
GRAPHIC SOLUTION FOR SLOPING BACKFILL
B A
PASS|VE WEDGE
“Hactive N
W WEDGE yd
A ) //é e
w

FOR COMESIONLESS S0ILS WITH SLOPING BACKFILL , VALLIES OF KA AND Kp, AND POSITIONS OF FAILURE ARE
GIVEN IN FIBURES 3 AND 4 RESPECTIVELY.
FOR SOIL WITH C AND ¢, THE POSITION OF THE FAMLURE SURFACE (S DETERMINED BY ANALYZING TRIAL WEDGES
TO CBTAIN MAXIMUM VALUE OF Py AND MINIMUM VALUE OF Pp .

THE CASES SHOWN INVOLVE THE FOLLOWING ASSUMPTIONS.

L MATERIALS ARE HOMOGENEOUS,

2. SUFFICIENT NOVEMENT HAS OCCURRED 30 SHEAR STRENGTH ON RUPTURE SURFACE 15 OOMPLETELY MOBILIZED.
3. WALL IS VERTICAL NO SHEAR FORCES ARE PRESENT ON BACK OF WALL RESULTANT FORCES ARE HORIZONTAL .
UNDER THESE CONDITIONS, RESULTANT PRESSURES ARE ACTTVE AND PASSIVE VALUES, AND RUFTURE SURFACE (S A
STRAGHT PLANE THROUGH HEEL OF WALL EFFECTS OF SURCHARGE AND GROUNDWATER PRESSURES ARE NOT INCLLIDED

FIGURE 2
Computation of Simple Active and Passive Pressures
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TABLE 1
Utimte Friction Factors and Adhesion for Dissimlar Materials

+)))))))))))))))))))))))))))))))))))))))))))))))))))))))0))))))))))))))0)%)))?))))
* Friction *

* *  Friction * angle =
* Interface Materials * factor, * [delta] =
* * tan [delta] * degrees =
/)))))))))))))))))))))))))))))))))))))))))))))))))))))))3))))))))))))))3))))))))))1
* Mass concrete on the foll owi ng foundation material s:

* Clean sound roCK......... ..., * 0.70 * 35 *
* Cl ean gravel, gravel-sand nmixtures, coarse sand... * 0.551to0 0.60 ~ 29 to 31 =
* Clean fine to mediumsand, silty nediumto coarse * * *
* sand, silty or clayey gravel .................... * 0.45 to 0.55 * 24 to 29 =
* Cean fine sand, silty or clayey fine to nedium * * *
* SAN. . . * 0.35t0 0.45 * 19 to 24 ~*
* Fine sandy silt, nonplastic silt.................. * 0.30 to 0.35 * 17 to 19 =
* Very stiff and hard residual or preconsolidated * * *
* Clay. . * 0.40 to 0.50 * 22 to 26 =
*  Mediumstiff and stiff clay and silty clay........ * 0.30 to 0.35 * 17 to 19 =
* (Masonry on foundation materials has same friction =* * *
* factors.) * * *
* Steel sheet piles against the follow ng soils: * * *
* Cean gravel, gravel-sand nixtures, well-graded * * *
* rock fill withspalls.......... ... .. ... ... ... * 0.40 * 22 *
* Cean sand, silty sand-gravel m xture, single size * * *
* hard rock fill.. ... . . .. . . * 0. 30 * 17 *
* Silty sand, gravel or sand mxed with silt or clay =* 0.25 * 14 *
* Fine sandy silt, nonplastic silt.................. * 0.20 * 11 *
* Formed concrete or concrete sheet piling against the = * *
* follow ng soils: * * *
* Cean gravel, gravel-sand m xture, well-graded * * *
* rock fill withspalls......... ... .. ... ... ... * 0.40 to 0.50 * 22 to 26 =
* Cean sand, silty sand-gravel m xture, single size * * *
* hard rock fill.. ... . . . . . . * 0.30 to 0.40 * 17 to 22 =*
* Silty sand, gravel or sand mxed with silt or clay =* 0.30 * 17 *
* Fine sandy silt, nonplastic silt.................. * 0.25 * 14 *
* Various structural materials: * * *
>  Masonry on masonry, igneous and metanorphic rocks: * * *
* Dressed soft rock on dressed soft rock.......... * 0.70 * 35 *
* Dressed hard rock on dressed soft rock.......... * 0. 65 * 33 *
* Dressed hard rock on dressed hard rock.......... * 0.55 * 29 *
*  Masonry on wood (Ccross grain)..................... * 0.50 * 26 *
* Steel on steel at sheet pile interlocks........... * 0.30 * 17 *

7333333333333333333333333333333133333133313313311331331331333133333133113313331331332X3)33)))))1

* Interface Materials (Cohesion) * Adhesion c+a, (psf) >

73333333333333333333333333333333333333313313331331333133133313333313311331331133133313313I)0))))1

* Very soft cohesive soil (0 - 250 psf) * 0 - 250 *
* Soft cohesive soil (250 - 500 psf) * 250 - 500 *
* Medium stiff cohesive soil (500 - 1000 psf) * 500 - 750 *
> Stiff cohesive soil (1000 - 2000 psf) * 750 - 950 *

Very stiff cohesive soil (2000 - 4000 psf) * 950 - 1, 300
-23333333333333333333333333333333333333331313133313133313313131333131333133313131I1311I))))-
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CASE I
CONDITIONS:

HORIZONTAL BACKFILL

UNIFORM SURCHARGE

WALL FRICTION NEGLIGIBLE
GROUND WATER LEVEL HORIZONTAL

SURCHARGE INTENSITY q

R

YT' ¢:C

-——- l? SOIL IS HOMOGENEOUS
SEE X Ysup,$.C ACTIVE EARTH PRESSURES Oy CAN BE CALCUATED BY FORMULA:
'10; & AT(R)Ox= GTANZ (45-/2) - 2C TAN (45-¢b/2) SEE NOTE*A

AT (B) 6 #{a+ Y1 Z)) TANZ (45-4/2)- 2C TAN (45-¢/2)
AT () g ={q+)T Z) +¥suB Z2) TANZ (45-/2)-2C TAN (45-¢/2)
AT(D) 9 [a+ 7 2 +Y'5UB(224Z5]] TANZ{45-¢/2)-2C TANIS-//2)

NET WATER PRESSURE =0, =¥y (Z2)
NOTE % A - COHESION TERM MAY BE NEGLECTED. IN NO
CASE SHOULD NEGATIVE PRESSURE BE

IN GENERAL,ACTIVE EARTH PRESSURE AT ANY HEIGHT =(EFFECTIVE o) x

[TANZ(45-¢/o7] -2 TAN(45-/2)

NOTE % B - INBOARD AND OUTBOARD WATERLEVELS
MAY DIFFER DUE TO PUMPING, TIDAL FLUCT-

LAYER 2
¢'2:CE=32:TT2

PaRI

”
L~ RESULTANT £, IS

7 COMPUTED FROM ANALYSES
r’ OF TRIAL FAILURE WEDGES.

CONSIDERED. UATION AND LAG OR OTHER REASONS,
CASE I
CONDITIONS:
BROKEN SILOPE BACKFILL
IRREGULAR SURCHARGE
) WALL FRICTION INCLUDED
” y // SLOPING GROUND WATER LEVEL
< TRIAL 7 LAYERED S0IL
<" WEDGEI
WEDGE T £ 1 AL
4 --"" LAYERL ‘ SI
/ / / ¢|.C|,8|r}"“| \

s

-
“ TRIAL WEDGEL

VECTOR
DIAGRAM

Y

CiL
ON LAYER
——0ON LAYER
W2

VECTOR

PRESSURE DISTRIBUTION 1S U] AND U2 = RESULTANT WATER DIAGRAMS

MADE EQUIVALENT TO RESULTANTS PRESSURE ON FAILURE

PaHl AND Pay2 WEDGE CzL2
FIGURE 7

Computation of Ceneral Active Pressures
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cos( $-8)

4 "cos2 g con @1 [1+ [ IE TSR
cos(U+5) cos{tf-

Kp= “
cos? §oos(6-3) [ 1 o:;s(l;-a}cos(;-gl_]

Kp VALUES ARE SATISFACTORY FOR 36 ¢b/3 BUT ARE UNCONSERWATIVE FOR 83 ¢b/3 AND
THEREFORE SHOULD NOT BE USED.

FIGURE &
Coefficients Ky and Ky for Walls with Sloping Wall and
Friction, and Sloping Backfill
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Conpute resultant passive force by trial failure wedge anal ysis.
(See Figure 9). When wall friction is included, conmpute pressures froma
failing mass bounded by a circular arc and straight plane. Determne
| ocation of passive resultant by summ ng nonments about toe of wall of al
forces on that portion of the failing nmass above the circul ar arc.
Dependi ng on conplexity of cross section, distribute passive pressures to
conformto location of resultant, or analyze trial failure surfaces at
i nternedi ate heights in the passive zone. When wall friction is neglected,
the trial failure surface is a straight plane. See Figure 2.

(1) Sinple Cross Section. For a sinple cross section behind a
wal |, analyze the trial failure plane extending upward fromthe | owest point
of the active zone on the wall. Determine the |ocation of the active
resul tant by summ ng nonents of all forces on the wedge about toe of wedge.
Distribute active pressures to conformto the |location of resultant.

(2) Conplicated Cross Section. For conplicated cross sections,
anal yze trial wedges at internmedi ate hei ghts above the base of the active
zone to determine pressure distribution in nore detail. Force acting on an
i ncrenent of wall height equals difference in resultant forces for wedges
taken fromthe top and bottom of that increnent.

3. EFFECT OF GROUNDWATER CONDI TIONS. Include in pressure conputations the
ef fect of the greatest unbal anced water head anticipated to act across the
wal | .

a. GCeneral Conditions. For a mmjor structure, analyze seepage and
drai nage effect by flow net procedures. Uplift pressures influencing wall
forces are those acting on failure surface of active or passive wedge.
Resultant uplift force on failure surface deternm ned fromflow net is
applied in force diagramof the failure wedge. See vector U, the resultant
water force, in Figures 7 and 9.

b. Static Differential Head. Conpute water pressures on walls as shown
in top panel of Figure 10.

c. Rainfall on Drained Walls. For cohesionless materials, sustained
rainfall Increases lateral force on wall 20 to 40 percent over dry backfill,
dependi ng on backfill friction angle. The center panel of Figure 10
(Reference 3, Contribution to the Analysis of Seepage Effects in Backfills,
by Gray) shows flow net set up by rainfall behind a wall with vertica
drain. This panel gives the magnitude of resultant uplift force on failure
wedge for various inclinations of failure plane to be used in analysis of
the active wedge.

d. Seepage Beneath Wall. See bottom panel of Figure 10 (Reference 4,
The Effect of Seepage on the Stability of Sea Walls, by Richart and
Schrmert mann) for correction to be applied to active and passive pressures in
cohesi onl ess material for steady seepage beneath a wall.

4. SURCHARGE LOADI NG For the effects of surcharge |oading, see Figures 7
and 9.

7.2-70



SURCHARGE INTENSITY 9 CASE 1
CONDITIONS :

HORIZONTAL BACKFILL

GROUND WATER LEVEL HORIZONTAL
30IL 1S HOMOGENEDUS

PASSIVE EARTH PRESSURE Op CAN BE CALCULATED BY
FORMULA
AT @ Op:=q TANZ {45+ $/2) +2C TAN (45+ P/2)
AT @op =(q+ yT 2)) TANZ(45+ 42} + 2CTAN (45+ $/2)
AT £ o =ig+ )T Z)+ 7908 Z2) TANZ(45+$y2)4 20 TANMS+ v/2)
AT @op=[q+ rr i+ rsusize+23Y] Tmzusow)(;:crum
+

IN GENERAL , PASSIVE EARTH PRESSURE AT ANY HEIGHT = (EFFECTIVE 07 ) TANZ {45+ dy/2)+ 2¢ TAN (45+¢¥2).
NET WATER PRESSURE = 0y = Y\ (22)

% NOTE A - INBOARD AND OUTBOARD LEVELS MAY
DIFFER DUE TQ PUMPING, TIDAL FLUCT-
UATION ANO LAG OR OTHER REASONS
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FIGURE 9
Computation of General Passive Pressures
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a. Point lLoad and Live Load. Use Figure 11 (Reference 5, Anchored
Bul kheads, based on the work by Terzaghi) to conpute |lateral pressure on
wal | due to point load and line |oads; this assumes an unyielding rigid wall
and the lateral pressures are approximately double the val ues obtai ned by
el astic equations. The assunption of an unyielding rigid wall is
conservative and its applicability should be evaluated for each specific
wal | .

b. Uniform Loading Area. For uniform surcharge |oading |lateral stress
can be conputed by treating the surcharge as if it were backfill and
mul tiplying the vertical stress at any depth by the appropriate earth
pressure coefficient.

c. Uniform Rectangul ar Surcharge Loading. For the effect of this
| oadi ng see Figure 12 (see Reference 6, Lateral Support Systens and
Under pi nning, 2 Volune 1, Design and Construction (Summary), by Gol dberg,
et al.). |If the construction procedures are such that the wall will nove
during the application of |live |oads, then the pressure calculated from
Figure 12 will be conservative.

d. Practical Considerations. For design purposes, it is comopn to
consider a distributed surface | oad surcharge on the order of 300 psf to
account for storage of construction materials and equi pment. This surcharge
is usually applied within a rather limted work area of about 20 feet to 30
feet fromthe wall and is also intended to account for concentrated | oads
from heavy equi pment (concrete trucks, cranes, etc.) located nore than about
20 feet away. |If such equipnent is anticipated within a few feet of the
wal |, it must be accounted for separately.

5. WALL MOVEMENT. For the effect of wall nmovement on the earth pressure
coefficients, see Figure 1.

a. Wall Rotation. When the actual estimated wall rotation is less than
the value required to fully nobilize active or passive conditions, adjust
the earth pressure coefficients by using the diagramon the upper right hand
corner of Figure 1. Relatively large novenents are required to nobilize the
passi ve resistance. A safety factor must be applied to the ultimte passive
resistance in order to linmt novenents.

b. WAall Translation. Wall uniformtranslation required to i nmobilize
ultimate passive resistance or active pressure is approxi mately equival ent
to movement of top of wall based on rotation criteria given in Figure 1

c. Internally Braced Flexible Wall. Sheeting on cuts rigidly braced
at the top undergoes insufficient novenent to produce fully active
conditions, Horizontal pressures are assuned to be distributed in a
trapezoi dal diagram (See Section 4.) The resultant force is higher than
theoretical active force. For clays, the intensity and distribution of
hori zontal pressures depend on the stability nunber N+o, = [gamm] H c.
(See Section 4.)

d. Tied Back Walls. Soil movenent associated with prestressed tied back
wal s is usually less than with internally braced flexible walls, and design
pressures are higher. (See Section 4.)
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e. Restrained Walls. If a wall is prevented fromeven slight novenent,
then the earth remnins at or near the value of at-rest conditions. The
coefficient of earth pressure at-rest, K+o,, for normally consolidated
cohesive or granular soils is approximtely:

K+o, = 1-sin [theta]"’
wher e: [theta]' = effective friction angle
Thus for [theta]' = 300, K+o, = 0.5.

For over-consolidated soils and conpacted soils the range of K+o,
may be on the order of 1.0. |In cohesionless soils, full at-rest pressure
will occur only with the nost rigidly supported wall. In highly plastic
clays, soil may creep, and if wall nmovenment is prevented, at-rest conditions
may redevel op even after active pressures are established.

f. Basement and Ot her Below Grade Walls. Pressure on walls bel ow grade
may be conputed based on restraining conditions that prevail, type of
backfill, and the amount of conpaction.

6. EFFECT OF CONSTRUCTI ON PROCEDURES.

a. Staged Construction. As earth pressures are influenced by wall
noverment, it is inmportant to consider each stage of construction, especially
with regard to brace placenent and its effects.

b. Conpaction. Conpaction of backfill in a confined wedge behind the
wal | tends to increase horizontal pressures beyond those represented by
active or at-rest values. For guidance on horizontal pressure conputations
associ ated with the conpaction of granular soil, see Figure 13 (after
Reference 7, Retaining Wall Performance During Backfilling, by Ingold).

Clays and other fine-grained soils, as well as granular soils, with
consi derabl e amount of clay and silt (>/=15% are not nornally used as
backfill material. \Where they nust be used, the earth pressure should be
cal cul ated on the basis of "at-rest" conditions or higher pressure with due
consideration to potential poor drainage conditions, swelling, and frost
action.

C. Hydraulic Fills. Active pressure coefficients for |oose hydraulic
fill materials range from about 0.35 for clean sands to 0.50 for silty fine
sands. Place hydraulic fill by procedures which pernit runoff of wash water
and prevent building up |l arge hydrostatic pressures. For further guidance
see di scussion on dredging in DM 7.3, Chapter 3.

7. EARTHQUAKE LOADI NG The pressure during earthquake | oadi ng can be
conputed by the Coul omb theory with the additional forces resulting from
ground acceleration. For further guidance on the subject see Reference 8,
Design of Earth Retaining Structures for Dynanic Loads, by Seed and VWit nman.
A synopsis of sone material fromthis Reference foll ows:
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(1) A sinple procedure for determining the lateral force due to an
earthquake is to conpute the initial static pressure and add to it the
increase in pressure fromground nmotion. For a vertical wall, with
hori zontal backfill slope, and [theta] of 35 deg., (which may be assuned for
nost practical cases involving granular fill), the earth pressure
coefficient for dynanmic increase in |lateral force can be approximted as 3/4
k+h,, k+h, being the horizontal acceleration in g's. The conbined effect of
static and dynamic force is:

P+AE, = 1/2 [gamm] H.2- K+A, + 3/8 [gammm] H.2-k+h,
Assurme the dynamic lateral force P+E, = 3/8 [ganma] .2-k+h, acts at
0.6 H above the wall base. Effect of liquefaction is considered in DM 7.3,
Chapter 1.

(2) For other soil and wall properties, the conbined resultant active
force:

Pap = 1/2 HEEKy (B ,6%)(1ky) F

where: B* = B +¢ = modified slope of backfill
6% = 8+ ¢ = modified slope of wall back
%h
= -1 —
Y = tan =k,
; cos?g”
oSy 0528
ky = vertical ground acceleration in g's.

For nodified slope [beta]l]* and [theta]*, obtain KA([beta]*,
[thetal*) fromthe applicable figures 3 through 8. Determine F from Figure
14. Dynanmic pressure increment [WDELTA] P+E, can be obtained by subtracting
P+A, (also to be determined fromFigures 3, 7, or 8 for given [beta] and
[theta] values) from P+AE,. The resultant force will vary in its |ocation
dependi ng on wall novenent, ground accel eration, and wall batter. For
practical purposes it may be applied at 0.6 H above the base.

(3) Unless the wall noves or rotates sufficiently, pressures greater
than active case will exist and the actual | ateral pressures nay be as |arge
as three tinmes the value derived fromFigure 14. |n such situations,
det ail ed anal ysi s using numerical techniques may be desirable.

(4) Under the conbined effect of static and earthquake | oad a factor
of safety between 1.1 and 1.2 is acceptable.

(5) In cases where soil is below water, add the hydrodynam c pressure
conput ed based on:

(p+w,)z = 1.5 k+h, [gama] +w, (h [nultiplied by] z).1/2-
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(A} WALL CONFIGURATION
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FIGURE 14(a)
Values of F for Determination of Dynamic Lateral Pressure Coefficients
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EXAMPLES:
CASE | - VERTICAL WALL WITH HORIZONTAL BACKFILL

[T COMBINED EFFECT OF STATIC AND DYNAMIC
$=35° FORCE .
, ¥ =120 PCF
H=20 Kp=0.2 Pag =F; +F2
Ky=0 Ka=0.27 (FROM FIGURE 2 FOR ¢p=35°)
F|=1/2 yHE Ka=
172 {120){20)2 (027) = 6480 LB
8 7 H2 K RESULTANT ACTING AT A DISTANCE OF
- : n H/3=6.7' FROM BASE OF WALL
osn=i2” /2 yH2Kp / >
Fp=3/8 yHE Kp =
e 3/8 {120) (20)2 (0.2) = 3600 LB.
<Hrs=67'

ACTING AT I2FT. (0.6 H) FROM BASE OF WALL

CASE 2 - SLOPING WALL WITH SLOPING BACKFILL

102
Y =TAN | =5— =20
T 4:«, pe350 1-008

2] 7 a ¥ =120 PCF TAN ¥ =0.21

‘A( Kp=0.2 g-w°

E KV ='°5 B :|50
/367" F =09 (FROM FIGURE i40)

6X20:120' ASSUME A SMOOTH WALL 3=0
8%=8+y =10412=22°
B’=B+y =i5¢12=27°
2 (3%-
2 2 Q7
Cos?22 C0S 22 [i+/ s 5]

[ =
FROM THE EQUATION IN FIGURES K (8,8) =

Ka (B,0)=041, Py=1/2 X (120)X(20)2 X 0.4( = 9840 L.
PAE =1/2 yHZ Kol 1-Ky) F

=172 {120)(20)2 (Q71)(1-005){09) =14569 L8B.

A g = 14569 -9840=4729 L8,

FIGURE 14(b)
Example Calculations for Dynamic loading on Walls
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wher e: P+w, hydr odynam ¢ pressure at depth z bel ow water surface

[gamma] +w, = unit wei ght of water

h

depth of water

z depth bel ow t he water surface

(6) Add the other inertia effect of the structure itself for
calculating the required structural strength. An optinumdesign is to
sel ect the thinnest section with the |argest bending and shear resistance
(i.e. most flexible).

(7) Wen applying this earthquake | oading analysis to existing earth
retaining structures, particularly where high groundwater |evels exist, it
may be found that resulting safety factor is less than 1.1. |n such cases,
proposed corrective nmeasures nmust be submitted to NAVFAC HQ for review and
appr oval

8. FROST ACTION. Lateral forces due to frost action are difficult to
predi ct and may achi eve hi gh val ues.

Backfill materials such as silts and clayey silts (CL, M4, M, O.) are frost
susceptible, and will exert excessive pressure on wall if proper precautions
are not taken to curb frost. Swelling pressures may be exerted by clays of
hi gh plasticity (CH). Under these conditions, design for active pressures

i s inadequate, even for yielding walls, as resulting wall novenment is likely
to be excessive and continuous. Structures usually are not designed to

wi t hstand frost generated stresses. |Instead, provisions should be nmade so
that frost related stresses will not develop or be kept to a mnimum Use
of one or nore of the followi ng may be necessary:
(i) Permanently isolate the backfill from sources of water either by

providing a very perneable drain or a very inperneable barrier

(ii) Provide previous backfill and weep holes. (See DM 7.1, Chapter 6
for the illustration on conplete drai nage and prevention of frost thrust.)

(iii) Provide inpernmeable soil |ayer near the soil surface, and grade

to drain surface water away fromthe wall.

9. SVELLING ACTION. Expansion of clay soils can cause very high pressures
on the back of a retaining structure. Cay backfills should be avoided
whenever possible. Swelling pressures may be eval uated based on

| aboratory tests and wall designed to withstand swelling pressures.
Provi di ng granul ar non-expansive filter between the clay fill and back of
wal | di mnishes swelling pressures and significantly Iimts access to

nmoi sture. Cuidance on soil stabilization methods for control of heave are
given in DM 7.3, Chapter 3. Conplete drainage (see DM 7.1, Chapter 6) is
one of the techniques to control heave.

10. SELECTI ON OF STRENGTH PARAMETERS. The choice of strength paraneters

is governed by the soil perneability characteristics, boundary drai nage and
| oadi ng conditions, and tine.
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a. Saturated Cohesive Soils. For saturated cohesive soils of |ow
permeability, where sufficient time is not available for conplete drai nage,
use undrai ned shear strength, and total stress for earth pressure
conputations. Such condition will exist during, and inmediately after
conpl etion of construction.

b. Coarse-grained Soils. |In coarse-grained soils such as sand, which
have hi gh perneability, use effective stress strength paranmeter [theta]',
for earth pressure conmputations. Also, where sufficient tine is avail able
for the dissipation of pore pressure in |ess than pervious soil, use
effective stress strength paraneters ¢' and [theta]'. |In this case, pore
pressure is hydrostatic and can be estimated fairly accurately.

In soils such as silt and clayey sand, where partial drainage
occurs during the tine of construction, performanalysis for linmting
conditions, i.e. effective stress with [theta]' only, total stress with c,
and design for the worst case.

Section 3. RI G D RETAI NI NG WALLS

1. CGENERAL CRITERIA. Rigid retaining walls are those that develop their

| ateral resistance primarily fromtheir own weight. Exanples of rigid
structures are concrete gravity walls, thick concrete slurry walls, gabion
wal I's, and sone reinforced earth walls reinforced for |imted novenents.
Theoretical wall pressures are discussed in Section 2. Requirenents for

resi stance agai nst overturning and sliding of four principal wall types are
given in Figure 15. Evaluate overall stability against deep foundation
failure. (See DM 7.1, Chapter 7.) Determine allowable bearing pressures on
the base of the wall (see Chapter 4).

a. Sliding Stability. Place the base at least 3 ft bel ow ground
surface in front of the wall and bel ow depth of frost action, zone of
seasonal volume change, and depth of scour. Sliding stability nust be
adequate wi thout including passive pressure at the toe. |If insufficient
sliding resistance is available, increase base width, provide pile
foundation or, |ower base of wall and consider passive resistance bel ow
frost depth. |If the wall is supported by rock or very stiff clay, a key may
be installed below the foundation to provide additional resistance to
sliding (see Figure 15).

b. Settlenent and Overturning. For walls on relatively inconpressible
foundati ons, apply overturning criteria of Figure 15. |If foundation is
conpressi bl e, conpute settlenent by nethods of DM 7.1, Chapter 5 and
estimate tilt of rigid wall fromthe settlenent. |If the consequent tilt
wi Il exceed acceptable linmits, proportion the wall to keep the resultant
force at the mddle third of base. If a wall settles such that the
resulting novenment forces it into the soil which it supports, then the
| ateral pressure on the active side increases substantially.

c. Overall Stability. Where retaining walls are underlain by weak
soils, the overall stability of the soil mass containing the retaining wall
shoul d be checked with respect to the npst critical surface of sliding (see
DM 7.1, Chapter 7). A mnimumfactor of safety of 2.0 is desirable.
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DESIGN FACTORS

GRAVITY

LOCATION OF RESULTANT

SEMIGRAVITY

MOMENTS ABCUT TOE:

d= Wo + Pye -Pyb
N w P,

ASSUMING Pp=0

OVERTURNING

MOMENTS ABOUT TOE:
%o
Fs = Fub - Pye 215
IGNORE OVERTURNING IF R IS WITHIN MIDOLE
THIRD (SOIL}, MIDDLE HALF (ROCX).
CHECK R AT DIFFERENT HORIZONTAL PLANES
FOR GRAVITY WALLS.

RESISTANCE AGAINST SUIDING

CANTILEVER

COUNTERFORT

¥

SECTION A-A

_(WHPVITAN 8 4CaB ) | o
= o 21

_(WHRITANS +CaB+Pp , ,

Fs

Fs
F=(w+RA, ) TAN B +Ca B

FOR COEFFICIENTS OF FRICTION BETWEEN
BASE AND SOIL SEE TABLE-| .

Cq=ADHESION BETWEEN SOIL AND BASE

TaN B = FRICTION RACTOR BETWEEN SOIL
AND BASE

W=INCLUOES WEIGHT OF WAL L AND SOIL IN FRONT
FOR GRAVITY AND SEMIGRAVTY WALLS.
INCLUDES WEIGHT OF WALL ANC SOIL ABOVE
FOOTING, FOR CANTILEVER AND COUNTERFORT
WALLS.

CONTACT PRESSURE ON FOUNDATION

FOR ALLOWABLE BEARING PRESSURE FOR INCLINED
LOAD ON STRIP FOUNDATION, SEE CHAPTER 4.

FOR ANALYSIS OF PILE LOADS BENEATH STRIP
FOUNDATION , SEE CHAPTER 7.

OVERALL STABILITY

FOR ANALYSIS OF OVERALL STABILITY, SEE DM-T.1,
CHAPTER 7.

FIGURE 15
Design Criteria for Rigid Retaining Walls

7.2-83




e

d

A . e A

/&ﬁ
- 4
Y

/!ff}}}‘
Y INTACT

I EDEE

A.
A-- -

! F

g™ = —= 5

B

C =SHEAR STRENGTH OF
FOUNDATION SCIL

Fs = FACTOR OF SAFETY

Cq=ADHESION-CONCRETE
ON SOIL

Pp=PASSIVE RESISTANCE

S: FRICTION ANGLE-
CONCRETE ON SOIL

RESISTANCE AGAINST SLIDING ON KEYED FOUNDATIONS

COHESIVE SOILS F = (W+P,) TAN 8 +Cq{B-ayb)+C (@)b)+Pp
GRANULARSOILS F = (W+Py ) TAN 8 +P,
Fs=F

Py

FIGURE 15 (continued)

Design Criteria for Rigid Retaining Walls
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d. Drainage 1. Positive drainage of backfill is desirable.
(see DM 7.1, Chapter 6 for drainage design.) As a mininum provide weep
hol es with pockets of coarse-grained material at the back of the wall. An
i mpervi ous surface |ayer should cover the backfill, and a gutter should be
provided for collecting runoff.

2. LOWWALLS. It has been the practice of the Naval Facilities Engineering
Conmand to consider walls |less than 12 feet in height "low walls." For

t hese, know edge of soil properties could be adequate for design, and
detail ed testing and el aborate pressure conputations may not be justified
economi cal | y.

a. Equivalent Fluid Pressures. Use equivalent fluid pressures of
Figure 16 (Reference 9, Soil Mechanics in Engineering Practice, by Terzagh

and Peck) for straight slope backfill and of Figure 17 (Reference 9) for
broken sl ope backfill. Include dead | oad surcharge as an equival ent wei ght
of backfill. For resultant force of line |oad surcharge, see bottom|eft
panel of Figure 11. If a wall rests on a conpressible foundation and noves
downward with respect to the backfill, increase pressures by 50 percent.

b. Drainage. The equivalent fluid pressures include effects of seepage

and time conditioned changes in the backfill. However, provisions should
be made to prevent accunul ation of water behind the wall. As a mini num
provi de weep hol es for drainage. Cover backfill of soil types 2 and 3

(Figure 16) with a surface |layer of inpervious soil
Section 4. DESIGN OF FLEXI BLE WALLS

1. ANCHORED BULKHEADS. Anchored bul kheads are formed of flexible sheeting
restrai ned by tieback and by penetration of sheeting bel ow dredge line. See
Figure 18 for design procedures for three conmon penetration conditions.

a. Wall Pressures. Conpute active and passive pressures using the
appropriate Figures 2 through 7. Determ ne required depth of penetration of
sheeting and anchor pull fromthese pressures. See Figure 18 for guidance.

b. Wall Muvenents. Active pressures are redistributed on the wall by
defl ection, noving away fromthe position of maxi num nmonment. Reduce the
conput ed maxi mum norent to allow for flexibility of sheeting. Monent
reduction is a function of the wall flexibility nunber. See Figure 19
(Reference 10, Anchored Sheet Pile Walls, by Rowe). Select sheeting size by
successi ve approxi mations so that sheeting stiffness is conpatible with
reduced desi gn nonent.

c. Drainage. Include the effect of probable nmaxi mumdifferential head
in conputing wall pressures. Where practicable, provide weep hol es or
speci al drainage at a | evel above nmean water to limt differential water
pressures.
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CIRCLED NUMBERS INDICATE THE FOLLOWING SOIL TYPES:
() CLEAN SAND AND GRAVEL: GW, GP, SW, SP.
@ DIRTY SAND AND GRAVEL OF RESTRICTED PERMEABILITY : GM,GM-GP, SM-SP, SM,
(@) STIFF RESIDUAL SILTS AND CLAYS, SILTY FINE SANDS,CLAYEY SANDS AND
GRAVELS : CL,ML,CH,MH, SM,SC,GC.

FIGURE 16
Design Loads for Low Retaining Walls (Straight Slope Backfill)
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Q

RENERL
@) N €
1 f ANCHOR PULL Ap
1 PRESSURES:
1 ACTIVE EARTH NET,
H WATER, SURCHARGE
b .
— LAYER @
LINE YodaCp
w#wjtn&— Faz
G P
‘af’%’ﬂ”"Pp l

FREE EARTH SUPPORT - GENERAL CASE

. COMPUTE PRESSURES BY METHODS CF FIGURES 2TO 7
PASSIVE PRESSURES FOR CLEAN COARSE GRAIN SOILS
INCLUDE WALL FRICTION (8).TABLE . FOR ACTIVE OR
PASSIVE PRESSURES IN ALLOTHER SOILTYPES,

IGNORE WALL FRICTION.

2. DEPTH OF PENETRATION REQUIRED : TAKE MOMENTS
ABOUT POINT{&)AND SOLVE FOR D: Py £ +Py, - PD &
Fs =2 TO 3 FOR COARSE GRAINED SOILS
Fg=1.5TO 2 FOR FINE GRAINED SOILS

3. ANCHOR PULL : Ap =([Fa) + Paz ~ Pp/Fg d, d=ANCHOR SPACING

4. MAXJMUM BENDING MOMENT (Mpax) IN SHEETING
COMPUTED BY THE FREE EARTH SUPPORT METHOD AND
APPLYING Pa|,Paz ,Pp/F5 AND Ap. FOR SHEETING iN SAND
APPLY MOMENT REDUCTION FOR FLEXIBILITY OF FIGURE IS,

5. INCRESE PENETRATION COMPUTED (D) BY 20% TO
ALLOW FOR DREDGING , SCOUR , ETC.

ACTIVE
PRESSURE

Py

COMPAET COARSE
GRAINED STRATUM

“~PASSIVE PRESSURE

PENETRATION IN COMPACT COARSE
GRAINED STRATUM

DESIGN STEPS |, 2, AND 3 SAME AS ABOVE
EARTH SUPPORT.

4, COMPUTE MAXIMUM BENDING MOMENT (Mmax ) IN
SHEETING BY FREE EARTH SUPPORT METHOD
APPLYING Fa,Pp/Fs AND Ap.

5. COMPUTE # ACCORDING TO FIGURE 19, IF £ 2 20, Mpggian
IS COMPUTED FOR THE SPAN B)(B) ASSUMING SIMPLE
SUPPORT AT POINT (B)

IF £ < 20 OBTAIN MOMENT REDUCTION FOR FLEXIBILITY
FROM FIGURE I9.

6. INCREASE PENETRATION COMPUTED (D) BY 20% TO

ALLOW FOR DREDGING , SCOUR, ETC.

ACTIVE
PRESSURE

Dss
@

£

ROCK, HAl DPAN,ETC?
PENETRATION TO TOP OF HARD UNYIELDING STRATUM

l. COMPUTE PRESSURES AS ABOVE.
EXCEPT THAT PASSIVE PRESSURE DECREASES TO
ZERO AT TOP OF HARD STRATUM.

2. PENETRATION IN HARD STRATUM:
TAKE MOMENTS ABOUT POlNT@AND SOLVE FOR Pg:

PAZI 12 FS (162"‘13]
ESTlMATE IF REACTION Pg CAN BE PROVIDED BY
SHALLOW PENETRATION IN HARD STRATUM.

3. ANCHOR PULL: Ap:E:A_ £

4 MAXIMUM BENDING MOMENT IN SHEETING COMPUTED BY
APPLYING P, Pp AND Ap TO SPAN (B}C)ASSUMING
SIMPLE SUPPORT AT@ NG REDUCTION FOR FLEXIBILITY.

