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ABSTRACT 

Design guidance is presented for use by experienced engineers. The 

contents include soil classification; exploration and sampling; labo- 

ratory tests and test properties; field tests and measurements; distribu- 

tion of stresses and pressures; analysis for settlement, stability, 

seepage, and drainage; compacted embankments, compaction procedures, 

and hydraulic fills; walls and retaining structures; spread foundations; 

deep foundations; pile foundations; pressures on buried structures; 

soil and rock stabilization; and frost, vibration, and seismic effects. 
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FOREWORD 

This design manual for Soil Mechanics, Foundations and Earth Structures is 

one of a series that has been developed from an extensive reevaluation of facil- 

ities in the Shore Establishment, from surveys of the availability of new mate- 

tials and construction methods, and from selection of the best design practices of 

the Naval Facilities Engineering Command, other Government agencies, and pri- 

vate industry. This manual includes a modernization of the former criteria and the 

maximum use of national professional society, association and institute codes. 

Deviations from these criteria should not be made without the prior approval of the 

Naval Facilities Engineering Command Headquarters (NAVFAC HQ). 

Design cannot remain static any more than can the naval functions it serves, 

or the technologies it uses. Accordingly, this edition of Soil Mechanics, Foun- 

dations and Earth Structures, NAVFAC DM-7 cancels and supersedes Soil Mechan- 

ics, Foundations and Earth Structures, NAVDOCKS DM-7, of February 1962 in its 

entirety, and all changes issued. 

bo ™ 
W. M. ENGER 

Rear Admiral, CEC, USN 

Commander 

Naval Facilities Engineering Command 
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PREFACE 

This manual on soil mechanics, foundations, and earth structures covers the engineering application 

of soil mechanics to the design of all foundations and earth structures for naval shore facilities. These 

criteria, together with the definitive designs and guideline specifications of the Naval Facilities Engineer- 
ing Command, constitute the Command’s design guidance. These standards are based on functional 

requirements, engineering judgment, knowledge of materials and equipment, and the experience gained by 

the Naval Facilities Engineering Command and other commands and bureaus of the Navy in the design, 

construction, operation, and maintenance of naval shore facilities. 

The design manual series presents criteria that shall be used in the design of facilities under the 

cognizance of the Naval Facilities Engineering Command. The direction and standards for procedures, 

methods, dimensions, materials, loads, and stresses will be included. Design manuals are not textbooks, 

but are for the use of experienced architects and engineers. Many criteria and standards appearing in 

technical texts issued by Government agencies, professional architectural and engineering groups, and 

trade and industry groups are suitable for, and have been made integral parts of, this series. The latest 

edition of each publication source shall be used. 

Bibliographies of publications containing background information and additional reading on the various 

subjects are included in the manuals; this material however is not a part of the criteria, nor is a reading of 

these sources necessary for the use of the criteria presented in the manuals. 

To avoid duplication and to facilitate future revisions, criteria are presented only once in this series 

as far as possible. Criteria having general applications appear in the basic manuals numbered DM-1 

through DM-10 (numbers DM-11 through DM-20 were unassigned in the original issues). Manuals numbered 

DM-21 and above contain criteria that usually are applicable only to the specific facility class covered by 
each manual. When criteria for one facility also have an application in another facility class, the basic 

rule has been to present such criteria in the basic, or lowest numbered, manual and cite it by reference 

where required in later manuals. 

The specific design manuals (DM-21 and above), with but three exceptions, list design criteria for 

specific facilities in the order of the category codes. The exceptions are: 

(1) Drydocking Facilities, NAVFAC DM-29, which includes both .tegory codes 213 and 223. 

(2) Criteria for facility class 800, Utilities and Ground Improven.ents, which have been included 

in the basic manuals on mechanical, electrical, and civil engineering. 

(3) Weight Handling Equipment and Service Craft, NAVFAC DM-38, which includes the design 

criteria for these facilities under the cognizance of the Naval Facilities Engineering Command that are not 

classified as real property. These include weight and line handling equipment, dredges, yard craft, and 

piledriving equipment. 

For the effective use of these criteria, the designer must have access to: 

(1) The basic and specific design manuals applicable to the project. See list on page 7-viii. 
(2) Published criteria sources. 

(3) Applicable definitive designs, Definitive Designs for Naval Shore Facilities, NAVFAC 
Pe2i2. 

(4) Command guideline specifications. 
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SYMBOLS 

Designation 

Cross-sectional area. 

Activity of fine grained soil. 

Anchor pull in tieback system for flexible wall. 

Coefficient of compressibility. 
Width in general, or narrow dimension of a foundation unit. 

Unit adhesion between soil and pile surface or surface of some other foundation material. 

Allowable shear strength that can be mobilized to resist shear stresses. 

California Bearing Ratio. 

Coefficient of curvature of gradation curve or compression index for virgin consolidation. 
Consolidated-drained shear test. 

Recompression index in reconsolidation. 

Swelling index or shape factor coefficient for computation of immediate settlement. 
Consolidated-undrained shear test. 

Coefficient of uniformity of grain size curve. 

Coefficient of secondary compression. 
Cohesion intercept for Mohr’s envelope of shear strength based on total stresses. 

Cohesion intercept for Mohr’s envelope of shear strength based on effective stresses. 

Value of ‘‘true cohesion.”’ 

Coefficient of consolidation. 
Depth, diameter, or distance. 

Relative density. 

ID of cutting edge of thin sampling tube. 

OD of thin sampling tube. 

Effective grain size of soil sample; 10 percent by dry weight of sample is smaller than this 
grain size. 

Grain size division of a soil sample, percent of dry weight smaller than this grain size is 
indicated by subscript. 

Modulus of elasticity of structural material. 

‘*modulus of deformation’’ of soil. Modulus of elasticity or 
Void ratio. 

Final void ratio reached in loading phase of consolidation test. 

Initial void ratio in consolidation test, generally equal to natural void ratio 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 analysis. 

Safety factor in stability or shear strength analysis. 
Coefficient of variation of soil modulus of elasticity with depth for analysis of laterally 

loaded piles. 

Specific gravity of solid particles in soil sample. 

In general, height or thickness. For analysis of time rate of consolidation, H is the maximum 

vertical dimension of the drainage path for pore water. 

Capillary head formed by surface tension in pore water. 

Depth of tension cracks or total thickness of consolidating stratum. 

Height of ground water or of open water above a base level. 
Influence value for vertical stress produced by superimposed load, equals ratio of stresses at 

a point in, the foundation to intensity of applied load. 

Gradient of ground water pressures in underseepage analysis. 

Coefficient of active earth pressures. 
Ratio of horizontal to vertical earth pressures on a vertical failure plane. 

Ratio of horizontal to vertical earth pressures on side of pile or other foundation. 
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Designation 

Coefficient of passive earth pressures. 

Modulus of subgrade reaction for bearing plate or foundation of width b. 

Modulus of subgrade reaction for 1 ft. square bearing plate at ground surface. 
Coefficient of permeability in general. 

Coefficient of permeability in horizontal direction. 
Mean coefficient of permeability of anistropic subsoil. 

Kips per sq ft pressure intensity. 

Kips per sq in. pressure intensity. 

Coefficient of permeability in vertical direction. 

Length in general or longest dimension of foundation unit. 

Liquidity index. 

Liquid limit. 

Coefficient of volume compressibility in consolidation test. 

Bearing capacity factors. 

Stability number for slope stability analysis. 
Porosity of soil sample. 

Number of equipotential drops in flow net analysis of underseepage. 

Effective porosity, percent by volume of water drainable by gravity in total volume of soil 
sample. 

Number of flow paths in flow net analysis of underseepage. 
Optimum moisture content of compacted soil. 

Resultant active earth force. 

Component of resultant active force in horizontal direction. 

Density in pounds per cubic foot. 

Resultant horizontal earth force. 
Plasticity index. 

Plastic limit. 

Resultant passive earth force. 

Component of resultant passive earth force in horizontal direction. 

Resultant vertical earth force. 

Resultant force of water pressure. 
Intensity of applied load. 

Preconsolidation stress. 

Existing effective overburden pressure acting at a specific height in the soil profile or on a 
soil sample. 

Total load applied to top of pile. 

Drag force exerted on sides of pile by consolidation of surrounding soil. 

Total load reaching pile tip. 

Allowable load capacity of pile. 

Ultimate load capacity of pile. 
Intensity of vertical load applied to foundation unit. 

Unconfined compressive strength of soil sample. 

Ultimate bearing capacity that causes shear failure of foundation unit. 

Radius of pile, caisson, well, or other right circular cylinder. 

Radius of influence of a well, distance from the well along a radial line to the point where 

initial ground water level is unaltered. 

Effective radius of sand drain. 
Radius of smear zone surrounding sand drain. 

Actual radius of sand drain. 
Percent saturation of soil mass. 
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Symbol 

SI 

SL 

7) 

YSAT 

YSUB 

Designation 

Shrinkage index. 

Shrinkage limit. 

Sensitivity of soil, equals ratio of remolded to undisturbed shear strengths. 
Shear strength of soil for a specific stress or condition in situ, used instead of strength 

parameters c and 9. 

Thickness of soil stratum, or relative stiffness factor of soil and pile in analysis of laterally 

loaded piles. 

Maximum torque exerted in vane shear test of subsoils. 

Time factor for time at end of construction in consolidation analysis for gradual loading. 
Time factor in consolidation analysis for instantaneous load application. 
Tons per sq ft pressure intensity. 

Time intervals from start of loading to the points 1, 2, orn. 

Time required for a percent consolidation to be completed indicated by subscript. 

Resultant force of pore water or ground water pressures acting on a specific surface within 

the subsoils. 

Average degree of consolidation at any time. 

Intensity of pore water pressures. 

Increment of pore water pressures developed during shear of a triaxial test specimen. 
Unconsolidated-undrained shear test. 

Volume of air or gas in a unit total volume of soil mass. 

Volume of solids in a unit total volume of soil mass. 

Volume of voids in a unit total volume of soil mass. 

Volume of water in a unit total volume of soil mass. 

Weight of pile driven by pile driver. 

Weight of striking force of pile driver. 

Weight of solids in a soil mass or soil sample. 

Total weight of soil mass or soil sample. 

Weight of water in a soil mass or soil sample. 
Moisture content of soil. 

Dry unit weight of soil. 

Maximum dry unit weight of soil. 

Saturated unit weight of soil. 

Submerged (buoyant) unit weight of soil mass. 

Wet unit weight of soil above the ground water table. 

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, Ap. 

Magnitude of settlement for various conditions. 

Elastic shortening of pile. 
Angle of internal friction or ‘ ”? obtained from Mohr’s failure ‘angle of shearing resistance, 

envelope for shear strength. 

True angle of internal friction. 

Total major principal stress. 

Total minor principal stress. 

Effective major principal stress. 

Effective minor principal stress. 

Normal stresses in coordinate directions. 
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Symbol 

max 

Intensity of shear stress. 

Intensity of maximum shear stresses. 

Designation 

7-»%x 



Figure or Table 

Table 1-3 

Figure 3-7 

(Upper Panel) 

Figure 4-1 

(Upper Panel) 

Figure 4-2 

(Upper Right 

Panel) 

Table 4-5 
(Illustrations for 

Pile Pulling 

Test) 

Figure 5-3 

Figure 5-4 

Figure 5-5 

Figure 5-6 

Figure 5-8 

Figure 5-9 

Figure 6-6 

Figures 7-] 

2 

7-4 
Figure 7-7 

NAVFAC DM-7 

ACKNOWLEDGMENTS 

Acknowledgment 

Terzaghi & Peck, Soil Mechanics in Engineering Practice, John Wiley & Sons, New 

York, N.Y. 

Bjerrum, L., and Simons, N..E., Comparison of Shear Strength Characteristics of 

Normally Consolidated Clays, Norwegian Geotechnical Institute, Publication No. 

35, Oslo. (Modified) 

Holtz, W. E., and Gibbs, H. E., Research on Determining the Density of Sands by 

Spoon Penetration Testing, Proceedings, Fourth International Conference on Soil 

Mechanics and Foundation Engineering, Butterworths Scientific Publications, 

London. 

Spangler, M. G., Soil Engineering, International Textbook Co., Scranton, Pa. 

Chellis, R. D., Pile Foundations—Theory, Design and Practice, McGraw-Hill Book 

Co., Inc., New York, N. Y. 

Fadum, R. E., Influence Values for Estimating Stresses in Elastic Foundations, 

Proceedings, Second International Conference on Soil Mechanics and Foundation 

Engineering. 

Foster, C. R., and Ahlvin, P. G., Stresses and Deflections Induced by Uniform Cir- 

cular Load, Highway Research Board Proceedings, 1954, Highway Research Board, 

Washington, D. C. 

Osterberg, J. O., Influence Values for Vertical Stresses in a Semi-Infinite Mass Due 

to an Embankment Loading, Proceedings, Fourth International Conference on Soil 

Mechanics and Foundation Engineering, Butterwor ' . Scientific Publications, 

London. 

Gray, H., and Hooks, I. J., Charts Facilitate Determination of Stresses Under Loaded 

Areas, Civil Engineering, June 1948, American Society of Civil Engineers, New 

Y Otks.N.Y.. 

Jimenez Salas, J. A., Soil Pressure Computations: A Modification of Newmark’s 

Method, Proceedings, Second International Conference on Soil Mechanics and 

Foundation Engineering. 

Mehta, M. R., and Veletsos, A. S., Stresses and Displacement in Layered Systems, 

Structural Research Series No. 178, University of Illinois, Urbana, III. 

Procedures for Foundation Design of Buildings and Other Structures (Except Hydrau- 

lic Structures, Technical Report No. 3-526, Department of the Army, Corps of 

Engineers. 

Janbu, N., Stability Analysis of Slopes with Dimensionless Parameters, Harvard Soil 

Mechanics Series No. 46, Harvard University, Cambridge, Mass. 

Jakobsen, R. E., The Design of Embankments on Soft Clays, Geotechnique, 1948, 

Institution of Civil Engineers, London. 

7-XXi1 Change 1, September 197] 



Figure or lable 

Figures 8-2 

8-3 

Figures 8-5 

8-6 

(Top Panel) 

Fipure 8-6 

(Bottom Panel) 

Fipusre 8-7 

Figure 8-9 

(Bottom Panel) 

Figure §-)0 

Figme 9-1 

Table 2 

Figures 10-3 

10-4 

Figure 10-5 

(Bottom Panel) 

Figure 10-5 

(Middle Panel) 

Figure 10-6 

Figures 10-9 

10-10 

Figure 10-11 

Figure 10-13 

(Upper Panel) 

Figures 11-1 

L1-2 

Figure 11-3 

Figure 11-4 

Figure 11-5 

Acknowledgment 

Marsland, A., Model Experiments To Study the Influence of Seepage on the Stability 

of a Sheeted Excavation in Sand, Geotechnique, 1952-1953, Institution of Civil 

Engineers, London. 

Barber, E. W., Subsurface Drainage of Highways, Highway Research Board Bulletin 

209, Hignway Research Board, Washington, D. C. 

Cedergren, H. R., Seepage Requirements of Filters and Pervious Bases, Journal of 

the Soil Mechanics and Foundations Division, October 1960, American Society of 

Civil Engineers, New York, N.Y. 

Kirkham, D., Seepage into Ditches from a Plane Water Table Overlying a Gravel 

Substratum, Journal of Geophysical Research, April 1960, American Geophysical 

Union, Washington, D. C.; 

Kirkham, D., Seepage into Ditches in the Case of a Plane Water Table and an Imper- 

vious Substratum, Transactions, American Geophysical Union, June 1950, Wash- 

ington, D. C. 

Avery, S. B., Analysis of Groundwater Lowering Adjacent to Open Water, Vol. 77, 

Proceedings, American Society of Civil Engineers, New York. 

Soil Mechanics Design, Seepage Control, Chapter I, Part CXIX, Engineering Manual, 

Civil Works Construction, Department of the Army, Corps of Engineers. 

Design of Small Dams, U. S. Department of the Interior, Bureau of Reclamation. 

Sherard, J. L., Influence of Soil Properties and Construction Methods on the Perform- 

ance of Homogeneous Earth Dams, Technical Memorandum 645, U. S. Department of 

the Interior, Bureau of Reclamation. 

Caquot, A., and Kerisel, J., Tables for the Calculation of Passive Pressure, Active 

Pressure and Bearing Capacity of Foundations, Gauthier-Villars, Paris. 

Richart, F. E., and Schmertmann, J., The Effect of Seepage on the Stability of Sea 

Walls, Proceedings, First Conference on Coastal Engineering, University of 

Florida, Gainesville, Fla. 

Gray, H., Contribution to the Analysis of Seepage Effects in Backfills, Geotechnique, 

1958, Institution of Civil Engineers, London. 
Based on work by Terzaghi, K., Anchored Bulkheads, Transactions, American Society 
of Civil Engineers, Paper No. 2720, Vol. 119, 1954. 

Terzaghi, K., and Peck, R. B., Soil Mechanics in Engineering Practice, John Wiley & 

Sons, Inc., New York, N.Y. 

Concrete Information No St 46, Concrete Crib Retaining Walls, Portland Cement 

Association, May 1952, Chicago, IIl. 

Rowe, P. W., Anchored Sheet Pile Walls, Proceedings, Institution of Civil Engineers, 

January 1952, London. 

Meyerhof, G. G., Influence of Roughness of Base and Ground Water Condition on the 

Ultimate Bearing Capacity of Foundations, Geotechnique, 1955, Institution of 

Civil Engineers, London. 

Meyerhof, G. G., The Bearing Capacity of Foundations Under Eccentric and Inclined 

Loads, Proceedings, Third International Conference on Soil Mechanics and Founda- 
tion Engineering, Berichthaus, Zurich. 

Meyerhof, G. G., The Ultimate Bearing Capacity of Foundations on Slopes, Proceed- 

ings, Fourth International Conference on Soil Mechanics and Foundation Engineer- 

ing, Butterworths Scientific Publications, London. 

Button, S. J., The Bearing Capacity of Footings on a Two-layer Cohesive Subsoil, 
Proceedings, Third International Conference on Soil Mechanics and Foundation 

Engineering, Berichthaus, Zurich. 

7-xxil 



Figure or Table 

Figure 11-9 

(Upper Panel) 

Figures 11-13 

11-14 

Figure 12-1 

(Upper Panel) 

Figure 12-2 

Figure 13-1 

(Upper Panel) 

Figure 13-2 

Figures 13-4 

oe 
13-6 

Figure 13-7 

(Upper Panel) 

Figures 16-1 

16-4 

16-5 

Acknowledgment 

Fox, E. N., The Mean Elastic Settlement of a Uniformly Loaded Area at a Depth 

Below the Ground Surface, Proceedings, Second International Conference on Soil 

Mechanics and Foundation Engineering. 

Hetenyi, M., Beams on Elastic Foundation, The University of Michigan Press, Ann 

Arbor, Michigan. 

Skempton, A. W., The Bearing Capacity of Clays, Proceedings, Building Research 

Congress, 1951, London. 

Meyerhof, G. G., The Ultimate Bearing Capacity of Foundations, Geotechnique, 1950, 

Institution of Civil Engineers, London. 

Tomlinson, M. J., The Adhesion of Piles Driven in Clay Soils, Proceedings, Fourth 

International Conference on Soil Mechanics and Foundation Engineering, Butter- 

worths Scientific Publications, London. 

Meyerhof, G. G., Compaction of Sands and Bearing Capacity of Piles, Journal of the 

Soil Mechanics and Foundations Division, December 1959, American Society of Civil 

Engineers, New York, N. Y. 

Reese, L. C., and Matlock H., Nondimensional Solutions for Laterally Loaded Piles 

With Soil Modulus Assumed Proportional to Depth, Proceedings, Eighth Texas Con- 
ference on Soil Mechanics and Foundation Engineering, University of Texas, 

Austin, Texas. 

Whitaker, T., Experiments with Model Piles in Groups, Geotechnique, 1957, Institu- 

tion of Civil Engineers, London. 

Richart, F. E., Jr., Foundation Vibrations, Journal of the Soil Mechanics and Founda- 

tions Division, August 1960, American Society of Civil Engineers, New York, N. Y. 

7-xxiii y 



Sy, ubelan | Pe, 

of a ® wee. siime 1 Ore i . we ide! i Aon = 

bop? : ve é y =i> pe a a eweg ae einige ae as Ja oo 

a Ded yore in : Ava o ‘ : 

Ot 4 ghd Me Freee ek ai) aie abave@ 4 ay) aby Atanas ie ley 
; . , Pao Momtie, eB nad rete, 

dj qwe4 Se aahy iw j 1 eve) et y all kn ere ¥ AT a® .A nekseg a 

| oh ome Ore Pel aged. oi 

osteo Up RTA BA ovina lg ieee een ee 
Seiagillt vba he erneniga® (etd te wateetirenl a4 

real y gore poe) geal " i ae soy \ pel vAwh PR oar side ape egy tag: lyiag a 

ii eapetn + Siemgtauid Mich: a (opomges ip evdigeaam tds ny om och ay 

opt sobbeotlded stiest sAime 

CM sine ph Qe Meme alo, NO pe Nie iP aie 
‘ : mowed hihn Cle seme 6 abn “gr di acateteite al? Piet & lone f 

f iM deo¥ wort peyote ieaf : x 

been Le ‘eiatides LDourch* vas ee9 

tind 2 af » heinds ; wed) Apparent L PieBovs wort 

vir» ee | j. ts Liew ome ahebct let orny) Gl 7 

| i bac Memnnaren YE gaara ait 
- bw > BL peoatest« > of ta eee) al ® 

A i nig acy old He ves pte tna Oy 

4 SAN ga fiips ‘ » may» 25 = ging OR, iu, 

ass 

y 

ay i ik? wR (00! seep .@¢g ‘Myo 

sipite ® ees We 

td i‘, Ala? = {, a(1®, 

|S hee ow abe 

me ee) 

i 

4@ ee pot: wi Ow AM 

1 are | é vA 

TT? dened Met 

ja ey uy tq 

» Aad? & cncte a! ing oni 

nw Cre Recang Vajhyy 

wf HA prge, Apt 

: 5 

, nugéed ‘be Ne on Ol Ge eet 

| th At 
LA 

Lj. 9 "Pa hile Open Cs file' ee) rn angatont , 

‘ ve a igs ind “i Alyse 1 ase = : 
‘ , ; 

p nee ches! V\buw has a. 

‘he J themta Poem Baper ey) 

> tae ‘india Codterwns @ "e- ma 

wa ae Bo ante PRR aaa, (ape 
. i« fideo eg Coperny Bers re Oe a 

iow vile ‘ Leeepiameeds Codpronee 4 
a fe “oiled heeten: " 



CHAPTER 1. SOIL CLASSIFICATION 

Section 1. INTRODUCTION 

1. SCOPE. This chapter presents criteria for soil identification and classification plus information on 

soil deposits and their geographical distribution in the United States. These subjects are not concerned 

directly with design criteria, but form the basis for application of soil mechanics in foundation design. 

2. CANCELLATION. This revised edition of Soil Mechanics, Foundations, and Earth Structures, 

NAVFAC DM-7, cancels and supersedes Soil Mechanics, Foundations, and Earth Structures, NAVDOCKS 

DM-7, in its entirety, and all subsequent changes. 

Section 2. PRINCIPAL SOIL DEPOSITS 

1. GEOLOGICAL ORIGINS. For civil engineering purposes, soil is defined as the residual or transported 
product of rock decay. Soil may be excavated without blasting and is penetrated in borings by ordinary 

soil sampling equipment. 

a. Geological Classification. Soil deposits are usually described in general terms according to the 
geological process involved in their formation. On this basis there are four principal categories plus sec- 

ondary types whose characteristics are summarized in Table 1-1. 

b. Importance. For quantitative foundation analysis, a geological description is inadequate and a 

more specific classification is required. However, a geological description assists in correlating experi- 

ences between several sites and, in a general sense, indicates the pattern of strata to be expected. For 

sources of information on the physical geology of the United States, see Chapter 2. A study of references 

on local geology should precede a major subsurface exploration program. 

2. REGIONAL DISTRIBUTION IN THE UNITED STATES. See Figure 1-1 (Soil Map) for distribution. 

a. Major Soil Division. Figure 1-1 indicates the four principal soil types in the United States. Loca- 
tions containing insignificant soil cover are designated as ‘‘Nonsoil areas.’’ The map boundaries necessar- 
ily omit many detailed exceptions to the overall pattern. Dominant land form in any area is related to the 

principal soil deposit and geological processes that formed the deposit. See Table 1-2 for general subsur- 

face and physiographic features of areas numbered on Figure 1-1. 

b. Special Soil Divisions. 
(1) Soil Types Available. Practically all states contain soils representative of more than one 

major geological origin. The Southern Cascade Mountains in Oregon and the Hawaiian Island Group con- 

tain the principal concentrations of volcanic deposits. Almost all soil types of engineering significance 

are present within the United States. 

(2) Soil Types Not Available. Two materials of great importance in other countries are infre- 

quently encountered in the United States. One is the laterite group, residual material rich in alumina and 

7-1-1 y | 



TABLE 1-1 
Classification of Principal Soil Deposits According to Origin 

Process involved in 

formation 

Geological 
origin 

Residual. | Soil weathered in place 

from parent rocks with 

licele or no alteration by 

transport. 

Alluvial . | Materials transported and 

redeposited by action of 

water. 

Materials transported and 

redeposited by glacial 
ice or by melt waters 

flowing from glaciers. 

Soil transported by wind 
without subsequent rede- 

position. 

Organic soils formed in 
place by growth and de- 
cay of plants. 

Secondary 

geological 
origins. 

Ash and pumice deposited 

by volcanic action. 

Materials precipitated or 

evaporated from solutions 

of high salt content. 

Nature of deposits 

Almost invariably becomes more com- 

pact, rockier, and less weathered 

with increasing depth. May reflect 
alternation of hard and soft layers 

or stratification of parent rock if 

weathering is incomplete. 

Usually with pronounced stratifica- 

tion. Typical river deposit con- 

sists of fine grained material of re- 
cent origin overlying coarser strata 
dating from earlier stage of river de- 
velopment. 

Stratification varies greatly accord- 

ing to deposit, from heterogeneous 
moraines and till to finely stratified 
(varved) silt and clay in glacial 

lakes, or irregularly layered ice con- 
tact deposits and outwash plains. 

In loess, horizontal stratification is 

indistinct or nonexistent except for 

weathered horizons. Frequently has 

secondary structure of vertical 

cracks, joints, and root holes. 

Most U.S. peats formed as filled 

basin deposits in irregular glacial 
topography or in areas of subsid- 

ence on southern and eastern 
coasts. 

Frequently associated with lava 

flows and mud flows, or may be 

mixed with nonvolcanic sediments. 

Includes such varieties as oolites 

precipitated from calcium in sea wa- 

ter or evaporites formed in playa 

lakes under arid conditions. 

Typical gradation 

Product of complete weathering is 

clay of a type depending on the 

weathering process and parent 

rock, plus varying amounts of re- 
sistant silica particles. Soil atin- 

termediate stage reflects composi- 
tion of parent rock. 

Ranges from finest grained lacus- 

trine or marine clays to very coarse 

gravel, cobble or boulders in allu- 

vial fan or stream terrace deposits. 

Till and moraines are typically of 

broad gradation ranging from clay 
to boulders. Grain size in outwash 
generally decreases with distance 
from source of melt water. 

Most uniform in gradation of all prin- 

cipal soil types. Loess range 

from clayey silt to silty fine sand. 

Dune sands generally fine to me- 
dium size lacking silt or clay. 

Dark colored, finely divided peats 

are product of advanced decomposi- 
tion in the presence of air. Fi- 

brous peat has been continuously 

submerged. 

Typically shardlike particles of silt 

size with larger volcanic debris. 
Weathering and redeposition pro- 

duces highly plastic clay. 

May form cemented soils or soft sedi- 
mentary rocks including gypsum or 
anhydrite. 

iron oxide formed in tropical regions. The other is the uplifted, leached, and highly sensitive marine clay 

that is limited in the United States to the St. Lawrence River Valley. 

3. LOCAL SOIL AREAS. Foundations for large or deep structures usually reach soils of the principal 
geological type within an area, but roads, airfields, or foundations of small or shallow structures may 

involve materials differing from the main soil type. 

a. Alluvial Deposits. In any area, surface materials near drainage channels frequently are of alluvial 
origin. Waterfront locations, in particular, may contain recent shallow sediments and artificial fills that 

differ from the principal geological type of the area. 

b. Organic Deposits. Organic deposits are common in low-lying or waterlogged terrain. Irregular top- 

ography resulting from glaciation, and subsidence of the southern and eastern coastal plane provided num- 

erous sites for formation of peat. These deposits are not distinguished separately in Figure 1-1, but are 
of major importance in foundation engineering in many locations. 