FIGURE I8

Design (riteria for Anchored Bulkhead (Free Earth Support)
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NN
L — e b .
8 \ PENETRATION IN MEDIUM COMPACT AND COMPACT
. N N, > COARSE GRAINED SOILS
7 PR |
= EXAMPLE-" | \f‘ N
S 6 f ~
o \
g 5 é \ \s
. |
=
. |
2 4 ! ™ ™~ —
P —
g PENETRATION IN VERY COMPACT —
o COARSE GRAINED SOILS T —
3 . e
|
i
.2
5 € 7 8 10 12 14 16 1820 30 40 50 &0 70 80 100 150 200
VALUE OF p = DI | ['”—2] PER RUNNING FOOT OF WALL
P*ET B
— EXAMPLE : PENETRATION IN VERY COMPACT SAND
Mpuax 950,000 IN.LB/FT.
Ap H=33FT, D=ISFT.
fs = 25,000 PS|, E=30,000,000 PSI
TRY 2P 32,1:3857IN4 5:383 N3
H _ {33+15)4 x 124 - g5 IN2
* 39,000,000% 3857 - LB,
MpESIGN _
—ESIN .nes, M 645,000 IN.LB/FT
Pa Mmax. * 7 DESIGN
. - . M__ 845000 _
fs: 5 =353 16,800 PS|
D Pp 16,800 < 25,000 PSI
_L 7 = \ TRY & SMALLER SECTION.
LOAD DIAGRAM MOMENT DIAGRAM
LEGEND
Mpax = MAXIMUM POSITIVE MOMENT (N SHEETING COMPUTED BY METHODS OF FIGURE (8.
MDESIGN = MAXIMUM POSITIVE MOMENT FOR DESIGN OF SHEETING.
) _ (H+D)4  E=SHEETING MODULUS OF ELASTICITY, PSI
p = FLEXIBILITY NUMBER = =577 > 1 . SHEETING MOMENT OF INERTIA, IN.4 PER RUNNING
FOOT OF WALL.
NOTES

I. Mpgs)gn 1S OBTAINED BY SUCCESSIVE TRIALS OF SHEETING SIZE UNTIL MAX. BENDING
STRESS IN SHEETING EQUALS ALLOWABLE BENDING STRESS.

2. NO REDUCTION IN Mpax 1S PERMITTED FOR PENETRATION IN FINE GRAINED SOILS OR LOOSE
OR VERY LOOSE COARSE GRAINED SOQILS.

3. FLEXIBILITY NUMBER 1S COMPUTED ON THE BASIS OF LUBRICATED INTERLOCKS.

FIGURE 19
Reduction in Bending Mements in Anchored Bulkhead from Wall Flexibility
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d. Anchorage System Mst of the difficulties with anchored bul kheads
are caused by their anchorage. A tieback may be carried to a buried deadman
anchorage, to pile anchorage, parallel wall anchorage, or it may be a
drilled and grouted anchor (see DM 7.3, Chapter 3). See Figure 20 for
criteria for design of deadman anchorage. |If a deadman nust be positioned
close to a wall, anchorage resistance is decreased and an additional passive
reaction is required for stability at the wall base. Protect tie rods by
wr appi ng, painting, or encasenent to resist corrosion. Were backfill will
settle significantly or unevenly, to avoid | oading by overburden, enclose
tierod in arigid tube, providing vertical support if needed to elimnate
sag.

e. Exanple of Conputation. See Figure 21 for exanple of analysis of
anchor ed bul khead.

f. Construction Precautions. Precautions during construction are as
fol |l ows:

(1) Renoval of soft material, or placenent of fill in the "passive"
zone shoul d precede the driving of sheet piles.

(2) Deposit backfill by working away fromthe wall rather than
toward it to avoid trapping, a soft material adjacent to sheeting.

(3) Before anchorage is placed, sheeting is |oaded as a cantil ever
wal |, and safety during construction stages should be checked.

g. Sand Dike Backfill. When granular backfill is scarce, a sand dike
may be place to forma plug across the potential failure surface of the
active wedge as shown in Figure 22. Were such a dike rests on firm
foundation soil, the lateral pressure on the bul khead will be only the
active pressure of the dike material. For further guidance, see Reference
11, Foundations, Retaining and Earth Structures, by Tschebotarioff.

2. CANTI LEVER SHEET PILE WALLS. A cantilever wall derives support fromthe
passi ve resistance bel ow the dredge line to support the active pressure from
the soil above the dredge line w thout an anchorage. This type of wall is
suitable only for heights up to about 15 feet and can be used only in
granul ar soils or stiff clays. See Figure 23 for a nethod of analysis
(after Reference 12, Steel Sheet Piling Design Manual, by U S. Stee
Corporation). For cohesive soils consider no negative pressure in tension
zone. Figures 24 and 25 (Reference 12) may be used for sinple cases.

3. I NTERNALLY BRACED FLEXI BLE WALLS. To restrain foundation or trench
excavations, flexible walls can be braced laterally as the excavation
proceeds. This restrains lateral noverment of the soil and cause | oads on
t he braces which exceed those expected fromactive earth pressure. Braces
may be either long raking braces or relatively short horizontal cross
braces between trench walls. Design earth pressure diagramfor internally
braced flexible walls are shown in Figure 26 (after Reference 6) for
excavations in sand, soft clay, or stiff clay.
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EFFECT OF ANCHOR LOCATION
RELATIVE TO THE WALL

POSSIBLE POSITION OF ANCHOR SLOCK

Y ANCHOR BLOCK RIGHT OF bf PROVIDES FULL

/
| TiE ROD ___}%
ANCHOR BLOCK LEFT OF b PROVIDES NO RESISTANCE.
57‘ RFACEOFr

H wans;f ,«-psmps AT RESISTANCE WITH N LOAD TRANSFERRED TO WALL .
45 FRICTION ANGLE ~ ANCHOR BLOCK BETWEEN b¢ AND bf PROVIDES
' AP PARTIAL RESISTANCE AND TRANSFERS LOAD APp
iy TO BASE OF WALL,
LPE Vi ¢ 4: \ VECTOR DIAGRAM FOR FREE BODY 0bed
REACTIEN F\ W  {WHERE P, =ACTIVE FORCE ON BACK OF de AT
TOF ESTIMATED POINT OF ZERO
MOMENT IN WALL Y ANCHOR BLOCK.
CONTINUOUS ANCHOR WALL LOCATED
BETWEEN RUPTURE SUREACE AND
SLOPE AT FRICTION ANGLE
45- 45+%— 457
8 -{7 i d A}' d
I
e ".cl - Ap ’I
PASSIVE WEDGE omuuw h/3 SR
ACTIVE WEDGE OF BULKHEAD —= 7
2,
FORCES PER LINEAR FOOT OF ANGHOR WALL
ANCHOR WALL RIGKT OF CC' ANCHOR WALL LEFT OF CC'
FoR f 2 hre FOR hy 2 hg
Pp=I/2 Kp Yhe Pp=1/2 Kp Y h2-(Pp-Fa} 2.
Pa=1/2 Ko Yh2 Pp=V/2Kp Yh2 (V2 KpY ho-1/2KaY hE)
Kp OBTAINED FROM FIGURE 5 Pa =1/2 Ka Yhe
USING - 8/ =05 Kz, 1S DBTAINED FROM FIGURE 3
FIGURE 20

Design Criteria for Deadman Anchorage
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EFFECT OF DEPTH AND SPACING
QOF ANCHOR BLOCKS

Apc Ap [h  ANCHOR RESISTANGE FOR fy2 b
h A — | CONTINUOUS WALL:
A P ULTIMATE Apc/d=Pp-Pa WHERE Apc/d IS ANCHOR RESISTANCE AND Py Py
d -+ TAKEN PER LINEAL FOOT OF WALL.
Apcy Ap E%T 2. INDIVIDUAL ANCHORS:
IF d yb+h, ULTIMATE Ap=b(Pp-Pa)+2 P TAN ¢, WHERE Pg = RESULTANT
oossﬂﬁgc.fsﬁ ﬁﬁgﬂ% :‘:“ FORCE OF SOIL AT REST ON VERTICAL AREA cde OR c"de.
WALL ANCHORS IFd=h+b, Ap/d 15 70% OF Ap(‘jd FOR CONTINUOUS WALL .

L FOR THIS CONDITION IS L AND L'=h.

iF d<h+b,Ap/d = Ape/d — (.3 Ape/d), L=h.
h

ANCHOR RESISTANCE FOR h; ¢ 3
ULTIMATE Ap/d OR Apc/d EQUALS BEARING CAPACITY OF STRIP FOOTING OF
WIDTH hy AND SURCHARGE LOAD 7 (h- Dg-).SEE FIGURE | ,CHAPTER 4
USE FRICTION ANGLE ¢’ - WHERE TAN ¢ 0.6 TAN ¢.

GENERAL REQUIREMENTS:

I ALLOWABLE VALUE OF Ap AND Apg =ULTIMATE VALUE /2, FACTOR OF SAFETY OF 2 AGAINST FAILURE.

2. VALUES OF Kg AND Kp ARE FOR COHESIONLESS MATERIALS. IF BACKFILL HAS BOTH ¢ AND C STRENGTHS,COMPUTE
ACTIVE AND PASSIVE FORCES ACCORDING TO FIGURES 7 AND'S FINE GRAINED SOILS OF MEDIUM TO HIGH
PLASTICITY SHOULD NOT BE USED AT THE ANCHORAGE .

3. S0ILS WITHIN PASSIVE WEDGE OF ANCHORAGE SHALL BE COMPACTED TO NO LESS THAN 90%0F MAX. UNIT
WEIGHT (ASTM DE9B TEST).

4. TIE ROD 1S DESIGRED FOR ALLOWABLE Ap OR Apc.TIE ROD CONNECTIONS TO WALL AND ANCHORAGE ARE DESIGNED
FOR 1.2 (ALLOWABLE Ap OR Apc).

5. TIE ROD CONNECTION TO ANCHORAGE 1S MADE AT THE LOCATION OF THE RESULTANT EARTH PRESSURES
ACTING ON THE VERTICAL FACE OF THE ANCHORAGE.

FIGURE 20 {(continued)
Design Criteria for Deadman Anchorage
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3’4 QL= 5,000 PLF

qq =300 PSF

5" & Py =155 KIP
73 B 23 KSF .
¥ ) 110, mv) e L I T -7
= & % ¢, = 255 C}=I00PSF
A -
10.52 4 -_PH=2'75 KiP YT =115 PCF
] o' \ \ Ka (FROM FIGURE 3)=.4|
5108" i P =104 KIP
! 24’ ACTIVE EARTH PRESSURE DIAGRAM
333 310 NET WATER PRESSURE DIAGRAM
¢ Pag ® 405 KIP
.24
VL& dd ELELd W ¢2= 35°,Cp=50PSF
\ Y1=130 PCF
" 14
Kp (FROM FIGURE 3 )=27
Pp =4326KIP |
S (FROM TABLE )= 14°
) 83

594  Kp (FROM FIGURE 5)=6.0

ACTIVE EARTH PRESSURE {SEE FIGURE 2}
INCLUDING UNIFORM SURCHARGE q

OH=YZKpy —2C m

,crH = 30x.41 2510 & =0

®), o} =1.30+5x.115).41-2x 10 yAT =.23 KSF

©, 0 =(.30+5x.115+19x 053}.41-2x.I0 @T = 65KSF
8'% 2(,30+5x.115+19x.053).27-2%.05 {27 =46 KSF
O .46 +6x.088x.27= 57 KSF

®, 65 = 46 +(6+14) x 068 x 27 =83 KSF

SAFETY FACTOR AGAINST TOE FAILURE :

TAKE MOMENTS ABOUT (&)
Fe = S MOMENTS OF PASSIVE FORCES
s

Z MOMENTS OF ACTIVE FORCES

43.26x 33.3
155 x 073+275x6 +10.4x 1052 +4.05x 21 09+109 2310

261325

ANCHOR PULL

PRESSURE OF LINE LOAD SURCHARGE
[SEE FIGURE |1}
X _ -
m= X =g
PH=0.55 Q =055x5=275KIP

LOCATION OF RESULTANT:
R:=B0M = 60x30:=18"

ap =EPA _ZPD/FS
43.26

= 15542 75+0.4+4.05 +109 -

25 <1237 KIPS

MAXIMUM BENDING MOMENT IN SHEETING
POINT OF ZERO SHEAR: 2
12.37-1.56-2.75-45X ~022 x 5~ 20

X Z13.6'BELOW OQUTSIDE WATER LEVEL
Mygax 3155 x(5.7 +12.37%15.1-2.75 2 91

NET WATER PRESSURE
Ow = YwZ :0625x25=.16 KSF

2
- 45x %-.oaax '-';—62 x4.52: 86.9 FT-KIPS
MOMENT REDUCTION:

ASSUME: fg =27,000 P81, E=30,000,000 PSI
TRY ZP32,1=3857 IN4, §=383 N3

PASSIVE PRESSURE
Oy = YZ Kp +2C [Kp

©, 0y =0 +2x05 0 =.24KSF

®, 0y, =068 x14x60+2 x 0560 = 5.94 KSF

p =(FROM FIGURE 15 ) = “'“—?’4
_ (30xiz+axi)? IN2
30,000,00023857 LB

MDESIGN

B3 M :.83% 869 2T2.1 FT-KIPS
MMmax DESIGN

fo= M- —72";?3?0“'2 =22,600 PSI {27,000

TRY A SMALLER SECTION

FI

GURE 21

Example of Analysis of Anchored Bulkhead
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RETAINING

STRUCTURE —2+| b,

&b $0.IH

- A

L S0 S

- = -

A B'A(".:KFIL-L
. SAND DIKE

s
/STABLE DéEDGE SLOPE ///

.

T DENSE JSAND T

FIGURE 22
Sand Dike Scheme for Controlling Active Pressure
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BE DIFFERENT ON OPPOSITE
SIDES DUE TOPUMPING, TIDAL .
FLUCTUATIONS AND OTHER "
REASONS.
DREDGE LINE
AP—A > _1
t
o
=—P3 1

1.

2.

3.

E E F Az J
I-.-yDKP-ytH*D)KA—--}'(H+D)KA-{ ¥ Dka
! rDKp }'(H-I-D}Kp-)’DKA
r.._y(H+D}KP

Assume a trial depth of penetration, D. This may be estimated from
the following approximate correlation.

Standard Penetration
Resistance, N
Blows/ foot Depth of Penetration*

0 -4 2.0H

5 - 10 1.5H

1] - 30 1.25H

31 - 50 1,00
+50 0.75H

* H = height of piling above dredge line

Determine the active and passive lateral pressure using appropriate
coefficients of lateral earth pressure. If the Coulomb method is
used, it should be used censervatively for the passive pressure.

Satisfy the requirements of static equilibrium: the sum of the
forces In the horizontal direction must be zero and the sum of the
moments about any point must be zero. The sum of the horizontal
forces may be written in terms of pressure areas:

—— —— D e —
ANEAJA3) - A(FBApY — A(ECJ) = 0O
Solve the above equation for the distance, Z. For a uniform

granular soil,
Kp D2 - Kp (H+D)2

7 =
(Kp = Ka) (H+2D)

FIGURE 23
Analysis for Cantilever Wall
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+)))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))

Take nmoments about point F. |f sumof noments is other than zero
* readj ust D and repeat calculations until sum of nmonments around F is
* zero.

*

*5.  Conpute maxi num nmonent at point of zero shear.
*6. Increase D by 20% - 40%to result in approximte factory of safety of
> 1.5 to 2.
00000000000000000000000000000000000000000000000000000000D00DDDDDDDDDDDDDDD LY
FI GURE 23 (conti nued)
Anal ysis for Cantil ever \Wall

o % X ¢ F % X
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EXAMPLE

Backfill: # = 30° Underlying Cohesive Stratum: C = 750 psf
Y = 120 pef y'ss 60 psf
Y'= 60 pef

Depth H to mud line = 20 ft
Depth to water = 5 ft
a=5/20 = 0,25
Wall friction = 0.3 (Table 1)
Ky = 0.31 (Figure 5)
YeH = 120 x 5 + 15 x 60 = 1,500 psf
qy = 2C = 1,500 psf
USING FIGURE 25:

2qu~YH . 3000-1500

¥ ' Ka H 60X 03IX20

Depth ratio , §,= 0.69

D calculated = 0.69 % 20 = 13.8 ft
D design = 13.8 x 1.3 = 17.9 ft
Moment ratio = 0.33

Mpax = 0-33 x 60 x 0.31 x (20)3 = 49,104 £t-1b/ft of wall

FIGURE 25 (continued)
Cantilever Steel Sheetr Pile Wall in Cohesive Soill with Granular Backfill
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F N _
Fo fl
L2
s~ H
[3 - {a) SAND
Fi——- O-h:O.65 KA')'H
1 WHERE Kp=TANZ (45-cb 2}
| Th |
fi 0.25H
4ﬂ . ’ {by SOFT TO MEDIUM CLAY
Fp (N,26)
!2 For clays base the selection on
F3 0.75H N, = YH/e
y, ThzKkp -y H
F 3
4 . g ac
g " = Fa =i-m3gs
I., | m = 1 except where cut is
Th

!2 1 underlain by deep soft
= 43 normally consolidated
F3=i5+ 2 1% clay, then m = 0.4Fgg
ASSUME HINGES AT STRUT
LOCATIONS FOR CALCULATING See Figure 28 for Factor of Safety
STRUT FORCES against bottom instability,
(Fgp): 1 X Fgp S1.5

Fﬂ::::::q*'
Fa / \ 025H oy STIFF CLAY
e !2 - For 4<N,<6, use larger of
z 0.50H diagrams (b) and (c).
Th)=0.2 yH; Op570.4YH
. !3 Use lower value when movements
4 | are minim:-?l and s.hort
l 0.25H construction period.
t
—L—Uh; '
——]
a
ho
FIGURE 26

Pressure Distribution for Brace Loads in Internally Braced Flexible Walls
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a. MWall with Raking Braces. When substantial excavation is made before
pl aci ng an upper brace, nmovenent of the wall is greatest at the top and
pressures approach active values. See Figure 27 for design criteria.

b. Braced Narrow Cuts. When a narrow cut is braced stiffly as
excavation proceeds, sheeting is restrained at the top and the wall
deflects inward at the base. Design the wall enploying the follow ng steps:

(1) Conpute factor of safety against bottominstability (Figure
28).

(2) Conpute strut forces utilizing the nmethod in upper panel of
Fi gure 27.

(3) Conpute required section for wall and wal e using nmethod in
upper panel of Figure 27. |In computing the required wall sections, arching
could be accounted for by reducing these pressures somewhat in all but the
upper span. A reduction of 80% of the val ues shown woul d be appropriate.

(4) Re-conpute strut forces and the required sections of wales and
wal | using the pressure di agram of | ower panel of Figure 27 for each
construction stage.

(5) Conpare strut forces, and required sections conputed in Step
(4) to those conputed in Step (3) and select the larger force or section for
design. See exanple in Figure 31

4. TIED BACK FLEXI BLE WALL. Dependi ng on the wi dth of excavation and
other factors (see Chapter 1) it nay be economical to restrain excavation
wal s by tie backs. The use of tie backs depends on the existance of
subsoi |l s adequate to provide required anchorage. For multi-level tie back
systens, drilled in tie backs (i.e. anchors) are usually used. For a
single level tie back (e.g., bulkheads), a deadman anchorage, batter pile
anchorage or a parallel wall anchorage are usually considered. For details
on the drilled anchors - process and hardware, see Reference 6. For details
on ot her anchorage systens see Reference 12 and Reference 13, Foundation
Construction, by Carson.

a. Pressure Distribution. For soft to mediumclay use a triangular
di stribution, increasing linearly with depth. For all other soils use a
uni form pressure distribution. See Figure 29.

b. Design Procedures. Apply a design procedure sinmilar to internally
braced excavation as shown in Figure 27.

5. EXAMPLE OF COWPUTATI ON. See Figure 30 for exanple of analysis of braced
wal | of narrow cut, and Figure 31 for an exanple of excavation in stages.

6. STABILIZI NG BERM5. On occasion it is practical to increase the

resi stance of flexible walls by using stabilizing berms. The latera

resi stance of a stabilizing bermwill be less than that for an earth mass
bounded by a horizontal plane at the top elevation of the berm
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PROPERTIES

I |
N ° ] %¢°RC-7

SHEETING OR

H SOLDIER BEAMS PH
WITH LAGGING —
|£'\:'ALE
DEFLECTED F'OSITIONZJ
|
PH
D
af——

FLEXIBLE WALL OF NARROW CUT

. COMPUTE PRESSURES ON WALL ABOVE BASE OF CUT BY METHODS OF FIGURE 26. FOR WATER
AT BACKFILL SURFACES USE Y *Ysup AND ADD PRESSURES FOR UNBALANCED WATER
LEVEL. FOR WATER AT BASE OF CUT USE ¥ ¥t INTERPOLATE BETWEEN THESE PRESSURE
DIAGRAMS FOR AN INTERMEDIATE WATER LEVEL .

2. DETERMINE STABILITY OF BASE OF CUT BY METHODS OF FiGURE 28. IF BASE 15 STABLE,SHEETING
TOES IN SEVERAL FEET AND NO FORCE ACTS ON BURIED LENGTH. IF BASE IS UNSTABLE ,SHEETING
PENETRATES AS SHOWN IN FIGURE 28 AND UNBALANCED FORCE Pl ACTS ON BURIED LENGTH, IN
ANY CASE PENETRATION MAY BE CONTROLLED BY REQUIREMENT FOR CUT-OFF QF UNDERSEERAGE.

3. MOMENTS IN SHEETING BETWEEN BRACES = 0.8 x (SIMPLE SPAN MOMENTS ), EXCEPT FOR UPPER
SPAN WHERE MOMENT = 1.0 x (SIMPLE SPAN MOMENT ). MOMENTS IN SHEETING AT POINT (B) 1S
COMPUTED FOR CANTILEVER SPAN BELOW(R), INCLUDING UNBALANCED FORCE Py .

4. REACTION AT BRACES COMPUTED ASSUMING SIMPLE SPAN BETWEEN BRACES.

FIGURE 27
Design Criteria for Braced Flexible Walls

7.2-102




DEFLECTED POSITION

4R
SHEETING OR SOLDIER |
BEAMS WITH LAGGING

RAKING BRACES

Pp ~
l / %F
Py = RESULTANT ACTIVE PRESSURE

Pa|RESULTANT ACTIVE BELOW  ri exiBLE w ITH RAKING BRACES
PNt &) LEXIBLE WALL WITH RA

l. COMPUTE ACTIVE AND FASSIVE PRESSURES BY METHODS IN SECTION 2.PASSIVE
PRESSURES FOR CLEAN,COARSE-GRAINED SOILS INCLUDE WALL FRICTION {5), TABLE 1,
IGNORE WALL FRICTION FOR PASSIVE PRESSURES IN OTHER SOIL TYPES AND FOR
ACTIVE PRESSURES IN ALL SOILS.

2. MAXIMUM MOMENTS IN SHEETING AND MAXIMUM LOADS IN BRACES ARE USUALLY OBTAINED
AT A CONSTRUCTION STAGE WHEN EXCAVATION FOR A BRACE AND WALE |S COMPLETE
AND JUST PRIOR TO PLACING THE BRACE . FOR EACH SUCCESSIVE STAGE OF EXCAVATION
COMPUTE SHEETING MOMENTS AND BRACE LOADS BY ASSUMING SIMPLE SPAN BETWEEN
LOWEST BRACE THEN IN PLACE AND POINT OF ZERO NET PRESSURE BELOW EXCAVATION.

3.  FOR TEMPORARY CONSTRUCTION CONDITIONS,APPLY FACTOR OF SAFETY OF 1.5 TU COMPUTE
PASSIVE PRESSURES. TO ALLOW FOR POSSIBLE CONSTRUCTION SURCHARGE AND RIGIDITY
OF UPPER BRACE POINT , INCREASE LOAD ON UPPER WALE AND BRACE BY 15%, OF COMPUTED
VALUE.

4, REQUIRED PENETRATION OF SHEETING BELOW FINAL SUBGRADE GENERALLY |S CONTROLLED
BY CONDITIONS AT COMPLETION OF EXCAVATION. PENETRATION REQUIRED IS DETERMINED BY
EQUILIBRIUM OF FREE ENDED SPAN BELOW POINT @ ASSUMING FIXITY AT POlNT@:

P
Far 4 ‘—L,.-s £H-Mg:0
Mg : ALLOWABLE MOMENT N SHEETING
5. CHECK POSITIVE MOMENTS IN SPAN BELOW POINT (&) FOR THIS FINAL LOADING CONDITION.

FIGURE 27 (continued)
Design Criteria for Braced Flexible Walls
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CUT IN COHESICNLESS SOIL

SHEETING OR SOLDIER BEAMS AND BOARDS

STABILITY IS INDEPENDENT OF H AND B, BUT VARIES
—&—i WITH ¥+ P AND SEEPAGE CONDITION.
TER ki
| ; ¢ SAFETY FACTOR, Fg = 2Ny, (;—? Ky TAN ¢
1P
% Ny : BEARING CAPACITY FACTOR, FIGURE |,CHAPTER 4
H lPPA Tang, IF GROUNDWATER IS AT ADEPTH OF (B) OR MORE BELOW
| BASE OF CUT:
|' Yi AND Yz ARE TAKEN AS MOIST UNIT WEIGHT

IF GROUNDWATER IS STATIC AT BASE OF CUT:
. 2 71 = MOIST WEIGHT , 7'z = SUBMERGED WEIGHT,
Y, 2 IF SEEPAGE IS MOVING UPWARD TO BASE OF CUT :
Y2 = (SATURATED UNIT WEIGHT } = (UPLIFT PRESSURE )

CUT IN CLAY, DEPTH OF CLAY UNLIMITED {T »0.7B}

L = LENGTH OF CUT (F SHEETING TERMINATES AT BASE OF CUT :
. _NgC
SAFETY FACTOR, Fg: ?GW
Mg = BEARING CAPACITY FACTOR, FIGURE 2,CHAPTER 5
WHICH DEPENDS ON DIMENSIONS OF THE
EXCAVATION: B,L AND H (USE H=2).
C = UNDRAINED SHEAR STRENGTH OF CLAY IN
FAILURE ZONE BENEATH AND SURROUNDING
BASE OF CUT.
q = SURFACE SURCHARGE.
IF SAFETY FACTOR IS LESS THAN 1.5, SHEETING MUST BE
CARRIED BELOW BASE OF CUT TO INSURE STABILITY,

- _L FORCE ON BURIED LENGTH :
FAILURE SURFACE 2 B
IF H )—3 ',? ,PH=_7(7’THB-I.4CH-FCB}

IF i< 5 ‘—%.—,PH =15H, (rp H- L4EH e

CUT IN GLAY,DEPTH OF CLAY LIMITED BY HARD STRATUM (T%0.78)

' B SHEETING TERMINATES AT BASE OF CUT. SAFETY FACTOR:
i o CONTINUOUS EXCAVATION; Fs =Nep —cl—yT A+ q
FAILURE ¢
SURFACE RECTANGULAR EXCAVATION, Fg =NcRr 7:TH_+q
Ngp AND Ncg 2 BEARING CAPACITY FACTORS.
STRENGTH FIGURE 5 CHARTER 4,WHICH DEPEND ON DIMENSIONS OF THE
EXCAVATION: B,L AND H,{USE H:=Z)

Cz  HARD STRATUM

NOTE: IN EACH CASE FRICTION AND ADHESION ON BACK OF SHEETING 1S DISREGARDED .
CLAY IS ASSUMED TO HAVE A UNIFORM SHEAR STRENGTH = C THROUGHOUT FAILURE ZONE.

FIGURE 28
Stability of Base for Braced Cut




SOFT TO MEDIUM CLAY

ED

SYHTO

ELEVATION

Compute pressure hased on at-rest
conditions with K, frem 0.5 to

0.6. 1In normally consolidated clays
excesslve prestressing should not be
pernitted because of the potential
for induced consclidation.
design procedure as in Figure 26,

Use

PLAN

FIGURE 29

Pressure Distribution for Tied=Back Walls
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SANDS

1

04 Ko YH TO 05 Ky YH

STIFF TOVERY STIFF CLAY

T

x

0.15 YH '

TO
0.3 yH

Where deformations are critical and
tie—backs are prestressed to 100% of
desig load, compute pressure based
on at-rest conditions. Use K, = 0.4
for dense sand, and K, = 0.5 for
locose sand.

Use pressure ordinate to produce the
same force as for braced excavation.
0.3 is applicable for stability number
of about 4, and 0.15 is applicable when
stability number is less than 4. Use
design procedure as in Figure 26,

FIGURE 29 {continued)

Pressure Distribution for Tied—Back Walls
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Qp =ik

| y B=12 |'K=4 i GIVEN CONDITIONS :

. EXCAVATION IN SILTY CLAY.
Q23RS =400 PSF,$ 20,77 =120 PCF
LENGTH OF EXCAVATION , L = 80"

Rz DETERMINE : PRESSURES ON WALL. FORCE ON BURIED

h
PHz
H=20 PHi Ry
-l | TENGTH OF SHEETING AND STABILITY OF BASE OF CUT,
15"
ne' | STABILITY OF BASE OF CUTISEE FIGURE 28}
- 88" ¢ NcC -0 (NOUNIFORM SURCHARGE )
} SB” yrH+q
. H . 2_20
itk 7l 25 FOR Ng ,(FIGURE 2,CHAPTER 5) —: 2= 22 67,
= B

12
T; 80 =015,Ngg =6.9

NCR=Ncc {1 +02 B/L)=6.8(1+0.2(015)) =7.1
= _TIx400 _
Fs* Zoxz0s0 =118 <15

DRIVE SHEETING BELOW BOTTOM OF EXCAVATION
PRESSURE ON WALL FROM SURROUNDING SOIL (SEE FIGURE 26}

I
[l
o
b

€T

bi

Kazl-m =55 M=04Fgg=0.4x1.18:0.47

1 - 047 22200 ) -060

"

O'h s Ky YH= 063 x0.02 x 20 = 1.66K5F
Py = USL20XIE0) . 2905 KiPs

LOCATION OF RESULTANT:
R, = 166 x 52 x(15+5/3)+166 xIS x15/2 _ '
[ =8.8l

29.05
PRESSURES ON WALL FROM SURCHARGE ( SEE FIGURE II}
X __ 4 _
m=——=%p =0.2

78 20 510 .
Pug= 78 — =78 55— =39 KIP

LOCATION OF RESULTANT :
R,=.59H =.59 x 20 = nse'
FORCE ON BURIED LENGTH OF SHEETING: { SEE FIGURE 28}

ASSUME H, = 5¢ §V+E’T ,FOR T >0.7B RESULTANT FORCE Py
LaCH
B

PHy =15 HI {7TH - -mwc)

PHz *15 x 5(012x 20~ w —314 x4}=16KIP

NOTE : ALL COMPUTATIONS ARE PER LINEAR FOOT OF WALL.

FIGURE 30
Example of Analysis of Pressures on Flexible Wall of Narrow Cut
In Clay - Undrained Cenditions
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8

ASSUMPTIONS

1. NO SURCHARGE LOAD. 2. NO WALL FRICTION
PROPERTIES

¢ =3p° ¥ =025 KCF y' = 0.0625 KCF

c =0 DEPTH OF EXCAVATION 40’

GWL =10’ BELOW
GROUND LEVEL

o 877

o WSUS

{1)— — =] 7 )—
v ] 677 h 4
17" (2)—-—5’& Lus
27" {3)——p=P 1740
4.6l | ; X
2.027
36 (4)——=—p 2.302
RTINS 2 550
A P ~
STAGE I STAGE IT __FINAL STAGE
COMPUTATIONS
FROM FIGURE 2
Ky =1/3 , Kp=3
A. STAGE I

{ PRIOR TO INSTALLATION OF BRACE |}

SHEETING ACTS AS CANTILEVER WaALL.

USE FIGURE 24

[+ ] KP/KA =9
D/H=0.95 .. REQUIRED D=095x8 x L4 =1064 "' ¢40'
Mmax /¥  Kp. H3=037 Mmax =3.946 FT-KIP

FIGURE 31
Example of Excavation in Stages
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B.

STAGE I

ACTIVE PRESSURE
AT WATER LEVEL,oy (10):=1/3 x 0.125 x 10 =0.4(7 KSF
AT EXCAVATION LE\:"EL,GI’A {1B)= O.4IT+1/3 200625 x 8 = C.5B3 KSF
WATER PRESSURE ON ACTIVE SIDE
Py (18):00625 x 8 =0.500 KSF
TOTAL PRESSURE {18) = 7Y (18] + Py, (18) = 1.083 KSF

POINT OF ZERO NET PRESSURE
APPLY Fg = 1.5 TO Kp
SLOPE OF THE NET PRESSURE DIAGRAM ={3/15-1/3}0.0625=0.104

DISTANCE TO {4) = % 210,41 FT

REACTION AT {I) AND {A) PER LINEAR FOOT OF WALL
ASSUME HINGE {ZERO BENDING MOMENT ) AT {A)
ROY = [(1.083 x 10.41 x1/2 x (2/3 % 10.41) {1083 ~04IT}x 8 x /2 x{10.41 +8/3) +0.417 x8 x

(1041 +8/2)+0.4I17 x 10 x I/2 x {10.41 +8+IQ/3)J [ — —
(10.91+11}

R{1)=7817T K,USE R(]) =115 x7.817 =8.99K 230K
R(A)=5905K ~ 52K

POINT OF ZERO SHEAR
TRY A LOCATION BETWEEN BOTTOM OF EXCAVATION (DEPTH 18') AND (1}
7.817-(1/2 x 10 x0417) —{ Sg x04I7H{1/2x S x 28885 320, 54=775"

MAXIMUM MOMENT
Muax, =[7817 x (775 +3)] - [(1/2 x 10 x0amx(775+ )] - [(275x 0.am) « ZL2

2
-El/z X775 Ko.eTes) x%ﬂ =419 FT-KP

FINAL STAGE

PRESSURE DISTRIBUTION

USE PRESSURE DIAGRAM FROM FIGURE 26
Yoy =0.25 x 0.125 + Q.75 x 0.0625 =0078B| = | KSF
o, 065 x 1/3 x0.0781 x 40 =0.677 KSF

Py (30} 20.0625 x 30 =1.875KSF

FIGURE 31 (continued)
Example of Excavation in Stages




2. STRUT LOADS PER LINEAR FOOT OF WALL
R) =[0.677 x 172/2 +0.0625 x 72/2 x7/3] 1/1021014 K FOR DESIGN R121I5xI0.14 =11.66K

n(z)z(ﬁasn XI7)+{1/2 x{115-0.677) 7] -1014)] {1115 x10x 10/2) +
(1/2 x(1.740-1.1I8) x10 x10/3)) 1/10 9,52 K

Ri3): (]Io.en x27)+(1/2 x(1740-0:677)x17)-10.14 -9.52] +{1.740%9 x9/2}+
(1/2 x(2302-1740) x9 x9/3)) /9 <I1633K

Ri9)=([(36 x0677) +(1/2 x(2.302-0677) x 26 }-1014-9.52-16.33 | +{2302 x 4x 4/2) +
(1/2 x(2.550-2.302) x4 x 4/3)) 1/4214.27 K

3. MOMENT

MAXIMUM MOMENT 1S LIKELY TO OCCUR BETWEEN (3) AND (4).
POINT OF ZERQ SHEAR FROM {3).

887
(174 x9x9/2) + V2 x(2302 -1.74) x9x9/3]x V9 =1.74 (i /2) (2212 ) o
%~ 461 FT, 02 2,027 KSF
Myax “B.67A81)- 1783.4.61 x 2)-V2 x(2027-174)x461x 25
=205 FT KP; Mpggigy “0.8% 205 =164 FT-KIP,
D. SUMMARY
CONSTRUCTION STRUT LOADS MOMENTS
STAGE KIP FT-KIP
1 - 3.95
o RU) = £.99 4.9 BETWEEN (1) AND {4)
AL R() =1166; R(2) 1952 16.4 BETWEEN (3) AND (4)

R(3) = 16.33; R(4) =14.27

NOTE: {A) THE MOMENT AT STAGE IL IS GREATER THAN THE FINAL MOMENT,
INTERMEDIATE STAGES MUST ALSQ BE CHECKED AS PER PROCEDURE IN FIGURE 27.

(B) IF SIMPLE AREA METHOD IS SELECTED FOR THE COMPUTATIONS OF LOADS
IN STRUTS (1) AND (2}, THEN LOAD IN {1} WILL DECREASE AND (2)
WILL INCREASE.

FIGURE 31 (continued)
Example of Excavation in Stages
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E. PENETRATICN BELOW SUBGRADE

I. PRESSURE COMPUTATION
ACTIVE oy (10"} =1/3 x 0125 & 10= 0.4I7 KSF

T (36" =1/3 x 0.125 x 10 + 1/3 x 0.0625 x 26 =0.958 KSF

gy (407 =1/3 x0U25 10 +1/3 x0.0625x 30 = 1.042 KSF

WATER PRESSURE (UNBALANCED HEAD) PASSIVE PRESSURE
Pw (36') <0.0625 x 26 = |.625KSF Op (D)= = x0.0625 1 D:0.125D
Pw (40) =0.0625 x 30 = 1.875 KSF {APPLY Fg =1.5 TO PASSIVE PRESSURE}

2583 =0958 + 1625
2917 =1042 +1.875

2. DEPTH REQUIREMENT TO LIMIT MOMENT IN SHEETING
{ SEE FIGURE 27 (CONTINUED}, 4.)
USE PZ 27 5:=30.2 IN3/FT OF WALL

USE Og = 27,000 PSI 30.2 x 27
ALLOWABLE MOMENT = =2-5X £5 - 67.95 FT —KIP = Mg

TAKE MOMENTS ABOUT (4) TO DETERMINE D.
67.95 +(1/2 x0.425D x D« (4+2/3 o)) 2583 x4x4/2-1/2 x(2HT-2583)} 1 4 x 2/3 x4

—29ITxDx{4+0/2) - 1/2 x{1/3 x0.0625) DxDx{4+2/3D) =0
D3 —353 D2 -3325 D +1296.6:0
D™3FT.

3. DEPTH REQUIREMENT FOR CONTROL OF PIPING . { DM-7.1, CHAFTER &)

ASSUME W/Hy =15 {LE., WIDE EXCAVATION)

Fg =12

D/Hy, 065

OR D=30x065=195FT

HENCE PIPING GOVERNS THE DEPTH OF PENETRATION FOR THE SHEETING.

FIGURE 31 (continued)
Example of Excavation in Stages
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a. Method of Analysis. Performwedge force equilibriumfor severa
trial failure surfaces, and plot correspondi ng val ues of horizonta
resistance for each trial failure surface. The m ninum value of horizonta
resi stance obtained fromthe curve is the total passive earth pressure
for the berm An approximate nethod of analysis is to replace the berm
wi th an equival ent sloping plane, and assign an appropriate passive pressure
coefficient.

b. G aphic Procedure. A graphic procedure (Cul mann Method) for
evaluating the lateral resistance for granular soils is given in Figure 32.

7. SOLD ER PILES. A frequently used internal bracing system consists of
soldier piles with | agging. The passive earth resistance acting on

i ndi vidual soldier piles my be conputed as shown in Figure 33. For
cohesive soils use uniformresistance of 2c neglecting the soil resistance
to a depth of 1.5 times the pile width b fromthe bottom of the excavation
For granular soils, determine K+p, without wall friction and neglect the
soil resistance to a depth equal to b below the bottom of the excavation
Total resisting force is conputed by assuming the pile to have an effective
wi dth of 3b, for all types of soils. This is because the failure in soi
due to individual pile elements is different fromthat of continuous walls
for which pressure distributions are derived.

8. GABION STRUCTURES. As illustrated in Figure 34, gabions are
conpartnented, rectangular containers nade of heavily gal vani zed steel or

pol yvi nyl chl ori de (PVC) coated wire, filled with stone from4 to 8 inches in
size, and are used for control of bank erosion and stabilization. Wen
water quality is in doubt (12<pH<6) or where high concentration of organic
acid may be present, PVC coated gabions are necessary. At the construction
site, the individual gabion units are |aced together and filled with stone.

a. Design. Gabions are designed as mass gravity structures (see Figure
15). When designing a vertical face wall it should be battered at an angle
of about 6 deg. to keep the resultant force toward the back of the wall.

The coefficient of friction between the base of a gabion wall and a
cohesi onl ess soil can be taken as tan[phi] for the soil. The angle of wall
friction, [delta] may be taken as 0.9[phi]. Where the retained material is
nostly sand, a filter cloth or granular filter is recomended to prevent any
| eaching of the soil. Determne the unit weight of gabions by assum ng the
porosity to be 0.3. Specific gravity of common material ranges between 2.2
(sandstone) and 3.0 (basalt). Along all exposed gabion faces the outer

| ayer of stones should be hand placed to ensure proper alignnent, and a neat
conpact square appearance.

b. Cohesive Soils. A system of gabion counterforts is reconmended when
designing gab on structures to retain clay slopes. They should be used as
headers and shoul d extend fromthe front of the wall to a point at |east one
gabi on | ength beyond the critical slip circle of the bank. Counterforts may
be spaced from 13 feet (very soft clay) to 30 feet (stiff clay). A filter
is also required on the back of the wall so that clay will not clog the free
dr ai ni ng gabi ons.
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[

FLEXIBLE
WALL

STABILIZING BERM

PLANE OF SHEAR

Draw herm to scale.

Layout OX from point 0 at angle & below horizontal.
Layout OY from point 0 at angle {(q+8 ) below 0X.

Assume fallure surfaces originating at point O and passing throuch
points a, b, ¢, etc.

Compute the weight of each failure wedge.

Layout the weight of each failure wedge along OX to a convenient
scale.

Draw a line parallel to 0OY for each fallure wedge from its weizht
plotted on OX to its failure plane (extrapolated where necessarii.

Connect the intersecting points from 7 atove witlt =2 erocth curve -
this is the Culmann Curve. Draw a tangent te this curve which i=
also parallel to OX.

Through the tangent point F, draw a line parallel tc OY to
intersect 0OX at Wg. Distance FW is the walue of Pp in the weight
scale.

Normal coumponent of the passive resistance, Py = Pp cos 8.

To compute pressure distribution eon the wall, ascure a triangular
distributiomn.

Figure 32
Culmann Method for Determining Passive Resistance of Earth Bern
(Granular Soil)
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Design:

Gabion Retaining Wall

~ Types - Common Gabion walls
shown on accompanying
diagrams are:

a) Battered face wall with
horizontal backfill.

b) Stepped face wall with
sloped backfill.

c) Battered face wall with
sloped backfill,

(b) d) Stepped face wall with

horizontal backfill.

The choice of elther battered or
stepped faces rests with designer;
stepped face recommended if wall
is more than 10 feet high.

Gablon Fill -~ Hard, durable, clean
stone 4 to 8§ inches in
slze or other approved
size,

Design criteria for gravity walls apply. Wall section resisting
overturning and sliding. To increase wall stability, recommended to
tile the wall at an angle of 6° (i.e. 1:10).

The angle of friction between the base of gabion wall and granular
s0il may be assumed 0.9 times the angle of internal friction of soil.

For retaining clay slopes, a system of gablon countirforts iIs
recommended.

Compute active soil pressure behind the wall using Coulomb Wedge
theory and design mass of the wall to balance the force exerted by
that soil wedge. (Higher than active pressures may be used depending
on compaction conditions and limitations on deformations.}

Maximum pressure at the base of gabion wall must be less than the
anticipated bearing capacity of the soil under the wall.

When water quality is in doubt {pH below & or greater than 12) or
where high concentration of organic acids may be present, use of PVC
(polyvinylchloride) coated gabions 1s recommended.

FIGURE 34
Gabion Wall
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9. REINFORCED EARTH. Reinforced earth is a systemof tying vertical facing
units into a soil nass with their tensile strips. It consists of four

el ements: (1) a soil backfill, (2) tensile reinforcing strips, (3) facing

el ements at boundaries, and (4) mechanical connections between
reinforcements and facing elements. The soil backfill is generally granul ar
material with not nore than 15% by wei ght passing a No. 200 nesh sieve. It
shoul d not contain materials corrosive to reinforcing strips. Reinforcing
strips include smooth and rough strips of non-corrodable netals or treated
nmetal s about 3 inches wi de. Facing consists of steel skin or precast
concrete panels about 7 inches thick

A wall constructed of reinforced earth is a gravity wall and its safety
shoul d be checked as in Figure 15.

Internal safety of reinforced earth is checked as illustrated in Figure 35.
For further guidance on reinforced earth see Reference 14, Reinforced Earth
Retaining Walls, by Lee, et al. and Reference 15, Synposiumof Earth

Rei nf or cement . Proceedi ngs of a Synposium by Anmerican Society of Civi

Engi neers.

10. EARTH FILLED CRIB WALLS. See Figure 36 (Reference 16, Concrete Crib
Retai ning Walls, by Portland Cenent Association) for types and design
criteria. For stability against external forces, a crib wall is equivalent
to gravity retaining wall (Figure 15). For design of structural elenents,
see Reference 17, Foundations, Design and Practice, by Seelye.

Section 5. COFFERDANS

1. TYPES. Double-wall or cellular cofferdans consist of a line of circular
cells connected by snaller arcs, parallel sem-circular walls connected by
strai ght di aphragns, or a succession of cloverleaf cells (see Figure 37).
For anal ysis, these configurations are transforned into equivalent paralle
wal | cofferdans of width B

2. ANALYSIS. Stability depends on ratio of width to height, the resistance
of an inboard berm if any, and type and drai nage of cell fill materials.

a. Exterior Pressures. Usually active and passive pressures act on
exterior faces of the sheeting. However, there are exceptions to this and
these are illustrated in Figure 37.

b. Stability Requirements. A cell nust be stable against sliding on
its base, shear failure between sheeting and cell fill, shear failure on
centerline of cell, and it must resist bursting pressures through interlock
tension. These factors are influenced by foundation type. See Figure 37
for design criteria for cofferdans with and w thout berms, on foundation of
rock or of coarse-grained or fine-grained soil. See Reference 18, Desiagn
Construction and Performance of Cellular Cofferdans, by Lacroix, et al., for
further guidance.
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THICKNESS =1

Safety against breaking of reinforced strips.

fg Wi

Ka ¥y HSX

S = Horizontal spacing between strips X = Vertical Spacing between strips
fg= allowable stress of reinforced strips.

Fg=

Typically W = 3". A high factor of safety, Fy; = 3.2, is used even though
allowable metal stress is utilized in computing strip thickness. This is
done to account for unknowns such as durability and corrosion.
2 Lminw TAN 8

Ka-SX
Lyin 1s measured beyond zone of Rankine failure. The upper strips may not
have enough length to fulfill this requirement, but as long as the average
length of all the strips satisfies this conditon the wall is considered
satisfactory.

d = depth beneath top of wall

SAFETY ABAINST PULLOUT Fs=

t = thickness of strip

Y = unit weight of backfill
B = width of wall

Kp = coefficient of each active pressure (higher than active
value may be used depending on compaction conditions and
limitations on deformations).

3 = angle of friction between relnfeorcing strip and the backfill
material

! = effective length of tie beyond potential sliding surface

FIGURE 35
Reinforced Earth
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CLOSE FACE ASSEMBLY CORNER OF BIN ASSEMBLY

FIGIRE 36
Design Criteria for Crib and Bin ¥alls
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TYPICAL CELL CONFIGURATIONS

EQUIVALENT RECTANGULAR SECTION EQUIVALENT RECTANGULAR SECTION

| R,
- B -~ a__ w©
; .Y
i — S
P—2L 2L
a = 30° 8:=785D
a - 45° B:=.8750

CIRCULAR CELLS

TYPICAL SECTION

|

SEMICIRCUL AR

;INBOARD FACE

EQUIVALENT RECTANGULAR SECTION

; T eee T
2L

A

= 3

_L R \ J,

CELLS CLOVERLEAF TYPE CELL

'_SSTEL SHEET PILE
5%TER SURFACE INTHE CELL

TOP OF ROCK,SAND,OR CLAY

WATER SURFACE

SLOPE OF FREE SURFALE INCELL DEPENDS ON
PERMEABILITY OF CELL FILL . UNLESS SPECIAL
DRAINAGE IS PROVIDED AND SLOPE IS CONTROLLED
ASSUME THE FOLLOWING : FREE DRAINING COARSE
GRAINED FILL (GW, GP, SW,SP): SLOPE |
HORIZONTAL TO | VERTICAL ! SILTY COARSE
GRAINED FILL (GW,GC,5M,SCk: SLOPE 2 TO I+

FINE GRAINED FILL : SLOPE 3TO 1.

HORIZONTAL STRESS DIAGRAMS N CELL FILL

QUT BOARD
SHEETING

K=07 TO LO
Py AREA jki

Ak

Pa YuH
Po =K YgupH
P =K [ H-H+ g g i ]

IN BOARD SHEETING
K=0.4
P'=AREA obcd

Hy

blx

Pp=K [7(H'Hs)+ysm {Hz- :_)] +7‘" HB-%_’
Pi=K friH-Ha}+yg,0 Hal

FIGURE 37
Desdign Criteria for Cellular Cof ferdams
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PARAMETERS FOR ANALYSIS

1.

2.

3.

5.

6.

9,

i0.

Ll.

12.

13.

Equivalent width of cofferdam.
Effective weight of cell fill.

Average distance between cross
walls.

Horizontal active force on
outboard side - compute using
Ky = tanZ(45 - §/2).

Coefficient of horizontal earth
pressure.

Water force on outboard side.
Horizontal passive force due to

barm plus water force,

Net overturning moment due to
total horizontal force.

Resisting moment due to cell
fill.

Radius of cell wall.

Interlock tension.

Ultimate interlock strength.

Effective unit weight.

Assume B = 0.85H for first trial.

W= [B(H—Hl)YT“P B(Hl) Ysub]

. YSUB(Ha)z
Paska —7

K (varies - see horizontal
pressure — diagram)
_ . hgE

Py = Yw 2

Po'4+P4 (include

wall friction between
sheet plle and soil

o
=)
]

Mo =(Pyx %H(P}_\x r"3—2)—(1”[,)(”%1

{point of application of Py is
approximated as H4/3, see References
in text for further guidance)

MR = W(B/Z)

R

T = Pb L

where Py, = total horizontal stress
at point b

Zone at maximum interlock tension
located at H/4 above base. See
stress diagram, Inboard Sheeting
and references cited in text

T, = 16 kip/in for ordinary U.S.
steel sheet piles and 28 kips/in
for high interlock U.S. sheet
piles

YE = weighted average of cell
fill ¥t and ¥sus (above and
below water in the cell)

FIGURE 37 (continued)
Design Criteria for Cellular Cofferdams
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14,

15.

16.

17,

18,

19.

Friction angle of soil and
steel,

Coefficient of friction between
cell fill and rock.

bPrained angle of shearing
resistance of soil.

Coefficient of interlock
friction.

Horizontal effect stress on
a vertial plane.

Horizontal effect force on a
vertical plane.

Pl

2/3 ¢

uge 0.5 for smooth rock,

for all other use tanf

(see pressure diagram for
subscript)

(see pressure diagram for
subscipt)

FIGURE 37 (continued)
Design Criteria for Cellular Cofferdams
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DESIGN METHODS

COFFERDAM ON ROCK - WITH BERM

1.

2.

4‘

6.

7.

Factor of safety against sliding on Base

Fg= L 2 1.25 (TEMPORARY}TO 1.5 {PERMANENT)

Pwo *Pa-Pp

Factor of safety against overturning, Fgp

M
Fo %l 37035

Factor of safety against excessive interlock temsion, F;

T
Fi=—1— 21570 2.

Factor of safety against vertical shear on centerline, F,. (Terzaghi)

B8 ' ]
Fyg = 2/3 2= [PL TaN g +(#}-py)f]2 |25 (TEMPORARY WALL)
vs Mo L€ (o] |.50{ PERMANENT WALL)

Where P'¢ is calculated using the effective stress diagram for the
Center Plane of cell, and equals the area efgh with K = 0.5 to 0.6; and
P} is calculated using the effective stress diagram of Inboard
Sheeting, and equals area ab'c'd with K = 0.4.

Factor of safety against tilting, F,

Fi = ‘__é_ YeB2H(3TANE - B N3+ 3KEH . 125 (TEMPORARY)
o H o B~ 150 (PERMANENT )
FOR K=TAN2 (45 -¢b/2)

Factor of safety against shear at cell fill, sheet pile interface, Fy¢

2] . Pg :
Fsf =—— | (Po+Py+—2—)TAN S +pPr § B | 3 1.25 (TEMPORARY)
Mo [ (ko pis 7 et ]2 1.50 (PERMANENT)

Where P,' is calculated using the effective stress diagram for
Outboard Sheeting, and is equivalent to area jkl with K = 0.7 to 1.0,

Select value of B which satisfies all requirements.

COFFERDAM ON ROCK = WITHOUT BERM

Follow design Steps 1 through 7 as above for cofferdam with berm,

8.
9.

Put Pp = 0 in all equations to compute M, and factor of safety.

In computing F,.. PH is calculated using the stress diagram for
Inboard Sheeting, and equals area ab'c'd with K = 0.4,

FIGURE 37 {(Continued)
Design Criteria for Cellular Cofferdams
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COFFERDAM ON SOFT TO MEDIUM STIFF CLAY

20,

21.

22.

23.

24,

Deslign procedures same as for cofferdams on deep sand, with
modifications as per following steps. Penetration to avoid
piping is usually not important.

Factor of Safety for stability against beating capacity fallure, Fy.
Fpe from Step 12 > 3

Because of internal instability due to settlement of compressible
foundation, factor of safety against vertical stress on centerline
Fyg from Step 4 ghould be

Fyg * Zﬂ:. x REB_ 4 (L+0258) _,{.25 { TEMPORARY)

o L {L+0.5B) 1.50 (PERMANENT)

Investigate overall stability of cofferdam with respect to sliding
along a curved surface below the bottom of the sheeting by slope
stability analysis from DM-7.| CHAPTER 7.

Investigate and evaluvate seams of pervious sand within the clay deposit
which could develop excessive uplift pressure helow the base of the
cof ferdam.

Evaluate penetration of outboard sheeting to avoid pull-out as per Step
19.

FIGURE 37 {(continued)
Design Criteria for Cellular Cofferdams
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(1) Sand Base. For cell walls on sand, penetration of sheeting
must be sufficient to avoid piping at interior toe of wall and to prevent
pul | out of outboard sheeting.

(2) day Base. For cofferdanms on clay, penetration of outboard
sheeting usually is controlled by the pullout requirenent and piping is not
critical

(3) Bearing Capacity. For cofferdans on either clay or sand, check
the bearing capacity at the inboard toe by nethods of Chapter 4.

c. Cell Deformations. The nmaximum bul ging of cells occurs at about 1/4
of the height above the base of the cofferdamand the cells tilt about 0.02
to 0.03 radians due to the difference in lateral |oads on the outboard and
i nboard faces. Deflections under the lateral overturning |loads are a
function of the dinensions, the foundation support, and the properties of
the cell fill (see Reference 19, Field Study of Cellular Cofferdans, by
Br own) .

3. CELL FILL. dean, coarse-grained, free-draining soils are preferred for
cell fill. They may be placed hydraulically or dunped through water w thout
conpaction or special drainage.

a. Mterials. Cean granular fill materials should be used in |arge
and critical cells. Every alternative should be studi ed before accepting
fine-grained backfill. These soils produce high bursting pressures and

mnimmcell rigidity. Their use nay necessitate interior berns, increased
cell width, or possibly consolidation by sand drains or punping within the
cell. Al soft material trapped within the cells nmust be renoved before
filling.

b. Drainage. Wep holes should be installed on inboard sheeting to the
cell fill. For critical cells and marginal fill material, supplenentary
drai nage by wel I points, or wells within cells have been used to increase
cell stability.

c. Retardation of Corrosion. When cofferdans are used as pernanent
structures, (especially in brackish or seawater, severe corrosion occurs
fromtop of the the splash zone to a point just bel ow nmean | ow water | evel
use Protective coating, corrosion resistant steel and/or cathodic protection
in these areas.
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10.

11.

12.

13.

14.

15.

16.
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CHAPTER 4. SHALLOW FOUNDATI ONS
Section 1. | NTRODUCTI ON

1. SCOPE. This chapter presents criteria for the design of shallow
foundati ons, methods of determ ning all owabl e bearing pressures, and
treatment of problens in swelling and col |l apsing subsoils. For the majority
of structures the design of footings is controlled by Iimting settlenents.
(See RELATED CRITERI A bel ow.) This chapter discusses perm ssible bearing
pressures as limted by shear failure. Shallow foundations are of the

foll owi ng types; spread footings for isolated colums, comnbined footings for
supporting the |load fromnore than one structural unit, strip footings for
wal I s, and mats or rafts beneath the entire building area. Also, included

i s guidance for footings subjected to uplift. Design of deep anchors for
such footings is covered in DM7.03, Chapter 3.

2. RELATED CRITERIA. See DM 7.01, Chapter 5 for determnination of
settlenents of shallow foundations. See NAVFAC DM 2.02 for criteria for

| oads applied to foundations by various structures and structural design of
foundati ons.

3. APPLI CATIONS. Shal | ow foundations can be used where there is a suitable
bearing stratum near the surface, no highly conpressible |ayers bel ow, and
cal cul ated settlenents are acceptable. \Where the bearing stratum at ground
surface is underlain by weaker and nore conpressible materials, consider the
use of deep foundations or piles. See Chapter 5.

Section 2. BEARI NG CAPACI TY ANALYSI S

1. LIMTATIONS. Allowable bearing pressures for shallow foundations are
limted by two considerations. The safety factor against ultimte shear
failure must be adequate, and settlements under allowable bearing pressure
shoul d not exceed tol erable values. In npst cases, settlenment governs the
foundati on pressures. See DM 7.01, Chapter 5 for evaluation of settlenents.
For major structures, where relatively high foundation bearing pressures

yi el d substantial econony, deternmine ultimte bearing capacity by detail ed
expl oration, |aboratory testing, and theoretical analysis. For small or
tenmporary structures, estimate all owabl e bearing pressures from penetration
tests, performance of nearby buil dings, and presunptive bearing val ues; see
Par agraphs 3 and 4.

2. THEORETI CAL BEARI NG CAPACI TY.

a. Utimte Bearing Capacity. To analyze ultimte bearing capacity for
various | oading situations, see Figures 1 through 5. For these anal yses the
dept h of foundation enmbednent is assunmed to be | ess than the foundation
wi dth, and friction and adhesion on the foundation's vertical sides are
negl ected. In general, the anal yses assune a rough footing base such as
woul d occur with cast-in-place concrete.
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Figures 1 through 5 present ultimate bearing capacity diagrans for
the foll owi ng cases:

(1) See Figure 1 (Reference 1, |nfluence of Roughness of Base and
Ground Water Condition-on the Utinmate Bearing Capacity of Foundations, by
Meyer hof) for shallow footings with concentric vertical |oad. Formulas
shown assunme groundwater at a depth bel ow base of footing equal to or
greater than the narrow di mension of the footing.

(2) Use Figure 2 (Reference 1) to determi ne groundwater effect on
ultimate bearing capacity and the depth of failure zone. For cohesive
soils, changes in groundwater |evel do not affect theoretical ultimate
bearing capacity.

(3) Use Figure 3a (Reference 2, The Bearing Capacity of Foundations
Under Eccentric and Inclined Loads, by Meyerhof) for inclined | oad on
conti nuous horizontal footing and for inclined | oad on continuous inclined
footi ng.

(4) Use Figure 3b for eccentric |load on horizontal footing.

(5) Use Figures 4a; 4b (Reference 3, The Utimte Bearing Capacity
of Foundations on Sl opes, by Meyerhof) for shallow footing with concentric
vertical |oad placed on a slope or near top of slope.

(6) Use Figure 5 (Reference 4, The Bearing Capacity of Footings on
a Two- Layer Cohesive Subsoil, by Button) for shallow footing with concentric
vertical load on two | ayered cohesive soil

These di agranms assune general shear failure which normally occurs in
dense and relatively inconpressible soils. This type of failure is usually
sudden and catastrophic; it is characterized by the existence of a
wel | -defined failure pattern. In contrast, in |oose or relatively
conpressi bl e soils, punching or local shear failures may occur at | ower
bearing pressures. Punching or |ocal shear failures are characterized by a
poorly defined failure surface, significant vertical conpression bel ow the
footing and very little disturbance around the footing perineter.

To approxi mate the |ocal or punching shear failures, the bearing
capacity factors should be calculated with reduced strength characteristics
c* and [phi]* defined as:

c* - 0.67 c
[phi]* = tan.1- (0.67 tan [phi])

For nore detail ed and precise analysis, see Reference 5, Bearing Capacity of
Shal | ow Foundati ons, by Vesic.

b. Allowable Bearing Capacity. To obtain allowable bearing capacity,
use a safety factor of 3 for dead |oad plus maxi mumlive |oad. Wen part of
the live | oads are tenporary (earthquake, wi nd, snow, etc.) use a safety
factor of 2. Include in design dead |oad the effective weight of footing and
soil directly above footing. See Figures 6 and 7 for exanples of allowable
bearing capacity cal cul ations.
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BEARING CAPAQITY FACTORS:Nc,Nq,Ny

5 883888
™

ULTIMATE BEARING CAPACITY=q

N

N

CONTINUOUS FOOTING ; GENERALCASE
Quit =q'+q"
q'= PORTION OF BEARING
CAPACITY ASSUMING
WEIGHTLESS FOUNDATION SOIL
q''z PORTION OF BEARING
CAPACITY FROM WEIGHT OF
FOUNDATION SOILS

/ q' zCNg + YDNq
o V. " -]
9 yd 717 YT e
7 L FA SQUARE OR RECTANGULAR FOOTING
& Ly,
= s, &
5 2 AN Qutt = cNg (I+.3-B|:}+yDNq+0.478NY
4 / CIRCULAR FOOTING: R=B/2

Quit =1.3cNg+y DNa +06 RN,

2 A=

/
, /

o] 5 10 15 20 25 30 35 40 45
ANGLE OF INTERNAL FRICTION, ¢, DEGREES

FOR COHESIONLESS FOUNDATION
SOILS (c=0)
CONTINUOUS FOOTING:

Quit = Y DNgq +-%-Ny

SQUARE OR RECTANGULAR FOOTING:

Qult = yDNg+04y BNy
CIRCULAR FOOTING:
Qut =y DNg +0.67RN7

FOR COHESIVE FOUNDATION
SOILS ($p=0)

CONTINUOUS FOOTING:

L= LENGTH FOOTING  |om 9]
1
D PozyD a ]
TERERRREIEIE ¥
45°-3/,
) d
9P
ASSUMED FAILURE ~L THEORETICAL FAILURE
ASSUMED CONDITIONS:
I.DLB

2. SOIL ISUNIFORM TODEPTH dg ) B.

3. WATER LEVEL LOWER THAN do BELOW BASE
OF FOOTING,

4. VERTICAL LOAD CONCENTRIC.

5. FRACTION AND ADHESION ON VERTICAL SIDES OF
FOOTING ARE NEGLECTED.

6. FOUNDATION SOIL WITH PROPERTIES C,¢b,

Quit =ENe+y D
SQUARE OR RECTANGULAR FOOTING:

B
Quit 2ENg (1+3 T 1+yD

CIRCULAR FOOTING:
Quit L3 CNg+yD

FIGURE 1

Ultimate Bearing Capacity of Shallow Footings With Concentric Loads
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05 4
$=30° 25°8 95°
T .3
6 \ N
g /
2
o p.2 \
& A,
4 N I
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g \ 0.l f \ / |
—
— /\_l M / ! TO DETERMINE d,
=z 2 N T
5 |
DEPTH OF WATER TABLE _ d T 1
o WIDTH OF FOOTING B ! :
o 10 20 30 a0 o 2 4 8 a 1.0
DEPTH OF WATER TABLE . 9
ANGLE OF INTERNAL FRICTION DEGREES DEPTH OF FAILURE ZONE dg

L= LENGTH FOOTING
ROLUGH BASE

SHALLOW FOOTING I

ASSUMED CONDITIONS®
GROUNDWATER LEVEL IS
HORIZONTAL

. PRESENCE OF GROUNDWATER
HAS NO EFFECT ON COHESIVE
SCIL WITH + =0O.

CONTINUOQUS FOOTING :

SURFACE FOOTING: D=0 a
it zeNe+ |[Feub*F (r - rsubi] 5 Ny

SHALLOW FOOTING: DL B

IF d& D

Quit = cNe+ [ aub D+(yr - Yup)d] Na
+0.5 ¥gun BNy

IFD<dX {D+dg)

it =0Nc+71- DNg +
B
[wa"’F(TT'Ywh)] 2 Nr

VALUES OF BEARING CAPACITY FACTORS
Nc¢ Ng AND Ny ARE SHOWN N FIGURE I.

RECTANGULAR FOOTING:

RFACE FOOTING: D=0
Quit =cN(1+.3 F) + [Yaub+F{r-Ysubl)] 04BNy

SHALLOW FOOTING: DL B, IF 4L D

QuH scN(1+.3 IL 1+ [)’.ubD“'()’T'Y;ub)d] Ngq
+0.4y,.,;,m;;

{F D<d £ (D+d,

Quit =eNe(1+.3 -E— )+YTDNq
+[ysub +F(rT—-ysub)] 0.4BNY

CIRCULAR FOOTING : RADIUS =R= B/2
SURFACE FOOTING: D=0

Quit =1 3¢Nc + [ysub+ F(yT-7aub)] 0.6 RNY
SHALLOW FOOTING: D& 2R,IFd{ D

Quit=13 cNe+ D’wb D*‘()’T-Taub)d:l Nq+0.6 ¥sup:
IF D{dS (D+dg) RNY]

Qult = 1.3 CNe+ 77 DNa + [Faub+F(yy ~¥sun) O.6RNY

FIGURE 2
Ultimate Bearing Capacity With Groundwater Effect
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FIGURE 3a
Ultimate Bearing Capacity of Continuous Footings With Inclined Load
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of the reduced area.

‘_j!_ Resultant force acts at the centreid
M . )
Q Q

(A} EQUIVALENT LOADINGS

L'

BI‘

btg=

(B) REDUCED AREA-RECTANGULAR FOOTING

For rectangular footings
reduce dimension as follows:

M1
L —2e) el =Q_

bl
B-2es ey =Q_

For a circular footing of

radius R, the effective area

A'g = 2 x{area of circular
segment ADC)consider A'e to AC
be a rectangle with L'/B' =3
2
[+
M
9 REDUCED AREA e =
A'_ = 25 = B'L'
B 0ol [0 D ! e e
M = /_ZR"’e
-2~ gzgqu— L’ (ZS R-€7 )
] by
0'B=0D B =Lt R
4 R+ep
_ #Rr? J 2 o=l 02
{C) REDUCED AREA-CIRCULAR FOOTING 8= — -l:e2 RZ-a5 +RZ SIN '(—R£|
FIGURE 3b

Eccentrically Loaded Footings
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CASE I:CONTINUGUS FOOTING AT TOP OF SLOPE

Water at do > 3B

Quit = ¢Neg + 7% % By, @

Vater at Ground Surface

Quylt = ¢Neg + ¥ sub % Nya @

Obtain N.q from Figure 4b for Case I with N, = 0.
Internolate for values of 0 < B/R < 1

Interpolate d,1¢ between EG @ and (@ for water at intermediate
level bdetween ground surface and d, = B.

If B > H:

Obtain Neq from Figure 4b for Case I with stability number
Y1

Mo =~ -
Interpolate for values 0< P/2 < 1 for 0 < Ny < 1. If NO,; 1,
stability of slope centrols ultimate bearing pressure.

Interpolate g, hetween EOQ (D and @ for water at intermediate level
between ground surface and d, = B. For water at ground surface and sudden
drawdown: substitute ' for ¢ in EC (@)

Y sub

d' = tao~ 1y tan @)

T
Cohesive soil (@ = )

Substitute ir EQ () and @ D for B/2 and Nyq = e
Rectanpular, square or circular footing:

= for continuous footing Qult for finite footing from
Ault qult X - .
as given above qult for continuous footing| Fig. 1

CASE II : CONTINUQUS FOOTINGS ON SLOPE

Same criteria as for Case I except that
Ncq and Nyq are obtained from

diagramns for Case II

N2
et

FIGURE 4a
Ultimate Bearing Capacity For Shallow Footing Placed on or Near a Slope
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FIGURE 4b

Bearing Capacity Factors for Shallow Footing Placed on or Near a Slope
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STRENGTH PROFILE

Czic, €1,C2/0 2!

10
¢ e (,
gr:
y, 9
ﬂ Co / /
® yd
> 8
/V/ VALUE OF /8- L
03
2 ]
RATIO C2 /¢, 0.4
I 05 6
553 0.2 04 06 08 ol - 553
pd 1.2 14 1.6 .8 20 2.2 24 286
5 7 4 7 RATIO Cz/m
&
s M
e ¥ / 7 VALUE OF T/B
= y
g 3 o/ 50
Ayl @ /
= / Y 40
2 / £ 30 /
G IF Cz2/C; EXCEEDS VALUES SHOWN
2 E 20 CIRCLE IS TANGENT TO TOP OF /?
E ) 3 LAYER (D) 7
E jj(fao
<t
m (=]
10
° § |95/2.0
[&] 1.2 1.25
=
N. FOR LAYERS WITH CONSTANT 5 — "/.
SHEAR STRENGTH 7 6 5 4 3 2 1 0
RATIO T/B
FIGURE 5

Ultimate Bearing Capacity of Two Layer Cohesive Soil (f=0)
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STRENGTH PROFILE
Cz/cl(l Cz/cl)l

€ €
;7r—I0
Ce é /],
7 v
/s
8
v\ 2
/] /&/7
o
653 02 04 06 08 553
10 12 14 16 18 20
9 5 FvALE ormy RATIO Co/c,
: e
g 4 "0. // EFFECT OF D
24 / Ao 1/ /g [Neomc
© / /n/
: W s s
Q . // | 1,24
2 | 1.3
3 | 1.43
Nc FOR FOUNDATION WITH UPPER LAYER OF VARIABLE SHEAR STRENGTH o | | 26

LEGEND

D = DEPTH OF EMBEDMENT OF FOOTING

Ng = BEARING CAPACITY FACTOR FOR CONTINUQUS FOOTING WITH D=0
Nep = FACTOR FOR CONTINUQUS RXOTING #{TH D X0

Ner = FACTOR FOR RECTANGUILAR FOOTING WITH D=0

CONTINUQUS FOOTING RECTANGULAR FOOTING

Quit ¢ Nep+ 7D Ncr=NcD |+0.2("E—£I'qu" €y Ner+¥ D

NCD/y FROM TABLE. ABOVE

FIGURE 5 (continued)
Ultimate Bearing Capacity of Two Layer Cohesive Soil (@=0)
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Quit = N+ yD { ¥D=EFFECTIVE SURCHARGE
PRESSURE AT LEVEL CF BASE OF FOOTING.

Quir =2(5.53)+[J3(1) +{.13-0625)(2.51] =114 KSF
FOR FACTOR OF SAFETY,Fg=3.0

C = 20KSF $ 30 CQuit Y4
Y7+ 130 PCF Qoli = 5= 5 “38KSF

DEAD LOADS TO INCLUDE EFFECTIVE WEIGHT OF FOOTING
N{FROM FIGURE |) :5.53 WITH ASSUMED GROUND WATER LEVEL.

@ CONTINUOUS FOOTING WITH VERTICAL LOAD

B
Quit = cNeq +)£—Nyq=2(3.8)+0=IEKSF
Fg=30

.16,
Qail= 30 =25 KSF

C:20KSF  $:0

'}fT=I30 PCF
35
D/B=s'—=0.58

Ncq (FROM FIGURE 3)38Nyq=0

CONTINUOUS FOOTING WITH INCLINED LDAD

9uit IS INTERPOLATED BETWEEN VALUES FOR /D=1 AND [yB=0
FOR D/B=1,quit =cNeq +y D =2(6.75) +13(25)=14.0 KSF

FOR /B =0,qult = 2(4.3) +.13(3.5)= 9.1 KSF

FOR 0¥B =3.5/6 =0.58,qult = $1+0.58{4.9)=(| 3 KSF

Fg=3.0

1.9
qall® ﬁﬁto KSF

STABILITY NUMBER, No= YTH=052

FOR D/B=1. Neg* 675 cour e 4

@CONTIRUOUS FOOTING PLACED ON SLOPE

. Co/Cy=d/222 T/B=3/6:05
6~ Ng (FROM FIGURE 5) 5.8
T+ y 7 | FOR D/B=3.5/6% 05, Nop/Ne (FROM FIGURE 5):1.15
' T l l 1 l 35D Quit =¢|Ngp+y D =2{5.8)(1.15)4L.13 (1) +{ 13- 0625 2.5)1 =136 KSF

§ =30
€= 20KSF 1, s YQail= %:4.5 KSF
$,20 y7=130PCF i i
Co= 4.0KSF
¢2=o %130 PCF

@ CONTINUOUS FOOTING ON TWO -LAYER FOUNDATION STRATA

FICHRE €
Fxamples of Computation of Allowable dearine Cavacine
hallow Footings on Cohesive Ffeiln
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— &' — FROM FIGURE 2 AND DY B:
7777F | Quit=cNe+ [¥sus DH(yp-ysup ) d] Na+0.5yspBNY

[ ¥ "1 q ,
h _l lli 3"5 =0+ [068 X3.5+{13-068)1.0]34 +05X.068 X6 X 40
¢ =35° C=0 =185 KSF
Y 2130 PCF F5=3.0 65
Qan = w‘ﬁ.z KSF
Ng (FROM FIGURE 1)= 34 DEAD LOAD TO INCLUDE EFFECTIVE WEIGHT OF FOOTING WITH
Ny (FROM FIGURE |} = 40 (APPROX) ASSUMED GROUND WATER LEVEL .