7-1-2 



SO
4O

4S
 

P
O
L
L
,
 

Sy
s 

UI
 

Sy
IZ

0d
eq

 
10

g 
jo

di
zU

II
Y 

Jo
 

U
O
I
N
G
I
A
S
I
G
 

[-
t 

3g
Nd

DI
s 

Wiel omen os 8
 

Sate wl aIvos 

2-1) 

37S 

NI 

O3ER9S320 

J 

SV
3N

V 
DN
sI
D3
dS
 

Qi
 

SU
II
ZN
 

XR 
NO

IL
YN

SI
S3

O 
Y3
IG
RN
N 

SV3UV WOSNON 
|
 [Ty:7Fi 

Wivr 
=
 FJD) 

Wiss301 
O
K
 

wnos3y 
#1)" 

w
n
i
w
 

£
9
 +
 Sed 

SLISOd30 

ROS 

TwdDNidd 

ON3937 

» 

A
t
o
m
s
 

na
no
s 

| as 

e
C
)
 

a
e
 

7-1-3 



c. Surface Alteration. Investigations for highway and airfield pavements may be concerned with 
surficial ‘‘A’’ and ‘‘B’’ horizons that have been altered from the original soils. 

(1) ‘'A’’ Horizon. The surface ‘‘A’’ horizon is rich in humus and has undergone leaching, oxida- 

tion, and chemical weathering plus removal of clay particles by mechanical migration. 

(2) ''B’’ Horizon. The underlying ‘‘B’’ horizon has received products of weathering and leaching 

from above and is enriched in clay from the surface layer. 

(3) ''C’’ Horizon. Beneath the ‘‘B’’ horizon is the unaltered parent soil, which is designated as 

the ‘‘C’’ horizon. 

Section 3. SOIL IDENTIFICATION 

1. REQUIREMENTS. A complete engineering soil identification includes (a) the classification of con- 
stituents, (b) the description of appearance and structural characteristics, and (c) the determination of 

compactness or hardness in situ. 

a. Field Classification. Identify constituent materials visually by their gradation or plasticity 
characteristics. 

(1) Coarse Grained Soils. Coarse grained soils, those with sand, gravel, or cobbles predominat- 

ing, are classified according to grain size. 

(2) Fine Grained Soils. Fine grained soils cannot be divided between silt and clay by visual 

identification of grain size, but are distinguishable by plasticity characteristics. 

(a) Clays. Clays exhibit a high degree of dry strength in a small cube allowed to dry, high 

toughness in a thread rolled out at plastic limit, and exude little or no water from a small pat shaken in 

the hand. 

(b) Silts. Silts have a low degree of dry strength and toughness, and dilate rapidly on shak- 

ing so that water appears on the sample surface. 

(3) Organic Soils. Organic soils are characterized by dark colors, odor of decomposition, spongy 

or fibrous texture, and visible particles of vegetal matter. 

b. Appearance and Structure. These are best evaluated at the time of sampling. Frequently, however, 

it is not possible to give a detailed description of undisturbed samples in the field. Secondary structure 

in particular may not be recognized until an undisturbed sample has been examined and tested in the lab- 

oratory. On visual inspection, note the following items: 

(1) Ordinary appearance, such as color; moisture conditions, whether dry, moist, or saturated; and 

visible presence of organic material. 

(2) Arrangement of constituent materials, whether stratified, varved, or heterogeneous; and typical 

dip and thickness of lenses or varves. 

(3) Secondary structure, such as fractures, fissures, slickensides, large voids, cementation, or 

precipitates in fissures or openings. 

(4) Condition of individual grains in coarse grained soils, such as their angularity, cementation, 

surface coating, and hardness of particles. 

c. Compactness or Hardness. Estimate consistency in situ by measuring resistance to penetration of 

a selected penetrometer or sampling device. Ordinarily, determine the number of blows of a 140-pound 

hammer falling 30 inches required to drive a 2-inch-OD, 1-3/8-inch-ID split spoon sample 1 foot into undis- 

turbed soil in a boring. The number of blows per foot thus obtained is known as the standard penetration 

resistance. 
(1) Descriptive Terms. See Table 1-3 for descriptive terms of compactness or hardness based on 

standard penetration resistance. Penetration resistance of coarse grained soils depends on both density 
and overburden pressure acting at depth sampled so that terms of compactness rather than density are 
appropriate. 

(2) Fine Grained Soils. Use of pocket penetrometer calibrated to unconfined compressive strength 
to check the hardness of fine grained soils. 

(3) Routine Methods. These methods do not provide precise values of soil consistency in situ, 
but they should be made routine in exploration work. 
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Section 4. UNIFIED SOIL CLASSIFICATION SYSTEM 

1. REFERENCE. Soil designations in this manual conform to the Unified Soil Classification MIL-STD- 

619B (ME), 12 June 1968, which was modified from the former Airfield Classification in 1952 for adoption 

by the U.S. Corps of Engineers (USCE) and the U.S. Bureau of Reclamation (USBR). 

2. UTILIZATION. Classify soils in accordance with the Unified System andinclude the appropriate 
group symbol in soil descriptions. See Table 1-4 for elements of the Unified System. A soil is placed in 

one of 15 categories or as a borderline material combining two of these categories. Laboratory tests may 

be required for positive identification. 

a. Sands and Gravels. Sands are divided from gravels on the No. 4 sieve size, gravels from cobbles 

on the 3-inch size. The.division between fine and medium sands is at the No. 40 sieve, between medium 

and coarse sand at the No. 10 sieve. 

b. Silts and Clays. Fine grained soils are identified according to plasticity characteristics deter- 

mined in, Atterberg limit tests. Categories are illustrated on the plasticity chart in Figure 3-1. 

c. Organic Soils. Materials containing vegetal matter are characterized by relatively low specific 

gravity, high water content, high ignition loss, and high gas content. Decrease in liquid limit after oven- 

drying to a value less than three-quarters of the original liquid limit is a definite indication of an organic 

soil. 

Section 5. ROCK CLASSIFICATION AND DESCRIPTION 

1. REFERENCE. Rock classification includes (a) classification of constituents, (b) description of 

appearance, and (c) indication of hardness and degree of cementation. An accurate description of the rock 

encountered in subsurface exploration work will provide the designer with the information necessary to 
design the substructure, and at the same time, will tend to reduce contract costs by providing contractors 

with reliable subsurface information on which they can estimate excavation work. Rock designations in 

this Manual are given in Table 1-5 and are intended as a guide for the classification and description of 

rock encountered in subsurface exploration. 

TABLE 1-3 
Description of Soil Compactness or Consistency 

4 : Compactmess or Range of standard Range of unconfined 
Primary soil type 2 4 : 1 A 

consistency penetration resistance compressive strength 

Coarse grained soils. (More than half of | Very loose.... Less than 4 blows per foot. | Not applicable. 

material is larger than No. 200 sieve | Loose........ | 40010 ....ccceeesceeees 
size.) Medium compact | 10 to 30 .....cceeseceeee 

Very compact... | Greater than 50........-.- Do. 

Fine grained soils. (More than half of | Very soft,..... Less than 0.25 tsf 

material is smaller than No. 200 sieve | Soft.......... 0.25 to 0.5. 
size.) eiere 0.5 to 1.0. 

Deira cists es ae ae ain ope etaie C's ate ats 1.0 to 2.0. 
wines fo 15: 00,30) sce aw ote eleu’s es «5 2.0 to 4.0. 

escccesece | Greater than 30.........- Greater than 4.0. 

1Number of blows of 140 lb weight falling 30 in. to drive 2-in.-OD, 1-3/8-in.-ID, sampler 1 ft. 
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2. UTILIZATION. Records of rock explorations shall be shown by symbol and by descriptive information 
according to Table 1-5. The descriptive information may be presented either by word description or by 
numerals, with a legend explaining the numerals, the former being preferable. Particular attention should 

be given to a clear presentation of those characteristics of rocks that will convey to the contractor accu- 

rate information on the excavation problems so he can determine what excavation methods and procedures 

will be involved. Complicated descriptions of scientific interest not pertinent to the excavation problem 

shall not be used. 
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Rock 
classifica 

| oe SANDSTONE | The physical properties of the rock 

may be designated on the boring logs 
eee either by word descriptions or by using 

the appropriate number or numbers shown 

here for the applicable properties. Thus, 

the log for a core hole may be indicated 

GOAT 

COMP ACTIO] 
SHALE 

CEMENTED | 
SHALE | 
INDURATED | 
CLAY 

on engineering drawings in the-following 

manner: 

| LOG EXAMPLE 
LIMESTONE 

CHALK 
(OR MARL) 

COMP ACTION 

SHALE 

12, 16, 28a, 34, 
CORAL 43, 46 

fingernail 
tatched easily 

hed with 

pe be) WE Pp 4p 
LIMESTONE oT aaa NAG -4 GNEISS 

ith knife 
SCHIST 

GRAYWACKE hed with knife 

77 DOLOMITE 

4 MARBLE 

292] OR FLOW BRE 

QUARTZITE 

SOAPSTONE | 
& SERPENTID 

MY SLATE 

a. Open 

nted) | b. Cemented 

or tight 
GRANITE 

DIORITE 

1 GABBRO 

RHO Lit 

ANDESITE 

BASALT 
CERAP,) 

CEMENTED 

SHALE 

1s PAN IER a & pds 
42, 45 

15555845 

gel yy 

AND SL ie? ke “..:] SANDSTONE 252 7b 33036 

Where numbers are used on the logs 
to indicate the physical properties, a 
key to the numbers must be included on 

each sheet of log drawings. 

Such data as core losses or percen- 
tages of core recovery, depths of drill- 
water loss, pressure-test results, and 
water-level measurements obtained in 
connection with drilling operations also 
should be included on the logs as 
plotted on engineering drawings. Water- 

level measurements should always be 

accompanied by the dates on which the 
measurements were made. The logs 
also should show the dates on which the 
holes were drilled. 
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Rock Applicable descriptive 
classification 

Symbol 
property numbers* 

---| SANDSTONE 

CONGLOMERATE o°0 WA 

7 Ay 

i) She Oi Oil ee 

FOR USE OF THIS*COLUMN) SEE EXAMPLE TOsRIIGHT 

GOAT 

COMP ACTION 
SHALE 

CEMENTED 
SHALE 

INDURATED 
SLAY 

x 
x 

LIMESTONE 

SO AIGK 
(OR MARL) 

‘ CORAL 

Ys rey iy 2 / Z 

pt 

MAA OUARTZULE 

DOLOMITE 
ae SS Ee 
ee 
BaF I Ee a 
SS ae 2S GEFs 
ED TD BD 

s—q MARBLE 

SOAPSTONE 
& SERPENTINE 

a 
4 ny 

La) 

Ra 

SR < 

ep) LATE 
Ko 

\/ 
SAA, 
Wi-vs 174 

GRANITE 

DIORITE 
Word descriptions. generally are preferable to use of property numbers 

GABBRO 

Rate OTT E 

es BASAL T PCT Ua 

Mini (TRAP ) 
°F) TUFF OR 

| TUFF BRECCIA 

> Z o rm cs ae es 

TABLE 1-5 
Guide for Classification and Description of Rocks With Emphasis on Their Engineering Properties 

General comments 

The 25 rocks shown on this plate rep- 
resent the principal rock types encountered. 
Petrologic variations from these common 
rock forms that have no engineering sig- 
nificance have been omitted intentionally. 
Thus, while syenite or pegmatite are rec- 
ognized by geologists as differing in cer- 
tain lithologic respects from granite, to 
the engineer these differences are not of 
sufficient practical significance to 
warrant use of any term but “‘granite’’ in 
identifying these rocks on engineering 
drawings. On the other hand, diorite and 
gabbro are included because, in certain 
sections of the country, these are recog- 
nized as individual rock types, particu- 
larly in dimension stone and aggregate 
quarries. The rock symbols shown on the 
chart have been standardized by the U.S. 
Geological Survey and have been used 
widely by other United States and foreign 
agencies. Consequently, when symbols 
are used to differentiate rocks on boring 
logs or geological cross sections, only the 
symbols appearing on this chart shall be 
used. If a rock such as trachyte is iden- 
tified on boring logs, the symbol repre- 
senting the most closely related rock type 
on the chart, rhyolite in this case, shall 
be used. 

Instructions governing use 
of descriptive properties 

This chart is issued as a standard 
guide for describing rocks excavated for 
foundations or cut slopes. It is not to be 
considered as amending petrographic 
classification requirements fot concrete 
aggregate investigations or riprap. This 
portion of the Manual is issued in recogni- 
tion of the need for uniform and more truly 
representative descriptions of bedrock con- 
ditions disclosed by drilling operations. 
For logs of rock borings to present 
information that will simultaneously guide 
the structural design engineer and assist 
prospective contractors in appraising the 
excavation properties of rocks, the litho- 
logic and physical properties encountered 
by drilling or other explorations will be 
enumerated in the column to the right of the 
rock symbol, either by word description or 
by the applicable property number shown on 
this chart. Generally speaking, the use 
of word descriptions is preferable to the 
use of property numbers. 

Key to physical properties of rocks 

Bedding Characteristics 

Lithologic Characteristics — 

Hardness and Degree 
of Cementation 

Texture 

Structure 

Degree of Weathering 

Solution and Void 

Conditions 

Swelling Properties 

Slaking Properties 

- il. 

2 

3 

4 

Bi 

6 

if 

8 
oe 

10. 

Like 

LZ. 

ise 
14: 

ee 
16. 

L/. 

18. 

19: 

Pa 

Zor 
24. 

25 

ilk 

28: 

30: 
ole 
D2. 

34. 
35: 

2M 
38. 
Ait 
40. 
4] 

— 42. 

43. 

~ 44, 
45. 
46. 

. Bedding 

- Brecciated (sheared & fragmented) 

Massive 

. Thin to med. bedded 

. Fissile 

. Crossbedded 

Foliated 

» Platy 

. Fragmental 

. Clayey 
Shaly 

Calcareous (limy) 
Siliceous 

Sandy 

Silty 
Plastic seams 

Very soft or plastic 
Soft — Can be scratched with fingernail 
Moderately hard — Can be scratched easily 
with knife; cannot be scratched with 
fingernail 

Hard — Difficult to scratch with knife 
Very hard — Cannot be scratched with knife 

- Poorly cemented 
Cemented 

. Dense 

Fine 

Medium 

Coarse 

a. Flat 

b. Gently dipping 
c. Steeply dipping 

Fractures, scattered a. Open 
Fractures, closely spaced 

b. Cemented 
Joints or tight 
Faulted 

Slickensides 

. Unweathered 

Slightly weathered 
Badly weathered 

. Solid, contains no voids 

Vuggy (pitted) 
Vesicular 

Porous 

Cavities 

. Cavernous 

Nonswelling 
Swelling 

Nonslaking 
Slakes slowly on exposure 
Slakes readily on exposure 

The physical properties of the rock 

may be designated on the boring logs 

either by word descriptions or by using 

the appropriate number or numbers shown 

here for the applicable properties. Thus, 

the log for a core hole may be indicated 

on engineering drawings in the-following 
manner: 

LOG EXAMPLE 

12; 16; 28a, 34, 
43, 46 

COMPACTION 

SHALE 

Pa te A Pap 

27a, 34, 36 

CEMENTED 

SHALE 

1 ae dey 2 8S) 
42, 45 

L545 

Leeks 

A Oe La, eal 
23, 27b, 35856 

SANDSTONE 

Where numbers are used on the logs 
to indicate the physical properties, a 
key to the numbers must be included on 
each sheet of log drawings. 

Such data as core losses or percen- 
tages of core recovery, depths of drill- 
water loss, pressure-test results, and 
water-level measurements obtained in 
connection with drilling operations also 
should be included on the logs as 
plotted on engineering drawings. Water- 
level measurements should always be 
accompanied by the dates on which the 
measurements were made. The logs 
also should show the dates on which the 
holes were drilled. 
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CHAPTER 2. EXPLORATION AND SAMPLING 

Section 1. INTRODUCTION 

* 

1. SCOPE. This chapter contains information on exploration methods and criteria for test boring and 
sampling. 

2 RELATED CRITERIA. Other criteria related to exploration and sampling appear elsewhere in this 
DM series. See the following sources: 

Subject Sources 

ST ESB ERE Ere cers eee ee ee, Ogee, ed er a NAVFAC DM-21 

Exploration for highways ............-2-+02+005 sa ag ad a a NAVFAC DM-5 

3. EXPLORATION PROGRAMS. Subsurface investigation has three phases; reconnaissance, preliminary 
exploration, and detailed exploration. 

a. Reconnaissance. Reconnaissance includes a review of available topographic and geological infor- 

mation, aerial photographs, and data from previous investigations, and site examination. Geophysical 

methods are applicable in special cases. Reconnaissance establishes the number and locations of pre- 

liminary borings. 

b. Preliminary Exploration. This includes borings to recover samples suitable for identification tests 
only. Even if a more detailed program will follow, obtain samples and boring logs of such quality that 

results may be incorporated with the data from the final investigation. 

c. Detailed Exploration. This is based on the results of previous phases and generally includes 

recovery of undisturbed samples for structural properties tests and, in some cases, field tests and 

observations. 

Section 2. EXISTING SOIL AND GEOLOGICAL MAPS 

1. SOURCES. Data on the physical geology of the United States are available in maps and reports by 
government agencies and professional societies. (See Table 2-1.) Assemble pertinent data from these 

publications for use in site reconnaissance before undertaking any boring program. 

2. PREVIOUS INVESTIGATIONS. For studies in developed areas, collect information from previous 
work on foyndations and subsurface conditions. 

+ a. Shipyard or Waterfront Areas. These locations often have undergone cycles of expansion and 
reconstruction with older foundations remaining buried in place. Records of former construction may con- 
tain information on borings, field tests, ground water conditions, and potential or actual sources of trouble. 

* b. Evaluation. Review of data from previous work should receive the greatest attention of any phase 

in a reconnaissance investigation. 
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TABLE 2.1 
Sources of Geological Information 

Series Description of material 

U.S. Geological Survey (USGS) Consult USGS Index to Publications from Superintendent of Documents, 
Washington, D. C. Order publications from Superintendent of Docu- 

ments. Order maps from USGS, Washington, D. C. 

Geological index map.......... Individual maps of each state showing coverage and sources of all published 
geological maps. 

Contains maps of bedrock and surface materials for many important urban 

and seacoast areas. When out of print, obtain folios through suppliers of 
used technical literature. 

This series supplants the older geological folios and includes areal or bed- 
rock geology maps with brief descriptive text. Series is being extended to 

cover areas not previously investigated. 

General physical geology emphasizing mineral and petroleum resources. 

Folios of the Geological Atlas 

of the United States. 

Geological Quadrangle Maps of 

United States. 

Bulletins, professional papers, 

circulars, annual reports, Areal and bedrock geology maps for specific locations included in many 
monographs. publications. 

Water supply papers........... Series includes papers on ground water resources in specific localities 

and are generally accompanied by description of subsurface conditions 
affecting ground water plus observations of ground water levels. 

Topographicymaps...-ecieieeiaate Topographic contour maps in all states, widespread coverage being contin- 

ually expanded. 

U.S. Coast and Geodetic Survey Consult Index from Director, U.S. Coast and Geodetic Survey, Washington, 

(USC&GS). DAC 
NauticaliGhartsari-te selects einer Charts of coastal areas showing available soundings of sea bottom plus 

topographic and cultural features adjacent to the coast or waterways. 

U.S. Department of Agriculture Consult Highway Research Board (HRB), Bull. No. 22-R, Agricultural Soil 
(USDA), Soil Conservation Maps, Status July 1957, for coverage by counties of USDA Soil Maps and 
Service. Reports. 
Soil maps and reports.......... Surveys of surface soils described in agricultural terms. Physical geology 

summarized. Excellent for highway or airfield investigations. Coverage 

mainly in midwest, east, and southern United States. 
State geologists bulletins, reports, | Consult HRB Bull. No. 180, Geologic Survey Mapping in the United States, 
and maps. for addresses of all state geological organizations. Most states provide 

excellent detailed local geological maps and reports covering specific 

areas or features in the publications of the state geologists. 

Geological Society of America Write for index to GSA, 419 West 117 Street, New York, N. Y. 

(GSA). 
Monthly bulletins, special Texts cover specialized geological subjects and intensive investigations of 
papers, and memoirs. local geology. Detailed geological maps are frequently included in the 

individual articles. 

Geologicalimapsrricciceteist ier. Publications include general geological maps of North and South America, 
maps of glacial deposits, and Pleistocene aeolian deposits. 

Section 3. AIR PHOTO INTERPRETATION 

1. SOURCES. Aerial photographs at scales of 1:20,000 and 1:40,000 are complete for almost the entire 

United States. For areas of special interest, mosaics have been assembled from individual pictures. 

a. Sponsoring Agencies. These are primarily organizations of the Federal Government, including U.S. 

Department of Agriculture (USDA), U.S. Geological Survey (USGS), U.S. Bureau of Reclamation (USBR), 

U.S. Coast and Geodetic Survey (USC&GS), Department of Defense (DOD), and Tennessee Valley Authority 

(TVA). 

b. Coverage of Aerial Photographs. Consult maps, ‘‘Status of Aerial Mosaics’’ and ‘‘Status of Aerial 

Photographs,’’ (latest revisions) available from Chief of Distribution, USGS. When ordering pictures from 

source agencies, specify whether stereoscopic sets or mosaics are required. 
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c. Photo Interpretation Services. These services are available at Photographic Interpretation Center, 
Anacostia Naval Air Station, District of Columbia and Air Navigations Offices. 

2. UTILIZATION. Use of photographs and mosaics is routine in highway and airfield work. For unfa- 
miliar sites they aid in planning and layout of an appropriate boring program. 

a. Flight Strips. Most aerial photographs are taken as flight strips with 60 percent or more overlap 

between pictures. 

b. Interpretation. When overlapping pictures are viewed stereoscopically, an exaggerated ground 

relief appears. From the appearance of land forms or erosional or depositional features, the character of 

soil or rock may be interpreted. 

3. LIMITATIONS. Interpretation of aerial photographs requires considerable experience, and results 
obtained depend on the interpreter’s proficiency. 

a. Accuracy. Aerial photographs necessarily deal with surface and near-surface conditions and accu- 

racy is limited where dense vegetation obscures ground features. 

b. Utility. For intensive investigations within developed areas, aerial photographs are not essential 

to exploration. Although valuable, the technique does not provide quantitative information for foundation 

analysis. 

Section 4. GEOPHYSICAL METHODS 

1. UTILIZATION. See Table 2-2 for geophysical methods and applications. 

a. Advantages. In contrast to borings, geophysical surveys explore large areas or projects of great 

linear extent rapidly and economically. They indicate average conditions in the proximity of a test setup, 

rather than along the restricted vertical line of a boring. This helps detect irregularities of bedrock sur- 

face or interface between strata. 

TABLE 2-2 
Geophysical Methods of Exploration 

Based on time required for seismic waves 

to travel from source of blast to points on 

ground surface, as measured by geophones 

spaced at intervals on a line at the sur- 

face. 

Refraction of seismic waves at the inter- 

face between different strata gives a pat- 

tern of arrival times vs distance at a line 

of geophones. 

Seismic methods:... 

Refraction ....... 

Reflection ....... Geophones record travel time for the arrival 

of seismic waves reflected from the inter- 

face of adjoining strata. 
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Name of method Procedure or principle utilized Applicability 

Utilized to determine depth to rock or other 

lower stratum substantially different in 

wave velocity than the overlying material. 

Generally limited to depths up to 100 ft 
of a single stratum. Used only where 

wave velocity in successive layers be- 

comes greater with depth. 

Suitable for determining depths to deep rock 

strata. Generally applied only for depths 
exceeding 2,000 ft. Reflected impulses 

are weak and easily obscured by the di- 

rect surface and shallow refraction im- 

pulses. 



Name of method 

TABLE 2-2 (Continued) 

Geophysical Methods of Exploration 

Procedure or principle utilized Applicability 

Electrical methods: 

Resistivity....... 

Drop in potential.. 

Continuous vibration 

method. 

Magnetic measure- 

ments. 

Gravity measure- 

ments. 

Sonic method ...... 

Based on the difference in electrical con- 

ductivity or resistivity of strata. Resis- 

tivity of subsoils at various depths is de- 

termined by measuring the potential drop 

and current flowing between two current 

and two potential electrodes from a battery 
source. Resistivity is correlated to mate- 

rial type. 

Based on the determination of the ratio of 

potential drops between 3 potential elec- 

trodes as a function of the current im- 

posed on 2 current electrodes. 

The travel time of transverse or shear 

waves generated by a mechanical vibrator 

consisting of a pair of eccentrically 

weighted disks is recorded by seismic de- 

tectors placed at specific distances from 

the vibrator. 

Magnetometer is used to measure the vertical 

component of the earth’s magnetic field at 
closely spaced stations in an area. 

Based on differences in density of subsur- 
face materials as indicated by the verti- 

cal intensity or the curvature and gravita- 

tional field at various points being 

investigated. 

The time of travel of sound waves reflected 

from the mud line beneath a body of water 

and a lower rock surface is computed by 

predetermining the velocity of sound in 
the various media. 

Used to determine horizontal extent and 
depths up to 100 ft of subsurface strata. 

Principal applications for investigating 

foundations of dams and other large struc- 

tures, particularly in exploring granular 
river channel deposits or bedrock sur- 

faces. 

Similar to resistivity methods but gives 

sharper indication of vertical or steeply 

inclined boundaries and more accurate 

depth determinations. More susceptible 

than resistivity method to surface inter- 

ference and minor irregularities in surface 
soils. 

Velocity of wave travel and natural period 

of vibration gives some indication of soil 

type. Travel time plotted as a function of 

distance indicates depths or thicknesses 

of surface strata. Usefu] in determining 
dynamic modulus of subgrade reaction and 
obtaining information on the natural period 

of vibration for design of foundations of 

vibrating structures. 

Difficult to interpret in quantitative terms 

but indicates the outline of intrusive ig- 
neous dikes or other large igneous masses. 

Infrequently used in civil engineering 

practice. 

Useful in tracing boundaries of steeply in- 

clined subsurface irregularitiec such as 
faults, intrusions, or domes. Methods not 

suitable for depth determination and are 

rarely used in civil engineering explora- 

tion. 

Currently used in shallow underwater ex- 

ploration to determine position of mud line 

and depth to hard stratum underlying mud. 

Method has been used in water depths 

greater than 100 ft with penetrations of 

850 ft to bedrock but is presently in form- 
ative stage. Used most efficiently in wa- 

ter depths up to 50 ft with penetrations 

of additional 350 ft to bedrock. Possible 
future applications on land in determining 

ground water levels in pervious materials. 

b. Accuracy. The greater the contrast in physical characteristics of subsurface strata, the sharper 

the measured response to applied impulse, and the more accurate the results. Consequently, the more 
successful applications are to profiles of soft soils underlain by rock. 

c. Applications. These methods are suited to prospecting sites for dams, reservoirs, tunnels, high- 

ways, and large groups of structures. 

(1) Seismic Refraction. Seismic refraction and electrical resistivity methods are those commonly 

used. For a review of techniques, see Hvorslev, Subsurface Exploration and Sampling of Soils for Civil 

Engineering Purposes (Bibliography). 
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(2) Geophysical Procedures. Geophysical procedures have been used to locate gravel deposits or 

other construction materials whose properties differ substantially from adjacent soils. 

(3) Seismic Soundings. Seismic soundings, with sledge hammer blows to induce shock waves, 

determine rippability or need for blasting of dense and rocky subsurface materials. 

d. Criteria. No definite criteria for geophysical methods can be given because they are highly spe- 

cialized and require experienced advice for each application. 

2. LIMITATIONS. Geophysical surveys may be able to outline boundaries between strata, but soil prop- 
erties are indicated only approximately by instrument response to applied impulse. 

a. Sources of Error. Differences in degree of saturation, presence of mineral salts in ground water, 
or similarities of strata that effect transmission of source waves, may lead to vague or distorted 

conclusions. 

b. Check Borings. Supplement a geophysical survey by borings to recover representative samples and 

to check stratification interpreted from the survey. Clearly illustrate correlation or lack of it between test 

borings and geophysical information in presenting subsurface data on contract drawings. 

Section 5. TEST BORINGS 

1. TYPES. See Table 2-3 for principal boring types and applications. For details of boring techniques 
and equipment, see Hvorslev, Subsurface Exploration and Sampling of Soils for Civil Engineering 

Purposes (Bibliography). 

a. Selection of Boring Method. Choice of boring method depends on (a) the efficiency of the boring 
procedure in prospective materials, (b) ability to determine strata changes and material type, and (c) pos- 

sible disturbance of materials to be sampled. 

b. Specific Procedures. 
(1) Boring Without Sampling. When only depth to rock or existence of cavities are to be deter- 

mined, borings may be made without sampling and the utility of boring for sampling is no. important. 

(2) Auger Borings. Use these primarily for shallow exploration above ground water. Although 

materials recovered are disturbed, auger borings furnish continuous samples of soils encountered. 

(3) Wash Borings. Use these borings for recovery of either disturbed dry samples or undisturbed 

samples. Ordinarily this is the type most suitable for locations with difficult access. 

(4) Rotary and Percussion Borings. Use these borings for deep exploration or for penetration of 

hard soils or strata containing boulders and rock seams. 

(5) Rotary Core Drilling. Use this procedure in bedrock to recover continuous core or to pass 

obstructions in overburden. 