@ CONTINUQUS FOOTING WITH VERTICAL LOAD

ASSUME GROUND WATER TABLE IS LOCATED AT GREAT
DEPTH BELOW BASE OF FOOTING.

Qult eNeq+y B-Nyq=0+130x §- x60=23.4 kSF

Fg= 3.0
. 234 _
Q1 30 =78 KSP

1
]

¢ =35° ¢
Y1130 PCF

Myq (FROM FIGURE 3) =60
0/B=35/6=58

INCLINED CONTINUQUS FOOTING WITH INCLINED LOAD

ASSUME GROUND WATER TABLE |S LOCATED AT GREAT
DEPTH BELOW BASE OF FOOTING.

Qutt =CNeq +y —%—qu :0+.13X2x26:102 KSF

Fg=3.0

. 1o2 |
¢=350 c=0 qq“- 10 =35.4 KSF

FROM FIGURE 4)

10+40+38+120
N q =B—=26

(C) CONTINUOUS FOOTING PLACED BACK OF SLOPE

FIGURE 7
Examples of Computation of Allowable Bearing Capacity
Shallow Footings on Granular Socils
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c. Soil Strength Paraneters.

(1) Cohesive Soils. In the case of fine-grained soils which have
| ow perneability, total stress strength paraneters are used. Val ue of
cohesi on may be determi ned from | aboratory unconfined conpression tests,
vane shear tests, or undrained triaxial tests. Shear strength correlations
with standard penetration tests and cone penetration tests may al so be used.
(See DM 7.1, Chapter 1.)

(2) Granular Soils. In the case of coarse-grained soils which drain
freely use the effective stress strength paraneter ([phi]'). Field tests
(e.g., standard penetration tests or cone penetration) are al nost al ways
used to estimate this strength.

(3) In the case where partial drainage may occur during
construction (e.g., newy conpacted fill) performtwo anal yses, one assum ng
drai ned, the other assum ng undrained conditions, and design for the nopst
conservative results.

3. PRESUMPTI VE BEARI NG PRESSURES. For prelimnary estimtes or when
el aborate investigation of soil properties is not justified, use bearing
pressure from Table 1

a. Uilization. These load intensities are intended to provide a
reasonabl e safety factor against ultimate failure and to avoid detrinental
settlenents of individual footings. Where differential settlenments cannot
be tol erated, exploration, testing and anal ysis should be perfornmed.
Presunptive bearing pressures nmust be used with caution and verified, if
practicable, by performance of nearby structures.

b. Mdifications of Presunptive Bearing Pressures. See Table 2 for
variations in allowable bearing pressure depending on footing size and
position. (See Reference 6, Foundation Analysis and Design, by Bow es for
nore detail ed anal yses of uplift resistance than shown in Table 2). Nonina
bearing pressures may be unreliable for foundations on very soft to
medi um stiff fine-grained soils or over a shall ow groundwater table and
shoul d be checked by an estimate of theoretical bearing capacity. Were
bearing strata are underlain by weaker and nore conpressible material, or
where conpressibility of subsoils is constant with depth, analyze
consolidation settlenent of the entire foundation (see DM 7.1, Chapter 5).

4. EMPIRI CAL, ALLOMBLE BEARI NG PRESSURES. Al l owabl e bearing pressures for
foundati on May be based upon the results of field tests such as the Standard
Penetration Test (SPT) or Cone Penetration Test (CPT). These bearing
pressures are based on maxi mum foundati on settl enments, but do not consider
settlenent effects due to the adjacent foundations. In the case of closely
spaced foundations where the pressure beneath a footing is influenced by
adjoining footings a detailed settlenent analysis nust be nade.
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TABLE 1
Presunptive Values of Allowabl e Bearing Pressures for Spread
Foundat i ons

+)))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))

Al | owabl e Beari ng *
> > > Pressure >
* * * Tons Per sq ft *
> > *32333333333)3333)30)))1
* Type of Bearing Material * Consi st ency * Recomended *
* * In Place * Val ue for =
* * * Range Use *
*)))))))))))))))))))))))))))))))))))))*)))))))))))))))))))*)))))))))))))))))))))))1
* Massive crystalline igneous and * Hard, sound rock = 60 to
* net anor phic rock: granite, dio- * * *
* rite, basalt, gneiss, thoroughly * * *
* cenented congl onerate (sound * * *
> condition allows mnor cracks). * * *
*)))))))))))))))))))))))))))))))))))))*)))))))))))))))))))*)))))))))))))))))))))))1
* Fol i at ed net anmor phi ¢ rock: Medi um hard sound * 30 to *
* slate, schist (sound condition * rock * *
* all ows ninor cracks). * * *
*)))))))))))))))))))))))))))))))))))))*)))))))))))))))))))*)))))))))))))))))))))))1
* Sedi mentary rock; hard cenented * Medi um hard sound * 15 to *
* shal es, siltstone, sandstone, *  rock * *
= i mestone without cavities. * * *
*)))))))))))))))))))))))))))))))))))))*)))))))))))))))))))*)))))))))))))))))))))))1
* Weat hered or broken bed rock of * Soft rock
* any kind except highly argil- * * *
* | aceous rock (shale). RQD |less > > >
* than 25. * * *

*)))))))))))))))))))))))))))))))))))))*)))))))))))))))))))*)))))))))))))))))))))))1
* Conpaction shale or other highly * Soft rock

> argillaceous rock in sound * * *
* condi tion. * * *
*)))))))))))))))))))))))))))))))))))))*)))))))))))))))))))*)))))))))))))))))))))))1
* \ell graded mixture of fine and * Very conpact
* coarse-grained soil: glacial * * *
> till, hardpan, boul der clay * * *
* (GMGCC, GC, SO * * *
*)))))))))))))))))))))))))))))))))))))*)))))))))))))))))))*)))))))))))))))))))))))1
* (ravel, gravel-sand m xtures, * Very conpact
* boul der gravel m xtures (SW SP, * Mediumto conmpact * 4 to 7 5 O *
* SW SP) * Loose * 2to 6 3.0 *
*)))))))))))))))))))))))))))))))))))))*)))))))))))))))))))*)))))))))))))))))))))))1
* Coarse to nmedium sand, sand with * Very conpact
* little gravel (SW SP) * Mediumto conmpact * 2to4 30 *
> * Loose ~ 1to 3 1.5 >
*)))))))))))))))))))))))))))))))))))))*)))))))))))))))))))*)))))))))))))))))))))))1
* Fine to nediumsand, silty or * Very conpact
* clayey nediumto coarse sand * Mediumto conmpact * 2 to 4 2 5 *
* (SW SM SO * Loose * 1to 2 1.5 *

-332333333333333333333333333333333333333333331333331333331333331333133133313313313313I)I))-
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TABLE 1 (continued)
Presunptive Values of Allowabl e Bearing Pressures for Spread
Foundat i ons

+32333333333333333333333333333333333333133333333133133313313331333331331331331331331133)33)) »

* * > Al owabl e Bearing *
> > > Pressure >
* * * Tons Per sq ft. *
> > *)))))))))))))))))))))))1
* Type of Bearing Material * Consi st ency Recomended *
* * In Place * Val ue for =
* * * Range Use *
*)))))))))))))))))))))))))))))))))))))*)))))))))))))))))))*)))))))))))))))))))))))1
* Honbgeneous inorganic clay, * Very stiff to hard> 3t 4.0

* sandy or silty clay (CL, CH) * Mediumto stiff * 1 to 3 2.0 *
* * Sof t *.5to1 0.5 *
* Inorganic silt, sandy or clayey * Very stiff to hard> 2 to 4 3.0 *
* silt, varved silt-clay-fine Sand * nmediumto stiff * 1to 3 1.5 *
* * Sof t *.5to1 0.5 *

2322533355333355333503335533353333353333553333503333503330I33DIIIIN)-

Not es:

1. Variations of allowable bearing pressure for size, depth and arrangenent
of footings are given in Table 2.

2. Compacted fill, placed with control of noisture, density, and lift
t hi ckness, has all owabl e bearing pressure of equival ent natural soil

3. Allowabl e bearing pressure on conpressible fine grained soils is
generally Iimted by considerations of overall settlenment of structure.

4. Allowabl e bearing pressure on organic soils or unconpacted fills is
determ ned by investigation of individual case.

5. If tabulated recommended val ue for rock exceeds unconfined conpressive

strength of intact specinmen, allowable pressures equal s unconfined
conpressi ve strength.
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TABLE 2
Sel ection of Allowable Bearing Pressures for Spread Foundations

+))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))
For prelimnary analysis or in the absence of strength tests of foundation

soil, design and proportion shallow foundations to distribute their

| oads usi ng presunptive val ues of allowabl e bearing pressure given in
Table 1. Mdify the noninal value of allowable bearing pressure for
special conditions in accordance with the follow ng itens.

2.  The maxi mum bearing pressure beneath the footing produced by eccentric
| oads that include dead plus normal live |oad plus pernanent |ateral
| oads, shall not exceed the nom nal bearing pressure of Table 1.

3. Bearing pressures up to one-third in excess of the nom nal bearing
values are pernitted for transient live load fromw nd or earthquake.
If overload fromw nd or earthquake exceeds one-third of nom nal bearing
pressures, increase allowable bearing pressures by one-third of nom nal
val ue.

4. Extend footings on soft rock or on any soil to a nminimmdepth of 18
i nches bel ow adj acent ground surface or surface of adjacent floor bearing
on soil, whichever elevation is the | owest.

5. For footings on soft rock or on coarse-grained soil, increase allowable
bearing pressures by 5 percent of the nonminal values for each foot of
depth bel ow t he m ni num depth specified in 4.

6. Apply the nomi nal bearing pressures of the three categories of hard or
medi um hard rock shown on Table 1 where base of foundation lies on rock
surface. Wiere the foundation extends bel ow the rock surface increase
the al |l owabl e bearing pressure by 10 percent of the nom nal val ues for
each additional foot of depth extendi ng bel ow the surface.

7. For footing smaller than 3 feet in |least lateral dinension, the allowable
bearing pressure shall be one-third of the nominal bearing pressure
multiplied by the least lateral dinension in feet.

8. \Where the bearing stratumis underlain by a weaker naterial determ ne
the al |l owabl e bearing pressure as foll ows:

-332333333333333333333333333333333333333333333333313313331331333133133133313313331331II)))-

Bk % o b b bk b b X R b b R b X b o X ok R X R % X b X % kX
LN N R N 2 I N N N N N N A A N N R N R N N N A N R
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TABLE 2 (continued)
Selection of Allowable Bearing Pressures for Spread Foundations

8 CONTINUED
Q = applied load, not including
weight of foundation itself.
4 L = length of foundation.
r )
I{* B b\ (B + 1.16H) (L + 1.16H) = area
t d i k .
,,30° 309‘\ N stressed in weaker layer
/ \
Vi \

7 A
7544
B+ LI6H

WEAKER LAYER '

Q
(B + L.I6H)(L + 1.16H) £ nominal value of allowable bearing pressure.

Area stressed in weaker layer shall not extend beyond intersection of 30°
planes extending downward from adjacent foundations.

9. Where the footing is subjected to a sustained uplift force, compute
ultimate resistance to uplift as follows:

Q = applied uplift load,

W = total effective weight of
soil and concrete located
within prism bounded by
vertical lines at base of
foundation. Use total unit
weights above water table
and buoyant unit weights
below.

Safety Factor = ~ > 2

o=

(This is a conservative procedure; see text for reference on more detailed
analyses procedures.)
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a. Standard Penetration Test. Relationships are presented in Reference
7, Foundation Engineering, by Peck, Hanson and Thornburn, for allowable
bearing values in terns of standard penetration resistance and for linmiting
settlenent. \When SPT tests are available, use the correlation in DM 7.1,
Chapter 2 to determne relative density and Figure 6, DM 7.1, Chapter 3 to
estimate [phi] values. Use Figure 1 to conpute ultimate bearing pressure.

b. Cone Penetration Test. The results of CPT may be used directly to
conpute al |l owabl e bearing pressure for coarse-grained soils. See Figure 8
(Reference 8, Shall ow Foundations, by the Canadi an Geotechnical Society).

c. Bearing Capacity From Pressureneter. |f pressuremeter is used to
determne in situ soil characteristics, bearing capacity can be conputed
fromthese test results. (See Reference 8.)

Section 3. SPREAD FOOTI NG DESI GN CONSI DERATI ONS

1. FOUNDATI ON DEPTH. In general footings should be carried bel ow

(a) The depth of frost penetration;

(b) Zones of high volune change due to npisture fluctuations;

(c) Organic materials;

(d) Disturbed upper soils;

(e) Uncontrolled fills;

(f) Scour depths in rivers and streans.

(g) Zones of coll apse-susceptible soils.
2.  ALTERNATI VE FOUNDATI ON METHODS - Light Structures. Light structures may
be supported by other types of shallow foundation treatnment such as: (a)
deep perineter wall footings; (b) overexcavation and conpaction in footing
lines; (c) mat design with thickened edge; (d) prel oading surcharge.
3. PROPORTI ONI NG | NDI VI DUAL FOOTI NGS. \Where significant conpression will
not occur in strata below a depth equal to the distance between footings,
i ndi vi dual footings should be proportioned to give equal settlenents, using

formulas fromDM 7.1, Chapter 5. See Figure 9 for an exanple.

4. CORROSI ON PROTECTI ON. Foundation desi gn shoul d consider potentially
detrimental substances in soils, such as chlorides and sul phates, with

appropriate protection for reinforcenent, concrete and nmetal piping. |If the
anal ysi s indicates sul phate concentration to be nore than 0.5%in the soi

or nore than 1200 parts per nillion in the groundwater, the use of a

sul phate resisting cement such as Type V Portl and cenent shoul d be
considered. |In additions, other protection such as | ower water-cenent

rati o, bitum nous coating, etc. may be required dependi ng upon the sul phate
concentration. See Reference 9, Sulphates in soils and Groundwaters, BRS
Di gest, for guidance.
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0.100 / /

0.075

0050

99/ 90ne

\\i§\h Dr/p .
AN

0025

0 2 4 6 8 10 12
B.FT
qa = ALLOWABLE BEARING PRESSURE

Teone = CONE RESISTANCE
D¢ =DEPTH OF SURCHARGE ABOVE THE BASE OF FOOTING
B =FOOTING WIDTH

FIGURE 8
Allowable Bearing Pressure for Sand From Static Cone Penetration Tests
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Al
EXAMPLE COL. A COL.B

L Loap =507 L LOAD = 180T

15—
SAND ¥y =120 PCF

N-AVG.z15 BLOW/FT.

 y N-AVG,=18 BLOWS/FT,

Column load A = 50 tons , Avg. ¥ = 15 blows/ft,
Column load B = 160 tons , Avg. N = 18 blows/ft.
Soil: well graded sand (SW) , V1= 120 pef
Column A
Assume square footing 5ft. x 5ft., B = 5ft,
Average overburden pressure at 6.5 ft. (Df + B/2) below ground
level:
Po =120 x 6.5 = 7B0 psf = 0.39 tsf
From Figure 3, DM-7.1, Chapter 2, Dp = 80%
From Figure 7, DM-7.1, Chapter 3, §§ = 37.5°
a) Determine Bearing Capacilty 1
From Figure 1, Qult = [120 x 4 x 45 + 0.4 x 120 x 5 x 70] 5005 = 19.2 tsf
Qult (net) = 19.2 - 120 x 4 « 19 tsf

2000
Use Fg = 3, .~ qall = 19 =6.3tsf

3

Minimum required footing size: 50 , 3ft, x 3ft, which is less than
assumed size 5ft. x 5ft, 6.3
b} Check for settlement,

To limit settlement, assume a 5ft. x 5ft, footing with q = 507 =2 tsf,
From Figure 6, DM-7.1, Chapter 5 K, = 255 tons/ft3 5ft, x 5ft,
al=4 x 2 x 52 x 12 = 0.26 inches
255 x (5 + D)2
Column B

Assume Bft. x 8ft. square footing
Average overburden pressure at 8ft. = (D¢ + B/2) below ground level,
P, =120 x 8 x _ 1 = 0,48 tsf
2000
From Figure 3, DM-7.1, Chapter 2, Dy = 87%
From Figure 7, DM-7.1, Chapter 3, ¢ = 3§°
a) Determine Bearing Capacity
From Figure 1,%ult = [120 x 4 x 58 + 0.4 x 120 x 8 x 96] 1 = 32,3 tsf

2000
Qult (net)= 32.3 - 120 x 4 o 32 tsf
2000
Use Fg = 3.0 - 9all = 32 = 10.7 tsf
3

FIGURE 9
Example of Proportioning Footing Size to Equallize Settlements
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Minimum required footing size: 160 = 3.9 ft. x 3.9 ft.

10.7
b) Fooring size required for settlement equal to that of
Column A,

From Figure 6, DM-7.1, Chapter 5, Kyy = 290 tons/ft.’
0.26= 4 % 160 x BZ x 12

d 290 x B< x (B 4+ 1)2
ors= /Ax160x12 ~-1=9,1% 3.9

0.26 x 290 Settlement Governs

Use 9.1 x 9.1 footing for Column B

FIGURE 9 {(continued)
Example of Proportioning Footing Size to Equalize Settlements
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El ectrical corrosive properties of soil are inportant where netal
structures such as pipe lines, etc. are buried underground. A resistivity
survey of the site may be necessary to evaluate the need for cathodic
protection.

Section 4. MAT AND CONTI NUOUS BEAM FOUNDATI ONS

1. APPLI CATIONS. Dependi ng on econom c consi derations mat foundations are
general ly appropriate if the sum of individual footing base areas exceeds
about one-half the total foundation area; if the subsurface strata contain
cavities or conpressible lenses; if shallow shear strain settlenments

predom nate and the mat would equalize differential settlements; or if

resi stance to hydrostatic uplift is required.

2. STABILITY AND SETTLEMENT REQUI REMENTS. As with other types of

foundati ons, a mat foundation nust have an anple factor of safety (see
Section 2) against overall shear failure and it nmust not exhibit intolerable
settlenent (see DM 7.1, Chapter 5).

Since mat footings are sinply large footings, the bearing capacity
principles outlined in Sections 2 and 3 of this chapter are applicable. The
ultimate bearing capacity of large mats on coarse-grained soils is usually
very high and design is usually controlled by settlement (see DM 7.1,

Chapter 5). For mats on cohesive soils, shear strength parameters for soils
at depth nust be determ ned for the proper evaluation of factor of safety
agai nst deepseated failure.

3. DESI GN PROCEDURES. A design nmethod based on the theory for beans or

pl ates on discreet elastic foundations (Reference 10, Beans on Elastic
Foundati on, by Hetenyi) has been recomrended by ACI Committee 436 (Reference
11, Suggested Design Procedures for Conbined Footings Mats) for design of mat
foundations. This analysis is suitable for foundations on

coarse-grained soils.

a. TIwo-dinensional Problenms. For walls or crane track footings or mat
foundati ons subjected to plane strain, such as drydock walls and |inear
bl ocki ng | oads, use the procedures of Table 3 and Figures 10 and 11
(Reference 10). Superpose shear, nonent, and defl ection produced by
separate | oads to obtain the effect of conbined | oads.

b. Three-dinmensional Problens. For individual |oads applied in
irregular pattern to a roughly equi-di mensional mat, anal yze stresses by
nmet hods of plates on elastic foundations. Use the procedures of Table 4 and
Figure 12.

Super pose shear, noment, or deflection produced by separate |oads to
obtain the effect of conbined | oads.
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TABLE 3
Definitions and Procedures, Analysis of Beams on Elastic¢ Foundation

Definitions:

Ky, = Modulus of subgrade reaction for a 1 sq ft bearing plate.

Kp = Modulus of subgrade reaction for beam of width b, Ky = (Ky, }/b

y

A=

Deflection of beam at a point.

Pressure intensity on the subgrade at a point, p = y{¥Xy)
Width of beam at contact surface

Moment of inertia of beanm

Modulus of elasticity of beam material

Beam length

Characteristics of the system of beam and supporting soll =

4

\ s /Khb
¥ & EI

Procedure for Analysis:

1.

2-

Determine E and establish K, from Figure 6 in EM-7.01, Chapter 5 or
from plate bearing tests.

Determine depth of beam from shear requirements at critical section
and width from allowable bearing pressure. Compute characteristic)
of beam and supporting soil.

Classify beams in accordance with relative stiffness into the
following three groups. Analysis procedure differs with each group.

Group 1 - Short beanms: A {w/4, Beam is considered rigid. Assume
linear distribution of foundation contract pressure as for a rigid
footing., Compute shear and moment in beam by simple staties.
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TABLE 3 (continued)
Definitions and Procedures, Analysis of Beams on Elastic Feundation

4.

Sign

Group 2 - Beams of medium length: w/4 {\<T . End conditions influ-
ence all sections of the beam, Compute moments and shears throughout
the beam length by the infinite beam formulas, top panel of Figure 10,
Determine in this way the shear and moments at the two ends of the
beam, By superposing on the loaded beam two pairs of concentrated
forces and moments at the ends of the beam, solutions for the infinite
beam are modified to conform to the actual end conditions. For
example, if Q = 0 and M = 0 at the ends of a free-ended beam, apply
redundant shear and moment at the ends equal and opposite to that
detemined from the infinite beam formnlas, See reference cited in
text for formulas for moments and shears in end loaded beam of finite
length,

Group 3 - Long beams: A>T . End condition at distant end has
negligible influence on moment and shear in the interior of the beam.
Consider beam as extending an infinite distance away from loaded end.
Compute moment and shear caused by interior leoads by formulas for
infinite beam, top panel of Pigure 10. Compute moment and shear for
loads applied near the beam ends by formulas for semi-infinite beam.
bottom panel of Figure 10, Superpose moment and shear obtained from
the two load systems.

Obtain functloms Ayy , Byy , Chx » Dyx » for use in formulas of Figure
10 from Figure 11.

Convention:

Consider infinitely small element of beam between two vertical cross
sections at a distance dy apart.

+Q

M

+y = Downward delection.

= Upward acting shear force to left of sectiom.

Clockwise movement acting from the left to the section,

Q qdx

H o
M( -—dx--)M'l-dM

A

Zde ALY

Q+dQ
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CONCENTRATED LOAD APPLIED MOMENT
P Mo
io =X a —=X
DEFLECTION: y = o2 a DEFLECTION: y: MOM
¥ 2K A - Ax
MOMENT : M= %Ckx MOMENT:  m: MOp, .
. ._FP : . Mo)\
SHEAR : @ -5 Dy SHEAR Q A
UNIFORMLY DISTRIBUTED LOAD
POINT C iS UNDER LOAD DEFLECTION  y¢ = -3 (2-Dy g ~0pp )
z L 2K 7" TAaTTAb
g rr7/nz/ﬁr I .46!///’/////// é/ trvd MOMENT - Mg = ggz (Bag+Bab)
(1]
E 9 b SHEAR: Q¢ = (Crag -
g c ax (Cxa ~CAb)
[T
z POINT C IS LEFT OF LOAD q
DEFLECTION : yc = 3y (Dha -~ DAb)
YRR Y] q qQ
”c'"’a"’ L L A A L ’B’l,f MOMENT: Mc =_4k2 (BM_Bkb)
b SHEAR: Qg = E_A(CM'C)‘M
POINT C IS RIGHT OF LDAD
DEFLECTION : ye = = g (DAg~DAp)
q
rrrrrrrr b e MOMENT:  Mc = -3 (BAq-BAb)
Bl p IC 2
a SHEAR: Qc - % {Cha~CAb)
FREE END, CONCENTRATED LOAD 2PA
A0 rrrrrreem —= X DEFLECTION: ¥ = —I% Day
MOMENT: M = — PT' BAx
SHEAR : @ = - P Chy
-3
= FREE END, MOMENT 2
3 ' DEFLECTION: y = - ZMLA oy o
W { ] Kk
= o —X MOMENT: M = M| A)xx
= SHEAR : Q = -2M]AByy
i
Z ["FREE END BEAM,CONCENTRATED LOAD NEAR END N
(5]
a 4P —X DEFLECTION :y=52- [CM*DM’Ahx‘ZIC‘)q*'DM’ka*‘ua.x]
IF NOTATION (C)a+2D)\g)=a
AND (Chg+D)g )= 1S USED
y MOMENT: M= W{uckx '230’\1*'01\((:—;«) ]
P
SHEAR : Q=- TE’ D’“‘_BAMtDMa—x)}
FIGURE 10

Computation of Shear, Moment, and Deflection, Beams on Elastic Foundation
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TABLE 4
Definitions and Procedures, Mats on Flastic Foundations

H
u

Mp, Mg =

Definitions:

Distance of point under investigation from point column load along
radius

Radial and tangential moments (polar coordinates) for a unit
width of mat

Shear per unit width of mat

Moment which causes a stress in the x-direction (rectangular
coordinates)

Moment which causes a stress in the y=direction (rectangular
coordinates)

Stress due to My
Stress due to My
Deflection of mat at a point

width of mat

Procedure for Analysis:

1.

Determine modulus of subgrade reaction for foundation width "b"™ - as
follows:

For cohesive soils: K, = K, /b,

b+l\2

For granular soils: Ky, = Ky (‘5;

Determine mat thickness h from shear requirements at critfeal
sections.

Determine values of E and Poisson's ratio g for mat.

Calculate flexural rigidity of mat, D =

Eh3
12{1~p2)

4
D
Calculate radius of effective stiffness: L = V E;_

Radius of influence of individual column load equals approximately 4L.
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7, To deternine radial and tangential moments and deflections at any point
from an lnterior colum load use the following formulas:

() P L
Wy -4LE24(E]-(I-[.L)—3£—EJ, §e 0= 2 )

nif) el
M1='41[#24(E]+II-P)%—EJ=EZS(E)

To convert radial and tangential moments to rectangular coordinates, use
the following relationships:

My =M, COSZY +M, SINEY
My=Hy SIN2Y + My COS 2y

Deternine functions Z3(€), Z's(), %), and 2';() fron
Figure 12,

[retrieve TABLE 4: (continued) Definitions and Procedures, Mats on Elastic
Foundat i ons]
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c. Modulus of Subgrade Reaction. The nodul us of subgrade reaction (K)
i s expressed as:

K= p/[ W DELTA] H
wher e: contact pressure (stress unit)
soi|l deformation (Iength)

p
[ W DELTA]

(1) Kwvaries with the width and shape of the | oaded area.
Enpirical correction for strip footings from Reference 12, Evaluation of
Coefficient of Subgrade Reaction, by Terzaghi are:

(a) Cohesive soil
K+b, = K+VlI ,, [ +b,
wher e: K+b, = coefficient of subgrade reaction for foundation of width b
K+VI , = coefficient of subgrade reaction for a 1' x 1' plate
If the |l oaded area is of width, b, and length, m+b,, k+b, assunmes the val ue:

k+Vl, m+ 0.5
K+b, = 3123 (D)D)
b 1.5m

If actual plate |oad tests on cohesive soil are not available, estimtes of
K+v, can be made in general accordance with the reconmendations in Reference
12. If actual plate load tests are not avail able use correlation for K+v*,,
in Figure 6, DM 7.1, Chapter 5.

(b) Granular soil.
b +1
K+b, = K+VI, (D))))) -2-
2b

(c) Limtations. Values of K+b, as determ ned from
extrapol ati on of plate bearing tests should be utilized with judgerment and
care. Unlike the deformation in full size mat the deformation fromplate
load tests is not reflective of the underlying deeper strata. Also results
fromplate | oad tests on saturated or partially saturated clays may be
unreliabl e because tinme may not permit conplete consolidation of |oaded
cl ay.

(2) An estimate of K+b, may be obtained by back calculating froma
settlenent analysis. The settlenent of the mat can be cal cul ated assunming a
uni form contact pressure and utilizing the methods outlined in DM 7.1,
Chapter 4 5. The contact pressure is then divided by the average settl enment
to obtain an estimate of K+b,:

P
K+b, = ))2))))0000))»
[ W DELTA] H+avg,

wher e [ WDELTA] H+ravg, = average conputed settlement of the mat.
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For a flexible circular mat resting on a perfectly elastic materia
[ WDELTA] H+ravg, 0.85 x settlenment at the center. For other shapes see
DM 7.1, Chapter 5, Table 1

d. Numerical Methods. Methods of anal yses of nmat foundati on which
account for the stiffness of the superstructure and the foundation, in which
the soil is nodelled as an elastic half space continuumutilizing finite
el ement techni ques are nore accurate. A variety of soil constitutive
rel ati onshi ps such as linear elastic, non-linear elastic, elasto-plastic,
etc. can be utilized. Finite elenent techniques are well suited to these
problems. See Appendix for listing of conmputer prograns.

Section 5. FOUNDATI ONS ON ENG NEERED FI LL

1. UTILIZATION. Fills placed with controlled conpaction may be used
beneat h structures for the foll ow ng purposes:

(a) To raise the general grade of the structure or to replace
unsui tabl e foundation soils.

(b) To provide a relatively stiff mat over soft subsoils in order to
spread bearing pressures fromcolum | oads and decrease colum settlenents.

(c) To bridge over subsoils with erratic hard and soft spots or small
cavities.

(d) To accelerate subsoil consolidation and to elimnate all or part of
settlenent of the conpleted structure when used wi th surcharge.

2. COWPACTI ON CONTROL. Rigidity, strength, and honpgeneity of many natura
soils may be increased by controlled conpaction with appropriate equi prent.
A conpl ete di scussion of compaction requirements and control is presented in
Chapter 2. Other nethods of densifying in-place soils are given in DM 7.3,
Chapter 2.

3. CGEOMETRIC LIMTS OF COWACTION. The limts of the zone of conpacted soi
beneath a footing should consider the vertical stresses inposed by the
footing (stress-bulb) on the soils beneath it. Recommended requirenents for
conpaction beneath a square and a continuous footing are illustrated in
Figure 13. For large footings, the necessary depth of conpacted fill should
be deternmined froma settlenment anal ysis.

Section 6. FOUNDATI ONS ON EXPANSI VE SO LS

1. POTENTI AL EXPANSI ON CONDI TI ONS. Soi |l s whi ch undergo vol ume changes upon
wetting and drying are terned expansive or swelling soils. |If surface clays
above the water table have a Pl greater than about 22 (CH clays) and
relatively | ow natural water content, potential expansion nust be

consi dered. These soils are nost commonly found in arid climates with a
deficiency of rainfall, over-evaporation, and where the groundwater table

is low Mdttled, fractured,
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d = DEPTH TC ADEQUATE BEARING MATERIAL }WHICHEVER IS LESS
d=2Xb

SQUARE FOOTING

d = DEPTH TO ADEQUATE BEARING MATERIAL

WHICHEVER IS LESS
d=1-v2 Xb

FIGURE 13
Limits of Compaction Beneath Square and Continuous Footings
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or slickensided clays, show ng evidence of past desiccation, are
particularly troubl esome. For other causes of swelling in soils and for the
conput ati ons of resulting heave see DM 7.1, Chapter 5, and DM 7.3, Chapter 3
for further guidance.

2.  ELI M NATI NG SO L EXPANSI ON POTENTI AL. \Where econonically feasible
renove potentially expansive soils from beneath footings and replace with
conpacted fill of granular soils or nonexpansive materials. |[|f this cannot
be done, consider spread footings or drilled and underreaned cai ssons
founded bel ow the zone of active swelling. Design the shafts of such
foundations with sufficient reinforcing to resist tensile forces applied to
shaft by friction or adhesion in the swelling materials. Reinforcing nust
be carried into the belled section to a point 4" above the base. At any
depth, tensile forces exerted on a shaft equal circunferential area of the
shaft times the difference between average swelling pressure above and bel ow
t he point under consideration.

Pl aci ng the base of foundation near the water table reduces heave danage
because of little change in noisture content. For construction techniques
in such soil see Figure 14 (top and center, Reference 13, Soil Mechanics
and Foundation, by Parcher and Means), DM 7.3, Chapter 3, and Reference 14,
Desi gn and Performance of Mat Foundati on on Expansive C ay, by Lytton and
Woodbur n.

Footing foundations can be successful if sufficient dead |oad is exerted
to elimnate heave conpletely or reduce it significantly in conjunction with
a structure rigid enough to withstand stress due to heaving. See DM 7.1
Chapter 5, and DM 7.3, Chapter 3 for nmethods of estimating the magnitude of
swel |

3. MNM ZI NG EXPANSI ON EFFECTS. \Where it is not econonmcally leasible to
renove expansive materials or to support foundations bel ow depths of
possi bl e expansion, the effects can be ninimzed as foll ows:

(a) \Were |arge seasonal changes in soil noisture are responsible for
swel I ing, schedul e construction during or inmediately after a prol onged
rainy period when there will be |l ess potential volume change in the future.

(b) For concrete floor slabs placed directly on potentially expansive
cl ays, provide expansion joints so the floor can nove freely fromthe
structural frane.

(c) For foundations on fill materials containing plastic fines and
susceptible to swelling, place fill at noisture content above optinumwith
density no higher than required for strength and rigidity. Excessive
conpaction will result in greater swelling.

(d) Grade beans should contain sufficient steel reinforcement to resist
the horizontal and vertical thrust of swelling soils. |If practical, place
conpressible joint filler or open bl ocks or boxes beneath grade beans to
m ni mze swelling pressures.

(e) Provide inpervious blankets and surface grading around the
foundations to prevent infiltration of surface water.
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STRUCTURALLY SUPPORTED SLAB POURED ON
COLLAPSIBLE CARDBOARD FORMS

GRADE BEAM POURED ON CARDBOARD FORMS

FIGURE l4
Construction Details for Swelling Soils
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(f) Locate water and drainage |lines so that if any | eakage occurs,

water will not be readily accessible to foundation soils thereby causing
damage.
(g) Consider stabilization of the foundation soils and backfill nmate

materials by |ine and other agents.

For further gui dance see Reference 15, Foundations on Expansive Soils,
by Chen, and DM 7.3, Chapter 3.

4. COLLAPSI NG SO LS. Many collapsing soils will slake upon inmersion, but
this is not a definitive indicator. Definite identification requires a pair
of consolidation tests with and without saturation, or by plate |oad tests
where water is added with the plate under stress. |In the case of

col lapsible soil, the e-log p curve for the specinmen, which was allowed to
cone in contact with water, is below that of the dry specimen. See DM 7.1,
Chapter 3 for testing procedures.

(a) |If positive nmeasures are practical for avoiding water foundation
contact, the "dry" strength of soil can be used for design purposes.

(b) Alternately, under sone conditions, prewetting of the soil is found
effective in reducing settlenents. By this process, the soil structure
breaks down resulting in its densification. This increases its strength
and reduces the total and differential settlenment. This nmethod is not very
successful especially where little additional |oad is applied during
wetting. For further guidance see DM 7.3, Chapter 3, and Reference 7.

Section 7. FOUNDATI ON WATERPROOFI NG

1. APPLICATIONS. See Table 5 for general requirements for waterproofing,
danpproofing, and waterstops. See References 16, 17, and 18; Foundation
Desi gn, by Teng, NAVFAC TS-07110, Menbrane WAt erproofing, and NAVFAC
TS-07160, Bituni nous Danpproofing, respectively, for guidance. For
basement s bel ow ground, two general schenmes are enployed as foll ows:

(a) \Were the permanent water table is above the top of basenment slab
provi de pressure resistant slab (pressure slab) or relieve uplift pressures
by underdrai nage (relieved sl ab).

(b) Where the water table is deep but infiltration of surface water
danpens backfill surroundi ng basenent, provide danpproof walls and sl abs
(see Tabl e 5, Danpproofing).