Section 6. SAMPLING DEVICES 

1. THIN-WALL TUBE SAMPLERS. See Table 2-4 for principal thin-wall tube samplers used to obtain 
undisturbed samples. 

a. Undisturbed Samples from Borings. These samples comply with the following criteria: 
(1) They should contain no visible distortion of strata, or opening or softening of materials. 

(2) Specific recovery ratio (length of undisturbed sample recovered divided by length of sampling 

push) should exceed 95 percent. 
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TABLE 2-3 
Types of Test Borings 

Procedure utilized Applicability 

Displacement type.. 

Auger boring....... 

Wash-type boring for 

undisturbed or dry 

samples. 

Rotary drilling ..... 

Percussion drilling 

(Churn drilling). 

Rock core drilling .. 

Repeatedly driving or pushing tube or spoon 
sampler into soil and withdrawing re- 

covered materials. Changes indicated by 
examination of materials and resistance to 

driving or static force for penetration. No 

casing required. 

Hand or power operated augering with peri- 

odic removal of material. In some cases 
continuous auger may be used requiring 

only one withdrawal. Changes indicated 

by examination of material removed. Cas- 

ing generally not used. 

Chopping, twisting, and jetting action of a 

light bit as circulating drilling fluid re- 

moves cuttings from hole. Changes indi- 

cated by rate of progress, action of rods, 
and examination of cuttings in drilling 
fluid. Casing used as required to prevent 

caving. 

Power rotation of drilling bit as circulating 
fluid removes cuttings fromhole. Changes: 

indicated by rate of progress, action of 

drilling tools, and examination of cuttings 

in drilling fluid. Casing usually not re- 
quired except near surface. 

Power chopping with limited amount of wa- 

ter at bottom of hole. Water becomes a 

slurry that is periodically removed with 
bailer or sand pump. Changes indicated 

by rate of progress, action of drilling 

tools, and composition of slurry removed. 

Casing required except in stable rock. 

Power rotation of a core barrel as circulat- 

ing water removes ground-up material from 

hole. Water also acts as coolant for core 

barrel bit. Generally hole is cased to rock. 

Used in loose to medium compact sands 

above water table and soft to stiff cohe- 

sive soils. Economical where excessive 

caving does not occur. Limited to holes 

< 3" in diameter. 

Ordinarily used for shallow explorations 

above water table in partly saturated 

sands and silts, and soft to stiff cohesive 
soils. May be used to clean out hole be- 
tween drive samples. Very fast when 
power-driven. Large diameter bucket au- 

ger permits examination of hole. 

Used in sands, sand and gravel without 

boulders, and soft to hard cohesive soils. 

Most common method of subsoil explora- 

tion. Usually can be adapted for inacces- 

sible locations, such as over water, in 

swamps, on slopes, or within buildings. 

Applicable to all soils except those con- 

taining much large gravel, cobbles, and 
boulders. Difficult to determine changes 

accurately in some soils. Not practicalin 
inaccessible locations because of heavy 

truck mounted equipment, but applications 

are increasing since it is usually most 

rapid method of advancing bore hole. 

Not preferred for ordinary exploration or 

where undisturbed samples are required 

because of difficulty in determining strata 

changes, disturbance caused below chop- 

ping bit, difficulty of access, and usual 

higher cost. Sometimes used in combina- 
tion with auger or wash borings for pene- 

tration of coarse gravel, boulders, and 
rock formations. 

Used alone and in combination with boring 

types to drill weathered rocks, bedrock, 

and boulder formations. 

(3) Area ratio of sampler (annular cross-sectional area of sampling tube divided by full area to 

OD of sampler) should be less than 15 percent. 

b. Selection of Sampler. For undisturbed samples, use stationary piston samplers of the types in 
Table 2-4. The Swedish foil sampler is employed to recover long, continuous samples of soft soil. Other 

Stationary piston samplers differ by various methods of locking the stationary piston during sampling. The 

choice between them is based on convenience or availability of equipment. The use of stationary pistons 

is less important in very stiff or hard cohesive soils; either a Shelby Tube or Pitcher sampler obtains 

essentially undisturbed samples. 

2. THICK-WALL SPOON, AUGER, UNDERWATER, AND CORE BARREL SAMPLERS. For principal 
types, see Table 2-5. 
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a. Samples Recovered. These samples can be completely remolded, as provided by auger samplers, 
or merely disturbed as in the case of thickwall spoons. Samples are representative of soils in situ con- 

taining all constituents and suitable for index properties tests. 

b. Core Barrel Samples. Generally, core barrel samples are taken in rock or hard cohesive soils 
(materials relatively insensitive to sampling disturbance). The suitability of cores for structural proper- 

ties tests depends on the quality of individual samples. Specify double-tube core barrel for maximum cor 

recovery in weathered, soft, or fractured rock. The percentage of core recovery is an indication of sound: 

ness and degree of weathering of rock. Carefully examine core sections with lowrecovery to estimate co. 

dition of missing sections and reasons for low recovery. 

c. Wash Samples. Wash samples are taken from wash water circulated from boreholes and should not 

be relied on for identification of subsoils. 

Section 7. SOUNDING AND PROBING DEVICES 

1. EQUIPMENT. Sounding or probing consists of forcing a rod, a rod encased in a pipe sleeve, ora 
probe with pressure measuring device into subsoils to determine resistance to penetration or withdrawal. 

a. Procedures. Methods comprise both dynamic and static resistance procedures. For details of 

equipment see Hvorslev, Subsurface Exploration and Sampling of Soils for Civil Engineering Purposes 

(Bibliography). 

b. Penetration Resistance. Variation in penetration resistance indicates strata changes. For certain 

devices, resistance has been correlated with physical properties. 

TABLE 2-4 
Thin-Wall Tube Samplers with Medium to Low Area Ratio 

Procedure and equipment Applicability and comments 

Stationary piston-type samplers 

Stationary piston 
sampler with piston 

rods. 

Thin-wall sample tube is advanced beyond 

piston, generally by pushing drill rod 

while piston is held stationary by a clamp 

to the piston rod extension which runs 

through the sampler head and inside the 
drill rod to the surface. Cone lock in 

sampler holds piston to drill rod and pre- 

vents downward motion of piston. 

Thin-wall sample tube is advanced by 

pumping water or drilling mud through drill 

rod that holds the piston in a stationary 
position, eliminating the need for a sepa- 

rate set of piston rod extensions. Hy- 

draulic pressure is confined on top of 

sample tube head by the outer tube until it 

builds up sufficiently to push sample tube 

down beyond the piston. The drill rod, 

holding the piston, is maintained station- 

ary either by the drill chuck or other 

separate device. 

Satisfactory for undisturbed sampling in 

soft to medium clays and silts from cased 

and uncased holes. Less successful for 

sands containing little or no cohesive ma- 

terial. Sampler has no positive device to 

keep piston from moving up before sam- 

pling. Recovers samples 24 in. long in 

thin-wall tubes of 2 to 4’4 in. OD. 
Two common types for sampling in cased or 

uncased holes are the Osterberg Sam- 
pler and the Greer and McClelland Sam- 

pler. Not possible to observe amount of 

partial penetration of sampling tubes. 

Partial samples are likely to bedisturbed. 

Satisfactory for soft to stiff clays and 

silts. Less successful for sand contain- 

ing little or no cohesive material. Re- 

covers samples 24 in. to 48 in. long in 

thin-wall tubes 3 to 5 in. OD. 

Hydraulically acti- 

vated piston sam- 

pler. 
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TABLE 2-4 (Continued) 

Thin Wall Tube Samplers with Medium to Low Area Ratio 

Procedure and equipment Applicability and comments 

Stationary piston-type samplers 

Hong piston 

sampler. 
Thin-wall sample tube is advanced beyond 
the piston by driving or pushing the drill 

rod. Piston is held stationary by an outer 

barrel that surrounds sample tube and 

sits on a special casing drive shoe, 

eliminating the need for a separate set of 

piston extension rods. A ratchet system 

holds piston in place for full penetration 

or any amount of partial penetration of 

sampler. 

16 rolls of 7/16-in.-wide thin metal strips 
housed inside the sampler head above a 
thin, sharp cutting edge envelop the 

sample as it enters the tube, thus mini- 

mizing friction between sample and tube. 

Sampler is advanced by pushing or jetting. 

Swedish foil 

sampler. 

During penetration, piston is held fixed by 
a chain that passes along inside of 

sample tube to the surface and is fixed to 

a stationary frame. Sample tubes are 

added until sampling run is completed. 

For undisturbed sampling in cased holes 

only. Satisfactory for soft to stiff clays 

and silts. Less successful for sands 

containing little or no cohesive material. 

Elimination of piston rods combined with 

advancement of tube by ordinary methods 

are principal advantages. Recovers 

samples 25-3/4 in. long in tubes 3 in. OD. 

Used for taking long, continuous, undis- 

turbed samples in cohesive soils free of 

gravel, sand layers, or excessive shells, 
etc., which may break or rupture the foils 

and samples. Theoretically can recover 

samples 40 ft or more in length. Inside 
skin friction on sample is reduced to a 

minimum. Requires experienced operator. 

Sample tubes are 1/4 in. thick, 8 ft long 
sections of pipe, 2-3/4 in. ID. 

Nonpiston-type samplers 

Thin- wall Shelby 

tube sampler. 
Thin-wall sampler is pushed or driven into 

the soil. Sampler head contains ball 

check to prevent water pressure from 

forcing sample from tube during with- 

drawal. Sampler accommodates tubes 2 

to 444 in. OD. 

Thin-wall tube is forced into soil while 
core barrel outside tube reams out hole. 

Tube leads bit of core barrel an amount 
depending on consistency of soil. Tube 

prevented from rotating by ball bearing 

connection between tube and outer 

rotating barrel. 

Pitcher sampler. 

Used in soft to hard clays and silts or silty 

and clayey sands. Utilized for undisturbed 

samples of hard cohesive soils when 
driving is necessary to advance tube. 

Recovers samples 1-7/8 to 4-3/8 in. OD 

24 in. long. 

Sampler can be used in medium to soft clays 

and silts, but it is best adapted to hard 

clays and soft rock which are difficult or 

impos sible to sample by other thin wall 
samplers. Recovers samples 3 to 5 ft 

long with 24%, 3, 4, and 5-7/8 in. OD. 

(1) Dynamic Resistance. Dynamic resistance is measured by the number of blows of a particular 
weight dropped a specific height necessary for penetration of a sounder. 

(2) Static Resistance. Variations in static resistance of a rod pushed or jacked into soil may be 
determined with greater accuracy than the dynamic resistance. Static values are easier to correlate with 
structuial properties. 

2. UTILIZATION. Unless penetration resistance is correlated with structural properties, soundings 
shall be relied on only to distinguish boundaries between strata. 

a. Standard Penetration Test. The standard penetration test is the ordinary sounding procedure to 
determine compactness or hardness in situ; see Chapter 4. 

b. Static Resistance Devices. Usually, static resistance devices are reserved for special exploration 

and require correlation of resistance readings with conventional test properties of subsoils. 
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TABLE 2-5 
Samplers of Drive, Auger, Underwater, and Core Barrel Types 

Equipment and procedure utilized Applicability 

Drive samplers with 

high area ratio: 

Split spoon 
sampler. 

Retractable plug 

sampler. 

Split liner piston- 
type sampler. 

Auger samplers: 

Common auger 

samplers. 

Double-tube auger. 

Underwater 

samplers:: 

Free fall gravity 
coring tube. 

Piggot coring 

tube. 

Harpoon-type 
sampler. 

Thick-wall, split barrel tube is driven or 

pushed into soil. Ball check in sampler 
head prevents water pressure from forcing 

sample out of tube. Split barrel opened in 
field for examination of sample. Sampler 
OD from 2 to 4% in. Obtains samples 18 to 
24 in. long, 1% to 4 in. OD. 

Sampler with inside plug is hand driven into 
the soil to depth of sampling desired. Plug 
then retracted and sampler driven into soil 
which enters a series of brass liners. 

Sampler removed from soil by jacking. 

Sampler OD 1.4 and 3 in. Obtain samples 

42 and G60 in. long, 0.9 and 1.9 in. OD, 

respectively. 

Thin-wall stationary piston sampler with 
inside liner split longitudinally is advanced 

by driving or pushing. Liner removed after 

sampling and sample examined by sepa- 

rating liner halves. Sampler OD 2-1/8 in. 
Obtains samples 24 in. long, 1-7/8 in. 

in OD. 

Samplers designed to completely remove soil 
from the hole. Advanced by hand or power 

rotation. Soil is completely churned upon 

removal. Some common types are helical 

or worm auger, Iwan augers, spoon, Vicks- 

burg hinge auger, barrel auger, Buda 
continuous auger, disk auger, and large 

diameter bucket auger. 

Open spiral sampler containing thin-wall 
liner is rotated into soil. Liner receives 
sample and open top cylinder retains 

material displaced by spiral. No water 

used. Sampler OD 1-1/4 and 2-1/4 in. 

Obtains samples 46 in. long. 

10- to 15-ft-long tube containing thin-wall 
liner is released at fixed height above 

ocean floor by utilizing pilot weight and 
lever mechanism. Sampler equipped with 

lead weights and stabilizing fins. Sampler 

OD 2-1/4 in. Obtains samples 1.9 in. OD. 

10-ft-long tube containing thin-wall liner is 
shot into ocean bottom by explosive charge 

that is triggered when sampler makes 

contact with the bottom. Sampler OD 2% in. 
Obtains samples 1-7/8 in. in OD. 

Thick-wall, split barrel tube with stabi- 
lizing fins is dropped through water under 

own weight to sample lower sediments. 

Sampler OD 2 in. Obtains samples 6 ft 

long, 14% in. OD. 
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Used to obtain dry samples in practically 

all soils. Not adapted to coarse gravel 

and rock. The 2-in.-OD, 1%-in.-ID 
spoon is used for standard penetration 

resistance determination at each sampling 
depth. Numerous variations of this basic 
type are available for dry sampling. 

Portable device suitable for sampling clay, 

silt, and fine sands in inaccessible loca- 

tions. Not appropriate for coarse grained 

sands. Equipment is simple, rugged, and 
requires little experience to use. 

Suitable particularly for obtaining samples 

for field inspection or photographs. 

Utilized in stratified or varved sands with 

organic or clayey lenses. Other sampler 

types with relatively thick-wall split 
barrel and transversely split liner are 

utilized for a wide range of soil type. 

Samples obtained are moderately disturbed. 

Used for continuous identification of mate- 

rials in the profile and where tube 
samples are not required. Ordinarily used 

for shallow explorations above water table 

but can be taken to depths of about 50 ft. 

Used for taking tube samples at relatively 

shallow depths. May be advanced by hand 
in soft to medium clays and loose to 

medium compact sandy soils. 

Used for ocean bottom sampling. Successful 
in medium to stiff clays and in sand and 

gravel with sizes up to 14 in. at depths 
exceeding 13,000 ft. 

Successful for sampling stiff to hard ocean 

bogtom soils in water depths exceeding 

20,000 ft. 

Developed by USCE for sampling river or 
harbor bottom muds and silts. 



TABLE 2-5 (Continued) 
Samplers of Drive, Auger, Underwater, and Core Barrel Types 

Equipment and procedure utilized Applicability Type 

Core barrel 

samplers: 
Denison Similar to double-tube core barrel except Adaptable to sampling hard clays, cemented 
sampler. cutting edge of inner barrel may be coarse grained soils, hardpan, weathered, or 

soft rock. Sampler used in conjunction 

with rock coring when overburden consists 

of above materials which are difficult to 

sample by other methods. 

Used primarily in sound rock not vulnerable 

to erosion, slaking, or fracturing. 

extended 3 in. beyond the outer coring bit 

by exchanging bits. 

Tube with coring bit is rotated down into the 
rock, receiving core, while circulating 

water removes cuttings. Barrel OD from 14 
to 2-15/16 in. Obtains cores up to 10 ft 
long, from 7/8 to 2-1/8 in. OD. 

Tube is enclosed within and attached to a 

Single-tube core 

barrel. 

Used primarily in nonuniform, fissured, 

friable, and soft rock. Obtains samples 

up to 20 ft long, 1-1/4 to 15-5/8 in. in OD. 

Double-tube core 

barrel (swivel 

type). 

core barrel by means of a swivel. As outer 

barrel rotates, inner tube remains stationary 

and receives core. Cuttings removed by 
circulating water between outer and inner 

barrels. Available with OD from 2 to 18 in. 

Shot core barrel. . | Chilled steel shot is fed to rotating soft Method for obtaining large diameter cores 

steel bit through drill rods and single 
barrel. Bit and rock are worn away as 

cuttings are washed above barrel by 

circulating water. Cuttings deposited in 

sludge barrel or calyx attachment. Avail- 

and drilling accessible boreholes in rock 

for exploration of dam sites. Used in 
medium hard and uniform rock. Shot often 

becomes embedded in soft rock and lost 

in seamy rock. 

able with OD 2 to 18 in. Obtains cores up 

to 20 ft long, 1-1/4 to 15-5/8 in. in OD. 

c. Field Expedients. On certain projects, expedient materials (rails or rods with detachable cone 

points) may be driven to determine stratification. Make typical soundings adjacent to borings to correlate 

penetration resistance with soil type. 

Section 8. TEST PITS AND TRENCHES 

1. TYPES. Test pits to facilitate examination or sampling of soils in situ range from shallow manual or 

machine excavations to deep, sheeted, and braced pits. For procedures in making test pits and hand sam- 

ples, see Hvorslev, Subsurface Exploration and Sampling of Soils for Civil Engineering Purposes 

(Bibliography). 

a. Hand-cut Samples. If properly taken, handcut samples of materials exposed in test pits may be of 

the highest quality. Certain materials such as loose sands, highly sensitive cohesive soils, or brittle and 

weathered rock may not furnish truly undisturbed samples in borings; hand-cut samples may be necessary. 

b. Machine Excavation. Large diameter, rotary bucket augers are used to drill caisson holes that 
may be inspected and sampled directly. Pits or trenches made with backhoe, bulldozer, or clamshell 

bucket frequently are inexpensive if such equipment is available. Use mechanically excavated pits or 

trenches in lieu of equal expense in borings, where shallow conditions are essential in design. Deter- 

mine locations of excavations and clearly identify and record them for reference during construction. 

Locate test pits so as not to disturb bearing materials at intended positions of shallow foundations. 
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Section9. REQUIREMENTS FOR EXPLORATION PROGRAM 

1. LAYOUT OF TEST BORINGS. Rules for preliminary and final borings are presented herein as general 
guides to planning and do not cover all the details necessary for specific sites or structures. Require- 

ments for spacing of test borings are given below and in Table 2-6. 

a. Preliminary Borings. For large sites, locate preliminary borings to furnish an overall subsoil sur- 

vey rather than to follow a rigid geometric pattern. 

b. Final Borings. Arrange final borings so geological sections may be determined at the most useful 
orientations. Borings in slide areas should establish geological sections necessary for stability analyses. 

To ensure that exploration is adequate in its final form, evaluate boring logs as received to develop a pic- 

ture of subsoil conditions. Plan final borings for a certain sequence and make exploration contracts open 

ended so intermediate borings may be added in areas that prove to be critical. 

c. Spacing Requirements. For additional information of spacing requirements, see also Table 2-6. 

(1) Uniform Conditions. On large sites where subsurface conditions are relatively uniform, space 

preliminary borings 100 to 500 feet apart. Spacing is decreased in detailed exploration by intermediate 

borings as required to define variations in subsoil profile. Final spacing of 25 feet usually suffices for 

even erratic conditions. 

TABLE 2-6 
Requirements for Boring Layout 

Areas for investigation Boring layout 

New site of wide extent.... 

Development of site on soft 
compressible strata. 

Large structure with separate closely 

spaced footings. 

Low-load warehouse building of large 
area. 

Isolated rigid foundation, 2,500 to 
10,000 sq ft in area. 

Isolated rigid foundation, less than 

2,500 sq ft in area. 

Major waterfront structures, such as 

dry docks. 

Long bulkhead or wharf wall 

Slope stability, deep cuts, high 

embankments. 

Dams and water retention structures. . 

Highways and airfields 

Space preliminary borings so that area between any four borings 
includes approximately 10% of total area. In detailed exploration, add 

borings to establish geological sections at the most useful 

orientations. 

Space borings 100 to 200 ft at possible building locations. Add inter- 
mediate borings when building sites are determined. 

Space borings approximately 50 ft in both directions, including borings 
at possible exterior foundation walls, at machinery or elevator pits, 

and to establish geologic sections at the most useful orientations. 
Minimum of four borings at corners plus intermediate borings at interior 
foundations sufficient to define subsoil profile. 

Minimum of three borings around perimeter. Add interior borings 
depending on initial results. 

Minimum of two dry sample borings at opposite corners. Add more for 

erratic conditions. 

If definite site is established, space borings generally not farther than 

100 ft adding intermediate borings at critical locations, such as deep 

pumpwell, gate seat, tunnel, or culverts. 
Preliminary borings on line of wall at 400 ft spacing. Add inter- 

mediate borings to decrease spacing to 100 of 50 ft. Place certain 

intermediate borings inboard and outboard of wall line to determine 

materials in scour zone at toe and in active wedge behind wall. 

Provide three to five borings on line in the critical direction to estab- 

lish geological section for analysis. Number of geological sections 

depends on extent of stability problem. For an active slide, place at 

least one boring upslope of sliding area. 

Space preliminary borings approximately 200 ft over foundation area. 
Decrease spacing on centerline to 100 ft by intermediate borings. 
Include borings at location of cutoff and critical spots in abutment. 

See NAVFAC DM-5 and NAVFAC DM-21 for general requirements for 
highways and airfields. For slope stability, deep cuts, and high 

embankments, see layout recommended above. 
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(2) Cavities and Fractures. Where factors such as cavities in limestone or fractures and joint 

zones in bedrock are being investigated, wash or rotary borings (without sample recovery) or soundings and 

probings are spaced as close as 10 feet center-to-center. 

(3) Critical Strata. Where detailed settlement, stability, or seepage analyses are required, include 

a minimum of one boring to obtain undisturbed samples of critical strata. Provide sufficient preliminary 

dry sample borings to determine the most representative location for undisturbed sample borings. 

(4) Subsurface Irregularities. Inclined borings are required in special cases when surface obstruc- 

tions prevent use of vertical holes, or subsurface irregularities such as buried channels, cavities, or fault 

zones are to be investigated. 

2. DEPTHS OF TEST BORINGS. For general rules for boring depths, see Table 2-7. Required depths 
depend to some extent on sizes and types of proposed structures. They are controlled to a greater degree 

by the characteristics and sequence of subsurface strata. 

a. Types of Strata. The depth of borings depends on the type of underlying strata. 
(1) Unsuitable Foundation Strata. Extend all borings through unsuitable foundation strata, such 

as unconsolidated fill; peat; highly organic materials; soft, fine grained soils; and loose, coarse grained 

soils to reach hard or compact materials of suitable bearing capacity. 

(2) Fine Grained Strata. Extend borings in potentially compressible fine grained strata of great 

thickness to a depth where stress from superposed load is so small that corresponding consolidation will 

not significantly influence surface settlements. 

TABLE 2-7 
Requirements for Boring Depths 

Areas for investigation Boring depth 

Large structure with separate closely Extend to depth where increase in vertical stress for combined founda- 

spaced footings. tions is less than 10% of effective overburden stiess. Generally all 

borings should extend no less than 30 ft below lowest part of 
foundation unless rock is encountered at shallower depth. 

Isolated rigid foundations Extend to depth where vertical stress decreases to 10% of bearing 
pressure. Generally all borings should extend no less than 30 ft 

below lowest part of foundation unless rock is encountered at 

shallower depth. 
Long bulkhead or wharf wall.. Extend to depth below dredge line between 3/4 and 1¥4 times unbal- 

anced height of wall. Where stratification indicates possible deep 

stability problem, selected borings should reach top of hard stratum. 

Slope stability Extend to an elevation below active or potential failure surface and 

into hard stratum, or to a depth for which failure is unlikely because 
of geometry of cross section. 

Deep cuts Extend to depth between 3/4 and 1 time's base width of narrow cuts. 

Where cut is above ground water in stable materials, depth of 4 to 8 
ft below base may suffice. Where base?is below ground water, 
determine extent of pervious strata below base. 

High embankments Extend to depth between ¥, and 1-1/4 times horizontal length of side 
slope in relatively homogeneous foundation. Where deep or irregular 

soft strata are encountered, borings should reach hard materials. 

Dams and water retention structures . Extend to depth of 4% base width of earth dams or 1 to 1% times height of 
small concrete dams in relatively homogeneous foundations. Borings 
may terminate after penetration of 10 to 20 ft in hard and impervious 
stratum if continuity ‘of this stratum is known from reconnaissance. 

Highways and airfields 3 §gc Extend auger borings to 6 ft below top of pavement in cuts, 6 ft below 

existing ground in shallow fills. For high embankments or deep cuts, 
follow criteria given above. 

Airfields Fete One Extend auger borings to 10 ft below top of pavement in cuts or 10 ft 

below existing ground in shallow fills. 

7-2-12 



(3) Compact Soils. Where stiff or compact soils are encountered at shallow depths, extend bor- 

ing(s) through this material to a depth where the presence of an underlying weaker strata cannot affect 

stability or settlement. 

(4) Bedrock Surface. If bedrock surface is to be determined and character and general location of 

rock are known, extend borings 5 feet into sound, unweathered rock. Where character of rock is unknown, 

or where boulders or irregularly weathered material overlie bedrock, core 10 feet into sound rock and 

include 20 feet of coring in one or two selected borings. In cavitated limestone, extend borings through 
strata suspected of containing solution channels. 

b. Check Borings. During final exploration, at least one boring should extend well below the zone 
involved in the apparent stability, settlement, or seepage problem to make sure no unusual conditions 

exist at greater depth. 

c. Securing Borings. Borings made in foundation areas that eventually will be excavated below 

ground water, or where artesian pressures are encountered, must be plugged or grouted unless used for 

continuing water-level observations. In boreholes for ground water observations, place casing in tight 

contact with walls of hole. 

3. REQUIREMENTS FOR SAMPLING PROGRAM. The number, type, and distribution of boring samples 
depend on strata arrangement and sample usage. 

a. Representative Dry Samples. Representative dry samples are generally obtained at vertical inter- 
vals no less than 5 feet center-to-center of sample location and at every change in strata. 

b. Undisturbed Samples. Precede recovery of undisturbed samples by dry sample borings to deter- 
mine thickness and extent of critical strata. Number and spacing of undisturbed samples depend entirely 

on related design problems and necessary testing program. 

(1) Spacing of Samples. Distribution of undisturbed samples may range from only one or two ina 

boring to practically continuous undisturbed samples in a critical stratum. 

(2) Continuous Sampling. Consider using the Swedish foil sampler if continuous sampling is nec- 

essary for sand drain design or elaborate settlement or stability analyses. 

4. OBTAINING UNDISTURBED SAMPLES. Obtain undisturbed samples in cohesive soil strata, so that 
at least one representative sample is taken from each 10 feet of cohesive soil in each boring. Include 

appropriate requirements in specifications for contract borings. The procedures for obtaining undisturbed 

samples are: 

a. Caving. Use casing or viscous drilling fluid to advance borehole if there is danger of caving. 
Where casing is not necessary, drilling fluid is preferred. 

b. Aboveground Water Table. When sampling aboveground water table, maintain borehole dry when- 
ever possible. 

c. Belowground Water Table. When sampling belowground water table, maintain borehole full of water 
or drilling fluid during cleanout, during sampling and sample withdrawal, and while removing cleanout 

tools. If necessary, this should be accomplished by positive inflow at ground surface. At depths where 

continuous samples are required, casing should remain full of drilling fluid for the entire drilling and 

sampling operation. 

d. Soft or Loose Soil. Sampling of a soft or loose soil directly below a stiff or compact soil in the 
same tube should be avoided. Discontinue driving of sample tube when a sudden decrease in resistance 

occurs. 
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5. EQUIPMENT FOR OBTAINING UNDISTURBED SAMPLES. The equipment necessary for obtaining 

undisturbed samples is listed below. 

a. Sampling Devices. The appropriate sampler listed in Table 2-4 should be used. 

b. Sampling Tubes. The requirements for sampling tubes depend on several factors. 
(1) Composition. Although brass or hard aluminum tubes are preferred, steel tubes may be used if 

they are coated on both the inside and the outside with a hard, smooth, noncorrosive lacquer. 

(2) Interior. Tubes should be seamless with clean, smooth interior, free of protrusions. 

(3) Cutting Edge. Tubes should have machine prepared sharp cutting edge with outside taper not 

exceeding 10°. Do not permit rounded or blunt cutting edges. 

(4) Inside Clearance. Provide tube with inside clearance between 0.5 percent (for partially satu- 

rated or soft clays and silts) to 3.0 percent (for hard, saturated swelling clays). Inside clearance = 

D. - D,, 

D 
e 

where D, is ID of tube above cutting edge. Cutting edge should be drawn in by machine to pro- 

vide inside clearance. 

c. Casing. Use casing in upper 10 feet of all borings and throughout boring in soils with cavities, or 

in soils where full head of drilling fluid cannot otherwise be maintained at all times. Use casing when- 

ever required to obtain ground water observations at intermediate depths for extended periods, and in gen- 
eral whenever required for successful boring operations. 

(1) Advancing Casing. Drive casing down in stages not exceeding 5 feet between cleanout.Do not 

advance casing by using it as a wash pipe. Unless necessary to maintain stability of borehole, do not 

drive the casing in advance of borehole. In cohesive soils, it is permissible to advance the hole as far as 

possible without using the casing, unless the casing is needed to perform sampling operations. 

(2) Special Sampling Conditions. When sampling loose to medium compact, cohesionless soils and 

saturated silt, the casing should not be advanced the last 2 feet by drive weight, but may be pushed 

hydraulically or rotated in combination with an advance cleanout operation taking care not to disturb the 

intended top of sample. During continuous sampling operations, never drive the casing to sample depth of 

drive weight. 

6. DETAILED PROCEDURES. The detailed procedures for cleaning the borehole and collecting and pre- 
serving samples are outlined below. 

a. Cleaning Borehole. The following steps should be taken to clean the borehole. 
(1) With or Without Casing. Cleaning of borehole with or without casing should not be done 

through open-end drill rod or sampling spoon. 

(2) Jetting. Downward or sideward jetting is not permitted when cleaning below casing. Use any 

jet auger that deflects the flow of water or drilling fluid upward. 

(3) Jet Bits. Cleanout with jet bits that direct the flow downward or sideward is permitted within 

the casing, but should not be done within 4 inches of intended top of sample. The last 4 inches is 

cleaned out with any jet auger that deflects water or drilling fluid upward. 

(4) -Sand Pump or Bailer. Do not use sand pump or bailer within 12 inches of intended top of 

sample. 

(5) Viscous Drilling Fluid. Whether or not casing is present, always use viscous drilling fluid 

instead of clear water when sampling saturated cohesionless sands. Drilling fluid may be necessary when 

sampling other soil types to prevent sample loss, excess swell, and disturbance in the vicinity of the 

sample. 

(6) Casing Tip. When the casing is extended to sample depth, all soil must be cleaned out to at 

least the casing tip and preferably about 4 inches below the tip. Where continuous samples are taken, 

allow for this 4 inches when determining final depth of casing before sampling. 

(7) Coarse Material. Coarse washed material must be removed from borehole before sampling, 

and the hole should be cleaned so that soil at the intended top of the sample is as nearly undisturbed as 

possible. 

7-2-14 



(8) Sample Retrieval. Take the sample as soon as possible after cleaning the hole. Cleaning of 

the hole should not be attempted if sampling is to be delayed. 

b. Sampling Operation. The following steps are to be followed when collecting the sample. 
(1) Preparation. Sampler and tube must be properly cleaned with vents, valves, piston packing, 

etc., checked for proper placement and function. 

(2) Lowering Tube. Lower sampler slowly and carefully to bottom of hole without dropping. When 

encountering water table while lowering the sampler, precautions must be taken with samplers containing 

piston rod extensions to prevent an upward rise of the piston. 

(3) Securing Piston Rods. Provide piston extension rods with a positive locking device at ground 

surface, and securely lock piston rods before sampling. 

(4) Penetration. Force the sample tube past the locked piston by uninterrupted hydraulic pushing. 

Do not rotate sample tube during downward movement. 

(5) Length of Penetration. Length of sample penetration should never exceed net length of sam- 

pler. For sampling tubes of 2 inches ID, penetration should not exceed 10 times ID for cohesionless soils, 

or 15 times ID for cohesive soils. 

(6) Withdrawal. After penetration, allow sampler to sit for at least 10 minutes before withdrawal. 

Then rotate sample tube 2 to 3 revolutions and withdraw slowly using moderate upward pull on drill rod, 

avoiding sudden acceleration, shock, or vibration. 

(7) Tube Removal. After withdrawing the sampler from the hole, take care not to drop it on the 

ground. Remove the tube from the sampler head without disturbing the sample. 

c. Sample Preservation. The procedures for sample preservation are as follows. 

(1) Handling. Handle sample tubes with extreme care at all times after removal from borehole. 

(2) Sealing. Before sealing, remove any disturbed material from the tube and clean tube walls to 

provide good contact for sealer wax. After waxing the ends of the tube, place snugly fitting metal caps at 

each end and tape them to the sample tube. Again, immerse the tube ends in wax. When there is an annu- 

lar clearance between the sample and tube that cannot be completely sealed, remove the sample from the 

tube and wax the sample completely in a large container. If too great an inside tube clearance is sus- 

pected, obtain new tubes having a smaller clearance before further samples are taken. 

(3) Identification. Mark sample tubes with boring number, sample number and depth, total drive, 

measured recovery of undisturbed soil before trimming, and description of soil type at the upper end of the 

tube. 
(4) Protection. Protect sample from extreme heat and freezing after withdrawal from hole and dur- 

ing transportation. 

(5) Packing. Pack sample tubes for shipment with excelsior or sawdust in sturdy boxes large 

enough to contain not more than six tubes. Mark boxes ‘‘Fragile,’’ ‘‘Protect From Freezing and Extreme 

Heat.”’ 

(6) Sample Retention. Indefinite storage of samples is not warranted. They should normally be 

retained only until the construction contract is awarded. 
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CHAPTER 3. LABORATORY TESTS AND TEST PROPERTIES 

Section 1. INTRODUCTION 

1. SCOPE. This chapter covers laboratory test procedures, typical test properties, and the application 
of tests to design and construction. Symbols and terms relating to tests and soil properties conform, gen- 

erally, to definitions given in ASTM D653. 

2. RELATED CRITERIA. For additional requirements concerning laboratory tests for highway and air- 
field design, see the following: 

Subject Source 

(on 09 Ghat) GEE Rae irerair ee ese aie) Omer) SE in cet one nen cn aera ae eeecunee eieatarr NAVFAC DM-21 

WeeeSEEOPEN GLI WAY S She) Deere spit a sieis daael Medi teeoa hh NS own. bss ba) a Aenetumen gh ib) “ancl: NAVFAC DM-5 

3. LABORATORY EQUIPMENT. For lists of laboratory equipment required for performance of tests, see 
Lambe, Soil Testing for Engineers and other criteria sources given for test procedures. 

4. TEST SELECTION FOR DESIGN. Standard or suggested test procedures, variations which may be 
required, and type and size of sample are included in Tables 3-1, 3-2, and 3-3; Table 3-4 contains soil 

properties determined from tests and their applications. 

a. Index Properties Tests. Index properties are used to classify soils, to group soils in major strata, 

and to extrapolate results from a restricted number of structural properties tests to determine properties of 

other similar materials. Procedures for most index tests are standardized (Table 3-1). Either representa- 

tive dry samples or undisturbed samples are utilized. Tests are assigned after review of boring data and 
visual identification of samples recovered. 

b. Structural Properties Tests. These must be planned for particular design problems. Rigid stand- 

ardization of test procedures is inappropriate (Table 3-2). Perform tests only on undisturbed samples 

obtained as specified in Chapter 2 or on compacted specimens prepared by standard procedures. In certain 

cases, completely remolded samples are utilized to estimate the effect of disturbance. Plan tests to deter- 

mine typical properties of major strata rather than arbitrarily distributing tests in proportion to the number 

of undisturbed samples obtained. A limited number of high quality tests on carefully selected undisturbed 

samples is preferred to many mediocre tests on specimens selected at random. 

c. Compacted Sample Tests. In prospecting for borrow materials, index tests or tests specifically for 
compacted samples may be required in a number proportional to the volume of borrow involved or the 
number of samples obtained. Structural properties tests are assigned after borrow materials have been 

grouped in major categories. Select samples for test to represent the main soil groups and probable com- 

pacted condition. 
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Sample preparation. ... 

Moisture content 

Dry unit weight 

Specific gravity: 
Material smaller than 

No. 4 sieve size. 

Material larger than 

No. 4 sieve size. 
Atterberg limits: 

Liquid limit 

Plastic limit 

Shrinkage limit 

Gradation: 

Sieve analysis 

Hydrometer analysis 

TABLE 3-1 
Requirements for Index Properties Test 

Reference 

for standard 

test 

procedure 

ASTM B421 

ASTM D2216 

ASTM D854 

ASTM C127 

ASTM D423 

(One-point 

method 

AASHO 

T89)° 
ASTM D424 

ASTM D427 

ASTM D422 

ASTM D422 

Variations from standard test 

procedure 

Determine total dry weight of a 
sample of measured total volume. 

Volumetric flask preferable; vac- 
uum preferable for de-airing. 

Harvard liquid limit device and 
grooving tool acceptable;3 open 

wire grooving tool acceptable. 

Ground glass plate preferable for 
rolling. Material for Atterberg 
limit tests should not be dried 

before use. 

In some cases a trimmed specimen 

of undisturbed material may be 

used rather than a remolded 
sample. 

Selection of sieves to be utilized 

may vary for samples of different 

gradation. 

Fraction of sample for hydrometer 

analysis may be that passing 
No. 200 sieve. Entire sample of 

fine grained soil may be used. 

Type of sample for 

test! 

Disturbed or undis- 

turbed. 

Disturbed or undis- 

turbed with unaltered 

natural moisture con- 

tent. 

Undisturbed with unal- 

tered natural volume. 

Disturbed or undis- 

.turbed. 

Disturbed or undis- 

turbed. 

Disturbed or undis- 

turbed, fraction pass- 

ing No. 40 sieve. 

Disturbed or undis- 

turbed, fraction pass- 

ing No. 40 sieve. 

Disturbed or undis- 

turbed. 

Disturbed or undis- 

turbed, nonsegre- 

gated sample, fraction 
larger than No. 200 

sieve size. 

Disturbed or undis- 

turbed, nonsegregated 

sample, fraction 

smaller than No. 10 

sieve size. 

Size or weight 

of sample for 

test2 

As required for 
subsequent 

tests. 
As large as 
convenient. . 

As large as 

convenient. 

25 to 50 gm 

for fine 

grained soils; 

150 gm for 
coarse 
grained soil. 

500 gm. 

50 to 100 gm. 

15 to 20 gm. 

600 gm for 
finest grain 

soil; to 4,000 
gm for 

coarse 

grained soils. 

65 gm for 
fine grained 

soil; 115 gm 

for sandy soil. 

1. Disturbed or undisturbed indicates that the source sample may be of either type. ASTM standard test procedures 
given in Standards, Part 4; AASHO standard test procedures given in Standards, Part III, 
2 Weights of samples for tests on air-dried basis. 
3 

Lambe, Soil Testing for Engineers. One-point method of liquid limit test must not be used for control of 
construction or for determining compliance with specification requirements. 
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TABLE 3-2 
Requirements for Structural Properties Tests 

Reference 

for Size or weight of sample for test 

Test suggested Variations from suggested test procedure (undisturbed, remolded, 
test or, compacted) 

procedure 

Permeability: 

Constant head 
procedure. 

For clean, coarse grained soils, the proce-: 

dure of ASTM2 is preferable. 

Sample size depends on max 
grain size, 4 cm dia by 35 cm 

height for silt and fine sand. 

Variable head Similar to constant head sample. 

procedure. 

Constant head 
procedure for 

Generally applicable to fine grained soils. 

Diameter varies from 3 in. for 3/8 

in. max grain size, to 6 in. for 

3/4 in. max grain size. 

Limited to soils containing less than 10% 

passing No. 200 sieve size. 

coarse grained 
soils. 

Capillary head... Capillary head for certain fine grained soils 
may have to be determined indirectly. 

To investigate secondary compression, indi- 
vidual loads may be maintained for more 

than 24 hr. 

Direct shear. .... Limited to tests on cohesionless soils or to 
consolidated shear tests on fine grain 

soils. 

200 to 250 gm dry weight. 

Consolidation Diameter preferably 244 in. or 

larger. Ratio of diameter to 
thickness of 3 or 4. 

Generally 0.5 in. thick, 3 in. by 3 

in. or 4 in. by 4 in. in plan, or 
equivalent circular cross 

section. 

Unconfined Alternative procedure given in ASTM2 Similar to triaxial test samples. 

compression. (p. 321). 

Triaxial 

compression: 
Unconsolidated— For measurement of pore water pressures ‘Ratio of height to diameter should 

undrained(Q or during test, special additional equipment is be less than 3 and greater than 

UU). required. In this case rate of shear must 2. Common sizes are: 2.8 in. 

Cons olidated— be no faster than certain limiting speeds. dia, 6.5 in. high; 1.4 in. dia, 

undrained (Qc or Sento hich’ 

UD). 
Consolidated— 
drained(S orD). 

1Lambe, Soil Testing for Engineers. 

2ASTM, Procedures for Testing Soils. 

d. Typical Test Properties. Various correlations between index and structural properties are avail- 

able, showing the probable range of test values and relation of parameters. In testing for structural prop- 

erties, correlations should be investigated to extend results to similar soils for which index values only 

are available. Correlations are of varying quality, expressed by standard deviation, which is the range 

above and below the average trend, within which about two-thirds of all values occur. These relationships 

are useful in preliminary analyses but must not supplant careful tests of structural properties. The rela- 

tionships should never be applied in final analyses without verification by tests of the particular material 

concerned. 

Section 2. INDEX PROPERTIES TESTS 

1. MOISTURE CONTENT, UNIT WEIGHT, SPECIFIC GRAVITY. Index properties tests are used to com- 
pute soil volume and weight components (Table 3-5). Ordinarily, determine moisture content for all the 

representative samples (disturbed or undisturbed) for classification and grouping of materials in principal 

Strata. 
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! Moisture-density relations: 
Standard Proctor 

5%-lb hammer, 12-in. drop. 

Modified Proctor 

10-lb hammer, 18-in. drop. 

Harvard compaction apparatus. . 

Maximum and minimum densities 

of cohesionless soils. 

Moisture-penetration resistance 

relations. 

California bearing ratio 

Expansion pressure 

Permeability and compression 

characteristics. 

TABLE 3-3 
Requirements for Compacted Samples Tests 

Reference for 

standard test 

procedure! 

ASTM D698 

ASTM D1557 

ASTM D2049 

ASTM D1558 

USCE 
TM-5-852-6 

Appendix III. 

AASHO T174 

U. S. Bureau of 

Reclamation E-12. 

Variations from standard 

test procedure 

Preferable not toreuse samples 
for successive compaction 

determinations. 

Preferable not to reuse samples 

for successive compaction 

determinations. 

Alternative methods using 

vibrating tamper given in 

ASTM.? 

Compaction energy other than that 

for Modified Proctor may be 

utilized. 

Testing procedures of Table 3-2 
may be utilized. 

1 For other sources of standard test procedures, see Table 3-1. 

2Weight of samples for tests given on air-dried basis. 

3 Procedure for Testing Soils (ASTM). 

Size or weight of 
sample for test? 

Each determination: 

Method A: 6 Ib 
Method B: 14 lb 
Method C: 10 lb 

Method D: 22 lb 

Method A: 7 lb 

Method B: 16 lb 
Method C: 12 lb 
Method D: 25 lb 

2 to 3 lb of material 

passing No. 4 sieve 
size for complete 

curve. 

Varies from 10 to 130 

lb depending on 
max. grain size. 

As required for compac- 
tion. Methods A or B 

above. 

Each determination 

requires 15 to 25 

lb depending on 
gradation. 

10 to 15 lb depend- 
ing on gradation. 

15 lb of material 

passing No. 4 sieve 
size. 

a. Saturated Samples. If moisture content and dry weight are measured, all volume-weight parameters 

may be computed by assuming a specific gravity. If moisture content and specific gravity are measured, 

all volume-weight parameters may be computed directly. Volume-weight of fine grained soils may be deter- 

mined with sufficient accuracy for computation of loads by assuming saturation. 

b. Unsaturated Samples. Measure moisture content, dry weight, specific gravity, and total volume of 

specimen to compute volume-weight relationships. 

2. GRADATION. In addition to their use in classification, grain-size analyses may be applied to seepage 
and drainage problems, filter and grout design, and evaluation of frost heave. 

a. Grain-Size Parameters. Gradation, in simplest terms, is D,g9 size (which is an approximate measure 

of the size of the void spaces in coarse grain soils) and the coefficient of uniformity D,,, which indicates 

the relative broadness or narrowness of gradation. 

b. Test Schedule. Gradations of a large number of samples usually are not required for identification. 
Samples should be grouped in principal strata by visual classification before performing grain-size analy- 

ses on specimens of major strata. 
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TABLE 3-4 
Soil Properties for Analysis and Design 

Property Symbol Units! Direct applications 

. i uses 2 
Volume-weight characteristics: 
Moisture content........ 

* Unit weights ...... 3 

Directlyfcom testis)... . «ys Classification and in volume- 
weight relations. 

Classification and for pressure 

computations. 

Parameters used to represent 

relative volume of solids in 

Directly from test or from 

volume-weight relations. 

Computed from volume-weight 

relations. 

9] a 

Porosity |. Geese. ne. 

Motd tatio smiteaia.0: < Computed from volume-weight total volume of soil. 
relations. 

Specific gravity .... G 
Plasticity characteristics: 

Liquid limit....... 

Ditectlyifromitest -ierestsisrele Volume computations. 

Directly from test........ Classification and properties 
correlation. 

Plastic limit .. 

Plasticity index 
PL 

Classification and properties 

correlation. 

SL Dae Directly from/test. 21). «15. Classification and compu- 
tation of swell. 

Identification of clay mineral. 

% “clay size” 
Estimating degree of precon- 

PI solidation. 

L Classification, estimating per- 
it- From grain-size curve ..... meability and unit weight, 

Ee aol filter design, grout selection, 

Deo and evaluating potential 

)2 

te = 

Shrinkage limit. 
inkage index 

INGCtEVICY es elles ate 2 ottoee. 

- 7) 4) 'U Ee n = 

TeaUIGIty IdEX) oo 2 5 se 

Gradation characteristics: 

Effective diameter ...... 

Percent! prain’sizel 4)... 

_ roy 

Coefficient of uniformity... 

Coefficient of curvature... (D309 

(Dio) X (Déo) 
Clay size fraction....... From grain-size curve, % finer Classification. 

than 0.002 mm. 

Drainage characteristics: 
mck = = 

p < 

ay bo eal ' 

i) _ 

Coefficient of permeability. . Directly from permeability test | Drainage, seepage, and consol- 
or computed from consolida- idation analysis. 

tion test data. 

L Drainage and drawdown 

analysis. 

drainable water. 

Capillary headta.s. «00 .. - - 

Effective porosity....... 

Consolidation characteristics: 

Coefficient of compres- L2F-! | Determined from arith. —-e vs p | Computation of ultimate 
sibility. curve. settlement or swell in 

Coefficient of volume consolidation analysis. 

compressibility. 
Compression index ...... 

Recompression index..... 

Swellingjind ext. 5). teuceuans 

Coefficient of secondary 

compression. 

Determined from semilog e vs 
p curve. 

Determined from semilog time- 

consolidation curve. 

Coefficient of consolidation. L2 T-1 Q 

oi" 10 < Q 

| settlement. 

FL Estimated from semilog e vs Consolidation analysis. 
p curve. 

Preconsolidation pressure, , 
> 
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TABLE 3-4 (Continued) 
Soil Properties for Analysis and Design 

Units How obtained Direct applications 

Analysis of stability and load 
carrying capacity of founda- 

tions. 

Property Symb ol 

Shear strength characteristics: 

Angle of internal friction . . 
Cohesion intercept ...... 

Angle of internal friction . . 

Determined from Mohr envelope 

ELS for total normal stress. 

Determined from Mohr envelope 

FL~@ for effective normal stress. Cohesion intercept ...... < 
Unconfined compressive FL~2 | Directly from test. 

strength. 

Shear strength ee ees: FL- 

Sensitivit yeurcucdensncesaayeen S qu (undisturbed) Estimating effect of disturb- 
q,, (remolded) 

FL- Determined from stress-strain 

curve. 

ance. 

Computation of elastic settle- 
ment or rebound. 

Modulus of elasticity..... 

Characteristics of compacted 

samples: 

Maximum dry unit weight... Vines FL73 Determined from moisture- Compaction control and 

Optimum moisture content. . OMC density curve. computation of weights and 

forces in stability analysis. 

Needle penetration resist- FL~2 Directly from'tést 5.7." .*. ange Moisture control in compac- 

Relative densityemey so... 

EEL fe] eH ehh |B 

Determined from results of max | Compaction control. 
and min density tests. 

1Units: F = force or weight; L = length; T = time; D = dimensionless. 

California bearing ratio ... CBR 

For complete list of volume-weight relationships, see Table 3-5. 

3. ATTERBERG LIMITS. For classification of fine grained soils by Atterberg limits, see Figure 3-1. 
In addition to their use in soil classification, Atterberg limits also are indicators of structural properties, 

as shown in the correlations in this chapter. Limit tests should be performed discriminately, and should 

be reserved for representative samples selected after evaluating subsoil pattern. Determine limits of each 

consolidation test sample and each set of samples grouped for triaxial shear tests. For selected borings, 

determine Atterberg limits on samples at regular vertical intervals for a profile of limits and corresponding 

natural water contents. 

Section 3. PERMEABILITY TESTS 

1. UTILIZATION. Permeability coefficient is used to compute the quantity and rate of water flow through 
soils in drainage and seepage analysis. 

a. Applications. Laboratory tests are appropriate for compacted materials in dams, filters, or drain- 

age structures. 

(1) Fine Grained Soils. Permeability of fine grained soils generally is computed from consolida- 
tion test data or by direct measurement on consolidation or triaxial shear specimens. 

(2) Sand Drain Design. Sand drain design may require complete permeability data for soils to be 

stabilized, including determination of permeabilities for both vertical and horizontal direction. 

(3) Field Permeability Tests. The secondary structure of in situ soils, stratification, and cracks 

has a great influence on the permeability. Results of laboratory tests should be interpreted with this in 

mind, and field permeability tests (Chapter 4) should be performed where warranted. 

b. Typical Values. Coefficient of permeability is the property most sensitive to sample disturbance, 

and shows the widest range of variation of ordinary structural characteristics. See Terzaghi and Peck, 
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TABLE 3-5 
Volume and Weight Relationships 

Saturated 
Unsaturated 

sample 
sample : 

Property (W,, Wy> (W., = G,V Supplementary formulas relating measured and computed factors 
s ? 

G, are 
; are known) 

V. volume of 

9) i z 
< | < w 

measured Vee Vea Vice 

Volume components 

<| | 

< n 

weight of 
W 8! measured 

s solids 

weight of 
water 

total 

Wt weight of 

sample 

dry unit ms 

YD weight | V, + Vw 
wet unit W, + Ww 

Yr weight Vay 
saturated We + Wy 

Vsap unit aay 
weight Nianat Ya 

submerged 

(buoyant) 

YSUB un it 

<< 
in 

measured ww 
w 
tp : 

+ 

Weights for 
specific sample 

a a + = z 

(I + e) 
(G+ Se) yy, 

(1 + e) 

(Gaee)y.; 

(1 + e) 

= 
a 

<i) + 

= z 

W Ws 
Vv 

= 
n 

By 
x Py 

— 

° 

v 

re 
Gg a 
o 3 
uw O 
Oo > 

Sent 

om 
2 a 
ao 
OO 
= 

u 
Se 

weight 

w 
content 

degree o 

S satura- 

ion 

gravity 

i fehl FOR 

POROSITY VOID RATIO |__uw VOLUME oF sou | 

WT 

Combined relations 

AIR OR GAS| ASSUMED WEIGHTLESS cei 

OF voipsf ¥v H,0 *| + | a Ni 

NS sl peiae N; N Si N SAT 

| NESE SE OF i Wee or} soLips| “@| (SAMPLE 

WEIGHT COMPONENTS 

*—Vw is unit weight of water, which equals 62.4 pcf for fresh water and 64 pcf for sea water (1.00 and 1.025 

gm/cc). (Where noted with * the actual unit weight of water surrounding the soil is used.) In other cases 

use 62.4 pcf. 
Values of w and s are used as decimal numbers. 
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Soil Mechanics in Engineering Practice, for correlations of permeability with soil type. Permeability to 

clean, coarse grain samples is related to D,, size (Figure 3-2). Standard deviation of this correlation is 
about + log 3; that is, two-thirds of the random values fall between three times the average value and 
one-third of the average value shown. 

Section 4. CONSOLIDATION TESTS 

1. UTILIZATION. One-dimensional consolidation tests with complete lateral confinement determine 

total compression of fine grained soil under applied load and time rate of compression caused by gradual 

volume decrease that accompanies the squeezing of pore water from the soil. See Figure 3-3 for test 

relationships. 

a. Test Schedule. Consolidation tests require undisturbed samples of highest quality. Select samples 
representative of principal compressible strata. Determination of consolidated characteristics of a stratum 

requires from two or three to about eight tests, depending on the complexity of conditions. 

b. Loading Sequence. Ordinarily, apply loads starting at 1/4 tsf and increase them geometrically to 

1/2, 1, 2, 4, 8, etc., tsf. For soils with pronounced swelling tendency, it may be necessary to commence 

loading at 1/2 tsf or higher to prevent initial swell. For soft, normally consolidated soils, start loading 

at 1/16 or 1/32 tsf and increase loads by doubling the previous value. 

2. PRECONSOLIDATION PRESSURE. The pressure value forms the boundary between recompression 
and virgin compression ranges and is an estimate of the maximum normal stress to which the material in 

situ has been subjected by a previous loading. 

a. Determination. Estimate preconsolidation stress from semilogarithmic pressure-void ratio curve. 

Use the procedure given in Terzaghi and Peck, Soil Mechanics in Engineering Practice. Maximum test 

pressures should exceed preconsolidation by an amount sufficient to define the slope of virgin compression. 

Generally, this requires application of three load increments exceeding the preconsolidation value. 

b. Approximate Values. Preconsolidation stress is related to liquidity index. See bottom panel of 
Figure 3-1 (standard deviation + log 2). For samples with natural moisture at the liquid limit (liquidity 

index of 1), preconsolidation ranges between about 0.1 and 0.8 tsf depending on soil sensitivity. For 

natural moisture at the plastic limit (liquidity index equal to zero), preconsolidation ranges from about 12 

to 25 tsf. 

3. VIRGIN COMPRESSION. Virgin compression is the range of pressures exceeding that to which the 
sample has been subjected in the past. 

a. Compression Index. The semilogarithmic, pressure-void ratio curve is roughly linear in recompres- 
sion and virgin compression ranges. The semilogarithmic, straight-line slope for virgin compression is 

expressed by the compression index C.. 

b. Approximate Values. The compression index C, of silts and clays has been correlated with the 
natural water content and the liquid limit. Approximate correlations from Terzaghi and Peck, and from 

Nishida are, respectively: 

Cc. = 0.009 (LL - 10). (3-1) 
c 

C, = 0.0054 (2.6w - 35). (3-2) 
where w = natural water content, in percent. 

The approximate values of C. for uniform sands in the load range of 1 to 4 tsf may vary from 0.05 to 0.06 
(loose condition), and from 0.02 to 0.03 (dense condition). 
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4. RECOMPRESSION AND SWELL. Depending on the magnitude of preconsolidation, pressures applied 
by new construction may lie partly or wholly in the recompression range. If the load is decreased by exca- 

vation, fine grained soil will undergo a volumetric expansion in the stress range below preconsolidation. 

a. Swelling Index. The slope of straight-line rebound of the semilogarithmic pressure-void ratio curve 

is defined by C,. The swelling index is generally one-fifth to one-tenth of the compression index. For 

typical values of C., see Figure 3-4 (standard deviation + 50 percent). 

b. Recompression Index. The slope of the straight line in the recompression range of the semilog- 

arithmic pressure-void ratio curve is defined by C_, where C, is equal to or less than C,. 

5. COEFFICIENT OF CONSOLIDATION (oe) Those soil properties that control the drainage rate of 

pore water during consolidation are combined in the coefficient of consolidation. 

a. Determination. Compute c, from the semilogarithmic time-compression curve for specific load 
increment (bottom panel of Figure 3-3). Correct the origin for compression for the effect of air or gas in 

void spaces by the procedure given in Lambe, Soil Testing for Engineers. 
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FIGURE 3-4 

Approximate Correlations for Swelling Index of Silts and Clays 
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b. Approximate Values. For virgin compression of undisturbed samples, the standard deviation of c, 

correlation equals + log 2. The lower limit for recompression and upper limit for remolded samples are 
boundaries of zones within which a wide scatter of values is observed (top panel of Figure 3-5). 

6. SECONDARY COMPRESSION. After completion of primary consolidation under a specific load, the 
semilogarithmic time-compression curve continues approximately as a straight line, which is the range of 

secondary compression (Figure 3-3). 

a. Organic Materials. In organic materials, secondary compression is particularly important and may 
dominate the time-compression curve, accounting for more than one-half of the total compression. ~ 

b. Approximate Values. The coefficient of secondary compression C, is the ratio of decrease in 

sample height to initial sample height for one cycle of time on log scale. See the bottom panel of Figure 

3-5 for typical values (standard deviation + 50 percent). 