2. PRESSURE AND RELI EVED SLABS.

a. Pressure Slabs. In general, the choice between pressure or relieved
sl ab depends on overall econony, maintenance, |ayout, and operation, and
nmust be evaluated individually for each project. For basements extending
only a small depth bel ow groundwater, a pressure slab to resist maxi mum
probabl e hydrostatic uplift usually is econonical. Also, when the soi
bel ow water level is very pervious, an extensive and consequently very
costly drai nage system may be necessary. See Case A, Figure 15. Drainage
materi al shoul d be
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| ® pressure sas

TYPE "A" SUMP

s e 34" cwp MAINTAIN A MiN.OF
v 4 9" OF WATER AT
— i ALL TIMES
E,‘-: 4" MiN. SLAB-
WATER PROOFING |}
MEMBRANE—=1]-"- o1 PIFE
.
4 B
M L
WATERSTOP — Znnmu PIPES
OPTIONAL
10" MIN. DRAINAGE
COURSE

GENERAL REQUIREMENTS:
. SEE CHAPTER € DM-7I1 FOR REQUIREMENTS FOR FILTER IN DRAINAGE SYSTEM.

2. SEE TABLE 5 FOR REQUIREMENTS FOR CEMENT PLASTER WATERPROOFING (CWP},
AND DAMPPROCFING.

MATERIAL FOR UNDER -FLOOR DRAINAGE COURSE SHALL CONSIST OF SOUND,CLEAN
GRAVEL OR CRUSHED ROCK, 3/4 IN.TO 2 IN. IN SIZE.

RELIEVED SLAB

IMPERYIQUS COVER

j=— DAMPPROCFING FOR PRESSURE RELIEVED
SLAB, PROVIDE PERIPHERAL
DRAIN AT BASE OF FOUNDATION
USE TYPE "A“ WALL . REPLACE CWP ON
r—PERVIOUS BACKFILL oR "'c" SUMP FOUNDATION WALL WITH
DAMPPROOFING.

4"MIN. 5L

PIPE DRAINS —
4" SAND FILTER —
10" MIN. DRAINAGE COURSE — |

FIGURE 15
Typical Foundation Drainage and Waterproofing
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WATERPROOFING
MEMBRANE

;53/4“ CwP

.|| DRAIN PIPES
'»|| OPTIONAL

€ SEALED SITE

4" MIN.SLAB NOTE : IMPERVIOUS STRATUM OF
SMALL THICKNESS MAY NOT BE ABLE
TO WITHSTAND PRESSURE DUE

[ DAMPPROOFING TO HIGH WATER TABLE OUTSIDE

THE FOUNDATION,

FILTER

SOUND ROCK OR
THICK IMPERVIOUS STRATUM

e

TYPE C SUMP

AL

gl
-

L]
o0

L10" MIN. DRAINAGE
COURSE

IF SOUND ROCK OR IMPERVIOUS STRATUM
EXTENDING TO A GREAT DEPTH IS ENCOUNTERED
AT SHALLOW DEPTH BELOW FOUNDATION,

CARRY QUTSIDE WALL AS CUTOFF, DISPENSE

WITH WALL DRAIN AND REPLACE CAP ON
FLOOR SLAB WITH DAMPPROOFING. ARRANGE
DISCHARGE FROM DRAINAGE SYSTEM TO
PREVENT AERATION OF DRAINAGE COURSE.

FIGURE 15 (continued)
Typical Foundation Drainage and Waterproofing
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sound, clean gravel or crushed stone graded between 3/4 and 2 inches,
conpacted by two or three coverages of vibrating base plate conpactor. Open
joint drain pipe should be added beneath sl abs of |arge plan dinmensions.
Provi de water- stops at the construction joints between pressure slab and
wal | .

b. Relieved Slabs. For basenents at consi derable depth bel ow
groundwater level, it is usually econom cal to provide pressure relief
beneat h the foundation slab. See Cases B and C, Figure 15. |f pervious
materials of great depth underlie the foundation level, include a wall drain
and drai nage course beneath the slab. See DM 7.1, Chapter 6 for filter
requi rements and drain spacing. |f foundation walls can be carried
econom cal ly to underlying sound inpervious rock or thick inpervious
stratum onmit wall drains. Arrange sunps for drainage discharge to avoid
aerating drainage course.

3. WATERPROOFI NG REQUI REMENTS. I n addition to | eakage under pressure

t hrough joints and cracks, water may nove through basement walls and floors
by capillary action and as water vapor. A drainage course can be used to
interrupt capillary action, but it will not prevent novenment of water vapor
t hrough slabs. Plastic vapor barriers are useful in providing an effective
vapor barrier.

a. Menbrane Waterproofing and Danpproofing. Apply nenbrane (see Figure
15B) for basenents utilized for routine purposes where appearances are
uni nportant and sone danpness is tolerable.

b. Cenent Plaster Waterproofing. Where it is inportant to prevent
danpness or noisture in a basenent, specify cenent plaster waterproofing,
consi sting of sand-cement nortar hand trowel ed on chi pped and roughened
concrete surface. Properly applied, this is a very effective nethod
agai nst danpness and npi sture.

Section 8. UPLIFT RESI STANCE

1. ROCK FOUNDATI ON. Resistance to direct uplift of tower |egs, guys, and
ant ennas, where the foundation is resting directly over rock, may be
provided by reinforcing bars grouted in rock. 1In the absence of pull out
tests, determ ne uplift resistance by enmpirical formulas of Figures 16 and
18. These formulas apply to bars in fractured rock near the rock surface.

Hi gher shear strength is to be expected in sound, unweathered rock. To
devel op rock strength, sufficient bond must be provided by grout surrounding
the bar. Bond strengths May be increase by using washers, rock bolts,

def ormed bars, or splayed bar ends.

Gui dance for design rules is given in DM 7.3, Chapter 3 and quality contro
associ ated with pre-stressed, cement grouted rock anchors is found in
Ref erence 19, Rock Anchors - State of the Art, by Littlejohn and Bruce.

2. SO L FOUNDATI ON. For sustained uplift on a footing, see Table 2.
Transient uplift fromlive |oads applied to footings, piers, posts or
anchors is
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SINGLE BAR ANCHORAGES

Pa = ALLOWABLE ANCHOR PULL
D = EMBEDMENT DEPTH, MEASURED AS SHOWN
Call = ALLOWABLE ROCK SHEAR STRESS
fe = ALLOWABLE BAR STRESS, 20 K51

brqd =BOND STRESS ON BAR PER!METER REQUIRED

TO DEVELOP Cqll
A = BAR CROSS - SECTION AREA

Pa = {2.1) DZ(Cqll} AND Fa = Afs

Pa

brqd*  GAR PERMETER D

TESTS INDICATE THAT FOR BAR IN ORDINARY

FRACTURED ROCK NEAR THE SURFACE:
MINIMUM D(FT) ={1.25}VFs (KIPS)

AT THIS DEPTH Cgj| = 0.3 KSF AND SHOULD

NOT BE TAKEN GREATER THAN THIS VALUE

WITHOUT PULLOUT TESTS

SPACING OF BARS IN PLAN SHOULD EXCEED ).2D

EXAMPLE :
GIVEN: Py = 20K FOR | IN. SQUARE BAR
MINIMUM D = 1.25 Y20 =56 FT.

BAR SPACING =1.2 (56)=6.TFT.

=74 PSI

20,000
brad = Zse)1z)

PLAN

rBA\RS IN SQUARE ARRAINBEMEN7

BAR GROUP ANCHORAGE

Py = ALLOWABLE ANCHOR PULL FOR GROUP OF BARS.
N = NUMBER OF BARS IN SQUARE ARRANGEMENT
P = 4.6D{B+0.58D) Cq|| AND

PT = NA fg
brogd = Pr
BAR PERIMETER x ND

TESTS INDICATE THAT FOR BAR GROUP IN ORDINARY
FRACTURED ROCK NEAR THE SURFACE :
MINIMUM D(FT)

_ =468 Cgl| +Y21.282{Cq)[’¥ +10T Cg|| x NAfy
534 Cqll

AT THIS DEPTH Cg|| = 0.3 KSF AND SHOULD NOT
BE TAKExN GREATER THAN THIS VALUE WITHOUT
PULLOUT TESTS .

4]

EXAMPLE :

GIVEN PT =80K,USE 4 —1 IN SQUARE BARS
B :45FT fg=20KS|

MIN. D: WITHOUT TESTS:

b

_-4.6% 45k 0.3+121.2x 452x 032+4107x Q3x4x 15200

5.34x 0.3
=69FT

._ 80000
brqd * @yaesyiiz - SO PS!

FIGURE 16
Capacity of Anchor Rods in Fractured Rock
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WEDGE OF S0IL
ACTING TO RESIST P
UPLIFT

ANGLE B = 30° FOR COHESIVE SOIL ,20°FOR
GRANULAR SOIL.

WT = WEIGHT OF FOOTING PLUS WEDGE OF SOIL
ACTING TO RESIST UPLIFT.

SAFETY FACTOR 5!.'5]'_ » SAFETY FACTOR SHOULD
BE NO LESS THAN 1.5 WHERE TRANSIENT LOADS APPLY,

[FOOTING RESISTING LARGE UPLIFT AND SMALL HORIZONTAL LOAD I_

Wg = WEIGHT OF WEDGE OF SOILON SIDE OF FOOTING
TENDING TO MOVE UPWARD,

We = WEIGHT OF FOOTING,

ANALYSIS OF STABILITY AND SOIL PRESSURES
SAME AS IN FIGURE I5 CHAPTER 3.MAXIMUM SOI_
PRESSURE ON BASE OF FOOTING IS OBTAINED
BY COMBINING Wg, W, . APPLIED LOAD AND
MOMENT.

REQUIRED SAFETY FACTOR AGAINST OVERTURNING
2 1.5, WHERE TRANSIENT LOADS ARE APPLIED.

] FOOTING RESISTING LARGE MOMENT ANC SMALL UPLIFT AND HORIZONTAL LOAD, l

MOMENT |5 RESISTED BY EARTH PRESSURE ON
SIDES OF PIER OR POST.

— e

PIER FOR ANALYSIS OF STRESS OR DEFLECTION, SEE CASE I,
OR POST~ | FIGURE 1| CHAPTER 5.
Z— L3 _l" ALLOWABLE MOMENT ORDINARILY IS LIMITED BY
:.-:}'. THE TOLERABLE MOVEMENT OF THE FOUNDATION,
d b
' EARTH Passsunk
ON VERTICAL SIDES
[PIER OR POST RES!STING LARGE MOMENT AND SMALL UPLIFT AND HORIZONTAL LOAD. ]
Pz RESULTANT OF P

GUY FORCES

N
ST
oy ‘—”Z
AL
IN ROCK IN SOIL BY PILES
{ SEE FIGURE 16) {SEE FIGURE 18] {5EE FIGURE 8, CHAFTER 5}

[mwsn GUY ANCHORAGE (SEE CHAPTER 5) l

FIGURE 17
Resistance of Footings and Anchorages to Combined Transient Loads
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WEDGE OF SOIL
ACTING TO RESIST P
UPLIFT

ANGLE 8 = 30° FOR COHESIVE SOIL , 20°FOR
GRANULAR SOIL.

WT = WEIGHT OF FOOTING PLUS WEDGE OF SOIL
ACTING TO RESIST UPLIFT.

SAFETY FACTOR =£PT_ , SAFETY FACTOR SHOULD

BE NO LESS THAN 1.5 WHERE TRANSIENT LOADS APPLY.

IFOI)TING RESISTING LARGE UPLIFT AND SMALL HORIZONTAL LOAD—l

l... Wy = WEIGHT OF WEDGE OF S0IL ON SIDE OF FOOTING
: TENDING TO MOVE UPWARD,
W = WEIGHT OF FOOTING.
ANALYSIS OF STABILITY AND SOL PRESSURES
SAME AS IN FIGURE I5 CHAPTER 3. MAXIMUM SOIL
PRESSURE ON BASE OF FOOTING 1S OBTAINED
BY COMBINING Wg, W, . APPLIED LOAD AND

MAXIMUM
5 AMUOWABLE  MOMENT.

BEARING REQUIRED SAFETY FACTOR AGAINST OVERTURNING
PRESSURE 1 1.5 WHERE TRANSIENT LOADS ARE APPLIED.

I FOOTING RESISTING LARGE MOMENT AND SMALL UPLIFT AND HORIZONTAL LOAD. 1

H

:

MOMENT {5 RESISTED BY EARTH PRESSURE ON
SIDES OF PIER OR POST.

et e

PIER FOR ANALYSIS OF STRESS OR DEFLECTION, SEE CASE I,
OR POST-, |- . FIGURE I} CHAPTER 5.
2_ N ALLOWABLE MOMENT ORDINARILY 1S LIMITED BY
i da /é THE TOLERABLE MOVEMENT OF THE FOUNDATION.
ey B
' EARTH PRESSJRR
ON YERTICAL SIDES
PIER OR POST RESISTING LARGE MOMENT AND SMALL UPLIFT AND HORIZONTAL LOAD.
P= RESULTANT OF B
GUY FORCES
N
A AN
Vdls
IN ROCK IN SOIL BY PILES
{ SEE FIGURE 16} {SEE FIGURE 18} {SEE FIGURE 8,CHAPTER 5}

TOWER GUY ANCHORAGE (SEE CHAPTER 5) I

FIGURE 17
Resistance of Footings and Anchorages to Combined Transient loads
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anal yzed as shown in Figure 17. Tower guy anchorage in soil is analyzed in

Figure 18. For a deadman in weak soil, it may be feasible to replace a
consi derabl e vol une of soil with granul ar backfill and construct the bl ock
within the new backfill. [If this is done, the passive wedge should be
contained entirely within the granular fill, and the stresses on the

remai ni ng weak material should be investigated. See Reference 6 for
gui dance.

3. CORRCSION. For tenporary anchors mnimal protection is needed unl ess
the environnents are such that rapid deterioration takes place. Permanent
anchor bars are covered with grout. |In corrosive environnents it is comon
practice to provide additional protection by coating with material (epoxy,
pol yester resin) with proven resistance to existing or anticipated corrosive
agents. The coating agent should not have any adverse effect on the bond.

4. ROCK AND SO L ANCHORS. When the load to be resisted is large, wire
tendons which can al so be prestressed to reduce novenents are enpl oyed.

Al so, because of corrosion special precautions may be necessary when

per manent anchors are provided in marine environments. |n the analysis of
anchors, because of subnergence, the bouyant unit weight of soils should be
used. The buil dup of excess pore pressure due to repetitive |oads shoul d

al so be evaluated in the case of granular soils. For a discussion of cyclic
nobility and |iquefaction see DM 7.3, Chapter 1. For the design of anchors
see DM 7.3, Chapter 3.
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CHAPTER 5. DEEP FOUNDATI ONS
Section 1. | NTRODUCTI ON

1. SCOPE. This chapter presents information on the comon types of deep
foundati ons, anal ysis and design procedures, and installation procedures.
Deep foundations, as used in this chapter, refer to foundations which obtain
support at some depth below the structure, generally with a foundati on depth
to width ratio (D' B) exceeding five. These include driven piles, drilled
piles, drilled piers/caissons, and foundations installed in open or braced
excavations well below the general structure. Diaphragmwalls are discussed
in DM7.03, Chapter 3.

2. APPL| CATION. Deep foundations are used in a variety of applications
i ncl udi ng:

(a) To transnit |oads through an upper weak and/or conpressible stratum
to underlying conpetent zone.

(b) To provide support in areas where shallow foundations are
i mpractical, such as underwater, in close proxinity to existing structures,
and ot her conditions.

(c) To provide uplift resistance and/or |lateral |oad capacity.
3. RELATED CRITERIA. For additional criteria relating to the design of

deep foundations and the sel ection of driving equi pnent and apparatus, see
the foll owi ng sources:

Subj ect Sour ce
Pile Driving Equi pnent NAVFAC DM 38. 04
General Criteria for Piling in Waterfront Construction NAVFAC DM 25. 06

4. LOCAL PRACTICE. The choice of the type of deep foundation such as pile
type(s), pile design capacity, and installation procedures is highly
dependent on | ocal experience and practice. A design engineer unfamliar
with these local practices should contact |ocal buil ding/engineering
departments, |ocal foundation contractors, and/or |ocal foundation

consul tants.

5. I NVESTI GATI ON PROGRAM  Adequat e subsurface exploration nmust precede the
design of pile foundations. Investigations nust include the follow ng:

(a) Geological section showing pattern of major strata and presence of
Possi bl e obstructions, such as boul ders, buried debris, etc.

(b) Sufficient test data to estimate Strength and conpressibility
paranmeters of mmjor strata.

(c) Determ nation of probable pile bearing stratum

For field explorations and testing requirements, see DM 7.01, Chapter 2.
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6. CONSTRUCTI ON | NSPECTI ON. The performance of a deep foundation is highly
dependent on the installation procedures, quality of workmanship, and
installation/design changes made in the field. Thus, inspection of the deep
foundation installation by a geotechnical engineer normally should be
required.

Section 2. FOUNDATI ON TYPES AND DESI GN CRI TERI A

1. COWDON TYPES. Tables 1 and 2 summarize the types of deep foundations,
fabricated fromwood, steel, or concrete, in comon usage in the United
States. Table 1 presents pile types and Table 2 presents excavated
foundation types including drilled piers/caissons. General comrents on
applicability of the various foundation types are given in Table 2, but

| ocal experience and practices, conparative costs, and construction
constraints should be reviewed carefully for each site.

a. Driven Piles. These are piles which are driven into the ground and
i ncl ude both | ow displacenment and hi gh di spl acenent piles. Low
di spl acement piles include H and | section steel piles. Open end piles
which do not forma plug, jetted piles, and pre-bored driven piles may
function as | ow displacenent piles. Solid section piles hollow section
cl osed end piles, and open end piles formng a soil plug function as high
di spl acement piles. Al the pile types in Table 1 except auger-placed piles
are driven piles.

b. Excavated Foundations. These foundations include both drilled piles
and piers and foundations constructed in open or braced excavations (see
Ref erence 1, Foundation Design, by Teng). Drilled piles include
auger-placed piles and drilled pier/caissons either straight shaft or
bel | ed.

2. OTHER DEEP FOUNDATI ON TYPES. Tables 1 and 2 include only the nost
conmonly used pile types and deep foundation construction procedures. New
and innovative types are bei ng devel oped constantly, and each nust be
apprai sed on its own nerits.

a. Drilled-in Tubular Piles. These consist of heavy-gauge steel tubular
pil e capable of being rotated into the ground for structure support. Soils
in the tube may be renoved and replaced with concrete. Used in penetration
of soil containing boul ders and obstructions, or drilling of rock socket to
resist uplift and lateral forces. Steel H-sections within concrete cores
are used to develop full end bearing for high | oad capacity.

b. TPT (Tapered Pile Tip) Piles. These consist of a mandrel drive
corrugated shell with an enl arged precast concrete base. This type of pile
is usually considered in conditions suitable for pressure injected footings.
The principal clainmed advantage is the avoi dance of punching through a
relatively thin bearing stratum

c. |Interpiles. These consist of an uncased concrete pile, formed by a
mandrel riven steel plate. A steel pipe mandrel of smaller diameter than
the plate is used, and the void created by the driven plate is kept
continuously filled with concrete. It is clained that this pile devel ops
greater side friction in a granular soil than drilled piers and conventiona
driven piles.
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TABLE 1
Design Criteria for

Bearing Piles

+32333331313333313333333333333333333333313333313331331333133333133333133133133133133333133)) »
LE TYPE > TI MBER =~ STEEL - H SECTI ONS >

~ P

*223333333333333733333333333333333331333133133113313331333313313313311331333133133313313I)0))))1

*~CONSI DER FOR
*LENGTH CF
~APPLI CABLE
*VATERI AL SPEC-
=| FI CATI ONS.
*NVAXI MUM

*STRESSES.

*

*

*~CONSI DER FOR
~DESI GN LOADS
~CF

~DI SADVANTAGES

*

*

*~ADVANTACES

*

*

=30- 60FT

*

*ASTM - D25

*

*

*MEASURED AT MOST CRI TI CAL PO NT,
*1200 PSI FOR SCQUTHERN PI NE AND

*DOUGALAS FI R

*HANDBOCK NO. 72 FOR STRESS VALUES

~CF OTHER SPECI ES.

*

=10 - 50 MNS

*

=Dl FFI CULT TO SPLI CE.
*VULNERABLE TO DAVAGE | N HARD
*DRI VING TI P MAY HAVE TO BE
*~PROTECTED. VULNERABLE TO DECAY
*UNLESS TREATED, WHEN PI LES ARE

*| NTERM TTENTLY SUBMERGED.

*

*

*~COVPARATI VELY LOW I NI TI AL COST.
*PERVMANENTLY SUBMERGED PI LES ARE
*~RESI STANT TO DECAY,

~EASY TO HANDLE.

SEE U.S. D.A. WOCD

*

*40-100 FT

*

*ASTM A36

*

*

=12, 000 PAI.

*

=40 -120 TONS

*

*VULNERABLE TO CORRCSI ON WHERE
*~EXPCSED HP SECTI ON MAY BE
*DAVAGED OR DEFLECTED BY MAJOR

*OBSTRUCTI ONS.

*

*

*~EASY TO SPLI CE.
*~AVAI LABLE | N VARI QUS LENGTHS
*~AND S| ZES. H GH CAPACI TY.

*~SVALL DI SPLACEMENT.

*



> > *ABLE TO PENETRATE THROUGH >
* * *LI GHT OCBSTRUCTI ONS. >
* * *HARDER OBSTRUCTI ONS MAY BE *
*PENETRATED W TH APPROPRI ATE

*~PA NT PROTECTI ON OR VWWHERE
*PENETRATI ON OF SOFT RCCK | S

b X %
ok X %

*REQUI RED. *
*REMARKS *BEST SUI TED FOR FRICTI ON PILE IN =*BEST SUI TED FOR ENDBEARI NG ON *
* *GRANULAR MATERI AL. *ROCK. REDUCE ALLOWABLE *
* * *CAPACI TY FOR CORRCSI VE *
* * *[LOCATI ONS. *

-33233333333333333333333333333331333133333333331333331333331333331331133133313313313313I)I))-

GRADE

BUTT DIA 12" TO 22" @
i

3I

¥

4—DILE SHALL BE
TREATED WITH
if  WOOD PRESERVATIVE

TYPICAL |
(LLUSTRATIONS. | @

CROSS SECTION

CROSS SECTION

-+« TIP DIA 5" TO 8"
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TABLE 1 (continued)
Design Criteria for Bearing Piles

+)))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))

T- | N- PLACE CONCRETE (TH >
~ PILE TYPE = (1 NCLUDI NG PRESTRESSED) > SHELL DRI VEN W TH MANDREL) >
*2333333333333*33333333333333333333333333333333337333333333331313131I1I1I1I)I)I)I)*
*~CONSI DER FOR *40-50 FT FOR PRECAST *10-120 FT BUT TYPICALLY IN THE =
*LENGTH CF *60- 100 FT FOR PRESTRESSED. *50-90 FT. RANGE >
*~APPLI CABLE *~ACI 318 FOR CONCRETE ~ACl CODE 318- FOR CONCRETE. >
*MATERAL SPEC- *ASTM A15- FOR REI NFORCI NG STEEL > >
=l FI CATI ONS, = > >
*NVAXI MUM *FOR PRECAST- 33 % OF 28 DAY *33% OF 28- DAY STRENGIH OF >
*~STRESSES. *STRENGTH OF CONCRETE. *CONCRETE, W TH | NCREASE TO 40% =

*FOR PRESTRESSED- F+c,=0. 33 *~CF 28 DAY STRENGTH. >
*F' +c,-0. 27F+pe, *~PROVI DI NG >
*(WHERE: F+pe, | S THE EFFECTI VE *(A) CASINGIS AMN MM 14 GAUGE*
*PRESTRESS STRESS ON THE GROSS > THI CKNESS

*SECTI ON) . *(B) CASING | S SEAMLESS OR W TH

> WELDED SEANMVS

> *(C) RATIO OF STEEL YIELD

> > STRENGTH TO CONCRETE 28 DAY
> > STRENGTH | S NOT LESS THAN 6.
> *(D) PILE DI AMETER | S NOT

> > GREATER THAN 17".

Foob X ok F X % ¥

*

~SPECI FI CALLY DESI GNED FOR A WDE =SPECI FI CALLY DESI GNED FOR A W DE*
*RANGE CF LOADS. *RANGE CF LOADS.

* *

~DI SADVANTAGES*UNLESS PRESTRESSED, VULNERABLE TO =Dl FFI CULT TO SPLI CE AFTER

Foob % ok X b % kX o ¢ X %

> *HANDLI NG RELATI VELY H GH BREAKAGE *CONCRETI NG. REDRI VI NG NOT
> *RATE ESPECI ALLY WHEN PI LES ARE TO *RECOVMENDED. THI N SHELL
> *~TO BE SPLI CED. *VULNERABLE DURI NG DRI VI NG TO
> *H GH | NI TI AL COST. *~EXCESSI| VE EARTH PRESSURE OR
> *~CONS| DERABLE DI SPLACEMENT *| MPACT.
> *PRESTRESSED DI FFI CULT TO SPLI CE. *~CONSI DERABLE DI SPLACEMENT.
*~ADVANTACES  ~HI GH LOAD CAPACI TI ES. > NI TI AL ECONOW.
*~CORROSI ON RESI STANCE CAN BE *TAPERED SECTI ONS PROVI DE H GHER

*~ATTAI NED. HARD DRI VI NG PCSSI BLE. *BEARI NG RESI STANCE | N GRANULAR
*STRATUM CAN BE | NTERNALLY

*| NSPECTED AFTER DRI VI NG
*~RELATI VELY LESS WASTE STEEL
*VATERI AL. CAN BE DESI GNED AS
~END BEARI NG OR FRI CTI ON PI LE,
*CENERALLY WADED I N THE

*40- 100 TON RANCE.

Foob X ok F X % ¥

b X ok % X %
Foob % R ok b ok X R b X R % % b X % ¢ X ¥

*RENMARKS *CYLI NDER PI LES I N PARTI CULAR ARE *BEST SU TED FOR MEDI UM LOAD
* *SUl TED FOR BENDI NG RESI STANCE. *FRI CTI ON PI LES | N GRANULAR
* *GENERAL LQADI NG RANGE | S 40-400 *MATERI ALS.
* *TONS. * *
2DIIIN2N)
I
. g ae o - DI
: ; . e S DIIINININIMIM
= DIIIIINIINIIMIN-
ILLUSTRATIONS
)———1 THIC[—;N}—:SS 12 GAL
BE ST RS i

OR TAPERED
TN PMCIAL CHOSS SECTIONS
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TABLE 1 (continued)
Design Criteria for Bearing Piles

+)))))))))))))0))))))))))))))))))))))))))))))))))0))))))))))))))))))))))))))))))))

I N- PLACE CONCRETE
~ PILE TYPE = (SHELLS DRI VEN W THCOUT MANDREL)

*~ PRESSURE | NJECTED FOOTI NGS

*

/)))))))))))))3))))))))))))))))))))))))))))))))))3))))))))))))))))))))))))))))))))1

~CONSI DE
*LENGTH CF =30-80 FT.

* *

~APPLI CABLE ~ACI CCDE 318

*VATERI AL >

~SPECI FI - >

*CATI ON >

*NVAXI MUM *33% OF 28 - DAY STRENGIH OF
*STRESSES *~CONCRETE 9, 000 PSI I N SHELL,
> *THAN 1/8 | NCH THI CK.

* *

* *

*~CONSI DER FOR *50-70 TONS
~DESI GN LQOADS *

*G: *
~DI SADVANT- *HARD TO SPLI CE AFTER CONCRETI NG
*ACGES *~CONS| DERABLE DI SPLACEMENT

* *
* *
* *
* *

*~ADVANTACES  ~CAN BE REDRI VEN.

*

*SHELL NOT EASI LY DAMAGED.

b X ok F X % ¥

ooF X ok % X ¥

3
-
5

*BEST SUI TED FOR FRI CTI ON PI LES OF
*~MEDI UM LENGTH.

*

*

*

*

ok X %

*

=10 TO 60 FT

~ACl CCDE 318

*

*33% OF 28- DAY STRENGIH OF
*~CONCRETE. 9,000 PSI FCOR PI PE
*SHELL | F THI CKNESS GREATER THAN
*1/8 | NCH

*

*60- 120 TONS.

*BASE OF FOOTI NG CANNCT BE MADE
I'N CLAY OR WHEN HARD SPOTS

E. G ROCK LEDGES) ARE PRESENT
IN SO L PENETRATED. WHEN CLAY
LAYERS MJUST BE PENETRATED TO
REACH SUI TABLE NATERAL,

SPECI AL PRECAUTI ONS ARE

REQUI RED FOR SHAFTS IF IN
GRCUPS.

*~PROVI DES MEANS OF PLACI NG HI GH
* CAPACI TY FOOTI NGS ON BEARI NG
= STRATUM W THOUT NECESSITY FOR
*~ EXCAVATI ON OR DEWATERI NG

~H GH BLOW ENERGY AVAI LABLE FCR
* OVERCOM NG OBSTRUCTI ONS.
*CREAT UPLI FT RESI STANCE | F

= SU TABLY REI NFORCED.

*~BEST SUI TED FOCR GRANULAR SO LS
WHERE BEARI NG | S ACHI EVED
THROUGH COVPACTI ON ARCUND
BASE.

M NI MUM SPACI NG 4' -6" ON

* CENTER

*
*
*
*
*
*
*
*

ok X %

Foob % Rk ok bk b R X R b b R b X Rk X b kR X b X b % b X %

-3323333333333233333333333333333333133333333331333323333313331331333133133313313313313I)I))-

8" TO 38" DIA.

GRADE i

CROSS SECTION
] OF PLAIN PIPE PILE, ¥
SHELL THICKNESS 5/16-1/27

TYPICAL
ILLUSTRATIONS

12" TS 36" DIA.

CROS8 SECTION
OF PIPE PILE
WITH CORE

SQCKET REQ'D
FOR VERTICAL

END CLOSURE
MAY BE OMITTED

TYPICAT. COMBINATIONS

S CASED OR CONCRETE
FILLED

CONCRETE
FILLED

STEEL

SHELL

BP
SECTION
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TABLE 1 (continued)
Design Criteria for Bearing Piles

+3233333333333333333333333333333333333313331331333133133313333313313331331331331331331133)33)D »

*~ PILE TYPE =~ CONCRETE FILLED STEEL PI PE PILES = COWPCSI TE PI LES >
*2333333333333*333333333333333333333333333333333373333333333333333333333313131I3)))1
*~CONSI DER FOR = >

*LENGTH CF *40-120 FT OR MCORE *60- 200 FT

*~APPLI CABLE  ~ASTM A36- FOR CCRE. ~ACl CODE 318- FOR CONCRETE

*MATERI AL *ASTM A252- FOR PI PE. *ASTM A36- FOR STRUCTURAL SECTI ON.
~SPECI FI G ~ACl CODE 318- FOR CONCRETE. *~ASTM A252- FOR STEEL PI PE.

*ATI ONS > *ASTM D25 - FOR TI MBER.

*NVAXI MUM =9, 000 PSI FOR PI PE SHELL *33% OF 28- DAY STRENGIH OF
*~STRESSES. *33% OF 28- DAY STRENGIH OF CON- *~ CONCRETE.

*~CRETE. 12,000 PSI ON STEEL CORES =9, 000 PSI FOR STRUCTURAL AND
*~CF STRUCTURAL REI NFORCI NG STEEL. =~ PI PE SECTI ONS.

ok X o %
ook % Rk b kb X ok % X b X kX %

> *~SAVE AS TI MBER PI LES FOR WOCD

> * COVPGCSI TE.
*~CONSI DER FOR *80-120 TONS W THOUT CORES. =30- 100 TONS.
~DESI GN WAD  *~500- 1, 500 TONS W TH CORES. >
*O: * *
~DI SADVANT- *~H GH I NI TI AL COST *DI FFI CULT TO ATTAIN GOOD JO NT
*ACGES ~DI SPLACEMENT FOR CLOSED END PI PE. *BETWEEN TWO MATERI ALS EXCEPT FOR*
> > ~PI PE COWPCSI TE PI LE. >
*~ADVANTACES  ~BEST CONTROL DURI NG | NSTALLATI ON. ~CONSI DERABLE LENGTH CAN BE >
> *NO DI SPLACEMENT FOR CPEN END *~PROVI DED AT COVPARATI VELY LOW =
> *| NSTALLATI ON. OPEN END PI PE BEST ~COST. FOR WOOD COWVPCSI TE PI LES. =
> *~AGAI NST OBSTRUCTI ONS. CAN BE *H GH CAPACITY FOR PIPE AND HP =
> *CLEANED QUT AND DRI VEN FURTHER *~COVPCSI TE PI LES. | NTERNAL >
> *H GH LCAD CAPACI Tl ES. *| NSPECTI ON FOR PI PE COWPCSI TE =
> ~EASY TO SPLI CE. *PI LES. >
*REMARKS *~PROVI DES HI GH BENDI NG RESI STANCE *THE WEAKEST OF ANY MATERI AL USED*
> *WHERE UNSUPPORTED LENGTH | S *SHALL GOVERN ALLOWABLE STRESSES =
> *~LOADED LATERALLY. *~AND CAPACI TY. >

-332333333333333333333333333333333333333333331333331333331333331333133133313313313313I)I))-
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TABLE 1 (continued)
Design Criteria for Bearing Piles

+)))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))

R- PLACED, PRESS
~ PILE TYPE = I N]ECT ED CONCRETE PI LES > GENERAL NOTES >
*)))))))))))))*))))))))))))))))))))))))))))))))))*))))))))))))))))))))))))))))))))*
~CONSI DER FOR *30-6 STRESSES G VEN FOR STEEL
*LENGTH CF > =~  PILES ARE FOCR NONCCRRCSI VE = =
*~APPLI CABLE  *ACl - 318 =~  LOCATI ONS, ESTI MATE PGCSSI BLE =
*~VATERI AL > =~  REDUCTION | N STEEL CRCSS >
~SPECI FI G > =  SECTI ON OR PROVI DE PROTECTI ON*
*ATI ONS > *~  FROM CORROSI ON.
> > =2. LENGTHS AND LOADS | NDI CATED
*NVAXI MUM *3% OF 28- DAY STRENGTH CF *~ ARE FOR FEASI BI LI TY GU DANCE
*~STRESSES. *CONCRETE = ONLY. THEY CENERALLY
> > *~  REPRESENT TYPI CAL CURRENT
*~CONSI DER FOR *35-70 TONS *~  PRACTI CE, GREATER LENGTHS
~DESI GN LOAD *~  ARE OFTEN USED.
~CF =3. DESI GN LOAD CAPACI TY SHOULD

BE DETERM NED BY SO L
MECHANI CS PRI NCI PLES,

LI M TI NG STRESSES | N PI LES,
AND TYPE AND FUNCTI ON OF
STRUCTURE. SEE TEXT

~DI SADVANT- *MORE THAN AVERAGE DEPENDENCE ON
*ACGES *QUALI TY WORKMANSHI P.

> *NOT SUI TABLE THRU PEAT OR SI M LAR
> *H GHLY COVPRESSI BLE MATERI AL.

> *REQUI RES RELATI VELY MORE EXTEN-

> =Sl VE SUBSURFACE | NVESTI GATI ON.
*~ADVANTACES  ~ECONOWY.

*~COVPLETE NONDI SPLACEMENT

*M NI MAL DRI VI NG VI BRATI ON TO
~ENDANGER ADJACENT STRUCTURES.

*H GH SKI N FRI CTI ON.

*=G00D CONTACT ON ROCK FOR END BEAR- =
*I NG CONVEN ENT FOR LOW HEADROOM *

Foob % b b X R % % b % kb X % X

ook % ok % % b X % %
Foob % R ok b ok R X b b X Rk kb X R R X b % X b X kb X %

*~UNDERPI NNI NG WORK. >
*VI SUAL | NSPECTI ON OF AUGERED NATER*
= AL. NO SPLI CI NG REQUI RED. >
*REMARKS *~BEST SUI TED AS A FRI CTI ON PI LE. >

-332333333333333333333333333333333333333333331333331333331333331333133133313313313313I)I))-

TYPICAL CROSS SECTICHM

—-l-' i<-12n to

TYPICAL 16" DIA.

ILLUSTRATIONS

FLUID CONCRETE
CAUSES EXFANSION
Of PILE DIAMETER
1N WEAK SOIL ZOKES.
SOIL IS COMPACTED
AND CONSOQLIDATED.

DRILLED PH.ES CAN BE PROPERLY
SEATED EN FIRM SUBSTRATA
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PI ERS (al so called Shafts)

>(->(->(->(-************************

*

Foob % b b ok % % b % Ok F X % X

TABLE 2
Characteristics of Common Excavated/Drill ed Foundati ons

Description and Procedures - Formed by drilling or excavating a
hol e, renmobving the soil, and filling with concrete. Casing may be
necessary for stabilization, and/or to allow for inspection and may
or may not be pulled as the concrete is poured. Types include
strai ght shaft piers and belled or underreamed piers. Drilled
shaft dianeters are typically 18 to 36 inches but can exceed 84
inches; belled dianeters vary but are generally not |larger than 3
tines the diameter of the shaft. Excavated piers can be |arger
(shaft diameters exceeding 12 feet with belled diameters exceeding
30 feet have been constructed). Lengths can exceed 200 feet.

Pi er size depends on design |oad and all owabl e soil | oads.

Advant ages

o Conpl etely non-displ acenent.

0 Excavated material can be exam ned and bearing surface can be
visually inspected in cased piers exceeding 30 inches in dianeter
(or snmaller using TV caneras).

o Applicable for a wide variety of soil conditions.

o Pile caps usually not needed since nost |oads can be carried on a
single pier.

o No driving vibration.

o Wth belling, large uplift capacities possible.

o Design pier depths and dianmeters readily nodified based on field
condi tions.

o Can be drilled into bedrock to carry very high | oads.
Di sadvant ages

o More than average dependence on quality of workmanship; inspection
required.

o Danger of lifting concrete when pulling casing can result in voids
or inclusions of soil in concrete.

0 Loose granular soils below the water table can cause construction
pr obl ens.

RN R EEL

Foob % b b % b % % b X ok F X % X

-323333133333333333133333333331133333113333113333313333331333331333333333II30X0II001))) -
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TABLE 2 (conti nued)
Characteristics of Common Excavated/Drill ed Foundati ons

+))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))
Bel | usually cannot be formed in granular soils below the water
tabl e.

o Snall dianeter piers (less than 30 inches) cannot be easily
inspected to confirmbearing and are particularly susceptible to
necki ng probl ens.

d. Typical Illustration

LI I
Foob X ok % X b % %

-332333333333333333333333333333333333333333333333313313331331333133133133113313331331II)))-

CASING PULLED DURING
POURING CONCRE?

STEEL

12

=

-é_, . : T CYLINDER °
S| -
3 “

zE unsounn - Ll
'.5 - RocK> I BELLED-OUT

‘} - EXCAVATION

: E. AR s

+))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))

Q

*2. | NTERNALLY- BRACED COFFERDAM | N OPEN WATER *
* a. Description and Procedures - Cenerally only applicable if structure *
* extends bel ow nmudl i ne. *
* (1) Cofferdam constructed and dewatered before pouring of *
* f oundati on. *
* (a) Install cofferdamand initial bracing below water in *
* existing river/sea bottom Cofferdam sheeting driven into *
* bearing strata to control underseepage. *
* (b) Punmp down water inside cofferdam *
* (c) Excavate to bearing stratum conpleting bracing system *
* during excavati on. *
* (d) Construct foundation within conpleted and dewat ered *
|
* cof f erdam *
* (e) CQuide piles or tenplate required for driving cofferdans. *
* (f) Cofferdam designed for high water, ice forces, or |oad of *
* floating debris. *
@
* (g) Cellular wall or double-wall cofferdanms will elininate or *

reduce required bracing system
-233333333333333333333333333333333333331313333313131333133133313331313331333131313131II)))-
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(2) er dam excavat ed under wat er

b % b ok b ok b X b b X b % X b X F X % %

b. Advantages - CGenerally nore econom cal than caissons if foundation
isin less than 40 feet of water.

c. Disadvantages -

Cof f

(a)

(b)

(c)

(d)

(e),

(h)

d. Typical
-233333333333333333333333333333333333331313333313131333133133313331313331333131313131II)))-

TABLE 2 (conti nued)

Install cofferdamand initial bracing below water to
existing river/sea bottom

Excavat e underwater and place additional bracing to
subgrade in bearing stratum

Seal bottomwith treme mat of sufficient weight to
bal ance expected hydrostatic uplift.

Pump out cof ferdam and erect remai nder of foundation

structure.

Rel i ef of water pressures below trenie slab may be used to
decrease wei ght of trem e slab.

Illustration

COFFERDAM EXCAVATED IN DRY

O water (2)

LEVEL‘?

] T
[ -SEA
— BOTTOM

TRy

i

TTT??Y,

TTYYTITr N T YT I {7 7Y

BEARING STRATUM

Ty

PLACE CONCRETE

IN DRY

(f) and (g) same as dewatered cof ferdam

Requires conplete dewatering or trem e mat.
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COFFERDAM EXCAVATED UNDER WATER
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BEARING STRATUM

TREMIE CONCRETE



TABLE 2 (continued)
Characteristics of Common Excavated/Drill ed Foundati ons

+33332331311331313333333333333333331333331331331333331333331333133133313313331331331331331I33)
3 OPEN CAl SSON

a. Description and Procedure - An open box or circular section with a
cutting shoe on its | ower edge. The caisson is sunk into place
under its own weight by renoval of the soil inside the caisson,
jetting on the outside wall is often used to facilitate the process.

(1) Caissons should be considered when one or nore of the follow ng
conditions exist:

(a) A substructure is required to extend to or bel ow the
river/sea bed.

(b) The soil contains |arge boul ders which obstruct
penetration of piles or drilled piers.

(c) The foundation is subject to very large |lateral forces.

If these conditions do not exist the use of a caisson is not

warrant ed because it is generally nore expensive than other types of
deep foundations. In open water, if the bearing stratumis |ess
than about 40 feet bel ow the water surface, a spread footing
foundation constructed within cofferdans is generally |ess

expensi ve.

(2) General nethod of construction includes:

(a) Float caisson shell into position.
(b) Build up shell in vertical lifts and place fill wthin
shell until it settles to sea bottom

(c) Continue buildup and excavate by dredgi ng within caisson
so as to sink it through unsuitable upper strata.

(d) Upon reaching final elevation in bearing stratum pour
trem e base.

(e) Provide anchorage or guides for caisson shell during
si nki ng.

(f) Floating and sinking operations can be facilitated by the
use of false bottons or tenporary dones.

AR EE N A I A A AR A A N N A A N A N A A N NN N N B N R N N N N R A

(g) Dredging operations nay be assisted by the use of jets or
airlifts.

PR I I B N N R N N N N N N I N N I N N S N I N RN I RN N N B I I N RN NN R I N R

*

-332333333333333333333333333333333333333333331333331333331331333133133133113313331331II))) -
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TABLE 2 (conti nued)
Characteristics of Common Excavated/Drill ed Foundati ons

+33333333331333333333333333333333313333331313331313131333131333133131313331313131313131)))) »
* General ly appropriate for depths exceeding 50 to 60 feet and =
* when final subgrade in the bearing stratumis not threatened =*
* by uplift fromunderlying pervious strata. *
* b. Advantages - Feasibility of extending to great depths. *
* c. Disadvant ages *
* o Bottom of the caisson cannot be thoroughly cleaned and inspected. *
* o Concrete seal placed in water is not as satisfactory as placed in *
* the dry. *
* o Soil directly under the haunched portion near the cutting edges *
* may require hand excavation by diver. *
* o Construction is slowed down if obstruction of boulders or logs is *
* encount er ed. *

d. Typical Illustration
-233333333333333333333333333333333333331313333313131333133133313331313331333131313131II)))-

WATER LEVEL

. ‘

SEA BOTTOM : ;

e v

= — E .E

TREMIE Y TREMIE
BEARING STRATUM ] _ EE
SHAFTS FOR EXCAVATION

AND CONSTRUCTION E

BOX TYPE CIRCULAR TYPE

CROSS - SECTION

+))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))
*4.  PNEUMATI C CAI SSON

*

a. Description and Procedure - Simlar to an open cai sson but the box
is closed and conpressed air is used to keep water and nud from
flowing into the box. Because of high costs, it is generally only
used on | arge projects where an acceptabl e bearing stratum cannot be
reached by open cai sson nmet hods because of excessive depth of water.

(1) GCenerally required for sinking to great depths where inflow of
mat erial during excavation can be damagi ng to surroundi ng areas
and/or where uplift is a threat from underlying pervious

b % ok % X ok % % X

Foob X ok F X % ¥

* strat a. *
-332333333333333333333333333333333333333333333333313313331331333133133133113313331331II))) -
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TABLE 2 (conti nued)
Characteristics of Common Excavated/Drill ed Foundati ons
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(2) General nethod of construction includes:

(a) Float caisson into position.

(b) Build, up on top of caisson in vertical lifts until the
structure settles to sea bottom

(c) Continue buildup and excavate beneath the caisson, using
conpressed air when passing through unstable strata.

(d) Pour concrete base in the dry upon reaching final position
in the bearing stratum

(e) Provide anchorage or guides for caisson during sinking.
For excavation in the dry, air pressure is generally made
equal to total head of water above bottom of caisson.
b. Advant ages

o Al work is done in the dry; therefore, controls over the
foundation preparation and materials are better.

o Plunbness of the caisson is easier to control as conpared with the
open cai sson.

0 Qbstruction fromboul ders or logs can be readily renoved.
Excavation by bl asting may be done if necessary.

c. Disadvant ages
o The construction cost is high due to the use of conpressed air.
o The depth of penetration below water is limted to about 120 feet
(50 psi). Higher pressures are beyond the endurance of the human
body.

o Use of conpressed air restricts allowabl e working hours per nan
and requires strict safety precautions.

Foob % R ok kb b b X b b b R b X Rk X b ok R X R X b X ok o X k% X o X

d. Typical Illustration

-33233333333333333333333333333333333333333333333331333331331333133133133113313331331II)))-

AIR SHAFTS

WATER LEVEL AIR LOCK

SEA BOTTOM

TR,

COMPRESSED AIR
IN WORKING
CHAMBER UP TO
50 PSI PRESSURE

BEARING STRATUM —t ]
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TABLE 2 (conti nued)
Characteristics of Common Excavated/Drill ed Foundati ons
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CAl SSON (Fl oati ng Cai sson)

a. Description and Procedure - Essentially a cast-on-land floating
foundation sunk into position by backfilling.

(1) Used primarily for wharfs, piers, bul kheads, and breakwaters in
water not nmore than 40 feet deep.

(2) General construction nethod includes:

(a) Prepare subgrade at sea bottom by dredging, filling, or
conbi nati on of dredging and filling.

(b) Float caisson into position.

(c) Sink caisson to prepared foundation at the sea bottom by
use of ballast.

(d) Provide anchorage or guides to protect floating caisson
agai nst water currents.

(e) Backfill for suitable foundation should be clean granul ar
mat erial and may require conpaction in place under water.

b. Advant ages
0 The construction cost is relatively |ow
o Benefit from precasting construction.
o No dewatering necessary.
c. Disadvant ages
o The ground must be level or excavated to a |evel surface.

o Useis limted to only those conditions where bearing stratumis
cl ose to ground surface.

o Provisions must be made to protect against underm ning by scour.

o The bearing stratum nust be adequately conpacted to avoi d adverse
settl ements.

>(->(->(->(->(->(->(->(->(->(->(->(->(->(->(->(->(->(->(->(-************************
Foob % R ok b b b X R b b b b R b X b b X b R X R kX b X ok X b % %t

d. Typical Illustration
-233333333333333333333333333333331333333131333331313133313313331333131333133313131I1I1II)))-

”AIR SHAFTS

|

WATER LEVEL AIR LOCK

|
l 77

- - e COMPRESSED AIR
|~
BEARING STRATUM 7 & IN WORKING
CHAMBER UP TO
50 PSi PRESSURE

SEA BOTTOM
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d. Earth Stabilization Colums. Many nethods are available for formng
conpressi on rei nforcement el enments (see DM 7.3, Chapter 2) including:

(1) Mxed-1n-Place Piles. A mxed-in-place soil-cement or soil-line
pile.

(2) Vibro-Replacenent Stone Columms. A vibroflot or other device is
used to make a cylindrical, vertical hole which is filled with conpacted
gravel or crushed rock.

(3) Gouted Stone Colums. This is simlar to the above but
includes filling voids with bentonite-cement or water-sand-bentonite cenment
m xtures.

(4) Concrete Vibro Colums. Sinilar to stone colums but concrete
i ntroduced instead of gravel

Section 3. BEARI NG CAPACI TY AND SETTLEMENT

1. DESIGN PROCEDURES. The design of a deep foundation system shoul d
i nclude the foll owi ng steps:

(1) Evaluate the subsurface conditions.

(2) Review the foundation requirenents including design | oads and
al |l owabl e settlement or deflection

(3) Evaluate the anticipated construction conditions and procedures.
(4) Incorporate local experience and practices.

(5) Select appropriate foundation type(s) based on the above itens,
costs, and conments on Tables 1 and 2.

(6) Determ ne the allowable axial foundation design |oads based on an
eval uation of ultimate foundation capacity including reductions for group
action or downdrag if applicable, anticipated settlement and | oca
requi rements and practices.

The axial |oad capacity of deep foundations is a function of the
structural capacity of the |oad carrying nmenber (with appropriate reduction
for colum action) and the soil |oad carrying capacity. Usually, the latter
consi deration controls design. The nethods avail able for evaluating the
ultimate axial |oad capacity are listed below. Some or all of these should
be consi dered by the design engi neer as appropriate.

(a) Static analysis utilizing soil strength.

(b) Enpirical analysis utilizing standard field soil tests.

(c) Building code requirenents and | ocal experience.
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(d) Full-scale |load tests.
(e) Dynamic driving resistance.

(7) Determ ne design and construction requirenments, and incorporate the
requi rements into construction specifications.

I nspection of foundation construction should be considered an integra
part of the design procedures. Performa pile test programas required. The
pile test can al so be used as a design tool in item (6)

2. BEARI NG CAPACI TY OF SINGLE PILE

a. Alowable Stresses. See Table 1 for allowable stresses within the
pile and quality requirements for pile materials. Allowable stresses should
be reduced for columm action where the pile extends above firm ground, i.e.
t hrough water and very soft bottom sedi nments.

b. Soil Support. The soil nmust be capable of supporting the el enent
when it is in conpression, tension, and subject to lateral forces. The soi
support can be conputed fromsoil strength data, determ ned by |oad tests,
and/ or estimated fromdriving resistance. These determ nations shoul d
i nclude the foll owi ng stages:

(1) Design Stage. Conpute required pile Iengths fromsoil strength
data to deternmine bidding |length and pile type.

(2) EBarly in Construction Stage. Drive test piles at selected
| ocations. For small projects where performance of nearby pile foundations
i s known, base design length and | oad capacity on know edge of the soi
profile, nearby pile performance, and driving resistance of test piles. On
| arge projects where little experience is available, performload tests on
sel ected piles and interpret the results as shown in Figure 7.

(3) Throughout Construction Stage. Record driving resistance of
all piles for conparison with test piles and to insure against |ocal weak
subsurface formations. Record also the type and condition of cushioning
material used in the pile hamrer.

c. Theoretical Load Capacity. See Figure 1 for analysis of ultimate
| oad carrying capacity of single piles in honbgeneous granular soils; for
pile in honbgeneous cohesive soil see Figure 2 (upper panel right, Reference
2, The Bearing Capacity of days, by Skenmpton; remnainder of figure,
Ref erence 3, The Adhesion of Piles Driven in Clay Soils, by Tominson).

(1) Conpression Load Capacity. Conpression |oad capacity equals
end- beari ng capacity, plus frictional capacity on perineter surface.

(2) Pullout Capacity. Pullout capacity equals the frictional force
on the perinmeter surface of the pile or pier
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/( RESISTANCE IGNORED) \

\
Ky AriP
L 5 }P" Y3 BEARING STRATUM o \ AT

0
e (Knc/HT1P0
B R A s
~ =B PRESSURE DIAGRAM

KhcPy AND Ky Fo

(A) ULTIMATE LOAD CAPACITY IN COMPRESSION
HzHg+0
Oult = Pr NgAT +3 {KpcHPoX AN Sis)
H=Hp

WHERE  Quit =ULTIMATE LOAD CAPACITY IN COMPRESSION
Pt s EFFECTIVE VERTICAL STRESS AT PILE TIP (SEE NOTEI)
= BEARING CAPACITY FACTOR {SEE TABLE , FIGURE | CONTINUED)

AT = AREA OF PILE TIP
KHe = RATIO OF HORIZONTAL TO VERTICAL EFFECTIVE STRESS ON SIDE OF ELEMENT WHEN

ELEMENT IS IN COMPRESSION.
Po =EFFECTIVE VERTICAL STRESS OVER LENGTH OF EMBEDMENT, D {SEE NOTE I)
3 - FRICTION ANGLE BETWEEN PILE AND SOIL { SEE TABLE , FIGURE | CONTINUED)

S = SURFACE AREA OF PILE PER UNIT LENGTH
FOR CALCULATING Qqyj ,USE Fg OF 2 FOR TEMPORARY LOADS, 3 FOR PERMANENT LOADS {SEE NOTE 2)

{B) ULTIMATE LOAD CAPACITY IN TENSION

H=Hg+D
Tu=2 [KTHPOXTAN B) [S)(H)
HzHgp

WHERE: Tylt = ULTIMATE LOAD CAPACITY IN TENSION, PULLOUT
Kyt = RATIO OF HORIZONTAL TO VERTICAL EFFECTIVE STRESS ON SIDE OF ELEMENT WHEN ELEMENT
IS IN TENSION
FOR CALCULATING Tg)| , USE Fg=3 ONTylt PLUS THE WEIGHT OF THE PILE {WP),THUS Tg,
(SEE NOTE 2}

NCTE-): EXPERIMENTAL AND FIELD EVIDENCE INDICATE THAT BEARING PRESSURE AND SKIN FRICTION INCREASE

WITH VERTICAL EFFECTIVE STRESS Fo UP TO A LIMITING DEPTH OF EMBEDMENT, DEPENDING ON

THE RELATIVE DENSITY OF THE GRANUL AR SOIL AND POSITION OF THE WATER TABLE. BEYOND THIS

LIMITING DEPTH (10B % TO 40B 1} THERE IS VERY LITTLE INCREASE IN END BEARING, AND INCREASE

IN SIDE FRICTION IS DIRECTLY PROPORTIONAL TO THE SURFACE AREA OF THE FILE. THEREFQRE,IF

D 1S GREATER THAN 20 B, LIMIT Pg AT THE PILE TIP TO THAT YALUE CORRESPONDING TO D= 208,

NOTE=2: (F BUILDING LOADS AND SUBSURFACE CONDITION ARE WELL COCUMENTED IN THE OPfNION OF THE ENGINEER, A
LESSER FACTOR OF SAFETY CAN BE USED BUT NOT LESS THAN 2.0 PROVIDED PILE CAPACITY IS VERIFIED BY

LOAD TEST AND SETTLEMENTS ARE ACCEPTABLE.

FIGURE 1
Load Carrying Capacity of Single Pile in Granular Soils
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g,
*(DRIVEN PILE *10 =*15 =*21 =*24 *29 =*35 =*42 *50 *62 *77 *86 *120 *145 *=*
* D' SPLACE * * * * * * * * * * * * * *x
* NENT) * * * * * * * * * * * * * *x

*))))Ra)))zz?) *22337333373333*3333%3333333373333733133™3313733137)313*)))13*))))1*
*(DRl LLED ~5 =8 =10 =*12 =14 =17 =21 =25 =30 =38 *43 = 60 * 72 **

* P| ERS) * * * * * * * * * * * * * *x

-333333333333333333333333333333313333333313313331331333133133133113313331331333331IIXI))))-*
EARTH PRESSURE COEFFI Cl ENTS K+HC, AND K+HT,

+%?E%))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))

*))))))))))))))))))))))))))))*)))))))))))))))))))*)))))))))))))))))))))))*
*DRI VEN SI NGLE H

*))))))))))))))))))))))))))))*)))))))))))))))))))*)))))))))))))))))))))))*
*DRI VEN SI NGLE DI SPLACEME

> PI LE > 1.0 - 1.5 > 0.6 - 1.0 >
*))))))))))))))))))))))))))))*)))))))))))))))))))*)))))))))))))))))))))))*
*DRI VEN SI NGLE DI SPLACEMENT

*~  TAPERED PI LE > > >

*))))))))))))))))))))))))))))*)))))))))))))))))))*)))))))))))))))))))))))*
~DRI VEN JETTED PI L

*))))))))))))))))))))))))))))*)))))))))))))))))))*)))))))))))))))))))))))*
*DRI LLED PI LE (LESS T
> 24" DI AVETER) > 0.7 > 0.4 >

Foob ok b b X b % b ok kX ok % X %

*

=33233333333333333333333333333333333333333133333133113313331331333133133333)II)))-

*

FRI CTI ON ANGLE - [delta] *

9000333300033 03000000 *

*= Pl LE TYPE * [del ta] * *
W23 0300000 00303000))) % >

* STEEL 20 deg. * *

* CONCRETE 3/4 [phi] * *

= Tl MBER 3/4 [phi] * *
3330003300033 >

[*] LIMT [phi] TO 280 I|F JETTING | S USED *

*

CALCULATE END BEARI NG BASED ON [ phi] NOT EXCEEDI NG 28 deg. >
(B) FOR Pl ERS GREATER THAN 24-1 NCH DI AMETER, SETTLEMENT RATHER THAN BEARI NG~



*

> CAPACI TY USUALLY CONTROLS THE DESI GN. FOR ESTI MATI NG SETTLEMENT, TAKE 50%
> OF THE SETTLEMENT FOR AN EQUI VALENT FOOTI NG RESTI NG ON THE SURFACE CF >
> COVPARABLE GRANULAR SO LS. (CHAPTER 5, DM 7.1). >

-332333333333333333333333333333333333333333333333313333313331331333133133313313313313I)I))-

FI GURE 1 (conti nued)
Load Carrying Capacity of Single Pile in Granul ar Soils
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1 Qult

2//7/7// yr=sorcE 0.16 KSF
— 7 SOFT soiL - 25 PCF -
:‘Zéﬁé;i{ 78 G.235KSF
BEARING STRATUM
DENSE SAND g =65PCF
¢ =30°
20
25'
1.535 KSF
| r
1.535 K<:
,_rl__,z-' T EFFECTIVE VERTICAL STRESS,F, , FOR

PILE DESIGM

FOR A 12"DIAMETER CLOSED END, DRIVEN PIPE PILE , CONCRETE FILLED, FIND Qg AND Tqy, FOR
A 30 FOOT LONG PILE.

Py MAX OCCURS AT 2CE,OR 20'INTO BEARING STRATUM.

$=30° Nq=2i

Knc =1.5,8= 20°

KHT =10

AT = 7 X 05°0.78 5F

CIRCUM. AREA /if =t X T =3.145F/1f

Qy(t =1.535 x2! x0.78+|:( 15 x(223521539 ), TAN 20 x20%314) + (15x1535 X TAN 20 x 5x 3.:4]

= 25.14 +[30.34 +13.16)

-68.64 K
FOR Fg ©3,Gq)| = S0t —= 229K

Tylt = L0 x(Q&%HJJITAN 20%20X314 + 1.0%1.535 x TAN 20% 5 % 3.14

2023 +8.77
29.0K

Wp® 17 Ky X30'=3.5K

. 2990 .
Tan = 3 +3.5:13.2K

FIGURE 1 {(continued)
Load Carrving Capacity of Single Pile in Granular Soils
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(3) Drilled Piers. For drilled piers greater than 24 inches in
di ameter settlenent rather than bearing capacity may control. A reduced end
bearing resistance may result fromentrapnent of bentonite slurry if used to
mai ntai n an open excavation to the pier's tip. Bells, or enlarged bases,
are usually not stable in granular soils.

(4) Piles and Drilled Piers in Cohesive Soils. See Figure 2 and
Table 3. Experience denpnstrates that pile driving permanently alters
surface adhesion of clays having a shear strength greater than 500 psf (see
Figure 2). |In softer clays the renolded material consolidates with tine,
regai ni ng adhesi on approxi mately equal to original strength. Shear
strength for point-bearing resistance is essentially unchanged by pile
driving. For drilled piers, use Table 3 from Reference 4, Soils and
Geol ogy, Procedures for Foundation Design of Buildings and Other Structures,
by lie Departnents of Army and Air Force, for determning side friction
Utimate resistance to pullout cannot exceed the total resistance of reduced
adhesi on acting over the pile surface or the effective weight of the soi
mass which is available to react against pullout. The allowable sustained
pul l out load usually is linted by the tendency for the pile to nove upward
gradual Iy while nmobilizing an adhesion |l ess than the failure val ue.

Adhesion factors in Figure 2 may be very conservative for
eval uating piles driven into stiff but normally consolidated cl ays.
Avai |l abl e data suggests that for piles driven into normally to slightly
overconsol i dated clays, the side friction is about 0.25 to 0.4 tines the
effective overburden.

(5) Piles Penetrating Multi-layered Soil Profile. Were piles
penetrate several different strata, a sinple approach is to add supporting
capacity of the individual |ayers, except where a soft |layer may consolidate
and relieve |oad or cause drag on the pile. For further guidance on bearing
capacity when a pile penetrates |layered soil and term nates in granul ar
strata see Reference 5, Utimate Bearing Capacity of Foundations on Layered
Soils Under Inclined Loads, by Meyer off and Hanna, which consides the
ultimate bearing capacity of a deep nember in sand underlying a clay |ayer
and for the case of a sand bearing stratum overlying a weak clay |ayer.

(6) Pile Buckling. For fully enbedded piles, buckling usually is
not a problem For a fully enbedded, free headed pile with I ength equal to
or greater than 4T, the critical load for buckling is as follows (after
Ref erence 6, Design of Pile Foundations, by Vesic):

P+crit, = 0.78 T.3-f for L>/= 4T

wher e: P+crit, critical load for buckling

f = coefficient of variation of |ateral subgrade
reaction (see Figure 10)

T =relative stiffness factor (see Figure 10)

—
1

l ength of pile.
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For piles with the head fixed against rotation and
translation, increase P+crit, by 13% |If the pile head is pinned (i.e.
prevented fromtranslation but free to rotate), increase P+crit, by 62%

For a partially enmbedded pile, assunme a free standi ng col um
fixed at depth 1.8T below the soil surface. Conmpute the critical buckling
| oad by nmet hods of structural analysis. For such piles conmpute allowable
pile stresses to avoid buckling. For the case where the coefficient of

| ateral subgrade reaction (K+h,) of the enbednment soil is constant with
depth, calculate the depth of fixity as 1.4 [THE FOURTH RT] ElI , where
K+h,B

El is the flexural rigidity of the pile, Bis pile width (dianmeter) and K+h,
is defined in the units of Force/Length.3-. Buckling for a fully enbedded

| ength of other pile types does not control pile stress. For further

gui dance see Reference 6.

d. Enpirical Bearing Capacity. Results fromthe Standard Penetration
Test, Static Cone penetronmeter (Dutch Cone with friction sleeve), and
Pressureneter have been correlated with nodel and full scale field tests on
pil es and deep foundations so that enpirical expressions are available to
estimte foundation capacities.

(1) Standard Penetration. Use of the Standard Penetration Test to
predi ct capacities of deep foundations should be limted to granular soils
and must be considered a crude estimate.

Ti p Resistance of driven piles (after Reference 7, Bearing
Capacity and Settlenent of Pile Foundations, by Meyerhof):

D)
0.4 ND </=q¢q
g+ult, = )))%))))

wher e:

zZ
1

CN - N

N = standard penetration resistance (blow ft)
near pile tip

20
C+N, = 0.77 log+10, )) (for p>/= 0.25 TSF)
p

p = effective overburden stress at pile tip (TSF)
g+ult, = ultimate point resistance of driven pile (TSF)
N = average corrected Standard Penetration Resistance
near pile tip (blows/ft)
D = depth driven into granular bearing stratum (ft)
B =width or diameter of pile tip (feet)

g+l , = limting point resistance (TSF), equal to
4N for sand and 3N for non-plastic silt.
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For drilled piers, use 1/3 times q+ult, conputed fromthe above
expr essi on.

Use a factor of safety of 3 to conpute allowable tip
resi stance.

Skin Friction of driven piles:

D)
N
f+s, = )) < /=< f+,
50
wher e: N = average standard penetration along pile shaft
f+s, = ultimte skin friction for driven pile (TSF)
f+l , =1limting skin friction (for driven pile, f+l , = (TSF)

Use factor of safety of 3 for allowable skin friction.

For driven piles tapered nore than 1 percent, use 1.5 tines
above expression.

For drilled piers, use 50 percent of above expression
(2) The Cone Penetroneter. The Cone Penetroneter provides usefu
information as a "nodel pile" and is best suited for | oose to dense sands
and silts. Penetrometer results are not considered accurate for very dense
sands or deposits with gravel.
Poi nt Resi stance:

g+ult, = g+c,

wher e: g+ul t, ultimate tip resistance for driven pile

g+c, cone penetration resistance

Depth of penetration to granular bearing stratumis at |east 10
times the pile tip width.

Shaft Resi stance:
f+ult, = f+c,

wher e: f+ult,

ultimate shaft friction of driven cylindrical pile

unit resistance of |local friction sleeve of static
penet r onet er

f+c,
Use factor of safety of 3 for allowable skin friction.

For drilled piers in cohesionless soil, use 1/2 of f+ult, or
g+ult , based on the above expressions for driven piles.
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(3) Pressureneter. Results from pressureneter tests can be used to
estimte design capacity of deep foundation elements. See Reference 8, The
Pressureneter and Foundati on Engi neering, by Baguelin, et al., or Reference
9, Canadi an Foundati on Engi neering Manhual, by the Canadi an Geotechnica
Society, for details of design correlation.

The pressureneter nmethod is useful in soft rock, weathered or
closely jointed rock, granular soils, and very stiff cohesive soils.
Results are generally not suitable in soft clays because of the disturbance
during drilling. The self-boring pressureneter is designed to reduce this
probl em

e. Bearing Capacity fromDynam c Driving Resistance.

(1) General. The ultimate capacity of a pile may be estimted on
the basis of driving resistance during installation of the pile. The
results are not always reliable, and may over-predict or grossly
under-predict pile capacities, and therefore should be used with caution
Use must be supported by |local experience or testing. Dynam c resistance
based on the wave equation analysis is a nore rational approach to
calculating pile capacities.

(2) Pile Driving Formul as:

(a) General. Because of the uncertainties of the dynanics of
pile driving, the use of fornulas nore el aborate than those in Table 4 is
not warranted. A mnimum of three test piles should be driven for each
installation, with nore tests if subsurface conditions are erratic.

(b) Control During Construction. The enbednent of piles
shoul d be controlled by specifying a mnimumtip elevation on the basis of
t he subsurface profile and driving tests or |load tests, if available, and
al so by requiring that the piles be driven beyond the specified el evation
until the driving resistance equals or exceeds the value established as
necessary fromthe results of the test piles. However, if the pile
penetration consistently overruns the anticipated depth, the basis for the
speci fied depth and driving resistance should be revi ewed.

(c) Formulas. Dynamic pile driving formulas should not be
used as criteria for establishing | oad capacity w thout correlation with the
results of an adequate program of soil exploration. For critical structures
and where | ocal experience is limted, or where unfamliar pile types or
equi prent are being used, |oad tests should be perfornmed.

(3) Wave Equation Analysis. The wave equation analysis is based on
the theory of one dinmensional wave propagation. For the analysis the pile
is divided into a series of nmasses connected by springs which characterize
the pile stiffness, and dashpots which simulate the danping bel ow the pile
tip and along pile enmbedded | ength.

This method was first put into practical formin 1962
Ref erence 10, Pile Driving by the Wave Equation, by Smith). The wave
equati on anal ysis provides a nmeans of evaluating the suitability of the pile
stiffness to transnmit driving energy to the tip to achieve pile penetration
as well as the ability of pile section to withstand driving stresses without
damage. The results of the analysis can be interpreted to give the
fol |l owi ng:
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TARLE 4
Application of Pile Driving Resistance Formulas

BASIC PILE DRIVING FORMULAS (SEE COMMENT IN SECTION 2}

FOR DROP HAMMER FOR SINGLE - ACTING HAMMER FOR DOUBLE - ACTING DIFFERENTIAL HAMMER

Qoll* g {USE WHEN DRIVEN WERHTS | Qg = <25—{USE WHEN ORIVEN
ARE SMALLER THAN " WEIGHTS ARE SMALLER
Qqi( : 2 STRIKING WEIGHTS THEN STRIKING WEIGHTS.
Qofl* _2_w$ { USE WHEN DRIVEN WEKHTS [ag): -——2%‘.—-{1135 WHEN DRIVEN WEIGHTS

S+01—— ARE LARGER THAN

S+0.|-w— ARE LARGER THAN
STRIKING WEIGHTS.

STRIKING WEIGHTS.

Q)| = ALLOWABLE PILE LOAD IN POUNDS.

W = WEIGHT OF STRIKING PARTS OF HAMMER IN POUNDS.

H = THE EFFECTIVE HEIGHT OF FALL IN FEET.

E = THE ACTUAL ENERGY DELIVERED BY HAMMER PER BLOW IN FOQT- POUNDS.

§ = AVERAGE NET PENETRATION IN INCHES PER BLOW FOR THE LAST 6 IN. OF DRIVING.

Wp = DRIVEN WEIGHTS NOTE : RATIO OF DRIVEN WEIGHTS TO STRIKING WEIGHTS SHOULD NOT

Wg = WEIBHTS OF STRIKING FARTS EXCEED 3.

MODIFICATIONS OF BASIC PILE DRIVING FORMULAS

A. FOR PILES DRIVEN TD AND SEATED IN ROCK AS HIGH CAPACITY END-BEARING FILES
DRIVE TO REFUSAL (APPROXIMATELY 4 TOS BLOWS FOR THE LAST QUARTER INCH OF DRIVING).
REDRIVE QPEN END FIPE PILES REPEATEDLY UNTIL RESISTANCE FOR REFUSAL IS REACHED
WITHIN | IN. OF ADDITIONAL PENETRATION.

B. PILES DRIVEN THROUGH STIFF COMPRESSIBLE MATERIALS UNSUITABLE FOR PILE BEARING TO AN
UNDERLYING BEARING STRATUM :

ADD BLOWS ATTAINED BEFORE REACHING BEARING STRATUM TO REQUIRED BLOWS ATTAINED IN
BEARING STRATUM (SEE EXAMPLE).

smﬁ PILE
) EXAMPLE: REQUIRED LOAD CAPACITY OF PILE Qg =25 TONS
e — HAMMER ENERGY E =15 000FT-LE,
COMPRESSIBLE Wy
” STRATUM I8 BLOWS/FT. e ¢l
_l//l////A s "
BEARI NG PENETRATION{S) AS PER BASIC FORMULA =1/2" OR 2BLOWS PER
: : |- 42 BLows/FT INCH {24 BLOWS/FT ).

STRATUM

RANENPOINPI

REQUIRED BLOWS FOR PILE 24 +(8 = 42 BLOWS/FT.

C. PILES DRIVEN INTO UMITED THIN BEARING STRATUM, DRIVE TO PREDETERMINED TIP ELEVATION.
DETERMINE ALLOWABLE LOAD BY LOAD TEST.

owmE—]  LPME
7 STRATUM
/ UNSUITABLE
FOR BEARING
||
__BEARING T3'rsTRATUM
7

TIFF CLAY STRATUM INCOMPRESSIBLE
;BUT UNSUITABLE FOR POINT BEARING
R 4
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(a) Equipnent conpatibility: appropriate hamrer size and
cushi on.

(b) Driving stresses: plots of stress vs. set can be nmade to
eval uate the potential for pile overstress.

(c) Pile capacity: plot of ultimate pile capacity vs. set can
be devel oped.

The soil is nodel ed by approxi mating the static resistance (quake),
t he viscous resistance (danping), and the distribution of the soi
resi stance along the pile. The assigned paranmeter for springs and dashpots
cannot be related to routinely nmeasured soil paraneters which constitutes
the maj or draw back of the wave equation analysis. The input for the
driving systemis provided by the anticipated hamer perfornmance,
coefficient of restitution of the cushion, and stiffness of the pile.
Conputer prograns are available to performthe | engthy cal cul ations.