7. SAMPLE DISTURBANCE. A comparison of consolid ition tests on undisturbed and moderately dis- 
turbed samples is shown in Figure 3-3. 

a. Influence on Test Values. The influence of sample disturbance on test values is listed below. 

(1) Void Ratio. Sample disturbance lowers the void ratio reached under any applied pressure and 

eliminates a distinct break in pressure-void ratio curve at the preconsolidation stress. 

(2) Preconsolidation Pressure. Sample disturbance lowers preconsolidation pressure interpreted 

and compression index value. 

(3) Recompression and Swelling. Sample disturbance increases recompression and swelling indices. 
(4) Coefficient of Consolidation. Sample disturbance decreases coefficient of consolidation for 

both recompression and virgin compression. For an undisturbed sample, c, usually decreases abruptly at 

preconsolidation stress. This trend is eliminated in badly disturbed samples. 

(5) Coefficient of Secondary Compression. Sample disturbance decreases coefficient of secondary 

compression in virgin compression range. 

Section 5. SHEAR STRENGTH TESTS 

1. UTILIZATION. The shear strength of soil is required for the analysis of all foundation and earth- 
work stability problems. Shear strength can be determined by laboratory and field tests, and by approxi- 

mate correlations with grain size, water content, density, and penetration resistance. 

2. LABORATORY SHEAR TESTS. Many types and variations of shear tests have been developed. The 
following are the most widely used. 

a. Direct Shear Test. A thin soil sample is confined between parallel blocks and sheared along a 

predetermined plane. 

b. Unconfined Compression Test. A cylindrical sample is loaded in compression. Failure occurs 
along diagonal planes where the greatest ratio of shear stress to shear strength occurs. 

c. Triaxial Shear Test. Similar to the unconfined compression test (except that the sample is con- 

fined laterally by a membrane and fluid pressure), the triaxial test (Figure 3-6) is the most sophisticated 

shear test and permits testing under a variety of confinement, consolidation, and drainage conditions. 

3. TEST SELECTION. In determining the type of test to be employed, the following considerations shall 
be observed. 
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a. Clean Sands and Gravels. Undisturbed samples are not possible, and sophisticated shear tests are 

not warranted. For most foundation problems, the angle of internal friction can be satisfactorily approxi- 

mated by correlation with penetration resistance, relative density, and soil classification (Table 1-3 and 

Figure 3-7). Further confirmation of the potential range of the angle of internal friction can be obtained 

from direct shear tests on the sample at its densest and loosest possible states in the laboratory. As for 

earth dam and high embankment work where the soil will be placed under controlled conditions, triaxial 

shear tests are warranted. 

b. Clays. For most foundation problems, unconfined compression tests on undisturbed samples pro- 

vide the most practical determination of clay shear strength. The cohesion is taken as one-half the uncon- 

fined strength, and the angle of internal friction is ignored. Correlations have been made between uncon- 

fined strength and penetration resistance (Table 1-3). The in-place vane shear test (Section 3, Chapter 4) 

is valuable for determining the cohesion of very soft clays that may be excessively disturbed in sampling. 

Also, cohesion may be determined from a consolidated direct shear test, which is further useful when the 

anticipated gain in shear strength with consolidation is desired. 

c. Silts and Mixed Soils. Procedures for evaluating the shear strength of these soils are not well for- 
mulated because of the variety of changes that can take place when draining under load. A practical, 

conservative approach is to determine the cohesion from unconfined tests. If the cohesion is substantial, 

the friction component may be ignored. If the unconfined strength is low, the soil can be treated as a 

granular soil, and the angle of friction can be estimated or determined from direct shear tests. The action 

under load and drainage in place must always be considered in making these determinations. Where the 

difficulty of the job and the uniformity of the soil warrant, triaxial tests may be performed under drainage 

conditions similar to those in the field. In cases of very soft silts, such as in marine deposits, the 

in-place vane shear test is especially helpful in evaluating the limited shear strength and its increase 

with depth. 

Section 6. TESTS ON COMPACTED SOILS 

1. MOISTURE-DENSITY RELATIONSHIPS. The Proctor test or a variation is employed in determining 
the moisture-density relationship. Proctor tests, however, are not applicable for cohesionless soils. 

a. Standard Proctor Test. Use standard Proctor tests for ordinary embankment compaction control. 

In preparing for control, obtain a family of compaction curves representing principal borrow materials. 

b. Modified Proctor Test. Specifically applicable to either a heavily compacted base course or a 
subgrade for airfield pavement, the modified Proctor test should not be used for mass earthwork, when 

such earthwork is compacted by ordinary methods because it yields an optimum moisture content that, 

almost without exception, is drier than desirable. 

c. Relative Density of Cohesionless Soils. Proctor tests are inappropriate for free draining cohesion- 
less soils and may give erratic compaction curves or densities substantially less than those provided by 

ordinary compaction in the field. No test for maximum and minimum densities is universally accepted. 

Use ASTM method D2049T (Table 3-3). 

2. STRUCTURAL PROPERTIES. Structural properties of compacted-fill materials classified in the 
Unified System are listed in Table 9-1. 
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CHAPTER 4. FIELD TESTS AND MEASUREMENTS 

Section 1. INTRODUCTION 

1. SCOPE. This chapter describes procedures for field observations and measurement of soil properties 
in situ. Methods of performing plate bearing and pile tests are recommended. Certain techniques are 

based on methods given in the criteria sources cited. In other instances test procedures must be varied 

for requirements of the particular project. 

Section 2. FIELD OBSERVATIONS 

1. UTILIZATION. Observations include measurement of vertical or horizontal movement, ground water, 
or soil pressures for these purposes: To determine conditions existing at the start of construction for use 

in design; to control construction procedures or rate of construction; to predict the performance of the com- 
pleted structure. 

2. VERTICAL MOVEMENT. Observations of surface and subsurface settlement must be made. 

a. Surface Settlement. Protect observation points against damage from construction activities or from 

frost heave. Provide reference bench marks on materials known to be incompressible, on rigidly supported 

structure, or on pile or pipe driven to refusal. 

(1) Observation Points. Provide suitable settlement observation points within structures. Estab- 

lish these points as soon as practicable during construction. 

(2) Measuring Elevations. In most cases measurement of elevations to one-hundredth of a foot is 

sufficiently accurate. 

b. Subsurface Settlement. Measurements are made of the settlement at the base of fill or at points 
within compressible strata. Use these observations in construction of earth dams, for fills over sand 

drains, or to evaluate heave of foundation excavation. 

(1) Settlement Plate. Place settlement plate with riser pipe attached at base of fill. See Table 

4-1. 
(2) Probes. Drive probes into subsoil to measure foundation movement or push probe below bot- 

tom of test boring. See Table 4-1. 
(3) Crossbars. For important earth dams, place a string of telescoping pipes with crossbars 

attached at vertical intervals in the fill as it is constructed. Measure movement of crossbars by special 

torpedo device lowered irito the Pipe. Use procedure in USBR, Earth Manual, Method E-29. 

3. HORIZONTAL MOVEMENT. These measurements are made in connection with stability problems. 

a. Soft Foundations. To control rate of filling on soft foundations, place T-stakes near embankment 
toe and observe horizontal movement. See Table 4-1. 

b. Slide Areas. Install a slope indicator in active or potential slide areas to determine failure plane 
location and speed of shear. See Table 4-1. Compare shear strain observed in failure zone with shear 

strain in laboratory triaxial test to estimate strength mobilized in situ. See Figure 3-6. 

7-4-1 
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c. Earth Dams. For important earth dams, connect vertical plates in the fill with the telescoping 

pipe system to observe horizontal strains. Use procedure in USBR, Earth Manual, Method E-30. 

4. TOTAL PRESSURES. These measurements are made to determine total pressures. 

a. Pressure Cells. Combined earth and water pressures are measured with pancake cells having 

strain gages attached to an interior flexible diaphragm. Their installation and operation involves tech- 

nical problems requiring specialized assistance. See Taylor, Pressure Distribution Studies on Soils, for 

description of pressure cells and interpretation of observations. 

b. Indirect Measurements. Pressures on flexible wall are determined indirectly by measuring strain 

in sheeting or bracing system. Devices used include electrical strain gages or accurate mechanical 

gages. Their use involves technical problems requiring specialized assistance. 

5. GROUND WATER PRESSURES. Pressures may be encountered in the following conditions: (a) hydro- 

Static state with insignificant seepage, (b) in a flow field of steep gradients, possibly with perched or 

depressed water levels, or (c) as hydrostatic excess pore pressures built up in materials of low permeabil- 

ity by volume change under load. 

a. Hydrostatic Conditions. Few refinements are required in measuring techniques for these condi- 

tions. Observe water levels in test borings, allowing sufficient time for water to reach an equilibrium 

position. In material of low permeability, determine equilibrium level by raising or lowering water in bore- 

hole until no tendency for movement to equilibrium is observed. 

b. Seepage Conditions. Where piezometric head varies greatly on a vertical line because of seepage, 

ordinary open borings or observation wells uncased for their entire length may be unsuitable for measure- 

ment. Water pressures in the stratum of greatest permeability, which delivers the largest flow to the hole, 

will dominate the observations. Utilize porous tube or wellpoint piezometers (Table 4-1). For materials 

and installation of porous tube piezometers, see USBR, Earth Manual, Method E-28. Seal the intake point 

of piezometer from contact with upper water levels to isolate observation to a specific point in the flow 

field. 

c. Hydrostatic Excess Pressures. For rapid response to pore pressure changes, minimize the flow of 

water into the piezometer required by providing a large intake point and small diameter standpipe. Porous 

tube piezometers are sensitive enough to follow pressure changes in many clays with insignificant time 

lag. 

(1) High Pore Pressure. To observe high pore pressure, attach Bourdon gage near top of stand- 

pipe with vent for bleeding air or gas above gage. 

(2) Measurements. To avoid inaccurate measurements caused by gas pressures in organic soil, 

use piezometer seamless and jointless plastic standpipe with ID no less than 3/8 inch. Do not use metals 

in piezometer point. Do not permit water level in borehole or in piezometer to fall below pore pressures in 

soil surrounding the piezometer point. 

(3) Special Installations. For special piezometer installations within high earth dams, see USBR, 

Earth Manual, Method E-27. 

Section 3. MEASUREMENT OF SOIL PROPERTIES IN SITU 

1. VANE SHEAR: TEST. Equipment setup for the vane shear test is illustrated in Figure 4-1. 

a. Applications. In situ vane shear tests are especially useful in very soft soil deposits where much 

of the strength may be lost by disturbance during sampling. 

7-4-3 



SEE NOTES FOR 
TORQUE ASSEMBLY 
REQUIREMENTS 

CASING FOR SUPPORT 
OF TORQUE ASSEMBLY 
USE MINIMUM 

EMBEDMENT OF 
3-1/2’. 

DRILL RODS 

ROD TO CASING GUIDE 
BEARINGS. USE ONE 
IN UPPER 3-1/2' AND 

ADAPTER ONE EVERY 30' IN 
CASED HOLES 

VANE ROD 

FIGURE 4-1 
Equipment for Vane Shear Test 

(1) Stiff Clays. Use is inappropriate in stiff clays where strength is controlled by fractures or 

slickensides. 

(2) Soft Soils. Erratic results are obtained in soft soils containing shells, gravel, or wood 

fragments. 

b. Torque Assembly. Requirements for the torque assembly include a gear reduction device capable 

of producing constant angular rotation of 1° to 6° per minute, a calibrated proving ring with a dial gage for 

force measurement, a means of measuring angular rotation in degrees, and thrust bearings to support vane 

at ground surface. Bearings shall be of the type arranged to minimize friction while preventing lateral 

movement of the vane. The gear reduction and proving ring device shall be calibrated to measure applied 

torque with an error of less than 5 percent. 

c. Procedure. The following steps describe the procedure for the vane shear test. 

(1) Advancing Borehole. Using rotary or wash boring methods, advance borehole with or without 

casing to a point no closer than 18 inches above intended test elevation, maintaining as close to vertical 

alinement as practical. Use cleanout procedure specified for undisturbed sampling in Paragraph 6, Sec- 

tion 9, Chapter 2, and maintain hole full of drilling fluid prior to and during test. 

(2) Advancing Vane. Slowly lower vane to bottom of hole and push or jack the additional 18 

inches, recording force necessary to advance vane. 

7-4-4 



(3) Recording Maximum Torque. Immediately after vane is in position with torque assembly in 

place, rotate vane at constant speed of 1° per minute and record maximum torque required. 

(4) Obtaining Remolded Strength. To obtain remolded strength, rotate vane at rate of one revolu- 

tion in 10 seconds for minimum of 12 revolutions without taking readings. Allow time delay of 5 minutes 

and perform Step 3 again. 

(5) Obtaining Friction Resistance. Obtain friction resistance by proceeding as in Steps 2 and 3, 

using dummy rod without vane attached. Make one determination in each boring for vane shear tests. 

(6) Identification Sample. After withdrawing vane from hole, remove and preserve a sample of the 

soil adhering to the vane for identification tests. 

(7) Interpretation of Test Data. Determine shear strength by 

6 (T ax ~ friction resistance) 
S. = 

7D? (3H + D) 

where T,,,, = maximum torque in inch-pound as obtained in Step 3 of Procedure above, H = vane height in 

inches, D = vane diameter in inches, and S = shear strength in psi. Friction resistance is obtained in 

Step 5 of Procudure above. ° 

2. PENETRATION RESISTANCE. Perform standard penetration resistance test in ordinary exploration 
as a routine identification procedure (Table 4-2). 

a. Coarse Grained Soils. Correlations between penetration resistance, relative density, and effective 

overburden pressure are presented in Figure 4-2. Use the indicated relative density in estimating struc- 

tural properties. Increased length of drill rod and change in rod weight have relatively small effect on the 

blow count compared to change in overburden pressure. Drill rod variations are ignored in approximate 

correlation of Figure 4-2. 

b. Fine Grained Soils. See Figure 4-2 for correlations of unconfined compressive strength with pene- 
tration resistance. In general, strength for a given blow count is greater for the more plastic materials. 

For clayey silts, CL clays, or varved clays and silts, use: q, (tsf) = 0.15 x standard penetration resist- 

ance. For CH clays use: q, (tsf) = 0.20 x standard penetration resistance. 

c. Limitations. Except where confirmed by specific structural properties tests, these relationships 

are suitable for preliminary estimates only. Blow counts in sands are increased by the presence of large 

gtavel. Penetration resistance in clays does not reflect fractures or slickensides, which may be impor- 

tant to strength characteristics. 

3. PERMEABILITY. See Table 4-2 for field test procedures. 

a. Pumping Test. This test requires installation of pumping well plus piezometers to observe draw- 

down water levels on radial lines from the well. Use pumping tests to predict requirements for large-scale 

dewatering of construction site or permanent pressure relief of large structures. Observation wells or 

piezometers should conform to requirements of Section 2. For analysis of pumping well drawdown, see 

Zanger, Theory and Problems of Water Percolation (Bibliography). 

b. Variable Head Permeability Test. These tests estimate permeability in situ by means of piezom- 

eters observation wells. Standpipe water level is raised or lowered from equilibrium and allowed to 

recover while readings are made of elevation versus elapsed time. See Figure 4-3 for analysis of obser- 

vations. Compute permeability, using shape factors of Table 4-3. For tests in anisotropic materials, 

transform dimensions of intake point of piezometer or observation well as shown in Figure 4-3. Estimate 

horizontal permeability by trial, using piezometers with intake points of different shape. Assume various 

ratios of horizontal to vertical permeability determined from several piezometers is made equal. 
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Property determined and 

name of test 

Penetration resistance: 

Standard penetration test. 

Permeability: 

Pumping test 

Variable head test 

Borehole test 

Auger hole test 

Dry unit weight and 

moisture content: 

Sand density cylinder.... 

Drive sample method .... 

TABLE 4-2 
Measurements of Soil Properties in Situ 

Test application 

Routine procedure in test borings, 

performed for each dry sample 

obtained with standard split 

spoon. 

Applied for evaluation of problem 

of large scale drawdown or de- 

watering in materials with sub- 

stantial variation in permeabil- 

ity. 

Used to obtain individual permea- 

bility determinations in piezom- 

eters. Performed in porous tube 

or wellpoint piezometers that 

have been placed in boreholes 
with their intake point isolated 

by impervious seal. 

Used to determine permeability of 

individual strata penetrated by 

borings. 

Performed in shallow, uncased au- 

ger hole. May be used in unsat- 
urated material where the water 
table during testing is at a great 

depth below the base of hole. 

Used in soil of any type but least 

accurate in clean, gravelly, or 

rocky materials. 

Used in cohesive, fine grained 

soils. Method has less chance 
for error and is more rapid than 

sand density cylinder procedure. 

Test equipment and procedure 

Use equipment and procedure of ASTM D-1586 
with the following revisions: 

1) Provide sampler with 20-in.-long split bar- 
rel. When exceeding 30 blows per foot, 12- 

in. minimum length of drive is permissible. 
2) Record blows for each 6 in. of penetration. 

3) Maintain hole full with water or drilling 
fluid during driving. 

Rate at'which water is pumped from a central 

test well is measured while the drawdown or 

radial lines extending from the well is ob- 

served in a series of piezometers or obser 

vation holes. Provide 3 to 5 observation 

wells spaced at increasing intervals along 

two radial lines separated by 90° central 

angle. 

Standpipe water level is raised or lowered 

from its equilibrium position and readings 
are taken of water levels at periodic inter- 
vals as it returns to equilibrium. Observa- 

tions of differential head and time elapsed 
are analyzed as shown in Figure 4-3. 

May be performed in a cased, open-end bore- 

hole or an uncased borehole with double 

packers. Rate at which water flows out of 

the borehole under a constant head is meas- 

ured. Use equipment and procedures of 

USBR Method E-18. 
Rate at which water flows out of the uncased 

hole is measured maintaining a constant wa- 

ter level in the hole. Use equipment and 

procedures of USBR Method E-19. 

Dry unit weight and moisture content of soil 
removed from hand excavated hole is deter- 
mined, measuring volume of hole by sand 
displacement. Use equipment and proce- 

dures of USCE EM 1110-45-302, Appendix 
If. 

Dry unit weight and moisture content is deter- 
mined on sample obtained from a thin-wall 

tube which is driven or pressed into the 

soil. Use equipment and procedure of USCE 
EM 1110-45-302, Appendix III. 

c. Borehole Permeability Test. See Table 4-2. Use these tests in open-end or uncased boreholes. 

d. Auger Hole Test. See Table 4-2. Use these tests in auger boring or uncased holé to determine 
permeability of materials near ground surface above existing water table. Square or rectangular test pits 
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STANOARO PENETRATION RESISTANCE, BLOWS PER FOOT 

USBR TEST ON TWO SANDS 
FINE SAND: Dj *.035MM, Cy * 10 
COARSE SAND: 20 iJ +35 MM, Cy =6 

AVERAGE RESULTS FOR BOTH SANDS, ORY: 
RESULTS. FOR FINE SAND, SATURATED - _-o-- 
RESULTS FOR COARSE SAND, SATURATED: =~ e-em mn - 60 

EFFECTIVE . 
OVERBURDEN 
PRESSURE ——-- 

j _ 

4 SOWERS: 
CLAYS OF LOW PLASTICITY AND 
CLAYEY SILTS. 

CLAYS OF MED/UM PLASTIC/T 
CLAYS OF HIGH PLASTICITY 

z.) 
UNCONFINED COMPRESSIVE STRENGTH, Quy, TSF 

FIGURE 4-2 
Correlations of Standard Penetration Resistance 
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FIGURE 4-3 
Analysis of Permeability by Variable Head Tests 
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TABLE 4-3 
Shape Factors for Computation of Permeability From Variable Head Tests 

Permeability, K 
by variable Applicability 

head test 

Shape 

factor, F 
Condition Diagram 

(A) Uncased hole..... — ———$— (for observation well of constant cross 
—< 3 eK section) 

Simplest method for per- 
meability determination. 
Not applicable in strat- 
ified soils. For values 
of S, see Figure 4-3. 

« Fe F=/6ROSR Pic eed K= 

o 
FOR R < 50 

(B) Cased hole, soil 
flush with bottom. 

Used for permeability 
determination at shal- 

Pe 2 a Mh ) low depths below the 
Ht e-t,) He water table. May yield 

unreliable results in 
falling head test with 
silting of bottom of 
hole. 

FOR 6°%0%5 60" 

(C) Cased hole, un- 
cased or perforated 
extension of length 
ho 

Used for permeability 
determinations at 
greater depths below 
water table. 

a 

Ke SE tog) gt) 

L 
FOR => 8 

ISOTROPIC STRATUM OF INFINITE DEPTH 
(D) Cased hole, column 

of soil inside cas- 
ing to height “L”. 

Principal use is for per- 
meability in vertical 
direction in anisotropic 

OBSERVATION WELL OR PIEZOMETER IN SATURATED ~HtR~ 2 2IRtNL » H soils. 

Freel. |” Wtgt) Me 

(E) Cased hole, open- 
ing flush with 
upper boundary of 
aquifer of infinite 
depth. 

Used for permeability 
determination when 
surface impervious 
layer is relatively thin. 
May yield unreliable 
results in falling head 
test with silting of 
bottom of hole. 

(F) Cased hole, un- 
cased or perforated 
extension into 
aquifer of finite 
thickness: 

Used for permeability 
determinations at 
depths greater than 
about 5 ft. For values 
CHG asee Eigure) 4-3. 

() ~~ * 0.20 Used for permeability de- 
(210.2< < 0.85 atin ae) terminations at greater 
(3) » = 1.00 M" 5 Tt¢-t,) 73) to Oe depths and for fine 

Nees R \ a grained soils using 
ie eS ay bea For w° 78 porous intake point of 
effective radius 

to source at con- 
stant head. 

piezometer. 

WITH IMPERVIOUS UPPER LAYER 

Assume value of na = 

Rr®in(& ) 

ecole 200 for estimates un- 

less obser: ations wells 

are made to determine 
actual value of Ro. 

OBSERVATION WELL OR PIEZOMETER IN AQUIFER 
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may be utilized for the test. See Zanger, Theory and Problems of Water Percolation (Bibliography), for 

conversion of test pit dimensions to an equivalent circular hole. 

4. IN-PLACE DENSITY. Tests are performed for embankment construction control or to estimate prop- 
erties of foundation soils. Determine density in hand excavated holes at the ground surface or by recovery 

of undisturbed samples in boring operations. 

a. Surface Density Tests. Use sand density cylinder procedure of Table 4-2. In cohesive fine 

grained soils, the drive sample test procedure of Table 4-2, using a thinwall tube, may be more convenient 

than the sand density test. For very rocky or clean gravelly soils, no in-place density procedure gives 

completely reliable results. The various water balloon test procedures are less accurate than sand den- 

sity methods and should not be used unless comparisons for specific materials indicate satisfactory 

results. 

b. Subsurface Density Determinations. Undisturbed samples of fine grained cohesive soils from test 

borings provide satisfactory density determinations. To ascertain relative density of coarse grained soils 

at depth, specify the highest quality undisturbed sampling with drilling mud. 

c. Nuclear Density Test Equipment. Commercial equipment is available for surface or depth measure- 

ment of density or moisture by neutron and gamma ray emission. Procedures are rapid, convient, and par- 

ticularly useful for determinations in clean, coarse grained material. The initial cost of equipment is 

high. Results of individual tests may vary significantly from those obtained by conventional methods, but 

the averages of a large number of tests made by either method should be in agreement. 

Section 4. PERFORMANCE TESTS 

1. LIMITATIONS. Performance tests assist in determining soil properties in situ. Loading a single 
isolated pile or bearing plate applies stress to the foundation to a lesser extent than does the completed 

structure. Evaluate overall settlement and stability of the entire foundation, apart from load tests, by 
methods of Chapters 6 and 7. 

2. PLATE BEARING TEST. 

a. Procedure. For ordinary tests for foundation studies, use procedure of ASTM D 1194, except that 

dial gages reading to 0.001 in. should be substituted. Tests are utilized to estimate immediate settle- 

ments of spread foundations. Results obtained have no relation to deep seated settlement from volume 

change under load of entire foundation. 

b. Analysis of Test Results. Determine yield point pressure from logarithmic plot of load versus 
settlement. Convert modulus of subgrade reaction determined from test k, to the property k,, for use in 
computing immediate settlement. In general, tests should be conducted with ground water and saturation 
conditions simulating those anticipated in the prototype. See Figure 4-4. 

3. PILE DRIVING TEST. Perform driving resistance tests in any detailed study of pile foundations. 
Analyze exploration and laboratory test data to select appropriate pile type and bearing stratum before 

undertaking the driving test. Complete a driving test on all piles later subject to load tests. 

a. Interpretation. See Chapter 13. 
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X 

AT 1/2\YItELO POINT LOAD 

YIELD POINT 

OIAGRAM 

MEASURED SETTLEMENT 

= 2 So wa 

| a 

ARITHMETIC 

LOAD SETTLEMENT 

DIAGRAM 

LOAD ESTIWATED No 
FROM LOGARI THU 

Oo, = ZERO CORRECTION FOP 
IMPERFECT SEATING 
OF BEARING PLATE. 

= ° wa 

2.0 
0 U 2 

DEFINITIONS 

Ky, = WODULUS OF SUBGRADE REACTION FOR 
I-FI-SQUARE BEARING PLATE AT GROUND 
SURFACE. 

Ky ™ MODULUS OF SUBGRADE REACTION FOR 
SQUARE BEARING PLATE OF AW? WIDTH B 
AT GROUND SURFACE. 

g = APPLIED LOAD INTENSITY 
OD = CORRECTED SETTLEWENT = BEASURED 
SETTLEWENT —Se 

B= WIDTH OF SQUARE SEARING FLATE (FT) 
R= RADIUS OF CIRCULAR BEARING PLATE FT. 
E,= MODULUS OF ELASTICITY OF SOIL 
CCg* LOAD TEST PARAMETERS 

TO DETERWINE Ky: 

1. ESTIMATE G BY BACKWARD PROJECTION OF 
ARITHWETIC LOAD-SETTLEWENT CURYE TO 
ZERO LOAD. 

2. PLOT LOGARITHMIC LOAD-SETTLEWENT 
CURVE AND DETERWINE YIELD POIMWT LOAD. 

3. DETERWINE Sand 9 AT 1/2 YIELO POINT 
LOAD. 

4. K= 9/T 
TO OETERWINE Ky, : 

FOR FIRM COHESIVE SOILS: FOR COHESIGWLESS COARSE 

GRAINED SOILS: 

Ky, = BXy (SQUARE PLATE) e4B% Ku"(B sip hv (SQUARE PLATE) 
Ky, =2RK, (CIRCULAR PLATE) 

/ 2 

Es = 9.95 Ky, (i-pz*) Ky, BR aye ky (CIRCULAR PLATE) 

NOTE: ABOVE RELATIONSHIPS APPLY AT 

SAME CONTACT PRESSURE. 

FIGURE 4-4 
Analysis of Plate Bearing Tests 
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b. Correlation. Correlate driving resistance with test boring data to predict performance of contract 

piles in various subsoil profiles of the site. 

4. PILE LOADING TESTS. Use ASTM Method D1143. Do not use the D1143 (Figure 3) loading method 

of jacking against holddown piles where dead load reaction is feasible. 

a. Allowable Load. Subject test piles to twice the anticipated design load. Use procedures of 

Figure 4-5 to determine design load. For instances where procedures of Figure 4-4 are not applicable, 

use for design 50 percent of the load that causes 1/4-inch permanent settlement. 

b. Tip Load. Where negative friction may act on the pile, drive the test pile in a hole cased and 

cleaned to the bearing stratum, or measure movement of the tip directly by extension rods attached to the 
pile tip. Analyze by Figure 4-5, upper portion. 

5. PILE PULLING TESTS. Perform pulling tests on piles previously subjected to driving resistance 

tests. 

a. Procedure. As far as practicable, arrange the reaction to avoid increasing pullout resistance of 

test pile. Where this cannot be avoided entirely, make a conservative selection of allowable load. 

b. Allowable Load. Criteria vary depending on tolerable movement of the structure. Failure load 
may be taken as that value at which upward movement suddenly increases disproportionately to load 

applied. Failure load may be taken as that value producing a net movement of butt equal to 1/4 in. 

Apply safety factor between 1-1/2 and 2 to failure load to obtain allowable working load. 

6. TESTS OF BATTER PILE FRAMES. Under special circumstances it may be necessary to determine 
lateral load capacity of a frame of batter piles or the pullout capacity of a single pile of the frame, or both. 

For this purpose utilize ASTM Suggested Test Method, Procedures for Testing Soils (ASTM). 
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1. TF SKIN FRICTION ACTING OW TEST PILE WAY BE REVERSED IN THE PROTOTYPE BY 

CONSOLIDATION OF WATERIALS ABOVE THE BEARING STRATUM, ANALYZE LOAD TEST TO 

DETERMINE RELATION OF LOAD VS SETTLEWENT FOR PILE TIP ALONE. 

2. COMPUTE THEORETICAL ELASTIC SHORTENING ASSUMING SEVERAL POSSIBLE VARIATIONS 

OF SKIN FRICTION ON PILE AS SHOWN BELOW FOR A CYLINORICAL 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. 