(4) Case Method. The wave equation analysis can be used in
conjunction with field nmeasurenents by using the Case Method (Reference 11
Soil Resistance Predictions fromPile Dynanics, by Rausche, et al.). This
procedure el ectronically measures the acceleration and strain near the
top of the pile, and by using the wave equation analysis estinates the
static soil resistance for each bl ow of the hammer. Energy transferred to
the pile is conputed by integrating the product of force and velocity. A
di stribution of the soil resistance along the pile length is assumed and the
wave equation analysis is performed. The assunmed soil strength paraneters
are checked agai nst the nmeasured force at the pile top and these are then
adjusted to result in an inproved match between the anal ytical and neasured
pile force at the top

3. BEARI NG CAPACI TY OF PILE GROUPS.

a. GCeneral. The bearing capacity of pile groups in soils is normally
| ess than the sum of individual piles in the group and nust be considered in
design. Goup efficiency is a termused for the ratio of the capacity of a
pile group to the sumof the capacities of single piles at the sane depth in
the sane soil deposit. In evaluating the perfornmance of pile groups in
conpression, settlement is a major consideration. Expressions for
estimating uplift resistance of pile groups are included in this section

b. Goup Capacity in Rock. The group capacity of piles installed to
rock is the number of nmenmbers tinmes the individual capacity of each nenber.
Block failure is a consideration only if foundations are on a sloping rock
formation, and sliding may occur al ong unfavorable di ppi ng weak pl anes.

The possibility of such an occurrence must be evaluated fromthe site
geol ogy and field exploration

c. Goup Capacity in Granular Soil. Piles driven into cohesionless
soil in a group configuration act as individual piles if the spacing is
greater than 7 tines the average pile dianeter. They act as a group at
cl ose spacings. Center to center spacing of adjacent piles in a group
shoul d be at least two tines the butt dianeter.
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Bl ock failure of a pile group in granular soils is not a design
consi deration provi ded each individual pile has an adequate factor of safety
agai nst bearing failure and the cohesionless soil is not underlain by a
weaker deposit. In |oose sand and/or gravel deposits, the |load carrying
capacity of an individual pile may be greater in the group than single
because of densification during driving. This increased efficiency should
be included in design with caution, and only where denonstrated by field
experience or tests.

The ultimate capacity of a pile group founded in dense cohesionl ess
soil of limted thickness underlain by a weak deposit is the smaller of:

(1) sumof the single pile capacities

(2) block failure of a pier equivalent in size to the piles and
encl osed soil mass, punching through the dense deposit into the underlying
weak deposit (Reference 12, Utimate Bearing Capacity of Footings on Sand
Layer Overlying day, by Meyerhof).

d. Goup Capacity in Cohesive Soil. Estimate the group capacity using
the nmethod in Figure 3 (upper panel, Reference 13, Experinents with Mde
Piles in Groups, by \Whitaker).

e. Uplift Resistance of G oups.

(1) Granular Soil. Utimte uplift resistance of pile group is
| esser of:

(a) Sumof skin friction on the piles in the group (no
reduction for tapered piles), use a factor of safety of 3.0.

(b) Effective weight of block of soil within the group and
within a 4 vertical on 1 horizontal wedge extending up frompile
tips - weight of piles assuned equal to volunme of soil they displ ace.
Factor of safety should be unity.

(2) Cohesive Soil. Utimte uplift resistance of pile group is the
| esser of:

(a) Sumof skin friction on the piles in the group

(b) T+u, =L (B + A C+ Wp,

where: T+u, ultimate uplift resistance of pile group

A = length of group
B = width of group
L = depth of soil block below pile cap
C = average undrained strength of soil around the sides of the
group
Wp, = weight of piles, pile cap, and bl ock of soil enclosed by the

piles.
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PILE GROUP EFFICIENCY

FOR COHESIVE SOILS

15 20 2.5 30 35 40 45
SPACING IN PILE DIAMETERS

GROUP EFFICIENCY

Gg =
[=]
'S

{PERIMETER
Lgcﬁm
P g g ‘:1 A DEFINITIONS
BILE j baa Qg = ULTIMATE LOAD CARRCITY OF PILE IN GROUP
SPACING [ —— Quit = ULTIMATE LOAD CAPACITY OF ISOLATED PLE
8 N = NUMBER OF PILES IN GROUP
nxQg
e PILE CAP Ge: 03” FOR COHESIVE S0ILS
f Y$.C
2R  PILE DIAMETER
L 4 | Qg AND Gy|t ARE APPLIED LOADS ONLY, WEIGHT OF
{ } SHEAR ON SURFACE PILES AND ENCLOSED SOiL IS BALANGED BY WEIGHT
{ PERIMETER OF GROUP OF OVERBURDEN AND IS NOT CONSIDERED.
L
Hm BEARING CAPRCITY

OF PILE TIPS
B

BEARING CAPACITY OF PILE GROUP
Quit = (cNg ) TRE +Cp 2 TRL (OBTAIN Cp ANE'Ne FROM FIGURE 2)
ULTIMATE LOAD OF GROUP = nQg =GgN Qujt

FIGURE 3
Bearing Capacity of Pile Groups in Cohesive Soils
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Factors of Safety: 2 for short-termloads, 3 for sustained
uplifting | oading.

4. SETTLEMENTS OF PI LE FOUNDATI ONS

a. Single Pile. The settlenent at the top of pile can be broken down
into three conponents (after Reference 6).

(1) Settlement due to axial deformation of pile shaft; W
L
W = (Q+p, + [al pha]+s,Qrs,) D)
AE+p,

where: Q+p, = point load transmtted to the pile tip in the working stress
range.

Q+s, = shaft friction load transmitted by the pile in the working
stress range (in force units)

[ al pha] +S,

0.5 for parabolic or uniformdistribution of shaft
friction

0.67 for triangular distribution of shaft friction starting
fromzero friction at pile head to a maxi mum value at pile
poi nt
0.33 for triangular distribution of shaft friction
starting froma maxi mumat pile head to zero at the
pile point.

L = pile length

A = pile cross sectional area

E+p, = nmodulus of elasticity of the pile

(2) Settlement of pile point caused by load transmtted at the
poi nt Wpp,:

C+p., Q+p,
Wpp., = 3)3))03)))
Bg+o,

where: C+p, = enpirical coefficient depending on soil type and
met hod of construction, see Table 5

B = pile dianeter

g+o, ultimate end bearing capacity

(3) Settlement of pile points caused by load transmitted al ong the
pile shaft, Wps,;

C+s,Qrs,
WHpS ., = DDDDDD))
Dg+o.
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TABLE 5
Typi cal [*] Val ues of Coefficient C+p, for Estimating
Settlement of a Single Pile

+33333333333333333333333333330331333331331333333313313313333033313313331331331331331133) -

* Soi |l Type * Driven Piles * Bored Piles =
7313333333333331333333313333133333333313331331313331313131333313131333131131)313))))1

Sand (dense to | oose) 0.02 to 0.04 0.09 to 0.18

Clay (stiff to soft) 0.02 to 0.03 0.03 to 0.06

LI N .
LI N .

0.03 to 0.05

* *

233331333313333311333331313333123333131333311333331133331313333323333131333331030I0000))H))1

Silt (dense to | oose) 0.09 to 0.12

ook % ok % %

N X X X X %

[*] Bearing stratumunder pile tip assuned to extend at least 10 pile
di anmeters below tip and soil belowtip is of conparable or higher

stiffness.

Ok % X ok F % X

-2233333333333333333333333333333333333331313133331333131313333131313131313333133131311333311))
)_
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wher e: C+s,

(0.93 + 0.16 D/B) Csp,
D

embedded | ength
(4) Total settlement of a single pile, Wo,:
W-o, = Ws, + Wipp, + Wips,

b. Settlenent of Pile Goup in Ganular Soils. Conpute the group
settl enent Wrg, based on (after Reference 6):

D))
*)
W-g, = Wo, = B/ B
\*

wher e: the smal |l est di mension of pile group

(o8] sk
1

= diameter of individual pile

W-o, = Settlenent of a single pile estimted or deterni ned
fromload tests

c. Settlement of Pile Goups in Saturated Cohesive Soils. Conpute the
group settlenent as shown in Figure 4.

d. Limtations. The above analyses may be used to estimte settlenent,
however, settlenent estimated fromthe results of |oad tests are generally
consi dered nore accurate and reliable.

5. NEGATI VE SKI N FRI CTI ON

a. GCeneral. Deep foundation elenents installed through conpressible
mat eri al can experience "downdrag" forces or negative skin friction al ong
the shaft which results from downward novenment of adjacent soil relative to
the pile. Negative skin friction results primarily from consolidation of a
soft deposit caused by dewatering or the placenment of fill.

Negative skin friction is particularly severe on batter pile
installations because the force of subsiding soil is large on the outer side
of the batter pile and soil settles away fromthe inner side of the pile.
This can result in bending of the pile. Batter pile installations should be
avoi ded where negative skin friction is expected to devel op

b. Distribution of Negative Skin Friction on Single Pile. The
di stribution and magni tude of negative skin friction along a pile shaft
depends on:

(1) relative novenent between conpressible soil and pile shaft;

(2) relative nmovenent between upper fill and pile shaft;

(3) elastic conpression of pile under working | oad;

(4) rate of consolidation of conpressible soils.
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v A s ' R AN R
PLAN AREA TO OUTSIDE OF PILE GROUP =B xA 7 heCLAY A
SETTLEMENT OF PILE GROUP :COMPRESSION OF L N AL AN A A R
LAYER H UNDER PRESSURE DISTRIBUTION SHOWN. SETTLEMENT OF PILE GROUP : COMPRESSION OF
LAYERS H| AND Hp UNDER PRESSURE DISTRIBUTION
f =NUMBER OF PILES (N GROUP SHOWN. n Qol} IS LIMITED BY BEARING CAPACITY OF
CLAY LAYERS.
| FRICTION PILES IN CLAY | FRICTION PILES IN SAND UNDERLAIN BY CLAY |
nQall n Qall
RN 77 YA TR T L SSi
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CLAY YA
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M sy O ORYspusidvy Jnaat o oomepy N
L TeAND T CEmw TR B
SETTLEMENT OF PILE GROUP = COMPRESSION OF Qp = DRAG PER PILE FOR LENGTH = L3

LAYER H UNDER PRESSURE DISTRIBUTION SHOWN.
Lz = DEPTH TC TOP OF BEARING STRATUM OR

2/3(L2) FOR FRICTION PILES.

POINT BEARING PILES IN SAND UNDERLAIN BY CLAY I FRICTION PILES IN CLAY WITH RECENT FILL ]

NOTES: |. PLAN AREA TO OUTSIDE OF PILE GROUP = B A.
2.FOR RELATIWELY RIGID PILE CAP, PRESSURE DISTRIBUTION IS ASSUMED TG VARY WITH DEPTH AS SHOWN.
3.FOR FLEXIBLE SLAB OR GROUP OF SMALL. SEPARATE CAPS,COMPUTE PRESSURES BY ELASTIC SOLUTIONS
(DM-T.1 CHAPTER 4} FOR LOAD APPLIED AT LEVEL SHOWN.

4 COMPUTE SETTLEMENTS BY METHODS OF DM 7.1 CHAPTER 5.

FIGURE 4
Settlement of Pile Croups
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Negative skin friction devel ops along that portion of the pile shaft
where settlement of the adjacent soil exceeds the downward di spl acement of
the shaft. The "neutral point" is that point of no relative novenent
bet ween the pile and adjacent soil. Below this point, skin friction acts to
support pile loads. The ratio of the depth of the neutral point to the
length of the pile in conpressible strata may be roughly approxi mated as
0.75. The position of the neutral point can be estimated by a trial and
error procedure which conpares the settlenent of the soil to the
di spl acement of adjacent sections of the pile. (For further gui dance see
Ref erence 14, Pile Design and Construction Practice, by Tominson.)

bservations indicate that a rel ative downward novenent of 0.6 inch
is expected to be sufficient to nmobilize full negative skin friction
(Reference 6).

c. Mgnitude of Negative Skin Friction on Single Pile. The peak
negative skin friction in granular soils and cohesive soils is determ ned as
for positive skin friction.

The peak unit negative skin friction can also be estimted from
(after Reference 15, Prediction of Downdrag Load at the Cutler Circle

Bridge, by Garlanger):

fn= [ beta] P+o,

wher e: f+n, = unit negative skin friction (to be multiplied by
area of shaft in zone of subsiding soil relative to pile)

P+o, = effective vertical stress

[beta] = enpirical factor fromfull scale tests
Soi | [ bet a]
D)) DD
d ay 0.20 - 0.25
Silt 0.25 - 0.35
Sand 0.35 - 0.50

d. Safety Factor for Negative Skin Friction. Since negative skin
friction is usually estimate on the safe side, the factor of safety
associated with this load is usually unity. Thus:

Q+ul t,
Qrall, =)3)33)) D> P+n,
F+s,
wher e: Q+all , = allowable pile | oad
Qrult, = ultimate pile | oad

F+s, = factor of safety

P+n, = ultimate negative skin friction |oad
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For further discussion of factor of safety in design including
transient | oads, see Reference 16, Downdrag on Piles Due to Negative Skin
Friction, by Fellenius.

e. Negative Skin Friction on Pile Goups. The negative skin friction

on a pile group does not usually exceed the total weight of fill and/or
conpressi bl e soil enclosed by the piles in the group. For the case of
recent fill underlain by a conpressible deposit over the bearing stratum

P+total , < /= W+ (B)(L) ([gamm] +1,D+1, + [gamm] +2,D+2,)
wher e: P+total , = total load on pile group

W = working |l oad on pile group
B

wi dth of pile group
L = length of pile group

[gamma] +1,, [gamma] +2, = effective unit weight of fill and underlying
conpressi bl e soil respectively

D+1,, D+2, = depth over which fill and conpressible soi
is moving downward relative to the piles

f. Reduction of Negative Skin Friction. Several nethods have been
devel oped to reduce the expected negative skin friction on deep foundations.
These incl ude:

(a) Use of slender piles, such as H sections, to reduce shaft area
subj ect to drag.

(b) Predrilled oversized hol e through conpressible material prior
to insertion of pile (resulting annular space filled with bentonite slurry
or vermculite)

(c) Provide casing or sleeve around pile to prevent direct contact
with settling soil

(d) Coat pile shaft with bitumen to all ow slippage.

Bi tumen conpounds which can be sprayed or poured on clean piles are
avail abl e to reduce negative skin friction. Coatings should be applied only
to those portions of the pile anticipated to be within a zone of subsidence
and the | ower portion of the pile (at least ten tinmes the dianmeter) should
remai n uncoated so that the full |ower shaft and point resistance may be
nobi l i zed. Reductions of negative friction of 50% or greater have been
measured for bitum nous coatings on concrete and steel piling (see Reference
17, Reducing Negative Skin Friction with Bitunmen Layers, by Cl aessen and
Horvat, and Reference 18, Reduction of Negative Skin Friction on Steel Piles
to Rock, by Bjerrum et al.).
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Section 4. PILE | NSTALLATI ON AND LOAD TESTS
1. PILE I NSTALLATI ON

a. GCeneral Criteria. See Table 6.

b. Installation Techniques. Table 7 summarizes the nore conmon
suppl enentary procedures and appurtenances used in driven pile
installations.

c. Pile Driving Hamrers. Table 8 (Reference 6) sunmarizes the
characteristics of the nore comon types of hanmers in use in the U S.
Figure 5 shows principal operation of pile drivers (nodified from Reference
6) :

(1) Drop Hammer. Generally, it is only appropriate on snall,
relatively inaccessible jobs due to their slow rate of blows.

(2) Single Action Steamor Air Hanmmers. Blow rate is higher than
drop hanmer wi th maxi mum speeds generally ranging from about 35 to 60 bl ows
per mnute. Single acting hamrers have an advantage over double acting
hamrers when driving piles in firmcohesive soils since the slower rate
allows the soil and pile to relax before striking the next blow thereby
giving greater penetration per blow. In driving batter piles, single acting
hamrers can | ose consi derabl e energy due to the shortening fall and
increases in friction.

(3) Double Acting Steamor Air Hamrers. They provide a blowrate
nearly double that of the single acting hanmers and | ose | ess energy driving
batter piles. They are generally best suited for driving piles in
granul ar soils or in soft clays. The energy per blow delivered by a
doubl e-acti ng hammer decreases rapidly as its speed of operation drops bel ow
the rated speed.

(4) Diesel Hammers. They have a relatively | ow fuel consunption,
operate w thout auxiliary equi prent, and can operate at |ow tenperatures and
are nore efficient for driving batter piles. Mxinmm blow rates are about
35 to 60 blows per minute for single acting and about 80 to 100 bl ows per
m nute for double acting. Diesel hanmrers operate best in mediumto hard
ground; in soft ground the resistance and resulting conpressi on nmay be too
low to ignite the fuel

(5) Vibratory Hammers. They are best suited to wet soils and | ow
di spl acement piles but occasionally have been used successfully in cohesive
soils and with high displacement piles. They can also be effective in
extracting piles. \When conditions are suitable, vibratory hamers have
several advantages over inpact hamrers including | ower driving vibrations,
reduced noi se, greater speed of penetration and virtually conplete
elimnation of pile damage. However, there is the possibility that the pile
may not be efficiently advanced, obstructions generally can not be
penetrated, and there is no generally accepted nethod of determ ning
ultimate pile capacity based on the rate of penetration
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TABLE 6

General Criteria for Installation of Pile Foundations

GEOMETRIC REQUIREMENTS

OVERBURDEN

/
A Vi

/IFU\JW so‘k/ N /
/

/ N\ /

/ N\

/ \

IZI NN RNRI SRR NN NI N NNNi

. SKETCH A

dMINI.MUM AREA 2

SUM OF PILE LOADS
ALLOWABLE BEARING CAPACITY

AT LEAST 2 INTERIOR ANGLES 2 60°

REQUIRED MIN. PILE SPACING

SKETCH B

ITEM

CRITERIA AND LIMITATIONS

G AL REQUIREMENTS
MINIMUM SPACING
(CENTER TO CENTER){(D

(2)

MINIMUM NUMBER OF
PILES IN GROUP ——

PILES TO ROCK : TWICE THE AVERAGE PILE DIAMETER OR 175 TIMES THE
DIAGONAL DIMENSION OF PILE CROSS SECTION, BUT NO LESS THAN 24

ALL OTHER PILES: TWICE THE AVERAGE DHAMETER OF THE PILE OR L.75 TIMES
THE DIAGONAL CIMENSION OF PILE CROSS SECTION ,BUT NO LESS THAN 30. IN
ADDITION ,THE MiNIMUM SPACING SHALL BE LIMITED BY THE REQUIREMENT
THAT THE PILE LOAD DISTRIBUTED INTO THE BEARING STRATUM SHALL NOT
EXCEED THE NOMINAL BEARING CAPACITY OF THE STRATUM (TABLE I,

CHAPTER 4.).PILES OR PILE GROUPS SHALL BE ASSUMED TO TRANSFER THEIR
L0ADS TO THE UNDERLYING MATERIALS BY SPREADING THE LOAD UNIFORMLY AT
AN ANGLE OF 60° WITH THE HORIZONTAL , STARTING AT A POLYGON
CIRCUMSCRIBING THE PILES AT THE TOP OF THE BEARING STRATUM IN WHICH
THEY ARE EMBEDDED.THE AREA CONSIDERED AS SUPPORTING THE LOAD SHALL
NCT EXTEND BEYOND THE INTERSECTION OF THE 60° PLANES OF ADJACENT
PILES OR PILE GROUPS. (SEE SKETCH A)

PILE GROUPS SUPPORTING SUPERSTRUCTURE LOADS NORMALLY CONSIST OF AT
LEAST 3 PILES (FOR ARRANGEMENT SEE SKETCH B),EXCEPT FOR INDIVIDUAL FILES
SUPPORTING THE FLOOR SLAB OR IN CASES WHERE LATERAL TIES ARE PROVIDED.
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TARLL T

Sunplementarv Procedures and Anpurtenarces l'sed in Pile Mrivin-

Method Equipment and procedure utilized Applicability
Means of reducing driving
resistance above bearing
stratum: S e
Temporary casing-...... | Open end pipe casing driven and a. To drive through minor obstructions.
cleaned out. May be pulled later. | b. To minimize displacement.
¢. To prevent cavingor squeezing of holes.
d. To permit concretingof pile before excavation
. te subgrade of foundaztion.
Precoring.............. | By concinuous flight auger or churn | a. Vo drive through thick stratum of stiff to
drill, a hole is formed inte which hard clay.
the pile is lowered. Tile is then | b. To avoid displacement and heave of surround-
driven to bearing below the cored ing soil.
hole. c. To aveid injury to timber and thin shell pipes.
d. To eliminate driving resistance in strata up-
suitable for hearing.
Spudding ........... +-+ | Heavy structural sections or closed | a, To drive past individual ohstruction
end pipes are alternarely 1aised b. To drive through strara of fill with lacge
and dropped to form a hole into boulders or rock fragments.
which pile is lowered. Pile is
| then driven to bearing below the -
; spudded hole. a. Used te facilitate penetracion, should not be
I Jerting - viiiu oo | Water, air, of mixture of bath forced permitted in fine prained, poorly draining soils
through pipe at high pressures and where [rictional support may be permanently
! velacity, jets are sometimes built destroyed. Piles should be driven 1o {inal
into piles. embedment after jetting.
AMeans of increasing driving
resistance in bearing sura-
tum:
I Upside down piles ...... Tapeted piies, specifically timber, | a. For end beariug timber piles, where it is nec-
| driven with large bute downward. essary to minimize penetration into bearing
stratom.
k. To avoid driving through t¢ incompressible
. . but unsuitable bearing material.
Lagging ..... oot Short timber or steel sections con- | a. To increase frictional resistance along sides
nected by helding or welding to of pile.
timber or steel pipes. b. To increase end bearing resistance when
mounted near tip. -
i Means of overcoming ob-
! structions:
l Shoes and reinforced tips. | Metal! reinforeing, such as bands a. To provide protection against damage of tip.
| and shoes for all cypes of piles. b. To provide additional custing power.
; Ezplosives ............ Drill and blast ahead of 'pilé _n_p .+ | a. Te remove abstructions to open end piles
: L under very severe conditions.
Preexcavation ......... Hand or machine excavation... ... a. Used for removal of obstruction close to
ground surface.
Special equipment for ad- -
vancing piles: }
Jacking ............... | Hydraulic or mechanical screw a. To be used instead of pile hammer where
jacks are used to advance pile. access is difficuelt.
Pile is built up in shaort, conven- | b. To eliminate vibeations.
icne lengths.
Vibeation.............. | High amplicude vibrators......... | a, Advantageous for driving in waterlogged

sands and gravel.
Advantageous for driving sheetpiling.

Follower......c.......

Temporary fitler section between
hammer and pile top, preferably of
same material as pile.

Ta drive pile top to elevation below reach of
hammer or below water.
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TABLE 8
| npact and Vibratory Pile-Driver Data

+3333333333333333333333333333333333333313333333333333133333133333133113313331331333133133313313I1))
" 1. I MPACT PILE HAMVER

ok X RN\

23333333333333333313333333333133333333133133313333313331331333133133313313331331331331331333)3I)33))))1

Wi ght *

Rat ed[ **] St r oke Striking Total *
Ener gy Make of Bl ows at Rated Parts Wi ght *
Kip - ft. Harmrer[*] Mbdel No. Types[*] per mn Ener gy Ki ps Ki ps *
5233533353353333333333335353533333535353333353535553355335335535533333333333333330300)
180.0 Vul can 060 S-A 62 36 60.0 121.0 *
130.0 VKT S-40 S-A 55 39 40.0 96.0 *
120.0 Vul can 040 S-A 60 36 40.0 87.5 *
113.5 S-\Vul can 400C Diff. 100 16.5 40.0 83.0 *
97.5 VKT S-30 S-A 60 39 30.0 86.0 *
79.6 Kobe K42 Di es. 52 98 9.2 22.0 *
60.0 Vul can 020 S-A 60 36 20.0 39.0 *
60.0 VKT S20 S-A 60 36 20.0 38.6 *
56.5 Kobe K32 Di es. 52 98 7.0 15. 4 *
50.2 S-\Vul can 200C Diff. 98 15.5 20.0 39.0 *
48. 7 Vul can 016 S-A 60 36 16.2 30.2 *
48. 7 Raynond 0000 S-A 46 39 15.0 23.0 *
44.5 Kobe K22 Di es. 52 98 4.8 10.6 *
42.0 Vul can 014 S-A 60 36 14.0 27.5 *
40.6 Raynond 000 S-A 50 39 12.5 21.0 *
39.8 Del mag D22 Di es. 52 N A 4.8 10.0 *
37.5 VKT S14 S-A 60 32 14.0 31.6 *
36.0 S-\Vul can 140C Diff. 103 15.5 14.0 27.9 *
32.5 VKT S10 S-A 55 39 10.0 22.2 *
32.5 Vul can 010 S-A 50 39 10.0 18.7 *
32.5 Raynond 00 S-A 50 39 10.0 18.5 *
32.0 VKT DE- 40 Di es. 48 96 4.0 11.2 *
30.2 Vul can R S-A 50 39 9.3 16. 7 *
26.3 Li nk- Bel t 520 Di es. 82 43.2 5.0 12.5 *
26.0 VKT C8 DA 81 20 8.0 18.7 *
26.0 Vul can 08 S-A 50 39 8.0 16. 7 *
26.0 VKT S8 S-A 55 39 8.0 18.1 *
24. 4 S-\Vul can 80C Diff. 111 16. 2 8.0 17.8 *
24. 4 Vul can 8M Diff. 111 N A 8.0 18. 4 *
24.3 Vul can 0 S-A 50 39 7.5 16. 2 *
24.0 VKT C- 826 DA 90 18 8.0 17.7 *
22.6 Del mag D12 Di es. 51 N A 2.7 5.4 *
22.4 VKT DE- 30 Di es. 48 96 2.8 9.0 *
24. 4 Kobe K13 Di es. 52 98 2.8 6.4 *
19.8 Uni on K13 DA 111 24 3.0 14.5 *
19.8 VKT 11B3 DA 95 19 5.0 14.5 *
19.5 Vul can 06 S-A 60 36 6.5 11.2 *
19.2 S-\Vul can 65C Diff. 117 15.5 6.5 14.8 *
18.2 Li nk- Bel t 440 Di es. 88 36.9 4.0 10.3 *
5333553335333333333333333333333333333333333333333333333333333 3333333333333 )
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TABLE 8 (conti nued)
| npact and Vibratory Pile-Driver Data

+)))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))

Wi ght *
* Rated[ **] Bl ows Stroke Striking Total *
* Ener gy Vake of Model per at Rated Parts Wi ght *
* Kip - ft. Hamer[*] No. Types|[ *] m n Ener gy Ki ps Ki ps *
/)))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))1
* 16.2 MKT S5 5-A 60 39 5.0 12.3 *
* 16.0 MKT DE- 20 Di es. 46 96 2.0 6.3 *
* 16.0 MKT Cs Conp. 110 18 5.0 11.8 *
* 15.1 S-Vul can 50C Diff. 120 15.5 5.0 11.7 *
* 15.1 Vul can 5M Diff. 120 15.5 5.0 12.9 *
* 15.0 Vul can 1 5-A 60 36 5.0 10.1 *
* 15.0 Li nk- Bel t 312 Di es. 100 30.9 3.8 10. 3 *
* 13.1 MKT 10B3 DA 105 19 3.0 10. 6 *
* 12.7 Uni on 1 DA 125 21 1.6 10.0 *
* 9.0 Del mag D5 Di es 51 N A 1.1 2.4 *
* 9.0 MKT C3 DA 130 16 3.0 8.5 *
* 9.0 MKT S3 5-A 65 36 3.0 8.8 *
* 8.8 MKT DE- 10 Di es 48 96 11.0 3.5 *
* 8.7 MT 9B3 DA 145 17 1.6 7.0 *
* 8.2 Uni on 1.5A DA 135 18 1.5 9.2 *
* 8.1 Li nk- Bel t 180 Di es. 92 37.6 1.7 4.5 *
* 7.2 Vul can 2 5-A 70 29.7 3.0 7.1 *
* 7.2 S-Vul can 30C Diff. 133 12.5 3.0 7.0 *
* 7.2 Vul can 3M Diff. 133 N A 3.0 8.4 *
* 6.5 Li nk- Bel t 105 Di es. 94 35.2 1.4 3.8 *
* 4.9 Vul can DGH00 Diff. 238 10 .9 5.0 *
* 3.6 Uni on 3 DA 160 14 .7 4.7 *
* 3.6 MKT 7 DA 225 9.5 .8 5.0 *
* .4 Uni on 6 DA 340 7 .1 .9 *
* .4 Vul can DGH100A Diff. 303 6 .1 .8 *
* .4 MKT 3 DA 400 5.7 . 06 .7 *
* .3 Uni on 7A DA 400 6 .08 .5 *

73333333333333333333333333333333333313333313333313333313331331333133133313313313313IIIIIXI)))*

* *

*[*] Codes *
* MKT - MKiernan-Terry D-A - Doubl e-Acting *
* S-Wul can - Super-Vul can Diff. - Differential *
* S-A - Single-Acting Dies. - Diesel *
* Conmp. - Compound *
*[**]1n calculations of pile capacities by dynamc fornula, effective energy *
* del i vered by hammer shoul d be used. Hammer energy is affected by pressures =
* used to operate the hamrer, stroke rate, etc. Double-acting, differential, =
* and di esel hamers nay operate at |l ess than rated energies; double-acting *
* hamrers deliver significantly |l ess than rated energy when operated at |ess *

* than rated speed. Consult manufacturers. *



TABLE 8 (conti nued)
| npact and Vibratory Pile-Driver Data

+32333333333333333333333333333333333333133333133333133313333313313331331331331331331133)33)) »
=~ 2. VIBRATORY DRI VERS >

*223333333333333333333333333333333331333133133133333133333133133133113313311331333133)3I)0))))1

* Frequency Force Kips[***],*
* Total Weight Avai | abl e Range Frequency *
* Make Model Ki ps HP cps cps *
?3232333333333333333333333333313333333333333333333333333333333333333333300000)0))))1
* Foster 2-17 6.2 34 18-21 *
* (France) 2-35 9.1 70 14-19 62/ 19 *
* 2-50 11.2 100 11-17 101/ 17 *
*  Menck MB22- 30 4.8 50 48/ *
*  (Germany) MB65- 30 2.0 7.5 14/ *
* MB44- 30 8.6 100 97/ *
* Muller VS- 26 9.6 72 *
* (Germany) MS- 26D 16.1 145 *
* Uraga VHD- 1 8.4 40 16- 20 43/ 20 *
* (Japan) VHD- 2 11.9 80 16- 20 86/ 20 *
* VHD- 3 15.4 120 16- 20 129/ 20 *
*  Bodi ne B 22 1000 0- 150 63/100 - 175/100 =
* (USA) *
* (Russia) BT-5 2.9 37 42 48/ 42 *
* VPP- 2 4.9 54 25 49/ 25 *
* 100 4.0 37 13 44/ 13 *
* VP 11.0 80 6.7 35/ 7 *
* VP- 4 25.9 208 198/ *

*

*[***] Forces given are present naxi muns. These can usually be raised or |owered

* by changi ng weights in the oscillator. *

-33233333333333333333333333333333331333333333313333313333313311331333133133313313313313I)I))-

7.2-221



SIIATIAQ 814 3o uorieaady 3o saldrdutiy

¢ H¥A9I1d
SMIWWVH
ONILI¥-378N00
H3IAINA SHIWAYH aNY SYINAVH YIWWYH
AHOLYHAIA (3) 735310 (0} IVIINAN3AIA(D)  ONILOV-3TI9NIS (8) doa (v)
o o
W._ . P

/u.__n_ /u.__n_\\ m_.__n_\\ H_n_\\
&éd/_. HOLYTIIDSO LIW2H JERED Es_._w_._/na-u
NOIHSND |ﬁ|
'Y,

NOIHSND
NINAYH ANY T yIWWVH NoIHSND Y INOULS
NOLLSNTBINOD
v
1HOIEM
JILYLS { . SAVLNI

(TYNOILJO} HIV QISSIUAN0D | orwpd NOLSId

B VLN \&waumm WYILS YO IV
JUNSSIYd WYILS HO YIY 1SNYHX3

. H HIANINAD \ﬁ HIANITAD _._oz_;\_

7.2-222



d. lnspection Guidelines. See Table 6 for general guidance and
Ref erence 19, |nspectors' Manual for Pile Foundations, by the Deep
Foundation Institute.

(1) Driven Piles. The inspector should nornmally assess the
performance of the driving equipment, record the driving resistances,
particularly the final set (net penetration per blow), record the driven
depth and tip elevation, and continually observe the pile for evidence of
damage or erratic driving. The criteria for termination of pile driving is
normal ly a penetration resistance criteria or a required depth of
penetration. Normally, a set criteria would be used for end bearing piles
or piles where soil freeze is not a major factor while penetration criteria
woul d be nore appropriate for friction piles, piles into clay, and/or when
soil freeze is a mpjor factor.

(a) Tinmber Piles. (Reference 20, AWPI Technical Guidelines
for Pressure-Treated Wod, Tinmber Piling, and ASTM Standard D25, Round
Timber Piles.) Site Engineer/Inspector should check the following itens:

- Overstressing at the top of pile, usually visible
br oom ng.

- Properly fitted driving cap
- Straightness.
- Sound wood free of decay and insect attack
- Pressure treatnent.
- Low frequency of knots.
(b) Concrete Piles. (Reference 21, Recomendations for
Design, Manufacture, and Installation of Concrete Piles, by the American

Concrete Institute.) Site Engineer/Inspector should check the follow ng
itens:

- That pile length, geonetry, thickness, and straightness
conforms to specifications.

- Note extent, anpunt, and location of spilling or
cracking in the pile during driving and pick up, and
set.

- Thickness and type of cushion - should conmply with
speci fication.

(c) Steel Piles. Site Engineer/Inspector should check the
follow ng itemns:

- Compliance with applicable codes and specifications.

- Structural damage to pile due to over-driving/
over stressing.

- Pile orientation conforns to the plans.
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(2) Drilled Piers. Mnimmrequirenents for proper inspection of
drilled shaft construction are as follows:

(a) For Dry or Casing Method of Construction

- Aqualified inspector should record the material types
bei ng renoved fromthe hol e as excavation proceeds.

- Wien the bearing soil has been encountered and
identified and/or the designated tip elevation has been
reached, the shaft walls and base shoul d be observed
for anomalies, unexpected soft soil conditions,
obstructions or caving.

- Concrete placed freefall should not be allowed to hit
the sidewall s of the excavation.

- Structural stability of the rebar cage shoul d be
mai nt ai ned during the concrete pour to prevent
buckl i ng.

- The volunme of concrete should be checked to ensure
voi ds did not result during extraction of the casing.

- Concrete nust be tremed into place with an adequate
head to displace water or slurry if groundwater has
entered the bore hole.

- Pulling casing with insufficient concrete inside should
be restricted.

- Bottom of hole should be cleaned.
(b) For Slurry Displacement Method of Construction

- A check on the concrete volunme and recording the
material types and depth of shaft apply the sane as
above.

- The trenie pipe should be watertight and shoul d be
fitted with sone formof valve at the | ower end.

(3) Caissons on Rock. Inspection of caisson bottomis usually
acconpl i shed by either

(a) Probing with a 2-1/2" dianmeter probe hole to a m ni mum of
8 feet or 1.5 tinmes the caisson shaft dianeter (whichever is |arger).

(b) Visual inspection by a qualified geol ogi st at caisson
bottomwi th proper safety precautions or fromthe surface utilizing a
borehol e camera. The purpose of the inspection is to determ ne the extent
of seans, cavities and fractures. The allowable cunul ative seamthi ckness
within the probe depth varies depending on performance criteria. Values as
low as 1/4" of cumul ative thickness can be specified for the top 1/2
di anet er.
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e. Installation Guidelines.
(1) Driven Piles.

(a) For pile groups, drive interior piles first to avoid hard
driving conditions, overstressing, and to nminimze heave.

(b) Make sure pile driving caps and/or cushions are
appropri ate.

(c) Check for conpression bands around the top of concrete and
timber piles to avoid overstressing.

(d) Cheek for proper alignment of the driving head.

(e) If the pile suddenly changes directions or a substantially
reduced driving resistance is noted, the pile is probably broken

Table 9 summari zes some of the common installation problens and
recormended procedures. Table 10 (Reference 22, Drilled Shafts: Design and

Construction Guideline Manual, Vol 1: Construction Procedures and Design
for Axial Load, by Reese and Wight) sumarizes sonme of the nore common
installation problens and procedures for drilled piers.

(2) Performance Tolerance. It is normal practice to tailor the
specifications to particular site conditions and to structural perfornmance
criteria. |In many applications the following criteria may apply:

(a) Allowable Deviation from Specified Location. |In the

absence of another over-riding project specification criteria, use 4 inches.
Consi der the technical feasibility of increasing to nore than 4 inches
for caps with 4 piles or |ess.