Og = ELASTIC SHORTENING 
OF PILE WITH LOAD Q, AT 
BUTT AND Q, aT TIP. 

CASE (1), SKIW FRICTION 
CONSTANT WITH DEPTH: 

Je = (0,4 - ~MREgL) He 

LAE Ge 
Qp' = Py ery ee 

CASE @). SKIN FRICTION 

DECREASING TO aC, AT TIP: 

a Seer: 

CYLWORICAL PILE: WOOULUS 

OF ELASTICITY = E 

RADIVS = R_ AREA = A 

a@———— DEPTH 3AE Oe /Q?tI Zatl 
4] op Ie 

AT we ; as (ae) @(“ae2) 
Q,! - CASE . SKIN FRICTION 

wl Det tran TO ZERO AT TIP: 
eee 4ITRC. 
BEARING DIVISION OF APPLIED LOAD INTENSITY OF =(Q. - a) 
STRATUM BETWEEN PILE AND SKIN FRICTION 

SKIN FRICTION an Sh Y 
LOAD IN TONS 

70 
SELECT THE PERMISSIABLE 

POINT OF sHaRPEST DESIGN LOAD UNDER THESE 
Swlke TWO BASIC REQUIREMENTS: 

B (4) 00 NOT APPROACH TOO 
= hae ee CLOSELY TO THE YIELO 
2 aT FEWE POINT OF THE SOlL 

SN (8) RESTRICT GROSS 
g SETTLEMENT WITHIN 
= LIMITS PERMISSIBLE 
O50 FOR STRUCTURE S TOTAL 
% SETTLEMENT 

0.75 

TYPICAL TEST PLOT 

(1) MEET REQUIREMENT (A.) BY USING NOT MORE THAN 2/3 THE LOAD CORRESPONDING TO THE POINT 

OF SHARPEST CURVATURE ON THE PERMANENT SETTLEMENT CURVE. 

EXAMPLE © 53 TONS x 2/3 = 35 TONS 

(2) CHECK REQUIREMENT (8) BY OBSERVING THE CORRESPONDING TOTAL SETTLEMENT. 
EXAMPLE: TOTAL SETTLEMENT UNDER 35 TONS = 0.1/4" 

(3) USE 35 TONS OR A LESSER LOAD IF THE SETTLEMENT REQUIREMENTS OF THE 

STRUCTURE SO DICTATE. 

FIGURE 4-5 
Analysis of Pile Loading Tests 
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CHAPTER 5. DISTRIBUTION OF STRESSES AND PRESSURES 

Section 1. INTRODUCTION 

1. SCOPE. This chapter covers analysis of stress conditions at a point, stress distribution in elastic 
foundations, and principal stresses in active or passive states. 

2. STATE OF STRESS. Stresses in earth masses are analyzed by two general procedures. One assum 
elastic conditions, the other assumes full mobilization of shear strength. If the safety factor against shi 

failure exceeds about 3, stresses are roughly equal to values computed from elastic theory. Elastic sol 

tions apply to settlement problems for which shear failure is unlikely. Plastic equilibrium applies in prc 

lems of foundation or slope stability and wall pressures where shear strength may be completely mobiliz 

Section 2. STRESS CONDITIONS AT A POINT 

1. MOHR’S CIRCLE OF STRESS. If normal and shear stresses at one orientation on an element in an 
earth mass are known, stresses at all other orientations may be determined from Mohr’s circle. See 

Terzaghi and Peck, Soil Mechanics in Engineering Practice, for theoretical relationships. 

a. Plastic Equilibrium. The use of Mohr’s circle for plastic equilibrium is illustrated by analysis of 

triaxial shear test results in Figure 3-6. 

b. Elastic Solution. See Figure 5-1 for application of Mohr’s circle to the elastic solution for stresses 

beneath an infinitely long embankment. The pattern of normal and shear stresses on vertical and horizon- 

tal planes is derived by elastic analysis. Mohr’s circle for three points A, B, and C in the foundation are 

plotted using these vertical and horizontal stresses. Magnitude and orientation of principal stresses at 

the three points may then be determined from Mohr’s circle. 

2. EFFECTIVE AND NEUTRAL STRESSES. Total normal stress at any orientation in the soil mass is 
divided into two elements; (a) effective stress, carried by grain skeleton of the soil, and (b) neutral stress 

or pore pressure carried by fluid in void spaces. 

a. Total Pressure. Whether derived from body forces or superposed load, total pressure equals the 

sum of effective plus neutral stress. 

b. Effective Stress. This stress is measured as total force in the grain skeleton divided by total 
cross-section area over which the force acts. 

c. Body Forces. Division of body forces into effective and neutral stresses depends on position of 

ground water table or the flow field set up by seepage. 

d. Superposed Load. Division of superposed load between neutral and effective stresses is a func- 
tion of stress-strain properties of the soil and relief of pore pressures afforded by pore water drainage. 

7521 



VERTICAL UN/T EMBANKMENT LOAD OF /NFIN/TE | 
LOAD P LENGTH NORMAL TO THIS CROSS 

SECTION. 
STRESSES DETERMINED FROM 
ELASTIC SOLUTION FOR /SOTROPIC 
SEMI - INFIN/TE FOUNDATION. 

ere OO 
fs Loy NORMAL STRESSES SN TT) PRODUCED BY 
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AN qe! UNIT LOAD P: 
mee 2 : 
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POINTS 
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EMBANKMENT a 

FIGURE 5-1 
Examples of Stress Conditions at a Point 
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Section 3. STRESS DISTRIBUTION IN ELASTIC FOUNDATIONS 

1. SEMI-INFINITE, ISOTROPIC FOUNDATIONS. Formulas for stresses produced by various loads on 
semi-infinite, elastic isotropic foundations are listed in Figure 5-2. 

a. Assumed Conditions. These solutions assume elasticity, continuity, static equilibrium, and com- 

pletely flexible loads so that pressures on the foundation surface equal load intensity. The formulas are 

designated as equations of the ‘‘Boussinesq’’ type. For loads of infinite length, the foundation undergoes 

plane strain; that is, deformation occurs only in planes perpendicular to the long axis of the load. In this 

case stresses depend only on shape of load and position in the foundation of points being investigated and 

are not affected by elastic properties. 

b. Vertical Stresses Beneath Regular Loads. Influence values for vertical stresses under simple 
geometric loads are given in Figures 5-3 through 5-6. For examples of their use, see Figure 5-7. Compu- 

tation procedures are as follows: 

(1) Divide a rectangular mat foundation into four rectangles with their common corner above the 

point investigated. Obtain influence values I for the individual rectangles from Figure 5-3, and sum the 

values to obtain total I. 

(2) Use Figure 5-4 to compute stresses produced by a group of individual footings that may be 

approximated by loaded circles. 

(3) Figure 5-5 applies to stresses beneath an embankment of infinite length. Analyze fills of 
more complicated cross section by adding or subtracting simple forms of this basic embankment load. For 

a symmetrical triangular fill, set dimension b equal to zero and add the influence values for two right 

triangles. 

(4) Obtain stresses beneath sloping fill of finite dimension from Figure 5-6. 

c. Vertical Stresses Beneath Irregular Loads. Use Figure 5-8 for complicated loads where the influ- 
ence diagrams do not suffice. Proceed as follows: 

(1) Draw a circle of convenient scale and the concentric circles shown within it. 

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

(3) Estimate the proportion A of the annular area between adjacent radii which is covered by the 
oad. 

(4) See the bottom chart for influence values I for stresses at various depths produced by the 

oads within each annular space. The product IXA multiplied by the load intensity equals vertical stress. 

(5) To determine a profile of vertical stresses for various depths beneath a point, the target need 
1ot be redrawn. Obtain influence values for different ordinates Z/R from the influence chart. 

d. Horizontal Stresses. Elastic analysis of horizontal stresses is utilized to determine pressures on 

inyielding walls from surcharge loads, and pressures on rigid buried structures. See basic formulas for 

simple loads in Figure 5-2. Applications are discussed in Chapters 10 and 14. 

e. Shear Stresses. Elastic solutions generally are not applicable where shear stresses are critical, 

is in stability problems. To estimate if the complete stability analysis described in Chapter 7 is 

equired, determine maximum shear stresses produced by the applied load from the elastic formulas and 

‘ompare this stress with available shear strength. For embankment loads in Figure 5-2 maximum shear 

itress in the foundation is exactly or approximately equal to p/7. If load intensity equals 7 times shear 

strength s, plastic conditions prevail at a single point in the foundation. As the load increases beyond 

his value, a larger and larger portion of the foundation passes into plastic equilibrium. In this case fail- 

ire is possible and overall stability must be evaluated. 

Metz Referenca Roo. Niversity of Tllinotg B106 NCEL 
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FIGURE 5-3 
Influence Value for Vertical Stress Under Corner of Uniformly Loaded Rectangular Area 
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RECTANGULAR WAT FOUNDATION 

UNIT LOAD EXCAVATED = .8TSF 
NET AREA LOAD = |. 27SF 

BENEATH CENTER OF WAT 

DETERMINE PROFILE OF APPLIED 
STRESS BENEATH B82. 

EMBANKMENT LOAD 

20° HIGH FILL 
a = 120 PCF 

DETERMINE PROFILE OF APPLIED 
STRESS Og BENEATH € OF 
EMBANKMENT OF INFINITE LENGTH. 

UNIT AREA LOAD (INCL.WAT) = 2TSF 

DETERMINE PROFILE OF APPLIED STRESS 

SEPARATE COLUMN FOOTINGS 

REFER TO FIGURE S-3 FOR INFLUENCE VALUES I 
FOR VERTICAL STRESS UNDER CORNER OF UNIFORMLY 
LOADED RECTANGULAR AREA. I FOR | OF 4 ADJOINING 
RECTANGULAR AREAS. 

4RECT| TSF / "ect 

REFER TO FIGURE 5-4 FOR INFLUENCE VALUES [ 
FOR VERTICAL STRESS OUTSIDE OF UNIFORMLY LOADED 
CIRCULAR AREA. SQUARE FOOTING ASSUMED EQUIVALENT 
TO CIRCULAR AREA. 

en | # bee 
1.18 | 0,54 

2.36 | 0.22 

3.54: 0.110 

EQUIVALENT fF: 

r = (2)? =) 605" 
P = 3.0 75F 
X DISTANCE : 

COL. B2=0 (Z,) 
COLSiA2,\C2, 
8/, 83 */5 (Io) 

COLS. Al, AS, 
Cl, C3*2).2 (Ly 11.80) 0.011 

14 74) 0.007 | 0.003 

REFER TO FIGURE S-5 FOR INFLUENCE VALUES I’ 
FOR VERTICAL STRESS UNDER EWBANKWMENT LOAD OF 
INFINITE LENGTH. I FOR 1/2 OF EWBANKWENT LOAD 

G*2Ip 

Q= 50’ 
o* 20' 
P12 7S8F 

FIGURE 5-7 
Examples of Computation of Vertical Stress 
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DEFINITIONS: 

Z = DEPTH TO POINT 
CONSIDERED 

P = LOAD PER UNIT AREA 
A = PROPORTION OF ANNULAR 

SPACE COVERED BY LOAD. 
6,7 DZAL 
R = RADIUS OF CIRCLE NO. 1 

(CONCENTRIC CIRCLES ARE 
SHOWN WITH RAOI/ 
PROPORTIONAL TO 1, 2,4, 
6, 8, 10, 12, /6 ANO 20). 

EXAMPLE: LOAD P*2.0 T5F 
OVER TH/5 AREA 

I FOR LOADED AREA 
BETWEEN RADII 1 AND 2. 

as 

1 

EXAMPLE : 
DETERMINE VERTICAL 
STRESS 62 ATDEPTH OF 
24 FT BENEATH 
CORNER OF LOAD 
SHOWN ABOVE: 
P= 2.0 T75F 
Zz * 24FT 
SCALE: /”=/00' 

(ZR = 200° 
R=z1/0' 
z 
Ai. oe =2.4 

WeLay ee oa ane ae 
R 

TAA 

Wi 
VALUE OF i/ a 

REhayss Pais Hana 

AYN AS 

5 
Cee Grae See Ses ws X 
X 

PNSICN EN 

NWA 
AA a 

Oz = 2.0*0.283/ = 0.566 T5F= 
AAA TA TVR ANN Diese Ni Ne | 

il 
HARA UNA NANG ewe NGG | TN UNA 8 

INFLUENCE VALUE, I 

FIGURE 5-8 
Influence Chart for Vertical Stress Beneath Irregular Load 
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2. LAYERED OR ANISOTROPIC FOUNDATIONS. Actual foundation materials differ from the isotropic, 
semi-infinite mass in two principal respects: (a) the modulus of elasticity may differ from layer to layer, 

the extreme condition being a soft surface stratum on a rigid, unyielding base such as bedrock; (b) a 

sediment is frequently more rigid in a horizontal than a vertical direction. ~ 

a. Vertical Stresses in Layered Foundations. For a general study of stresses in layered foundations 
beneath a circular loaded:area see Mehta and Veletsos, Stresses and Displacements in Layered Systems 

(Bibliography). See Figure 5-9 for examples of vertical stresses in a two-layer foundation with various 

ratios of modulus of elasticity. 

(1) Rigid Surface Layer. If the surface layer is the more rigid it acts as a distributing mat and 

vertical stresses directly beneath the load are less than Boussinesq values. 

(2) Less Rigid Surface Layer. If the surface layer is the less rigid, vertical stresses in the upper 

layer exceed Boussinesgq values. For influence diagrams for vertical stresses beneath rectangular loaded 

areas, see Burmister, Stress and Displacement Characteristics of a Two-Layer Rigid Base Soil System 

(Bibliography). Use these influence diagrams to determine vertical stress distribution for settlement anal- 

ysis involving a soft surface layer underlain by stiff material. 

b. Influence of Horizontal Rigidity. If subsoil has greater horizontal than vertical rigidity, vertical 

stresses beneath the center of load are less than Boussinesq values. Usually this effect is not as signif- 

icant as the difference in rigidity from layer to layer. 

c. Critical Depth. This is the depth below the foundation bearing level within which soil compres- 
sion contributes significantly to surface settlements. In fine grained compressible soils, critical depth 

extends to that point where applied stress decreases to about 10 percent of overburden pressure. In 

coarse grained material critical depth extends to that point where applied stress decreases to about 20 

percent of overburden pressure. As an approximate guide for settlement analysis, compute vertical stresses 

and compression of subsoils down to the critical depth. If there is no distinct change in the character of 

subsurface strata within this depth, elastic solutions for layered foundations need not be considered. 

Section 4. PRINCIPAL STRESSES AT ACTIVE OR PASSIVE STATE 

1. CONDITIONS. In the case of retaining walls, bulkheads, buried anchorages, or slope stability, suffi- 
cient movement may occur to produce active or passive conditions in the surrounding soil. 

a. Active State. Where a soil mass stretches horizontally enough to fully mobilize shear strength, a 
condition of plastic equilibrium is reached; this is designated as the active state of stress. Active pres- 

sures are minor principal stresses where body forces tend to produce movement. The ratio of horizontal 

active pressures to the vertical stress of body forces is the active coefficient K, in cohesionless soil. 

b. Passive State. Where a soil mass is compressed horizontally, mobilizing shear resistance, a pas- 
sive state of stressis ultimately reached. Passive pressures are major principal stresses where body 

forces tend to resist failure. The ratio of horizontal passive stresses to the vertical stress of body forces 

is the passive coefficient K, in cohesionless soil. 

2. COMPUTATION OF ACTIVE AND PASSIVE PRESSURES. See Figure 5-10 for formulas for active 
and passive pressures on a frictionless vertical face with horizontal ground surface. Three basic condi- 

tions required for validity of the formulas are listed in Figure 5-10. -Under these conditions the failure 

surface is a straight plane and the formulas represent pressures required for equilibrium of the wedged 

shaped failure mass. 
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FIGURE 5-9 
Influence Values for Vertical Stresses Beneath Uniformly Loaded Circular Area 

(Two-Layer Foundation) 
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z stEIGHT 
@ TENSION ZONE FAILURE ye Wi FAILURE 

pints | O20 SURFACE 
g FAILURE 

> Coa | SURFACE 

RESULTANT 

K, = tan®(45-p) 9 = (54) tan (45 + $2) 

A*Kyz Gs = yz 2c oct| San=Vvez tan*®(45-9p) - 2c tan (45-%2) 
mm = —_— 2 . 

Pa = HaYH¥/2 FAR Me Bia PON Len Vol eg a(t tan ?las-Fo)= 2cw tan(as- ty)+ 2E 

PASSIVE PRESSURES 

MOVEMENT 

Nate AW 5 FAILURE 
SURFACE SURFACE 

Kp = ton® (45 +92) Op = yz2C Op = ye tan*(45+%)+ 2c ton(45+ 42) 
Op = Kpyz Po = ZYH?+2cH| pp (¥) tart(45+92)+ 2cH tan(45+ Fp) 
Pp = KpYH47/2 

GRAPHIC SOLUTION FOR SLOPING BACKFILL 

Cl CL 

For cohesionless soils with sloping backfill, values of Ka and Kp, and positions of failure surface are given in Figure 5-12.. 

For soil with c and g, the position of the failure surface is determined by analyzing trial wedges to obtain maximum value of 
Pa and minimum value of Po. 

The cases shown involve the following assumptions. 

1. Materials are homogeneous. 
2. Sufficient movement has occurred so shear strength on rupture surface is completely mobilized. 

3. Wall is vertical. No shear forces are present on back of wall. Resultant forces are horizontal. 

Under these conditions, resultant pressures are active and passive values, and rupture surface is a straight plane through heel 

of wall. Effects of surcharge and ground water pressures are not included. 

FIGURE 5-10 
Computation of Simple Active and Passive Pressures 
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a. Straight-Slope Backfill. Compute active or passive pressures for cohesionless materials with 
straight-slope backfill from coefficient of Figure 5-11. For a straight-slope backfill in soil with both 

friction and cohesive strength, determine resultant active or passive force by analyzing equilibrium of the 

failure wedge, as shown in Figure 5-10. Obtain location of resultant active or passive force by summing 

moments of forces acting on the wedge about its toe. Distribute active or passive pressures on the wall 

to conform to this location of the resultant. See Figure 5-12 for position of the critical failure plane ina 

cohesionless mass with a straight-slope backfill. 

b. Irregular Backfill. Compute active or passive pressures for cohesive soils with irregular backfill 
by successive trials to determine the critical failure wedge. Use location of failure plane given in Figure 

5-12 as a first approximation of the trial wedge to be analyzed. Critical failure wedge is that one which 

requires maximum active pressures or minimum passive pressures for its equilibrium. 

c. Additional Solutions. For analysis of pressures with more complicated conditions, including wall 
friction, ground water, and stratified soils, see Chapter 10. 
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CHAPTER 6. SETTLEMENT ANALYSIS 

Section 1. INTRODUCTION 

1. SCOPE. This chapter concerns (a) settlement produced by volume change during consolidation, (b) 

criteria for tolerable settlement, and (c) methods of reducing or accelerating consolidation. Procedures 

described apply to compressible fine grained strata subjected to loads of wide extent. For analysis of 

settlement of isolated footings from shear strain, see Chapter 11. 

2. PURPOSE. For foundations on clay and silt, it is essential to make a reliable estimate of the prob- 
able differential settlement to determine if the design contemplated is satisfactory. If differential settle- 

ment will be excessive, alter the proposed foundation type or take measures to reduce settlements. 

3. MECHANICS OF CONSOLIDATION. See Figure 6-1. Superposed loads develop pore pressures in 
compressible strata exceeding the original hydrostatic pressures. As pore pressure gradients force water 

from a compressible stratum its volume decreases, causing settlement. 

Section 2. ANALYSIS OF STRESS CONDITIONS 

1. INITIAL STRESSES. See Figure 6-2 for typical profiles of vertical stress existing in a compressible 
Stratum prior to construction. For equilibrium conditions with no hydrostatic excess pressures, compute 

vertical effective stress from the effective unit weight of overburden. (Case (1), Figure 6-2.)° 

a. Preconsolidation. Stresses exceeding the present effective vertical pressure of overburden 
produce preconsolidation (1) by the weight of material that existed above the present ground surface and 

that has been removed by erosion or excavation, (2) by capillary stresses from desiccation, and (3) by 

lower ground water levels at some time in the past. 

b. Underconsolidation. Compressible strata may be incompletely consolidated under existing loads 
as a result of recent lowering of ground water or recent addition of fills or structural loads. Residual 

hydrostatic excess pore pressure existing in the compressible stratum will dissipate with time, causing 

future settlements. 

c. Evaluation of Existing Conditions. Determine consolidation condition at start of construction by 
the following steps: 

(1) Review the data available on site history and geology to estimate probable preconsolidation 

or underconsolidation. 

(2) Compare profile of preconsolidation stress determined from laboratory consolidation tests 

(Chapter 3) with the profile of effective overburden pressures. 

(3) Estimate preconsolidation from s/P. ratio using laboratory shear strength and check by the 

approximate relationship with the liquidity index. (Figure 3-1.) 
(4) If underconsolidation is indicated, install piezometers to measure the magnitude of hydrostatic 

excess pore water pressures. 
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PERVIOUS INCOWPRESSIBLE STRATUM 

“PERVIOUS INCOMPRESSIBLE STRATUM” 

OS SL Lh 

TOTAL STRESS 

EFFECTIVE 

SFRESS 

s 
N 

AQ 

VERTICAL STRESS —e> 

CONDITIONS BEFORE LOADING 

Sintriau | 
HYDROSTATIC Uo 

EFFECTIVE STRESS 
AT COMPLETION 

OF 
HYDROSTATIC CONSOLIDATION 
EXCESS Up AT 
TIME # 

FINAL PRESSURES 

PIEZOMETR&AC HEAD 
IN COWPRESSIBLE 

STRATUM 

CONDITIONS DURING LOADING 

COMPUTATION OF TOTAL SETTLEMENT 

AH= TOTAL SETTLEWENT FROM PRIMARY 
CONSOLIDATION PLUS AN AMOUNT OF 
SECONDARY COMPRESSION. 

he # DECREASE IN VOID RATIO 
CORRESPONDING TO A STRESS INCREASE 
FROW Po TO (Po *+ AP) AT THE 
WID-HEIGHT OF THE LAYER Hy. 

1F Ae 1S DETERMINED DIRECTLY ON THE 
(e -P) CURVE FROW LABORATORY 
CONSOLIDATION TEST, 4H IS COMPUTED 
AS FOLLOWS: 
Ae lad 
eee 

4e 
OH = Te eg He) 

IF COMPRESSION INDEX C, 1S INTERPRETED 
FROM A SERIES OF SEMILOGARITHMIC 
(@ -P) CURVES OF CONSOLIDATION 
TESTS, 4H tS COMPUTED AS FOLLOWS: 

Co Wi Po tAP AH Fre, 4199 amas ) 

AH WAY BE COMPUTED FROM @y THE SLOPE 
ARITHMETIC (@ -P) CURVES IN THE 
RANGE FROM (P,) TO (Po# AP): 

= Gy SP He a 0.455 Ce 
aH 1+@o ay Po + AP/e 

COWPUTATION OF TIWE RATE 

OF CONSOLIDATION: 

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

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

Zz 

Uo He AG Al 
THIS RELATIONSHIP 1S EVALUATED BY 

THE THEORY OF CONSOLIDATION AND IS 
EXPRESSED BY THE TIWE FACTOR Ty. 
TO DETERMINE U AS A FUNCTION OF 
TIME FACTOR, USE CURVES OF FIG.6-6. 
r = Set H = LENGTH OF LONGEST 
VY Hf |VERTICAL PATH FOR DRAINAGE 

OF PORE WATER. FOR DRAINAGE 
TO PERVIOUS LAYERS AT TOP 
AND BOTTOM OF COMPRESSIBLE 
STRATUM, H# Hee. 

FIGURE 6-1 
Consolidation Settlement Analysis 
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Stress condition Diagram of vertical stresses Description 

GROUND SURFACE 

y (1) per G.W.L Effective stress of overburden is com- 
Simple overburden sae ' puted directly from unit weights of soil, % 

pressure above GWL, &syg below GWL. Total 
stress equals effective stress plus neu- 

tral pressure of ground water: 

Og * 6, +u 

(2) 38 Lowering of ground water increases 

Lowering of ae effective stress as hydrostatic excess 

: pore pressure dissipates and consolida- 

ground tion of clay takes place. Total stress 

water level practically unchanged. 

Baer Stresses caused by adding fill on top 
Partial consol-. ane ae of clay layer. Effective stress moves 
idation under 7 to the right, approaching effective pres- 

3 sure of overburden as consolidation pro- 
weight of . peat 

initial fill Hydrostatic excess pressure 

(A) a OA O53 Rise of ground water level decreases 

Kise of el effective pressure of overburden. Effec- 
tive stress line moves to left. Then pre- 

‘Sng consolidation stress equals original effec- 
See tive stress of overburden. Total stress 

ground 

water level = < 

\ <PRECONSQLIDATION STRESS practically unchanged. 

(5) Excavation of overburden material un- 

‘ pe loads clay layer. Effective stress line 
Excavation > = moves to the left. Then preconsolidation 

stress equals original effective stress of 
overburden. 

Preconsolidated conditions 

(6) a Preconsolidation from past loadings 

greater than the existing overburden may 

have been caused by weight of glacial 

from ons PRECONSOLIDATION STRESS ice, erosion of former overburden, lower 

loading in { ae ground water level plus dessication, or re- 

the past J ~OO% moval of former structures. 
‘ 

. 

EFFECTIVE STRESS 

Preconsolidation 

wT ARTESIAN PRESSURE 

(7) ne Sand stratum below the clay may be 

Artesian pressure ip subject to artesian hydraulic pressures 
that decrease effective stress at base 

of clay. Total stress remains unchanged. 

EFFECTIVE STRESS 

FIGURE 6-2 
Profiles of Vertical Stresses Before Construction 

rea 



d. Computation of Added Stresses. In general, use the elastic solutions (Chapter 5) to determine the 
vertical stress increment from applied loads. On vertical lines beneath selected points in the loaded area, 

plot profiles of estimated preconsolidation, effective overburden stress plus the increment of applied 

stress. See Figure 6-3 for typical profiles. For rigid boxes, piers, or silos, apply formulas for stress 

distribution beneath rigid structures. Lowering of ground water during construction or regional drawdown 

reduces water pressures at the boundaries of the compressible stratum and initiates consolidation. Stress 

applied by drawdown equals the reduction in buoyancy of overburden corresponding to decrease in bound- 

ary water pressure. In developed locations, settlement of surrounding areas from drawdown must be care- 

fully evaluated before undertaking dewatering or well pumping. 

Section 3. SETTLEMENT COMPUTATION 

1. TOTAL SETTLEMENT. If preconsolidation stress is determined reliably, total settlement may be 
predicted with reasonable accuracy. The percentage error is greatest for settlement from recompression 

only. In this case an overestimate of several hundred percent may result unless high quality undisturbed 

samples are utilized for consolidation tests. 

a. Typical Loading Cycle. See Figure 6-3 for loading sequence in building construction. Foundation 
excavation causes swell. Application of a structural load recompresses subsoil and may extend consoli- 

dation into a virgin compression range. Stress changes are plotted on a semilogarithmic pressure-void 

ratio e-p curve in Figure 6-3. 

b. Pressure-Void Ratio Diagram. Determine the appropriate e-p curve to represent average properties 

of compressible stratum from consolidation tests. The e-p curve may be interpreted from straight line 

virgin compression and recompression slopes intersecting at the preconsolidation stress. Draw e-p curve 

to conform to these straight lines as shown in Figure 6-3. Depending on variability of material, more than 

one e-p curve representing different sections of the stratum may be required. 

c. Settlement Magnitude. Compute settlement magnitude from change in void ratio corresponding to 
change in stress from initial to final conditions, obtained from the e-p curve (Figure 6-3). A laboratory 

e-p curve includes an amount of secondary compression that depends on duration of test loads. Secondary 

compression continues exponentially with time without definite termination. Thus, total or ultimate settle- 

ment includes secondary compression to a specific time following completion of primary consolidation. 

2. DIFFERENTIAL SETTLEMENT. For an important structure, compute total settlement at a sufficient 
number of points to establish the overall settlement pattern. From this pattern determine the maximum 

slope of the settlement profile or the greatest difference in settlement between adjacent foundation units. 

a. Approximate Values. In general, the ratio between settlement of corner, or edge, to settlement of 

the center of a structure depends on the flexibility of the structure, shape of loaded area, and thickness of 

compressible stratum. For simple, flexible structures, compute center settlement as described above and 

estimated edge or corner settlement from the elastic analysis summarized in the bottom panel of Figure 6-4. 

For a flexible square load on a thick stratum, corner settlement is one-half, and settlement at the center 

of a side is two-thirds, of center settlement. For the same load on a thin stratum, corner settlement is one- 

quarter, and settlement at the center of a side is one-half, of center settlement. 

76-4 

~ 



SU
OI

JI
PU

OT
) 

DU
IP

DO
™]

 
SN
OI
ID
A 

JO
} 

J
U
S
W
I
]
J
E
S
 

[D
FO
] 

Jo
 

UO
ly
Dy
Nd
WO
>)
 

€-9 
3yNdII4 

(
3
1
V
D
S
 
9
0
1
)
 
Y
S
A
V
1
 

S
O
 
L
H
O
I
S
H
G
I
W
 
L
V
 
3
S
Y
N
S
S
S
Y
d
 
J
A
I
L
I
I
A
S
I
 

0 
§9 

2 
a
4
/
]
o
 

H
y
o
n
 
y
 

(
Z
 ey 

5
)
”
 

4 
a
 

: 
aAufia 

o-° 
ley 

g319NY1SNOD34 
) 

° 
2 
S
E
R
S
 

; 
¥ 991) geljsy 

. 
% 

25 40 
anqva" . 

9) 4O 
aNIVA 

a 

7 
re

 
>
4
 

a
a
c
q
p
 

O °a
 

@
s
p
e
i
d
u
l
 

s
s
e
i
j
s
 

e
6
1
0
7
4
 

(r
) 

{
 

df
 

H
e
t
 
T
i
t
 

JA
YN
ND
 

9-
2 

G
S
L
I
N
Y
L
S
N
O
D
S
Y
 

*Y 
4 

04 
poo, 

ayy 
B
u
l
o
n
p
a
s
 

AINJINAYS 
UO 

4yI]dN 
a
W
O
S
 

S
a
s
N
D
D
 

siyy] 

*Jaaa] 
pourBiu0 

sy 

©} 
YIDqG 

OSI1 
OF 

P
A
M
O
I
I
D
 

| SAa| 
1
9
4
D
M
 

(GC) 

*
u
o
l
y
D
p
l
j
o
s
u
o
s
e
i
d
 

M
O
|
@
g
G
 
B
S
D
a
I
D
U
I
 

S
S
9
1
4
S
 

D 
SI 

e
y
 
"
U
O
I
4
D
P
!
 

¢
 

-
J
O
s
u
o
d
a
i
d
 
S
A
O
g
D
 

a
s
D
d
i
5
d
u
I
 

S
S
a
4
j
s
 

D 
SI 

E
Y
 

“fy 
04 

2
4
 
w
o
s
 
uolssasdwio> 

ulBstA 
pup 

Dy 
04 

%Yy 
w
o
s
 

4nd50 
[]1M 

U
o
I
s
s
e
i
d
w
o
s
e
y
 

“£44 
04 

2
4
 
w
o
s
 

pasDaisul 
s! 

ssasjs 
a
 

29
 

4/
),
 

Gg
 

A
Y
 

(
2
 

9
0
7
)
 

(
*
3
*
!
 

o
a
t
 

H
V
 

*‘
pa
tj
dd
o 

po
o}
 

su
ny

on
ui

s 
(7

) 

>> 
4O 

ANTIVA 

Pq 
Mojeq 

{
 

aspeidul 
ssaiys 

2
6
1
0
7
 

(fp) 
¥
y
 

s
t
l
 
c
a
g
e
 

3
A
u
N
D
 

9-8 
G
3
L
I
N
Y
L
S
N
O
D
I
Y
 

79 
4O 

A
N
T
V
A
 

3AYNND 
G
N
N
O
S
3
y
 

*Aipidos 
Ajaats -DiDdwod BAND q SA ® yo adojs punogea: 

Buojo 
aap/d 

sexo, 
u
o
l
s
u
o
d
x
y
 

~%y 
a4 

by 

wo1y 
p
a
p
p
o
j
u
n
 

s! 
saAd) 

a
j
q
i
s
s
a
i
d
w
o
7
 

“
O
I
N
J
I
N
A
Y
S
 

1Of 
U
O
I
S
D
A
D
I
X
A
 

(
€
)
 

OILVY GIOA 
“Aj p

i
d
o
 

Aj e
a
t
y
o
s
p
d
w
o
s
 

e
o
p
\
d
 
S
O
D
}
 

puDd 

u
o
l
s
s
a
i
d
w
o
s
a
s
 

si 
y
u
s
w
a
j
y
y
a
s
 

B
u
l
y
j
n
s
a
y
 

a
y
 

04 
°
Y
 
WOos} 

sSe1ys 
S
A
S
D
a
I
D
U
I
 

S
I
Y
]
 

24 Mojaqg 

espaisep sseis (¢€) 

“
P
2
e
s
@
M
O
]
 

9
/
G
D
}
 
1
0
4
0
M
 

(
Z
)
 

s 
a ANND-d-° 

‘og 
S
N
O
D
3
 

(
C
a
-
9
)
 
 
-
 
e
y
,
 

S
e
 
W
e
 

a
l
l
 

i
 

= 
Uap4sNgisAo 

Buljsixa 
JO SSasjs 

SAI}I9}}F 

(494D] 
Avj> 

*9 
dO 

A
N
T
V
A
 

"24 
aunssaid 

ysod 
awos 

Aq 
payopljos 

| 
| 

-uo2eid 
u
a
a
g
 

soy 
4aAD| 

a] q
r
s
s
e
s
d
w
o
>
 

jo
 

*4
sd
wi
o>
) 

j
U
a
w
e
)
j
j
a
s
 

=HV 204” 24 Mojaq 

@
S
D
2
I
D
U
!
I
 

S
S
O
d
4
S
 

||DUIS 
(
Z
)
 

‘u
ol
ys
pu
os
 

yo
'y
lu
y 

(1
) 

UOIJIPUOD 
SSOI4S 

76-5 



; Peer RmeSm er. 
| o-caee [e ile [en 85 tel hes 

AVERAGE FOR RIGID LOAD pam 

a - a raat LOAD 
75 ee stl POINT €) FOR A RECTANGULAR AREA 

WITH A FLEXIBLE UNIT LOAD 
Q ON A SEMI-INFINITE 
ELASTIC FOUNDATION: 

SZ — RIGID CIRCULAR LOAD FOR B @ L = 2r SETTLEMENT ag 
AT POINT @ = 112 2B Vey BUM 

{re FLEXIBLE LOAO, POINT (5) £ 
epee 4 Fe lana A =POISSOWS RATIO 

Rs ae & =MOOULUS OF ELASTICITY 

2 EDGE OF FLEXIBLE CIRCULAR LOAD FORB al ar 
Sh) PE = A CIRCULAR AREA 

FLEXIBLE LOAD: _ je 
TFLEXIBLE| LOAD, AT CENTER = 29r(E™ 

50 RIGID LOAD: Tersj-pe TART EE EEH it er 45 S$ 

EFFECT OF STRATUM 
THICKNESS ON SETTLEMENT 

mie 

70 a [S BN wi 

ATR INY 

an oO 

y COWPRESSIBLE STRATUM: 
PROPERTIES E, AWD JW, 

RIG1D0 BASE 
5 \ \ ys 

.e,) wm 

LY 

g i @ 
hey 

HH 
eed 

NE TT AL AI Le a Be 
oo BURWISTER, TWO-LAYER, 

RIGID IBASE2 1) 
SETTLEWENT = z, (6) Bi WGiNi 

SETTLEMENT AS PERCENT OF SETTLEMENT AT CENTER OF RECTANGULAR FLEXIBLE LOAD 

MN On 

WHERE C, 1S INFLUENCE 
VALUE WHICH DEPENDS 
ON R/B, L/H AND Ly, 
CURVES SHOWN FOR 4, =.2 

> [=] 

ALTA 
Ww on 

Ww oO 

Nh wn 

4 5 6 UY Rh) Alle 

RATIO OF LENGTH TO WIDTH, L/B 

FIGURE 6-4 
Approximate Effect of Rigidity of Structure and Compressible Stratum Thickness on Settlement 

76-6 



b. Effect of Structure Rigidity. Computed differential settlement is less accurate than computed total 
or average settlement because of the influence of the structure rigidity in redistributing loads on the foun- 

dation. A rigorous analysis of the effect of rigidity on settlement is generally not practicable. Assume a 

possible redistribution of loads from rigidity and compute settlements for this altered loading. Redistri- 

bution of loads may be based on diagrams of foundation contact pressures given in Terzaghi, Theoretical 

Soil Mechanics (Bibliography). For preliminary analysis, use the upper panel of Figure 6-4 to estimate 

the effect of structure rigidity on settlement. This diagram shows average settlement for a rigid load and 

settlement on the periphery of a flexible load for various shapes of loaded area. The rigidity of an ordi- 

nary multistory building frame reduces center settlement by about 6 to 12 percent of the computed value for 

flexible loading, and increases edge settlement by about 4 to 8 percent of the computed flexible value. 

3. TOLERABLE SETTLEMENT OF STRUCTURES. Except where a structure is connected to a sup- 

ported utility or adjacent building, differential settlement within the structure, rather than total settlement, 

causes damage. See Table 6-1 for approximate values of differential settlement of various structures that 

can occur without damage to frame or finish. 

a. Structural Criteria. Where maximum differential settlements are expected to approach the toler- 

able values in Table 6-1, the designer should consider their effect on stresses in the structural frame. 

b. Reduction of Differential Settlement Effects. For methods of reducing or accelerating consolida- 
tion settlements, see Section 6. Settlement that can be completed during the early stages of construction, 

before placing sensitive finishes, generally will not contribute to structural distress. In buildings with 

light frames where large differential settlements will not harm the frame, make special provisions to avoid 

damage to utilities or operating equipment. Isolate sensitive equipment, such as motor-generator sets 

within the structure, on separate rigidly supported foundations. Provide flexible couplings for utility lines 

at critical locations. 

Section 4. MAGNITUDE OF SWELL 

1. CAUSE. Volume expansion is caused by (a) reduction of effective stresses, (b) mineral changes, and 

(c) formation and growth of ice lenses. Swell with decrease of effective stress is a reverse of the consol- 

idation process. For description of swelling problems and suggested treatment, see Table 6-2. 

a. Reduction of Overburden Stresses. Compute resulting swell from laboratory e-p curve (Case (3) 

Figure 6-3) as follows: 
(1) For this purpose, load the consolidation sample to the original pressure acting in situ and 

reduce pressure by the decrement of stress that will occur as a result of construction. 

(2) For preliminary estimates, use values of swelling index or swelling ratio given in Figure 3-4. 

(3) If time of unloading is short, total rebound may not occur. Estimate time rate of swell from 

laboratory consolidation characteristics to determine that portion of rebound which will be completed in the 

unloading period. 

b. Changes in Capillary Stresses. An increase in pore water pressures from capillary tension to 

atmospheric pressure will result in a corresponding decrease in effective stress in grain skeleton and 

consequent swell as follows: 
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TABLE 6-1 
Tolerable Differential Settlements of Structures 

Tolerable 

differential 

settlement 

Type of structure 

(Units of radians of 
slope of settlement 

profile) 

0.008 
0.002 to 0.003 

(depending on details of 
floating top). 

Circular steel petroleum or fluid 

storage tanks: 

Fixed top: 

Floating top: 

Tracks for overhead traveling 

crane. 

0.002 

(cross slope of rigid 

foundation) 

Rigid circular mat or ring footing 

for tall and slender rigid struc- 

tures such as stacks, silos, or 

water tanks. 

0.015 
(radians of angle change 
at joint) 

Jointed rigid concrete pressure 

pipe conduit. 

One- or two-story steel frame, 0.006 to 0.008 

truss roof, warehouse with flex- 

ible siding. 

One- or two-story houses with 

plain brick bearing walls and 

light structural frame. 

Multistory heavy concrete rigid 

frame on structural mat founda- 

tion 4 ft + thick. 

STRUCTURE 

0.002 to 0.003 

Structures with sensitive interior 0.001 to 0.002 

or exterior finish such as plaster, 

ornamental stone, or tile facing. 

Structures with relatively insensi- 0.002 to 0.003 

tive interior or exterior finish 

such as dry wall, movable panels, 

glass panels. 

. 0.0015 

Tolerable differential settlement is expressed 

Qualifying conditions 

Values apply to tanks on flexible 

base. Rigid slabs for base will 

not permit such settlement with- 

out cracking and local buckling. 

Value taken longitudinally along 

track. Settlement between tracks 
generally does not control. 

Maximum angle change at joint 

is generally 2 to 4 times average 

slope of settlement profile. Dam- 

age to joint also depends on lon- 

gitudinal extension. 

Presence of overhead crane, 

utility lines, or operation of 

forklifts on warehouse floor 

would limit tolerable settlement. 

Larger value is tolerable if sig- 

nificant portion of settlement oc- 

curs before interior finish is 

complete. 

Larger value is tolerable if sig- 

nificant portion of settlement oc- 

curs before finish is complete. 

Damage to structural frame may 

limit tolerable settlements. 

Damage to interior or exterior 

finish may limit tolerable settle- 

ments. 

in terms of slope of settlement profile 

DIFFERENTIAL Value of 0.001 
SETTLEMENT 

EDGE TO SETTLEMENT PROFILE CENTER 

Value of 0.008 

AVERAGE SLOPE OF 
SETTLEMENT PROFILE 
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(1) Where highly preconsolidated plastic soils are present at the ground surface, seasonal cycles 

of rainfall and desiccation produce volume changes. For three conditions in different climates, see Table 

6-2. 

(2) Climatic conditions have more influence on swell than clay properties alone. In an appropriate 

climate, any surface clay of medium to high plasticity with relatively low moisture content can heave. 

(3) Estimate potential heave from consolidation test by measuring swell for different applied pres- 

sures after samples have been saturated and negative capillary stresses released. Choose applied pres- 

sures to simulate in situ effective stresses without capillary effect. Samples for the swelling test must 

be recovered at a time when capillary stresses are effective in situ. Samples obtained in the wet season 

may be in equilibrium with ordinary overburden stresses. See Figure 6-5 for method of computing total 

swell. 

(4) Total swell beneath a foundation may be reduced to a tolerable value by excavation of a portion 

of the swelling clay and replacement by a nonswelling compacted fill. See Figure 6-5 for method of deter- 

mining undercut required for this purpose. 

Section 5. TIME RATE OF SETTLEMENT 

1. APPLICATIONS. Settlement time rate must be determined for foundation treatment involving either 
acceleration of consolidation or preconsolidation before placing the final structure. Knowledge of settle- 

ment rate or percent consolidation completed at a particular time is important in planning remedial meas- 

ures on a structure damaged by settlement. 

2. PRIMARY CONSOLIDATION. Where pore water drainage is essentially vertical, the ordinary theory 

of consolidation defines time rate of settlement. Using the coefficient of consolidation c,, compute per- 

cent consolidation completed at specific elapsed times by the time factor T, curves of Figure 6-6. See 

examples of computation in Figure 6-7. 

a. Effect of Pressure Distribution. Rate of consolidation is influenced by the distribution of applied 

pressures on a vertical line. Use the top panel of Figure 6-6 for cases where applied pressures are con- 

stant or vary linearly with depth. For time factor curves for nonlinear pressure distribution, use Terzaghi 

and Peck, Soil Mechanics in Engineering Practice. For convenience, use nomograph of Figure 6-8 for 

consolidation rate under applied stresses that are constant with depth for single drainage, or are constant 

or vary linearly with depth for double drainage. For preliminary estimates, use values for the coefficient 

of consolidation given in Figure 3-5. 

b. Accuracy of Prediction. Theoretical consolidation conditions frequently do not hold in situ 
because of horizontal drainage directed away from the loaded area. Furthermore, the laboratory coefficient 

of consolidation decreases drastically with sample disturbance, see Figure 3-5. Except where drainage is 

controlled, as in sand drain installations, predicted settlement time rate tends to be slower than actual 

rate. 

c. Gradual Load Application. If construction time is appreciable compared to time required for pri- 
mary consolidation, use the time factor curves of the middle panel of Figure 6-6 to determine consolida- 

tion rate during and following construction. 

d. Consolidation of Two-Layer System. If a compressible stratum contains two layers of drastically 
different overall properties, use the procedure of Figure 6-9 to determine overall settlement time rate. 
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BASE OF STRUCTURE, I! FIT. DEPTH 

+ POLL 
Nee pL | fro! 

TOTAL SWELL AT AWY 

DEPTH = AREA UNDER 

PCT SWELUs CURVE, 

ABOVE DEPTH OF ZERO 

DEPTH IW FEET 

TOTAL SWELL 

VERSUS DEPTH 

0.05 0.10 0.15 

PERCENT SWELL TOTAL SWELL, FEET 

WATERIALS INVESTIGATED ARE CLAYS, HIGHLY OVERCONSOLIDATED BY CAPILLARY 

STRESSES THAT ARE EFFECTIVE PRIOR TO THE CONSTRUCTION OF THE 

STRUCTURE UPON THEW. 

PROCEDURE FOR ESTIMATING TOTAL SWELL UNDER STRUCTURE LOAD. 

|. OBTAIN REPRESENTATIVE UNDISTURBED SAMPLES OF THE SHALLOW CLAY STRATUM AT 
A TIME WHEN CAPILLARY STRESSES ARE EFFECTIVE; /.£., 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 PANEL. 

4. COMPUTE TOTAL SWELL WHICH IS EQUAL TO THE AREA UNDER THE PERCENT SWELL 
VERSUS DEPTH CURVE. FOR THE ABOVE EXAMPLE: 

TOTAL SWELL = 172( 8.2-1.0) x 2.8/100 = 0.10 FT. 

PROCEDURE FOR ESTIMATING UNDERCUT NECESSARY TO REDUCE SWELL TO AN 

ALLOWAGLE VALUE. 

1, 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, INTEGRATED UPWARD FROM THE DEPTH OF ZERO 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. 

FIGURE 6-5 
Computation of Swell of Desiccated Clays 
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® INSTANTANEOUS LOADING, VERTICAL DRAINAGE OWLY 

UNIFORM APPLIED LOAB Ap= 0.8 75 

FROM LABORATORY TESTS ON THE CLAY STRATUM: 
Co = 1.00 Ce*Q2 cys 2,03 /TYOAY C, = 2.0/0 

LOAD (NCREMENT, dp = 10 75/ (VIRGIN COMPRESS/(ON) 
FOR 100%e PRIMARY COVSOLIDATIOLY : 

wg? A= ZHE. 4g (2 rap). /2(to)2l) a H=8 Eo hy (a22b) de ocr) 3.0 i, 

SECOVOARY COMPRESS/OlY FOR | CYCLE OF TIME: 
8’ AH = “ing 2M Laat yee) = 2.0/(/)/0g(10) = 19 Wy. 

7 = 7IME FACTOR FOR 
VERTICAL ORAIWAGE 

t = VINE FOLLOWING 
LOADING 

FIME-CONSOLIDATION RELATIONSHIP: T= ee 
7=@t603) t¢=2730T H 

USE UPPER PANEL OF FIG.G-6 FoR Tvs 0. PLor(t vs D)as cuevE QD BELOW. 

GRADUAL CONSTRUCTION LOADING ® INSTANTANEOUS LOADING WITH SANO DRAINS 

NSTRUCTIOW AMALYZE SAND DRAINS FOR 
ACCELERATION OF 

ACTUAL RATE Pe = FINAL CONSOLIDATION 

OF LOADING UNIT LOAD ORAINS IN TRIANGULAR 
EQUIVALENT RATE a axoteuaie ta = 10° 

€.= 105 DAYS TIwe DIAMETER, d.= 18°. 
= as fy = 105,03) 00.05 t= 2/307 G *HORIEQNTAL COEFFICIENT OF CONSOLIDATION 

6, = 0.06 FT#/DAY 7Ts= 7 t= /8407 
USE CURVE J MIDDLE PANEL AF FIG. 6-6 y /,) ** 
Foe 7;=0.05 Fore Tvs U. n= = W207 pass pepe WW LOWER 

CONSOLIDATION DURING COYSTRUCTION /5\ PANEL OF FIG. 6-6 FOR 11=7 TO 
GIVEN BY UPPER EN VELOPING DASHED | OBTAIN T vs Ug. PLor(t v3 Ue)cURVE®, 
CURVE 70 POINT WHERE T= 0.05. COMBINED EFFECT OF VERTICAL AYO KAQAL 

PLOT i vs U)AS CURVE @) BELOW. DRAINAGE: OU = 100 -[(100-0,)( /00 -0)7. 
PLOT (t vs De)As CURVE @ BELOW. 

eee cimanatccnce ah ra ert le 
CURVE 2, GRADUAL LOADING VERTICAL 

Ce RVE |. INSTANTANEOUS (| DRAITAGE ONLY 

INCHES CURVE 3, RAD/AL 
DRAINAGE 70 SAND OC 

AH = 6/7. FOR 100 Vo 
PRIMARY 
CONSOLIDATION 

Be AE aaah ree Th 
SEES 

8 10 4 6 8 1000 4 6 81000 2 

TIME ere START OF rere) DAYS 

SETTLEMENT, 
PERCENT OF PRIMARY CONSOLIDATION, U 

FIGURE 6-7 
Example of Computation of Settlement Time Rate 
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1. AVERAGE THE SOIL COEFFICIENTS OF 
Two oes ry ete 

x, ave ( Ka ) 

i Ta) (COEFFICIENT OF VOLUME 
Y8’  COMPRESS/BILITY) 

“K AY, (COEFFICIENT OF 
Tvgyal(Yw) CONSOLIDATION) 

2. COMPUTE EQUIVALENT ORAINAGE DISTANCE (H'): 

W' = (Ha *RxHg) (SINGLE ORAINAGE ) 
H' = 'p(Mg +x Mg) (DOUBLE DRAINAGE ) 

3. COMPUTE EQUIVALENT THICANESS RATIOS: 

4, Ry tt, 
% s ar , 2g s A 

4. DETERMINE VALUES OF PEACENT CONSOLIDATION 
(0) AT VARIOUS TIMES (¢t) FOR TOTAL 
THICKNESS (24) USING NOMOGRAPH IN 
FIGURE 6-8 

(PERMEABILITY, 
po or 

Ry Rona? 
Mave ™ PE 

Clave 

7. COMPUTE AVERAGE RATE OF 
CONSOLIDATION FOR FNTIRE LAYER: 

5 ee th De 
'. Kave * 3°35 + 0.0024 

2.53 meee rides 

(5.38«10°") = 7.6210 “Josy 

ve * (3.221073) 9 2.47%10°5 FTY,g 
7.62 "1/075 Fre 

* Zax Bene) ~ 70404 “" /ay 
2.M' © "ip (14 +0.0224(6)) © 7.07FT. 

a igee aorea(6) 

Cvgve 6. 

Ante a /4 
For” 1.98 7 2 0.02 i 

4. DETERMINE U FROM FIG.6-8,FOR EXAMPLE: 
AT 6° 0.25 YEARS, 0 = 23. 3%. 

Se ee eae i Sd 

ed °o 

es ie) ae 
APPROXIMATE SOLUTION MN 
FOR RATE OF CONSOLIDATION ya 
OF COMBINED LAYERS 

a oO 

AVERAGE DEGREE OF CONSOLIDATION, PERCENT 

@ oO 

(2) WHEN U % 53.3% AND Og % ~~ 

(3) WHEN U > 33.5% 

“aa 

. 40g « (0.02) - 

PROCEDURE FOR DETERMINING RATE 
OF CONSOLIDATION FOR TWO LAYER SYSTE! 

5. COMPUTE 40g. PERCENT CONSOLIDATION OF 
PORTION Rx Hy OF EQUIVALENT THICKNESS 4, 

FROM EQUATIONS: 

(1) WHEN U & 33.3% ANO Og 
30 

= 700 

(0g)? 

4u5 Pr] 

2003 (0—)* (og)") 

10,000 
bp - Op - “0 (0n)* - 2.54 

4, s 23 (1228 

6.COMPUTE RATE OF CONSOLIDATION FOR EACH 
LAYER INDIVIDUALLY AS FOLLOWS * 

7, Su 4 ag 
Ys aye Be Ris 7 

FOR SINGLE DRAINAGE, LAYER 8/5 ADJACENT 
TO PREVIOUS BOUNDARY AND, 50, °0-d0g 

FOR DOUBLE DRAINAGE, LA YEAR B/5 SUCH THAT 

Ha >Ru Mg AND AU, = 20 - -40g 

= My Ug + Ha Us = Ru Ug + Up 

H4+ Ne Pu tl 

EXAMPLE OF COMPUTATION 
OF RATE OF CONSOLIDATION 

£20 (0.0004)+ 1029 1g x10°%) = 1.95% 75,294¢ 
40, * 20-AUg * 47.6-40g © 45.770 

47.5 
1.98 
1.95 hy 
0.02 = 97.5% 

~ 2.33(24.0) +975 
3.33 

“4 * = 24.0%. 

UVa * 

Uae = 46./ Jo AT t=.25 YEARS 

KNOWN 
SOM, PROPERTIES 

LAYER A: 

Ky 2 5.38*10% "T/pay 

4 2 2.14109 FT gw 
Cys, * 0.04 *7"”/pay 

LAYER B: 
Ky = 2.414105 “Ypay 

Myg= 32241075 *T ig 
Cva = 1.20 ©74/pay 

RATIOS : 

Ru = hy 8 2.53 

Rn > “Alng > 0.0224 

Ry = "val, , * 0.667 

ASSUMING DOUBLE 
OARAINAGE 

COCR 
et tata SL 

RATE OF CONSOLIDATION 

TIME, t, YEARS 

FIGURE 6- 9 
Time Rate of Consolidation for Two-Layer System 
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3. SECONDARY COMPRESSION. 

a. Settlement Computation. Compute settlement from secondary compression following primary con- 

solidation as follows: 

t 

AH ee Ca (H,) log -- ( 6-1) 
P 

where AH... = settlement from secondary compression. 

C, = coefficient of secondary compression. 

H, = initial thickness of compressible stratum. 

toe, = useful life of structure or time for which 

settlement is significant. 

t. = time to completion of primary consolidation. 

See example in Figure 6-7. For preliminary estimate, use the values for the coefficient of secondary com- 

Pression C, given in Figure 3-5. 

b. Combining Secondary and Primary Consolidation. If secondary compression is important, compute 

the settlement from primary consolidation separately, using an e-p curve that includes only compression 

from primary consolidation. A semilogarithmic straight line for the time-rate of secondary compression is 

made tangent to the final portion of the time curve for primary consolidation. 

Section 6. METHODS OF REDUCING OR ACCELERATING SETTLEMENTS 

1. GENERAL. See Table 6-3 for methods of minimizing consolidation settlements. These include two 

general procedures: (a) removal or displacement of compressible material and (b) preconsolidation in 

advance of final construction. 

2. REMOVAL OF COMPRESSIBLE SOIL. Consider excavation or displacement of compressible materials 
for stabilization of fills that must be placed at the location of shallow soft strata. 

a. Excavation. In harbors or waterways, dredging and hydraulic backfill may be economical for areas 

of wide extent. For excavation of soft materials on land, the expense and difficulty of ground water con- 

trol must be considered. 

b. Displacement. For highway fills partial excavation may be accompanied by displacement of soft 

foundation by weight of fill. Jetting in the fill or foundation and various blasting methods are used to 

facilitate displacement under fill load. Displacement is appropriate primarily for clean, coarse grained 

fill materials. For fills with high quality pavement, displacement methods are of uncertain value because 

of the probability of trapping pockets of soft material beneath the fill. 

3. BALANCING LOAD BY EXCAVATION. To decrease final settlement, the foundation of heavy struc- 
tures may be placed above compressible strata within an excavation that is carried to a depth at which the 

weight of overburden removed partially or completely balances the applied load. 

a. Computation of Total Settlement. In this case, settlement is derived largely from recompression. 
The amount of recompression is influenced by magnitude of swell completed in the unloading stage. 

b. Effect of Dewatering. If drawdown for dewatering extends well below subgrade, heave and conse- 

quent recompression are decreased by the application of capillary stresses. For excavation below the 
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TABLE 6-3 
Methods of Reducing or Accelerating Settlements 

Procedures for linear fills on swamps or 

compressible surface stratum: 

Excavation of soft materials 

Displacement by weight of fill 

Jetting to facilitate displacement .... 

Blasting by trench or toe shooting 

methods. 

Blasting by relief method 

Blasting by underfill method 

Procedures for preconsolidation of soft 

foundations: 

Surcharge fill 

Accelerating consolidation by vertical 

sand drains. 

Surcharge fill with vertical sand 
drains. 

Wellpoints placed in vertical sand 

drains. 

Vacuum method 

Balancing load of structure by excava- 

tion. 

Applicability 

When compressible foundation soil extends to depth of about 10 to 15 

ft, it may be practicable to remove it entirely. Partial removal is 

combined with various methods of displacing remaining soft material. 
Complete displacement is obtained only when compressible foundation 

is thin and very soft. Weight displacement is combined with excava- 

tion of shallow materials. 

For a sand or gravel fill, jetting within the fill reduces its rigidity and 
promotes shear failure to displace soft foundation. Jetting 

within soft foundation weakens it to assist in displacement. 

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. Limited to depths not exceeding about 20 ft. 

Used for building up fill on an old roadway or for fills of plastic soils. 

Trenches are blasted at both toes of the fill slopes, relieving confin- 

ing pressure and allowing fill to settle and displace underlying soft 

materials. 