(b) Allowable out-of-vertical. In the absence of the
overriding project specification criteria, use 2% provi ded that the
al |l owabl e deviation is not exceeded. Values of 4% 2% and 1/4 inch out of
pl unmb have been used.

(c) Allowable Heave Before Redriving. Require redriving of
piles if heave exceeds 0.01 feet for essentially friction piles, or any
det ect abl e heave if piles are known to be essentially end-bearing.

(d) Mnimum Di stance of Pile Being Driven from Fresh Concrete.

In the absence of over-riding project specification criteria, use 15 feet.
Val ues of 10 feet to 50 feet have been used in practice.
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Treatment nf Tiel?

I'rotlems

mAREE

fpeotntered Corics Tile

Crivine

Description of problem

Procedures to be applied

Category:
Obstructions: Old foundarions, boulders, rubble
fill, cemented lenses, and similar abstacles to

driving.

General problems:

Vibration in Driving: May compact loose granular
materials causing settlement of existing struc-
tures near piies. Effect most pronounced in
driving displacement piles.

Damage to Thin Shells: Driven shells may have
been crimped, buckled, or torn, or be leaking at
Jaints as the results of driving difficuliies or
presence of abstructions.

Inappropriate Use of Pile Driving Formula: Piles
driven to a penettation determined solely by
driving resistance may be bearing in a compres-
sible stracum. This may ocewr in thick strata of
silty fine sand, varved silts and clays, or me-
dium stiff cohesive soils.

Difficulties at pile tipt

Fracturing of Bearing Materials: Fracturing of ma-
terial immediately belaw tips of piles driven to
tequired tesistance as a result of driving adja-
cent pilas. Brirtle weathered rock, clay-shale,
shale, siltstone, and sandstone are vulnerable
materials, Swelling of stiff fissured clays or
shales at pile tip may complicate this problem.

Steeply Sloping Rock Surface: Tips of high capac-
ity end bearing piles may slide or move laterally
on a steeply sloping surface of sound haed rock
which has little or no overlying weathered ma-
terial.

Loss of Ground: May occur during installation of
open end pipe piles, Materials vulnerable to
piping, parriculatly fine sands ot silts, may flow
into pipe undet the influence of an outside dif-
ferential head, causing sertlement in surrounding
areas ot loss of ground beneath tips of adjacent
piles.

Movement of piles subsequent to driving:

Heave: Completed piles rise vertically as the re-
sult of driving adjacent piles. Particularly com-
mon for displacement piles in soft clays and me-
dinm compace granular soils. Heave becomes
serious in soft clays when volume displaced by
piles exceeds 2Y4% of volume of soil enclosed
within the limits of the pile foundation.

Lateral Movement of Piles: Completed piles move
hotizontally as the resule of driving adjacent
piles.

Excavate or break up shallow obstruction if praceical. For
deeper obstructions use spudding, fetting, or temporary cas-
ings, or use drive shocs and reinforecd tips where pile is
strong enough to be driven through obstructions.

Select pile cype with minimum displacement, and/or precore ot
jet with temporary casing or substitute jacking for pile driv-
ing.

Each pile is inspected with light beam. If diamecer at any lo-
cation varies more than 15% from original diameter or if other :
damage to shell cannot be repaired, pile is abandoned, filled
with sand and a replacement is driven. Concrete shall be
placed in dry shell only.

Upsuitable bearing strata should be determined by exploration
program. Piles shonld not be permitted to stop in these
strata, regardless of driving resistance. For bearing in stilf
and brietle cohesive soils and in soft rock, load tests ate
particularly importane.

For piles bearing in these materials specify driving resistance
test on selected piles after completion of driving adjacent
piles. If damage to the bearing stratum is evidenced, require :
redeiving until specified reststance is met.

Provide special shoes or pointed tips or use open end pipe
pile socketed into sound rock.

Avoid cleaning in advance of pile cutting edge, and/or retain
sufficient material within pipe to prevent inflow of sail from
below.

For piles of solid cross sections {(timber, steel, precast con-
crete), survey top elevations during driving of adjacent piles
to determine possible heave. For piles that have risen more
than 0,01 ft, redrive to ar least the former tip elevation, and
beyond that as necessary to reach required driving resistance.
Heave is minimized by driving temporary open-end casing,
precoring, ot jetting so that total velume displaced by pile
driving is less than 2 or 3% of toeal volume enclosed within
Hmits of pile foundation.

Survey horizontal position of completed piles during the driving
of adjacent piles. Movement is controlled by procedutes used
to minimize heave.
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TABLE 10
Drilled Piers: Construction Problens

+32333333333333333333333333333333333033133313333313313331333331333331331331333331333133133)) »

* Probl em * Sol ution *

*)))))))))))))))))))))))))))))))))))3)))))))))))))))))))))))))))))))))))))))))))))*
* Pouring concrete through water Renmoval of water by hailing or use of

* treme *

Segregation of concrete during If free-fall is enployed, exercising care *

pl aci ng to see that concrete falls to final *

l ocation w thout striking anything, or use*

of treme *

Restricted fl ow of concrete Desi gning of rebar cage with adequate *

t hrough or around rebar cage spacing for normal concrete (all clear *

spaces at least three tines the size of *

| argest aggregate) or use of special mx =

with small-sized coarse aggregate *

Torsi onal buckling of rebar Strengt heni ng rebar cage by use of *

cage during concrete placenent circunferential bands wel ded to | ower *

with casing met hod portion of cage, use of concrete with *

improved flow characteristics, use of
retarder in concrete allowi ng casing to be*
pulled very slowy

*

Pulling casing with
insufficient concrete inside

Al ways havi ng casi ng extendi ng above
ground surface and al ways havi ng casi ng
filled with a sufficient head of concrete
with good flow characteristics before
casing is pulled

Weak soil or undetected cavity
beneat h base of foundation

Requiring exploration to a depth of a few
di aneters bel ow the bottom of the
excavation

L N I N I R N N B I N R 2 S I N R I N N I R I )

Foob % R bk bk b b X b kX b b X b b X k% % b X % kX %

R X R % X b % ok F X %

Def ormation or collapse of soil Such problens are readily detected by
* even the mninunms of inspection

-332333333333333333333333333333333332333333331333331333331333331333133133313313313313I)I))-
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2. PILE LOAD TEST.

a. GCeneral. The results of pile load tests are the nost reliable neans
of evaluating the | oad capacity of a deep foundation. Load tests can be
performed during the design phase as a design tool and/or during
construction to verify design |loads. Pile |oad tests should be considered
for large and/or critical projects, for pile types and soil conditions for
which there is linmted previous | ocal experience, when proposed design | oads
exceed those normally used, and for other design/site conditions such as the
need to use |lower than specified factor of safety in the design

The types of pile load tests normally performed include:

(1) Standard Loadi ng Procedures or Sl ow Mintained-Load Test
Met hod. For procedure, refer to ASTM Standard D3689, Individual Piles under
Static Axial Tensile Load. It is the npbst common |oad test currently used.
It is a long duration test (typically 70 hours or longer) |oaded to 200
percent of the design load, or to failure. To determ ne curve of plastic
deformation, the test procedure should be altered to include at |east three
unl oad-rel oad cycles. This procedure is described in ASTM Standard D1143,
Pil e Under Axial Conpressive Load.

(2) Quick Mintai ned-Load Test Method. For procedure, refer to
ASTM St andard D1143. This is a short duration test, typically 1 to 4 hours,
generally | oaded to 300 percent of the design load or failure. It is
suitable for design | oad test and can be effectively used for |oad proof
testing during construction.

(3) Constant Rate of Penetration (or Uplift) Test Method. A
di spl acenment-control |l ed method. For procedure, refer to ASTM Standard D1143
or ASTM Standard D3689. It is a short duration test, typically 2 to 3
hours, and may require special |oading equi pnent as described in Reference
23, A Device for the Constant Rate of Penetration Test for Piles by Garneau
and Samson. This method is recomended for testing piles in cohesive soils
and for all tests where only the ultimate capacity is to be nmeasured. The
nmet hod can provide informati on regardi ng behavior of friction piles and is
well suited for |oad tests during design.

b. Interpretation of Results. There are nunerous procedures for
interpretation of pile load test results including those specified by |oca
buil ding codes. A deflection criteriais normally used to define failure.
In the absence of an over-riding project specification criteria, use 3/4
inch net settlenent at twice the design |load. Values of 1/4 and 1 inch at
twice the design load and 1/4 inch at three tinmes the design | oad have been
used. Figure 6 presents a procedure for determining the failure | oad based
on a permanent set of 0.15 + D/ 120 inches (where Dis the pile dianeter
in inches). This procedure can be used for either of the three test methods
present ed above.

VWere negative skin friction (downdrag) may act on the pile, only
| oad carried by the pile bel ow the conpressi ble zone shoul d be consi dered.
This may be deternined by mninizing shaft resistance during the |oad test
(e.g., predrilling oversized hole, case and cl ean, using bentonite slurry,
etc.) or by neasuring novenment of tip directly by extension rods attached to
the pile tip and analyzing test results in accordance with Figure 7.
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5.

APPLIED LOAD (TONS)
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TYPICAL TEST PLOT

Calculate elastic compression of pile{8g) when considered as a free
column by:

Pl
1}

= test load, lbs
pile length, in.(for end=bearing pile)

3
&

AE A = cross=sectional area of pile matetrial,
s§q in
E = Young's Modulus for pile material, psi

Determine scales of plet such that slope of pile elastic compression
line is approximately 20°,

Plot pile head total displacrment vs. applied load.

Failure load is defined as that load which produces a displacement of
the pile head equal to:

Sf:3+tJ5+lL4 8¢ = displacement at failure, im.
E 120 D = pile diameter, in.

Plot failure criterion as described in (4), represented as a straight
line, parallel to line of pile elastic compression. Intersection of
failure criterion with observed load deflection curve defines failure
lead, 0Of.

Where observed load displacement curve does not intersect failure
criterion, the maximum test load should be taken as the failure load,

Apply factor of safety of at least 2.0 to fallure load to determine
allowable load.

FIGURE 6
Interpretation of Pile Load Test
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c. Pullout Tests. Methods of deternining failure |oad for tension |oad
tests vary depending on the tol erable novenent of the structure. In
general, failure load is nore easily defined than for conpression |load tests
since avail able resistance generally decreases nore distinctly after
reaching failure. Failure |oad may be taken as that val ue at which upward
noverment suddenly increases disproportionately to load applied, i.e. the
poi nt of sharpest curvature on the |oad-displacenment curve.

d. Lateral Load Tests. Lateral load tests are usually perforned by
jacking apart two adjacent pile and recording deflections of the piles for
each load increnent. See Reference 24, Mdel Study of Laterally Loaded
Pile, by Davisson and Salley, for further guidance. |n some applications
testing of a pile group may be required.

e. Oher Coments. A response of a driven pile in a |oad test can be
greatly affected by the tinme el apsed between driving and testing. |n nost
cases, a gain in pile bearing capacity is experienced with tinme and is
governed by the rate of dissipation of excess pore water pressures generated
by driving the pile throughout the surrounding soil nmass. This is
frequently terned "freezing." The time required for the soil to regain its
maxi mum shear strength can range froma mininumof 3 to 30 days or | onger
The actual required waiting period nay be determined by redriving piles or
from previous experience. GCenerally, however, early testing will result in
an underestimate of the actual pile capacity especially for piles deriving
their capacity from saturated cohesive soils.

Piles driven through saturated dense fine sands and silts may
experience loss of driving resistance after periods of rest. Wen redriven
after periods of rest the driving resistance (and bearing capacity) will be
| ess conpared to the initial driving resistance (and capacity). This
phenonenon is commonly referred to as rel axation

Section 5. DI STRIBUTI ON OF LOADS ON PI LE GROUPS
1. VERTICAL PILE GROUPS.

a. Eccentric Vertical Loading. Distribution of design load on piles in
groups is analyzed by routine procedures as foll ows:

(1) For distribution of applied |oad eccentric about one or two
axes, see Reference 6.

(2) Overload fromeccentricity between applied | oad and center of
gravity of pile group shall be permitted up to 10 percent of allowable
wor ki ng | oad when a safety factor of 2-1/2 to 3 is available for the working
| oad.

(3) Overload fromw nd plus other tenporary live |oads up to 33
percent of the allowable working load is permtted, when a safety factor of
2-1/2 to 3 is available for the working | oad.

(4) Except in unusual circunstances, all bearing piles in a group
shal | be of the same type, and of equal |oad capacity.
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I IF SKIN FRICTION ACTING ONTEST PILE MAY BE REVERSED IN THE PROTOTYPE BY CONSOLIDATION
OF MATERIALS ABOVE THE BEARING STRATUM,ANALYZE LOAD TEST TO DETERMINE RELATION
OF LOAD VS SETTLEMENT FOR PILE TIP ALONE .

2. COMPUTE THEORETICAL ELASTIC SHORTENING ASSUMING SEVERAL POSSIBLE VARIATIONS OF SKIN
FRICTION ON PILE AS SHOWN BELOW FOR A CYLINDRICAL PILE.

3. COMPARE THEORETICAL WITH OBSERVED ELASTIC SHORTENING AND DETERMINE PROBABLE
VARIATION OF SKIN FRICTION ON PILE. USING THIS VARIATION OF SKIN FRICTION, COMPUTE LOAD
AT TIP.

Ca 2 MAXIMUM

CYLINDRICAL PILE: MODULUS OF ELASTICITY =E
)j SKIN FRICTION

Qn
mvf{m o ey

1,
SKIN = I
FRICTION * r& !
b p z J
E o {
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m I
= * d @ CI),CASE
0 |
1 A P E l ! ]
Qi & // !
o :
it N
e s GCA_J
BEARING DIVISION OF APPLIED LOAD INTENSITY OF SKIN
STRATUM BETWEEN TIP LOAD AND FRICTION
SKIN FRICTION
R=RADIUS Az AREA F = TOTAL SKIN FRICTION
BE < ELASTIC SHORTENING OF PILE WITH cASE (1), SKIN FRICTION CONSTANT
LOAD Qq AT BUTT AND Qp' AT TIP WITH DEPTH:
Se:(0a-TROL) 4
aps 22EBE o
CASE (2),SKIN FRICTION DECREASING T a Gy CASE (3), SKIN FRICTION DECREASING TO
AT TIP ZERQ AT TIP:
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% (QA 2T RCAL L3100 ’) AE Sp=(ap- —3Li N
.. 3AESE (a+|> 20+| . 3AESE @
O = lavs) % Gz °P=T'—zﬂ—
FIGURE 7

load Test Analysis Where Downdrag Acts on Pile
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2. GROUPS W TH VERTI CAL AND BATTER PI LES. Analyze distribution of pile
| oads according to criteria in Reference 25, Pile Foundations, by Chellis.
The following limtations apply:

(1) Assune inclination of batter piles no flatter than 1 horizonta
to 3 vertical unless special driving equipment is specified.

(2) Wen batter piles are included in a group, no allowance is made
for possible resistance of vertical piles to horizontal forces.

(3) For analysis of loads on piles in relieving platfornms, see
Ref erence 26, Anerican Civil Engineering Practice, Vol. 1, by Abbett.

(4) For analysis of batter pile anchorage for tower guys, see
Fi gure 8.

Section 6. DEEP FOUNDATI ONS ON ROCK

1. GENERAL. For ordinary structures, nost rock formations provide an idea
foundati on capabl e of supporting |large loads with negligible settlement.
Normal Iy, the all owable | oads on piles driven into rock are based on pile
structural capacity while the allowabl e bearing pressures for footings/piers
on rock are based on a nom nal values of allowable bearing capacity (see
Chapter 4).

There are however certain unfavorable rock conditions (e.g., cavernous
i mestone, see DM 7.1, Chapter 1) which can result in excessive settlenent
and/or failure. These potential hazards nust be considered in the design
and construction of foundations on rock

2. PILES DRIVEN INTO ROCK. Piles driven into rock normally nmeet refusal at
a nom nal depth bel ow the weathered zone and can be desi gned based on the
structural capacity of the pile inmposed by both the dynami c driving

stresses and the static stresses. Highly weathered rocks such as deconposed
granite or linmestone and weakly cemented rocks such as soft clay-shal es can
be treated as soils.

The possibility of buckling bel ow the nudline should be eval uated for
hi gh capacity pile driven through soft soils into bedrock (see Reference 27,
The Design of Foundations for Buildings, by Johnson and Kavanaugh).

3. ALLOMBLE LOADS ON PIERS IN ROCK. Piers drilled through soil and a

nom nal depth into bedrock shoul d be designed on the basis of an allowable
bearing pressure given in Chapter 4 or other criteria (see Reference 28,
Foundati on Engi neering, by Peck, et al.). Piers are normally drilled a

nom nal depth into the rock to ensure bearing entirely on rock and to extend
the pier through the upper, nore fractured zones of the rock. Increase in
al | owabl e bearing with enmbednent depth should be based on encountering nore
conpetent rock with depth.
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Rock-socketed drilled piers extending nmore than a nonminal depth into rock
derive capacity from both shaft resistance and end bearing. The proportion
of the load transferred to end bearing depends on the relative stiffness of
the rock to concrete and the shaft geonetry. Generally, the proportion
transferred to end bearing decreases for increasing depth of enmbednent and
for increasing rock stiffness. This proportion increases with increased
loading. Field tests indicate that the ultimte shaft resistance is

devel oped with very little deformation (usually |less than 0.25 inches) and
that the peak resistance devel oped tends to remain constant with further
novenent. Based on load test data, the ultimte shaft resistance can be
estimted approximtely from

S+r ,

(2.3 to 3)(fw) .1/2- (pier dianmeter >16 inches)
S+r,= (3

to 4)(fw) .1/2- (pier diameter <16 inches)

wher e: S+r, ultimate shaft resistance in force per shaft contact area

fw

unconfined conpressive strength of either the rock or the
concrete, whichever is weakest.

See Reference 29, Shaft Resistance of Rock Socketed Drilled Piers, by
Horvat h and Kenney.

4. SETTLEMENT OF DEEP FOUNDATI ONS IN ROCK. Settlement is normally
negligi bl e and need not be evaluated for foundations on rock designed for an
appropriate allowabl e bearing pressure.

For very heavy or for extrenely settlement sensitive structures, the
settl enent can be conmputed based on the solution for elastic settlenent
presented in Chapter 5 of DM 7.1. The choice of the elastic nodulus, E, to
use in the analysis should be based on the rock mass nodul us whi ch
requires field investigation. For guidance see Reference 9 and Reference
30, Rock Mechanics in Engineering Practice, by Stagg and Zi enki ewi cz, eds.
In cases where the seismc Young's nodul us is known, the static nodul us can
be conservatively assunmed to be 1/10th the seism c nodul us.

Section 7. LATERAL LOAD CAPACI TY

1. DESIGN CONCEPTS. A pile loaded by lateral thrust and/or nmonent at its
top, resists the load by deflecting to nobilize the reaction of the
surroundi ng soil. The magnitude and distribution of the resisting pressures
are a function of the relative stiffness of pile and soil

Design criteria is based on nmaxi mum conmbi ned stress in the piling,
al l owabl e defl ection at the top or perm ssible bearing on the surrounding
soil. Although 1/4-inch at the pile top is often used as a linit, the
al l owabl e | ateral deflection should be based on the specific requirements of
the structure.
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2. DEFORMATI ON ANALYSIS - SINGLE PILE

a. GCeneral. Methods are available (e.g., Reference 9 and Reference 31
Non- Di nensi onal Solutions for Laterally Loaded Piles, with Soil Mdul us
Assumed Proportional to Depth, by Reese and Matlock) for conputing |latera
pil e | oad-deformation based on conplex soil conditions and/or non-Ilinear
soi|l stress-strain relationships. The COM 622 conputer program (Reference
32, Laterally Loaded Piles: Program Docunentation, by Reese) has been
docunented and is wi dely used. Use of these methods should only be
consi dered when the soil stress-strain properties are well understood.

Pile deformation and stress can be approxi mated through application
of several sinplified procedures based on idealized assunptions. The two
basi ¢ approaches presented bel ow depend on utilizing the concept of
coefficient of lateral subgrade reaction. It is assumed that the latera
| oad does not exceed about 1/3 of the ultimate lateral |oad capacity.

b. Ganular Soil and Normally to Slightly Overconsolidated Cohesive
Soils. Pile deformati on can be estimted assum ng that the coefficient of
subgrade reaction, K+h,, increases linearly with depth in accordance with:

fz
K+h, =)
D

where: K+h,

coefficient of lateral subgrade reaction (tons/ft_.3-)

f coefficient of variation of [ateral subgrade reaction
(tons/ft _.3-)
depth (feet)

wi dt h/ di amet er of | oaded area (feet)

z
D

Gui dance for selection of f is given in Figure 9 for fine-grained
and coarse-grai ned soils.

Cc. Heavily Overconsolidated Cohesive Soils. For heavily
overconsol i dated hard cohesive soils, the coefficient of l|ateral subgrade
reaction can be assumed to be constant with depth. The nmethods presented in
Chapter 4 can be used for the analysis; K+h, varies between 35c and 70c
(units of force/length.3- where ¢ is the undrained shear strength.

d. Loading Conditions. Three principal |oading conditions are
illustrated with the design procedures in Figure 10, using the influence
di agrams of Figure 11, 12 and 13 (all from Reference 31). Loading may be
l[imted by allowable deflection of pile top or by pile stresses.

Case |. Pile with flexible cap or hinged end condition. Thrust and
nonent are applied at the top, which is free to rotate. Obtain tota
defl ecti ons noment, and shear in the pile by algebraic sumof the effects of
t hrust and noment, given in Figure 11
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CASE I. FLEXIBLE CAP, ELEVATED POSITION

LOAD AT
CONDITION GROUND LINE DESIGN PROCEDURE
Py FOREACH PILE: | FOR DEFINITION OF PARAMETERS SEE FIGURE |2
P
p =L I COMPUTE RELATIVE STIFFNESS FACTOR.
_EL /5
T={=)
H M = PH 2, SELECT CURVE FOR PROPER TLI'.—-JN FIGURE 11,
J M 3. OBTAIN COEFFICIENTS F§,Fy,Fy AT DEPTHS DESIRED.
'(}'mr’ 4. COMPUTE DEFLECTION, MOMENT AND SHEAR AT

A FIT T AFTFIF AT I 777 77T 77 P i DESlRED DEPTHS USING FORMUL.AS OF FIGURE 4 .

—
ey

NOTE: "f'" VALUES FROM FIGURE 9 AND CONVERT
TO LB/INZ

|.—r

1
N DEFLECTED
n = NUMBER OF PILES POSITION

CASETL. PILES WITH RIGID CAP AT GROUND SURFACE

L l P . PROCEED AS IN STEP i,CASEL .
muuf T | T ™ 2. COMPUTE DEFLECTION AND MOMENT AT DESIRED
ll DEPTHS USING COEFFICIENTS FSrFM AND

PT
i
‘ .
H AND EQUALS Pp:= _PT  |N EACH PILE,
I n
r

FORMULAS OF FIGURE 2.
3. MAXIMUM SHEAR OCCURS AT TOP OF PILE

-

CASE IIL. RIGID CAP, ELEVATED POSITION

DEFLECTED

POSITION
r— ||7 i ASSUME A HINGE AT POINT A WITH A BALANCING
MOMENT M APPLIED AT POINT A.

P

E 2. COMPUTE SLOPE &, ABOVE GROUND AS A FUNCTION
I OF M FROM CHARACTERISTICS OF SUPERSTRUCTURE,
! 3. COMPUTE SLOPE & FROM SLOPE COEFFICIENTS
T .-
H !
Ho B2

OF FIGURE 13 AS FOLLOWS:
N WL Ll Ll /////}WL

2
= erg (X

d )
EI EI

8 =Fgl
4. EQUATE B| = 83 AND SOLVE FOR VALUE OF M.
3. KNOWING VALUES OF P AND M, SOLVE FOR DEFLECTION,
SHEAR, AND MOMENT AS IN CASE I.

NOTE : IF GROUND SURFACE AT PILE LOCATION IS
INCLINED, LOAD P TAKEN BY EACH PILE IS

PROPORTIONAL TO T /Hg3.

FIGURE 10
Design Procedure for Laterally Loaded Piles
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DEPTH Z IN MULTIPLESOF Y

DEPTH Z IN MULTIPLES OF T
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FIGURE 12
Influence Values for Laterally Loaded Pile
(Case II. Fixed Against Rotation at Ground Surface)
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Case Il. Pile with rigid cap fixed against rotation at ground
surface. Thrust is applied at the top, which nmust maintain a vertica
tangent. btain deflection and nonment frominfluence values of Figure 12.

Case Ill. Pile with rigid cap above ground surface. Rotation of
pile top depends on conbi ned effect of superstructure and resistance bel ow
ground. Express rotation as a function of the influence values of Figure 13
and determ ne nmonent at pile top. Knowi ng thrust and nonent applied at pile
top, obtain total deflection, nonent and shear in the pile by algebraic sum
of the separate effects from Figure 11

3. CYCLI C LOADS.

Lateral subgrade coefficient values decrease to about 25%the initial value
due to cyclic loading for soft/loose soils and to about 50%the initia
value for stiff/dense soils.

4. LONG TERM LOADI NG Long-termloading will increase pile deflection
corresponding to a decrease in |lateral subgrade reaction. To approximte
this condition reduce the subgrade reaction values to 25%to 50% of their
initial value for stiff clays, to 20%to 30% for soft clays, and to 80%to
90% f or sands.

5. ULTI MATE LOAD CAPACITY - SINGLE PILES. A laterally |oaded pile can fai
by exceeding the strength of the surrounding soil or by exceeding the
bendi ng nonent capacity of the pile resulting in a structural failure.
Several methods are available for estimating the ultimate |oad capacity.

The nmethod presented in Reference 33, Lateral Resistance of Piles in
Cohesive Soils, by Brons, provides a sinple procedure for estimating
ultimate lateral capacity of piles.

6. GROUP ACTION. Group action should be considered when the pile spacing
in the direction of loading is less than 6 to 8 pile dianeters. G oup
action can be evaluated by reducing the effective coefficient of latera
subgrade reaction in the direction of |oading by a reduction factor R
(Reference 9) as foll ows:

Pile Spacing in Subgr ade Reaction
Direction of Loading Reducti on Fact or
D = Pile Dianeter R
J31333313131333131313131313131)) J3313333131333131331))
8D 1.00
6D 0.70
4D 0. 40
3D 0. 25
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APPENDI X A
Li sting of Conputer Prograns

+))))))))))))))))0))))))))))))))0)))))))))))))))))))))0)))))))))))))))))))))))))))
Subj ect *  Program * Description Avail ability

/))))))))))))))))3))))))))))))))3)))))))))))))))))))))3)))))))))))))))))))))))))))1
*Shal | ow QULT Bearing capacity * GCeotechnical Engineering =
*Foundat i ons Cat al og No anal ysis by Balla, Sof tware Activity *
*(Chapter 4) E03- 0001- Bri nch Hansen, Uni versity of Colorado =
* 00043 Meyer hof - Prandt |, Boul der, CO 80309 *

1

*
*
*
*

ok X %

* Sokol uvski and *
* * * Terzaghi Methods *
/))))))))))))))))3))))))))))))))3)))))))))))))))))))))3)))))))))))))))))))))))))))
*Excavati on, and Two di nensi onal Stanford University
*Earth Pressures finite el enent
*(Chapter 1) and programto
*(Chapter 3) anal yze tieback
wal | s.

*
*

SSTI NCS- 2DFE Two di nensi onal Virginia Polytechnic
finite el enent Institute and State
programto anal yze Uni versity, Bl acksburg,
* * * tieback walls. * VA 24061
/))))))))))))))))3))))))))))))))3)))))))))))))))))))))3)))))))))))))))))))))))))))
*Deep Foundati ons* COV62 Program solves for = GESA or University of
*( Chapter 5) * Cat al og No defl ecti on and Austin
E04- 0003- bendi ng nmonent in
00044 a laterally | oaded
pil e based on
theory of a beam
on an elastic
foundati on using
finite difference
t echni ques. Soil
properties are
defined by a set
of | oad-deflection
curves.

*
*
*
*
*
*
*
*

L I I
L I I

ok X %

*

TTI Program for

anal ysis of pile
driving by the
Wave Equati on;
devel oped at Texas

A & M University.

Transportation FHM R &
I mpl enentation Div.

WEAP CGESA

Cat al og No.

EO04- 0004-
00046

Wave Equati on
anal ysis for pile
driven by inpact
hamers, diesel
hanmmers and

* * air/steam hamers. *

-332333333333333323333333333333323333333333331333331333323331331333133133313313313313I)I))-

Foob % b ok b ok b X b R X R % X b % b X % X
Foob ok R ok b b b X b R X R X b % b X X
Foob % b ok b ok b X b R X b % X b X b X % X

*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
U.S. Departnent of *
D*
*
*
*
*
*
*
*
*
*
*
*

Foob % R ok b ok b b b X R X b % % b X X %
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APPENDI X A
Li sting of Conputer Prograns (continued)

+))))))))))))))))0))))))))))))))))))0)))))))))))))))))))))0)))))))))))))))))))))))

Subj ect * Program Description Avail ability
/))))))))))))))))3))))))))))))))))))3)))))))))))))))))))))3)))))))))))))))))))))))1
*Deep Foundati ons* * Auxiliary program =
*( Chapter 5) * GESA Cat aI og No. * for WVEAP.

EO4- 005- 00047

* * WEHAM * Harmmer data for * *
* * CGESA Catal og No. * WVEAP. * *
* * EO04- 006- 00048 * * *
* * WDATA * WEAP dat a * *
* * CGESA Catal og No. * generator. * *

*

*

= EO04- 007- 00049
-332333333333333323333333333333333332333333331333331333331331323333133133313313313313I)I))-
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GLOSSARY

Downdrag. Force induced on deep foundation resulting from downward novenent
of adjacent soil relative to foundation element. Also referred to as
negative skin friction.

Honpbgenous Earth Dam An earth dam whose enmbanknment is fornmed of one soi
type without a systematic zoning of fill materials.

Modul us of Subgrade Reaction. The ratio between the bearing pressure of a
foundati on and the correspondi ng settlenment at a given point.

Noni nal Bearing Pressures. Allowable bearing pressures for spread
foundati on on various soil types, derived from experience and general usage,
whi ch provide safety against shear failure or excessive settlenent.

Opti mum Moi sture Content. The npisture content, determined froma
| aboratory conpaction test, at which the maxi mum dry density of a soil is
obt ai ned using a specific effort of conpaction.

Pi ping. The novenent of soil particles as the result of unbal anced seepage
forces produced by percolating water, |eading to the devel opment of boils or
er osi on channel s.

Swell. Increase in soil volume, typically referring to volunetric expansion
of particular soils due to changes in water content.

Zoned Earth Dam An earth dam enbankment zoned by the systematic

di stribution of soil types according to their strength and perneability
characteristics, usually with a central inpervious core and shells of
coarser material s.

7.2-G1



Synbol

A+p,
B, b
c+a,

C+al | ,

C+s,

c+v,

D, d

D+r ,

D+5,, D+60,
D+85,

E+s,

F+s,

H, h
H+w,

K+A,
K+H,

k+h,
K+p,
K+b,
K+v1l,

ksf
ksi

SYMBOLS
Desi gnati on

Cross-sectional area.

Anchor pull in tieback systemfor flexible wall.

Wdth in general, or narrow di mension of a foundation unit.

Unit adhesion between soil and pile surface or surface of sone
ot her foundation material

Al'l owabl e cohesion that can be nobilized to resist shear
stresses.

Shape factor coefficient for conputation of imediate
settl enent.

Cohesion intercept for Mhr's envel ope of shear strength based
on total stresses.

Cohesion intercept for Mdhr's envel ope of shear strength based
on effective stresses.

Coefficient of consolidation.

Depth, dianeter, or distance.

Rel ative density.

Grain Size division of a Soil sanple, percent of dry weight
smal l er than this grain size is indicated by subscript.

Modul us of elasticity of structural Mterial.

Modul us of elasticity or "nodul us of deformation" of soil

Voi d ratio.

Safety factor in stability or shear strength anal ysis.

Coefficient of variation of soil nodulus of elasticity with
depth for analysis of laterally |oaded piles.

Specific gravity of solid particles in soil sanple, or shear
nmodul us of soil

In general, height or thickness.

Hei ght of groundwater or of open water above a base |evel

I nfl uence value for vertical stress produced by superi nposed
| oad, equals ratio of stresses at a point in the foundation
to intensity of applied | oad.

Gradi ent of groundwater pressures in underseepage anal ysis.

Coefficient of active earth pressures.

Rati o of horizontal to vertical earth pressures on side of pile
or other foundation.

Coefficient of lateral subgrade reaction

Coefficient of passive earth pressures.

Modul us of subgrade reaction for bearing plate or foundation of
wi dth b.

Modul us of subgrade reaction for 1 ft square bearing plate at
ground surface.

Coefficient of permeability.

Ki ps per sq ft pressure intensity.

Ki ps per sq in pressure intensity.
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Synbol Desi gnati on

L,1 Length in general or |ongest dinension of foundation unit.
N+c,, N+cs,, Bearing capacity factors.
N+q,, N gamm],
N [ ganma] g

N+o, Stability nunber for slope stability.

n Porosity of soil sanple.

n+c, Ef fective porosity.

ovec Opt i mum noi sture content of conpacted soil

P+A, Resul tant active earth force.

P+AH, Conponent of resultant active force in horizontal direction

pcf Density in pounds per cubic foot.

P+h, Resul tant horizontal earth force.

p+p., Resul t ant passive earth force.

P+PH, Conponent of resultant passive earth force in horizonta
direction.

P+v, Resul tant vertical earth force.

P+w, Resul tant force of water pressure.

p Intensity of applied | oad.

P+o, Exi sting effective overburden pressure acting at a specific
height in the soil profile.

P+c, Preconsol i dati on pressure.

Q+al |, Al l owabl e | oad capacity of deep foundation el ement.

Q+ul t, Utimate | oad that causes shear failure of foundation unit.

Intensity of vertical |oad applied to foundation unit.

g+all , Al l owabl e bearing capacity of shallow foundation unit.

g+u, Unconfined conpressive strength of soil sanple.

g+ul t, U timate bearing pressure that causes shear failure of
foundation unit.

R r Radi us of well or other right circular cylinder

S Shear strength of soil for a specific stress or condition in
situ, used instead of strength paraneters c¢c and [theta].

T Thi ckness of soil stratum or relative stiffness factor of

soil and pile in analysis of laterally |oaded piles.
4 Dept h.

[ gamme] +D, Dry unit wei ght of soil
[ gamme] +E, Ef fective unit weight of soil
[ gamma] +MAX, Maxi mum dry unit wei ght of soil determ ned from noisture

content dry unit weight curve; or, for cohesionless soil
by vi bratory conpaction.

[ gamma] +M N, M ni mum dry unit wei ght.

[ gamma] +SUB, Subrer ged (buoyant) unit weight of soil mass.

[ gamma] +T, Wet unit weight of soil above the groundwater table.

[ gamma] +W, Unit weight of water, varying from62.4 pcf for fresh
water to 64 pcf for sea water.

[ RHO Magni t ude of settlement for various conditions.

[ phi] Angl e of internal friction or "angle of shearing

resi stance," obtained from Mhr's failure envel ope for
shear strength.
[ Upsi | on] Poi sson' s Rati o.
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Anchor ages, tower guy........... 7.2-169
See Foundations, shall ow
Tower Guy Anchorages

B
Bibliography.................... 7.2-B-1
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See Walls and retaining
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Conpaction procedures........... 7.2-45
Conput er Prograns, Listing of...7.2-A-1
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Conpactive effort...... 7.2-52
Moi sture control ....... 7.2-52
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Foundati on settl enent..
Secondary conpressi on.
Stabl e foundation.........
Weak foundation...........
Excavati on, borrow...........
Met hods of excavation.....

Utilization of excavated

materials...............
Borrow volume..........
Rock fill..............

Fills, hydraulic and
underwater................

Constructi on nethods......

Hydraulic fill on

land. . ...............

Underwat er fil
Per f or mance of fi

materials...............
Coarse-grained fills....
Hard clay fills........
Equi prent, pile driving........

See Foundations, deep
Types.

Excavation, borrow.............

See Enmbankments, conpact ed,
Excavati on.

F

Fills, hydraulic and

underwater...................
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