Charge is placed in underlying soft foundation by jetting through the 

fill at a preliminary stage of its buildup. Blasting loosens compres- 
sible material, accelerating settlement and facilitating displacement 

to the sides. In some cases relief ditches are cut or blasted at toe of 
the fill slopes. Procedure is used in swamp deposits up to 30 ft thick. 

Used where compressible stratum is relatively thin and sufficient time 

is available for consolidation under surcharge load. Surcharge mate- 
rial may be placed as a stockpile for use later in permanent construc- 

tion. Soft foundation must be stable against shear failure under sur- 

charge load. 

Used beneath highway fills to be paved and structural fills supporting 

light to moderate load buildings. Appropriate when a sufficient time 

is available during construction period for the consolidation process. 

Used where tolerable settlement of the completed structure is small, 

where time available for preconsolidation is limited, and surcharge 

fill is reasonably economical. Soft foundation must be stable against 

shear failure under surcharge load. 

Used to accelerate consolidation by providing a low boundary pressure 

in the sand drains. Particularly useful where potential instability of 

soft foundation restricts placing of surcharge or where surcharge is 

not economical. 

Variation of wellpoint in vertical sand drain but with a positive seal at 
the top of the sand drain surrounding the wellpoint pipe. Atmospheric 

pressure replaces load of fill in consolidating soft foundation. Ap- 

plied in stabilization of cut banks in silts that cannot be stabilized 
by gravity drawdown. For settlement problems it is largely experi- 

mental. 

Utilized in connection with mat or raft foundations that bottom in 

compressible material or where separate spread footings bottom in 

suitable bearing material overlying compressible stratum. Use of 
this method may eliminate deep, expensive foundations. 

Note: For methods of stabilizing foundation by grouting and injection, see Chapter 15. 
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water table, the unit load removed equals the depth of excavation times total unit weight of materials if 

ground water level is restored after construction. If ground water pressures are permanently relieved 

beneath the foundation, the load removed equals the total weight of soil above the original water table 

plus the submerged weight of soil below original ground water. 

4. PRECONSOLIDATION BY SURCHARGE. This procedure causes a portion of the total settlement to 

occur before commencing the structure. It is used primarily for fill beneath paved areas or structures with 

* comparatively light column loads. For structures with heavy column loads, a thick fill of high rigidity may 

be required to avoid high stresses in compressible foundation soil. 

a. Elimination of Primary Consolidation. Use the formula in the center panel of Figure 6-10 to deter- 
» mine surcharge load and percent consolidation under surcharge required to eliminate primary consolidation 

under final load. This computation assumes that consolidation time rate under the surcharge is equal to 

that under final load. 

b. Elimination of Secondary Compression. Use the formula in the bottom panel of Figure 6-10 to 
determine surcharge load and percent consolidation under surcharge required to eliminate primary consoli- 

dation plus a specific secondary compression under final load. 

c. Limitations on Surcharge. In addition to considerations of time available and economy, surcharge 

load may threaten shear failure of the soft foundation. Analyze stability under surcharge by methods of 
Chapter 7, as follows: 

(1) Where final thickness of a structural fill is small and individual column loads are heavy, sur- 

charging generally is inappropriate. 

(2) Column loads are limited by bearing capacity of the soft foundation. Heavy column loads may 

produce local settlements from stress concentrations beneath the footings. 

5. VERTICAL SAND DRAINS. These consist of a column of pervious material placed in a cylindrical 
vertical hole in the compressible stratum, connected at the ground surface to a drainage blanket. Sand 

drains are utilized in connection with fills supporting pavements or low- to moderate-load structures. 

a. Characteristics. Sand drains accelerate consolidation by facilitating drainage of pore water but 
do not change total compression of the stratum subjected to a specific load. Sand drains are laid out in 

rows, staggered, or alined to form patterns of equilateral triangles or squares. See Figure 6-11 for cross- 
section and design data for typical installations. 

b. Consolidation Rate. Time rate of consolidation by radial drainage of pore water to sand drains is 
defined by time factor curves in lowest panel of Figure 6-6. For convience, use the nomograph of Figure 

6-12 to determine consolidation time rate. Determine the combined effect of vertical and radial drainage 

on consolidation time rate as shown in the example in Figure 6-7. 

c. Sand Drain Design. See Figure 6-13 for an example of design. For a trial selection of drain diam- 
eter and spacing, combine percent consolidation at specific time from vertical drainage with percent con- 

solidation for radial drainage to sand drain. This combined percent consolidation De is plotted versus 

elapsed time for different drain spacing in the center panel of Figure 6-13. Selection of drain spacing 

depends on the percent consolidation required prior to start of structure, the time available for consolida- 

tion, and economic considerations. 

d. Allowance for Smear and Disturbance. Commonly sand drain holes are driven with a closed-end’ 
mandrel. In this case soil in a surrounding annular space one-third to one-half the drain diameter in width 

is remolded and its stratification distorted by smear. Where sand drain design is based on consolidation 

tests of doubtful quality or an assumption of equal vertical and horizontal coefficient of consolidation, do 

not correct for smear or remolding. With detailed investigations of coefficient of consolidation in both 
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SETTLEBEMT UNDER SURCHARGE LOAD 

q 2 IMTEMSITY OF FIMAL LOAD 

P< 1MTERSITY OF SUREWARGE LOAD 

SETTLEMENT UNDER Py 

N SETTLEMENT UNDER PP, 

SETTLEMENT | LOAD 

SETTLEMENT UNDER 
Py tP,: 10 ELIMINATE ANy SQ 

TO ELIMINATE ANG ANyge 
PRIMARY CONSOLIDATION 

BY SELECTING AN APPROPRIATE SURCHARGE LOAD AND DURATION GF SURCHARGE LOADING 
ALL OR PART OF THE SETTLEMENT UNDER FINAL LOAD CAM BE ELIBIMATED. 

P, = EXISTING OVERBURDEN STRESS. 
AH, = SETTLEMENT DUE TO PRIWARY CONSOLIDATION UNDER Py. 
EN sqc ™ SETTLEMENT DUE TO SECONDARY COWPRESSION UMOER Py. 
AMep, = SETTLEMENT BUS TO COMPLETE PRIMARY CONSOLIDATION UNDER P,+P,. 

Treg = Mt, on 441 44sec { PERCENT CONSOLIDATION UNDER P y+ P REQUIRED TO ELIMINATE 
s ON tg bes PRIMARY CONSOLIDATION OR PRIBARY * SECONDARY UNDER Py. 

ty = TIBE REQUIRED FOR COUPLETION OF PRIBARY CONSOLIDATION UNDER EITHER Py OR Py + Pe 
tec = TIE TO COMPLETION OF SPECIFIC ABOUNT OF SECONDARY COWPRESSION t,,./t, FREQUENTLY TAKEW EQUAL TO 10, 

SURCHARGE LOM REQUIRED TO ELIMINATE 

PRIBARY CONSOLIDATIO@ UNDER FINAL LOAD 

Vees 

PERCENT CONSOLIDATION UNDER SURCHARGE 

AMD FIWAL LOAD REQUIRED TO ELIMHBATE 

PRIGARY COMSOLIOATION UNDER FINAL 

rae Log(i+ & ) 

od Loc [1+ Beis | 

SURCHARGE LOAD REQUIRED 

TO ELIMINATE TOTAL 

* 

REQUIRED PERCERT CONSOLIDATION UNDER SURCHARGE PLUS FIWAL LOAD, 

SURCHARGE LOAD REQUIRED TO ELIMIMATE 
SETTLEMENT UNDER FINAL LOAD DUE TO: 

PRIWARY * SECONDARY (Cy = 005) 
PRIMARY + SECONDARY (Cy = .02) 

a2 0.3 a4 0.$ 0.6 0.7 0.8 
RATIO OF IMTEMSTTY OF SURCHARGE TO INTENSITY OF FINAL LOAD, P,/P 

FIGURE 6-10 
Surcharge Load Required to Eliminate Settlement Under Final Load 

7-6-20 



SETTLEMENT PLATE 

SETTLEMENT PROBES 

cal 

4 Ey ke Wy awn 

URCHARGE S. 
Ai il FINAL GRADE . . ¢ 

MOPS ci BEL Cie 

BERMS IF REQUIRED 

oa 4 tte ae 77 

ALINEMENT STAKE 2 pi aie ae fie iAz, COLLECTOR 
NORMAL Bek YD DRAIN 
& : At a bi 

ad Bee Ma ba oe as = 
7 

Aq see ees 

PIEZO, 
GAUGES 

WATER 
DRAINAGE 
PATTERN 

SAND; DRAIN 
AU DRAIN , FIRM sou A “a psooe ns ‘ ere ° 

TYPICAL SAND DRAIN INSTALLATION 

Diameter of drains ranges from 6 to 30 in., generally between 16 and 20 in. 

Spacing of drains ranges from 6 to 20 ft on center, generally between 6 and 10 ft. 

Principal methods for installing drains are closed or open mandrels advanced by driving or 

jetting, or rotary drilling with or without jets. Driving closed mandrel is the most 

common. 

Drain backfill material should have sufficient 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 16 50 

% Finer by weight: 90-100 40-85 2-30 

Sand drainage blanket material is similar to that used for drain backfill. In some cases gravel 

windrows or perforated, corrugated, metal pipe are placed in drainage blanket to reduce 

head loss in drainage blanket. Longitudinal ditch or collector drain may be placed at toe. 

Granular working mat is sometimes placed below drainage blanket to support equipment. 

Surcharge load is placed to reduce or eliminate postconstruction consolidation beneath normal 
fill. Generally the surcharge load is no more than about 30% of normal embankment load. 

Field control devices: 

Piezometers of standpipe or closed system type to observe pore water pressures; 

Settlement plates, minimum 3 ft square, placed at base of fill to record total settlement; 

Settlement probes driven or augered into foundation stratum to measure compression 

within foundation; 

Alinement stakes, T-shaped stakes placed at or outside embankment toe to observe 
lateral movement and heave. 

FIGURE 6-11 
Data for Typical Sand Drain Installations 
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FILL OF WIDE EXTENT, 
INCLUDES ADDITIONAL FILL TO COMPENSATE sigh whe? fehl 

FOR SETTLEMENT FILL: 
Yr 2/20 PCF 
HEIGHT = 35 FT 
Fe = 2./07SF 

FOR A KNOWN SET OF FOUNDATION CON- 
DITIONS AND A REQUIRED HEIGHT OF FILL, 
VARIOUS COMBINATIONS OF SURCHARGE 
AND VERTICAL SAND DRAINS ARE INVESTI- 
GATED TO ELIMINATE OR ACCELERATE 
FINAL SETTLEMENTS. 

0.50 FT®/DAY 
0.015 FT/FT/CYCLE OF TIME 
6*/0°§ 5M/S5EC 
30~10~8 CM/S5EC 

= 10*10-8 CM/5EC 

INITIAL INITIAL u 

COMPUTATION OF TOTAL SETTLEMENT 
Po =0.63TSF FR=Rj+Ps = 2.73 75F 

FROM PRIMARY CONSOLIDATION: 
by =(Cc) feu 106 a = 2.69720 106 pees = 3.07 FT 

FROM SECONOARY COMPRESSION: 
uf t5Ec £5EC H. b6ec d4sec = Cal2H)LOG S3EC FoR £86 1 CYCLE OF TIME 

44sec = 0.0/5 *20*/ = 0,30FT TOTAL AH = 3.37F7 

ie) 
DESIGN OF SAND DRAINS 

RATE OF CONSOLIDATION NO SURCHARGE INCLUDED 

WITH OR WITHOUT SAND DRAINS SELECT 18'' & DRAIN AND CONSIDER 
SPACING OF 10', 16' & 20' OC=d,. 

ALLOWANCE FOR SHEAR EFFECT: 
K},/Ks =3 ASSUME s=1.2 

'e 

FOR dg=10 n= — = 6.67 

we 

THEN FROM FIG. 6-14: 
EQUIVALENT n= 9.5 

EQUIVALENT ry = 63" dy ='1216" 

Uc OR Usys 

TIME REQUIRED FOR CONSOLIDATION: 
TO OBTAIN TIME vs U, FoR 
VERTICAL DRAINAGE ONLY, USE 

NOMOGRAPH OF FIG.6-8 

TO OBTAIN TIME VS UFOR RADIAL 

DRAINAGE TO SAND DRAIN, USE 
NOMOGRAPH OF FIG.6-12 

Coie U. AT ANY TIME IS: 
=100- -[li60- UgX!00-U,)] 

TO STUDY VARIOUS SPACING OF DRAINS, 
VALUES OF U. VS TIME ARE COMPUTED 
FOR d.=10', 16' & 20'. RESULTS 
ARE PLOTTED AT LEFT 

VERTICAL DRAINAGE ONLY 

(NO SAND DRAINS) 

2 
° 
= 
z 
(=) 

J 
° 
n 
z 
° 
oO 

— 
= 
WwW 
oO 
ng 
WW 
a 

WW 
o 
a 
io 
WwW 
> 
< 

300 400 

TIME IN DAYS 
. SELECTION OF SURCHARGE HEIGHT 

Ady = 3.07' AHg,- = 0.30! 
P¢/P, = 3.33. 
TO ELIMINATE SETTLEMENT UNDER: 

Le) UO. IS TAKEN EQUAL Fei U 
4 AHg KK, But? 

U OS Ea 
ise AHF ys — 

SOLID LINES FOR ELIMINATION OF 
PRIMARY SETTLEMENT ONLY, DASHED LINES 
FOR PRIMARY PLUS SECONDARY 

COMBINATION OF SURCHARGE 
AND SAND DRAINS TO ELIMINATE 
SETTLEMENT UNDER FINAL LOAD 

FT. 
RELATION OF Uf, , AND TIME IS GIVEN 

HEIGHT OF SURCHARGE, 

COMBINED VERTICAL 

AND RADIAL DRAINAGE 

SAND DRAINS 
AT 20 FT. O.C. 

200 500 
SURCHARGE LOADING PERIOD IN DAYS 

FIGURE 6-13 

AGOVE FOR VARIOUS DRAIN SPACING. 

SURCHARGE P, FOR VALUES OF 

Ads 
Hg “MAH a. a: IS GIVEN IN FIG, NO. 6-10 

SURCHARGE 5 FOR VALUES OF 

Aug + AHsec 

AHey 5 
IN FIG 6-10 

Ui. = IS GIVEN 8Y FORMULA 

USING THESE RELATIONSHIPS, P, 
(EXPRESSED AS HEIGHT OF SURCHARGE) 
REPLACES Uy, IN UPPER DIAGRAM 
GIVING PLOT AT LEFT 
-=- 

COMBINATION OF SAND ORAIN AND 
SURCHARGE IS SELECTED BASED ON 
TIME AVAILABLE AND COMPARATIVE COSTS 

Example of Surcharge and Sand Drain Design 
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vertical and horizontal direction, include in the design a correction of smear in accordance with Figure 

6-14. 

e. Sand Drains Plus Surcharge. If construction time is limited, surcharge is placed above the final 

fill level in conjunction with sand drains to accelerate the required consolidation. Surcharge is frequently 

necessary when the compressible foundation contains material, such as peat, in which secondary compres- 

sion predominates over primary consolidation. Percent consolidation under the surcharge fill required to 

eliminate a specific amount of settlement under final load is determined as shown in the lowest panel of 

Figure 6-13. 

f. General Design Requirements. Analyze stability against foundation failure by the methods of 
Chapter 7, including the effect of pore pressures on the failure plane. Determine allowable buildup of 

pore pressure in the compressible stratum as height of fill is increased. 

(1) Horizontal Drainage. For major installations investigate in detail the horizontal coefficient 

of consolidation by laboratory tests with drainage in the horizontal direction, or field permeability tests 

to determine horizontal permeability. 

(2) Consolidation Tests. Evaluate the importance of smear or disturbance by consolidation tests 

on remolded samples. For sensitive soils and highly stratified soils, consider nondisplacement methods 

for forming drain holes. 

(3) Drainage Material. Determine drainage material and arrangement to handle maximum flow of 

water squeezed from the compressible stratum in accordance with Chapter 8. 

g. Construction Control Requirements. Control the rate-of-fill rise by observing pore pressure 
increase compared with pore pressure values allowable for stability. Check anticipated rate of consoli- 

dation by pore pressure and settlement measurements. If design rate is not achieved, consider the use of 

greater surcharge, closer spacing of drains in other sections, or increase of consolidation period before 
the structure is started. 
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aces ere a Ee ERNE SS PLAN SNS 
TT. TO DETERMINE 

WELL DEFINITIONS EQUIVALENT RADIUS OF DRAIN 

WITHOUT SMEAR W FF 
° SPACING ° FOR TRIANGULAR PATTERN 1S EQUAL TO THE Ret Ey 

de = 1.05 (WELL SPACING) | WITH SMEAR. 

FOR SQUARE PATTERN 
de = 1.14 (WELL SPACING) 

Je = EFFECTIVE DIAMETER 
OF SAND DRAM 

fs = /.8 | 

DRAIN WELLS IN fe #7.5° 
TRIANGULAR PATTERN ACTUAL SANO ORAIN 

0325 Kn/ Ks 27 

ESTIMATED 5*1.2 
Kp = HORIZONTAL PERMEABILITY 
A“ , ts DETERWINE Yegv FROW 

K, = SWEAR ZOME PERMEABILITY | DIAGRAW ABOVE: 

ade oF 7.§ ‘ selene Nf) 2/6 = —=0.5 rs aw Fw = egy Ww /5 

_ EFFECTIVE RADIUS : 

~ RADIUS OF DRAIN 

Is 52 Foo 

= RADIUS OF SWEAR ZONE 
—_—_— ee é 

RADIUS OF DRAIN Cup ee 2 | 
le=7.5 

iG EQUIVALENT SAND DRAIN, SECTION a@-a Ce aU eae 

DRAIN WELL 

FIGURE 6-14 : 

Allowance for Smear Effect in Sand Drain Design gorer? ant 
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CHAPTER 7. STABILITY ANALYSES 

Section 1. INTRODUCTION 

1. SCOPE. This chapter presents methods of analyzing stability of natural slopes and safety of embank- 
ments or rigid loads on soft foundations. Diagrams are included for approximate stability analysis, and 

procedures for slope stabilization are discussed. 

2. APPLICATIONS. Overstressing a slope or foundation stratum may cause sudden failure with rapid 
displacement, or gradual shear strain, damaging structures or improvements. The possibility of movement 

is evaluated by comparing forces resisting failure to those causing failure. This ratio is the safety factor. 

Stability is also considered in determination of wall pressures where the triangular active wedge in the 

backfill is subject to failure. 

Section 2. VARIETIES OF FAILURE 

1. FORM OF MOVEMENT. Principal modes of failure are rotation on curved surface approximated by a 

circular arc, translation on a planar surface whose length is large compared to depth below ground, and 

displacement of wedge-shaped mass adjacent to yielding vertical surface. 

2. CAUSES OF MOVEMENT. Failure follows changes in shear stress or shear strength that lead to 
unbalanced driving forces. 

a. Natural Slopes. Unbalance of forces may be caused by a change in slope profile that adds driving 
weight at the top of a slide or decreases resisting force at its base, an increase of ground water pressure, 

resulting in a decrease of friction resistance in cohesionless soil or swell in cohesive material, or time- 

conditioned decrease in shear strength due to weathering, leaching, mineralogical changes, opening and 

softening of fissures, or continuing gradual shear strain. 

b. Foundations for Embankments or Structures. Failure may be caused by an increase in applied load 
without a comparable increase in foundation shear strength or a decrease in foundation shear strength by 

rise of piezometric levels, opening of fissures, or continuing shear strain. 

3. EFFECT OF SOIL TYPE. Figure 3-7 shows that the slope of the effective stress envelope for shear 

strength of clays of low plasticity equals the friction angle of loose or medium dense, coarse grained soils. 

Differences in stability of coarse and fine grained soils are caused primarily by the influence of pore pres- 

sure on strength. Shear strength cannot increase under load application unless effective stresses in the 

grain skeleton increase. This stress transfer occurs rapidly in pervious coarse grained soils but may be 

long delayed in impervious clays. 

7-71 



Section 3. ANALYSIS METHODS 

1. EFFECTIVE STRESS METHOD. Utilize strength parameters c’ and ®’ determined from effective 
stress test envelope or c and ® from CU tests. Estimate pore pressures resulting from seepage and con- 

solidation and apply these as boundary pressures normal to potential failure surface. Use effective stress 

analysis in the following situations: 

(1) For long-term stability and drawdown in pervious, incompressible, coarse grained soils, use 

®’, usually neglecting c’. Apply pore pressures from ground water or seepage only. 

(2) For dense, moderately compressible soil, such as an earth dam embankment, use cand ®%. 

Apply only seepage or drawdown, or consolidation pore pressures if piezometers are installed to confirm 

pore pressures assumed in design. 

(3) For compressible soils where some drainage occurs during load application, use c and ® from 

CU tests. Apply ground water plus consolidation pore pressures, including an allowance for dissipation 

of hydrostatic excess pressures. 

2. TOTAL STRESS METHOD. Use shear strength determined from undrained laboratory tests or from 

vane shear tests. Take ® equal to zero. These strengths represent initial conditions without considering 

drainage of pore water during stress changes. Use total stress analysis for the following applications: 

(1) Failures in slopes of normally consolidated or slightly preconsolidated clays, where little dis- 
sipation of hydrostatic excess pore pressures occurs prior to critical stability conditions. 

(2) Analysis of embankment or structure load applied rapidly on a clay stratum where no provision 

is made to drain pore water. 

3. PROCEDURES. See Table 7-1 for analysis methods and failure characteristics in natural slopes. See 
Table 7-2 for analysis methods and failure characteristics where time-conditioned changes in strength 

occur. 

a. Rotational Failure, General Method. For details of slip circle analysis with movement on a sur- 
face approximated by a circular arc, use procedures described in Terzaghi and Peck, Theoretical Soil 

Mechanics. 

b. Rotational Failure(®=0). For slopes in cohesive soils having approximately constant strength 
with depth, use Figure 7-1 to determine the safety factor. Utilize shear strength from U or UU tests, 

ignoring pore pressures, as follows: 

(1) For slope in cohesive soils with strata of different strengths, determine centers of possible 

critical circles from Figure 7-2. Circles are tangent to interface between strata. Analyze these possible 

circles, applying the appropriate shear strength on sections of the arc in each stratum. 

(2) With surcharge, tension cracks, or submergence of slope, apply corrections of Figure 7-3 to 
determine safety factor. 

c. Rotational Failure (® and c strengths). For homogeneous material, use Figure 7-4 to compute 
safety factor with ground water below toe of slope. If ground water is near top of bank, compute approxi- 

mate safety factor by using one-half the ordinary friction angle in the analysis, as follows: 

(1) For materials where insignificant pore pressures are developed during shear, apply c’ and 0’ 
from effective stress envelope. 

(2) Where significant pore pressures are built up in shear, utilize c and ® from CU tests. 

(3) See Figure 7-3 for corrections for surcharge tension cracks, or submergence of slope. 

d. Translation Failure. Where failure location is controlled by a relatively thin and weak layer, 
analyze stability of a translating mass with active and passive wedges by the method of Figure 7-5. See 
Figure 7-6 for an example of wedge analysis. To determine the overall safety factor of the entire mass, 
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TABLE 7-1 
Analysis of Stability of Natural Slopes 

Failure of thin wedge, Fallure as 
position influenced by relatively shallow 
tension cracks toe circles 

With low ground water, failure occurs 

on shallow, straight, or slightly curved 
surface, Presence of a tension crack at the 
top of the slope influences failure location, 
With high ground water, failure occurs on the 

relatively shallow toe circle whose posi- 

tion is determined primarily by ground 

water elevation. 

Analyze with effective stresses using 

strengths C' and 9' from effective stress 
envelope, applying ground water pres- 

sures and possible perched water levels 

from rainfall. 

Low ground water High ground water 

(1) SLOPE IM COARSE GRAIMED SOIL 
WITH SOME COHESION 

Stable slope angle Stable slope 

2 effective friction angle =1/2 

angle “** effective 
‘ friction angle 

Stability depends primarily on ground 
water conditions. With low ground water 
failures occur as surface sloughing until 

slope angle flattens to friction angle. With 
high ground water, stable slope is approxi- 

mately 1/2 friction angle. 

Analyze with effective stresses using 

strength @ ts Slight cohesion appearing 

in test envelope is ignored. Special con- 

sideration must be given to possible flow 

slides in loose, saturated fine sands. 

Low ground water High ground water 

(2) SLOPE IM COARSE GRAINED, 

COHESIONLESS SOIL 

Location of failure depends on variation 

of shear strength with depth Failure occurs on circular arcs whose 

position is governed by theory, see Figure 

tue J / 7-2. Position of ground water table does 

aS hs not influence stability unless its fluctu- 
Strength iacreasing f_— + rd ation changes strength of the clay or acts 

with depth edt ol 7 in tension cracks. 
oe a 

= eel ah By Analyze with total stresses, zoning cross 
re a a wh hy section for different values of shear 

a constant) .+rengths. Determine shear strength 
< ~-7 so with depth). © Cae - 

= ~ from U or UU tests or vane shear. 

or hard stratu 

(3) SLOPE IN NORMALLY CONSOLIDATED 
OR SLIGHTLY PRECONSOLIDATED CLAY 

Location of failure 

depends on relative 

strength and 

orientation of 

Location of failure plane is controlled 
by relative strength and orientation of 

strata. Failure surface is combination 
of active and passive wedges with central 
sliding block chosen to conform to strati- 

fication. 

Analyze with effective stress using C and 
§ from CU tests for fine grained strata 
and §’ from drained tests for cohesionless 
material. 

(4) SLOPE IM STRATIFIED SOIL PROFILE 

3 



TABLE 7-2 
Analysis of Stability, Conditions Changing With Time 

Location of failure depends geometry 

and strength of cross section. 

(5) FAILURE OF FILL ON SOFT CONESIVE 

FOUNDATION WITH SAND DRAINS 

Failure surface may be rotation on 

circular arc or translation with 

active and passive wedges. 

(6) FAILURE OF STIFF COMPACTED FILL 
ON SOFT COMESIVE FOUNDATION 

Original ground line 

ie 

—_— 
a 

ses 
7 ee 

\ ate ? 

POO re surface 

depends on pattern of 

fissures or depth of 

softening. 

(7) FAILURE FOLLOWING CUT IM STIFF 
FISSURED CLAY 

Bowl-shaped area of low slope 

(9 to 11%) bounded at top by 

old scarp. 

ee 
= 

ser ee lis eh surtacenoton 
curvature which is a portion 

of an old shear surface. 

(8) DEPTH CREEP MOVEMENTS IN OLD SLIDE MASS 

7-7-4 

Usually, minimum stability obtains 

during placing of fill. If rate of con- 
struction is controlled, allow for gain 

in strength with consolidation from drain- 
age. 

Analyze with effective stress using C 
and § from CU test. Apply estimated 
hydrostatic excess pressures plus ground 

water pressures. For rapid construction 

without observation of pore pressures, 

use shear strength from U or UU test in 

total stress analysis. 

Usually, minimum stability obtains at 

end of construction. Failure may be in 

the form of rotation or translation, and 

both should be considered. 

For rapid construction ignore consolida- 

tion from drainage and 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, safety factor should 

exceed one, ignoring shear strength of 

fill. Analyze long-term stability using 

C and § from CU tests with effective 
stress analysis, applying pore pressures 
of ground water only. 

Release of horizontal stresses by ex- 
cavation causes expansion of clay and 

opening of fissures, resulting in loss of 
cohesive strength. 

Analyze for short-term stability using 

C' and $' from effective stress envelope. 

Analyze for long-term stability with 

C' = 0 and 9' from effective stress enve- 
lope. With high water table, slope angle 
will approach 1/2 §' after a long period. 

Strength of old slide mass decreases 
with magnitude of movement that has 

occurred previously. Most dangerous 

situation is in stiff, over-consolidated 

clay which is softened, fractured, or 

slickensided in the failure zone. 

If relatively limited movement has oc- 

curred, analyze with effective stresses 

utilizing 9' from effective stress enve- 

lope with C' = 0, If large movements 
have occurred, strength will approach 
a lower limit of $y, The true angle of 

internal friction, with C = 0, 

MEE, 
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SLOPE 

CIRCLES 

SHEAR STRENGTH =C Os dx 
TOTAL UNIT WESGHT = dr 

FIRM BASE 
FACTOR OF SAFETY: Fs= No =S— z 

SLOPE CIRCLE 
S TOE CIRCLE VALUES OF > 

BASE CIRCLE a ‘ 
& 
a 
S 
2 
» 
iS 
~ 

~ 
Q 
N 
% 

SLOPE. ANGLE, ‘at DEGREES 
110 18 2 

SLOPE, b 
EXAMPLE : 

ASSUMED CONDITIONS: 

. NO OPEN WATER OUTSIDE OF SLOPE. 

NO SURCHARGE OR TEWSTOW CRACKS. 

- SOIL 1S HOWOGENEOUS TO DEPTH D. 

SHEAR STRENGTH IS DERIVED FROW 

COHESION OWLY AND {S CONSTAWT WITH 

OEPTH. 

5. FAILURE TAKES PLACE AS ROTATION ON 

CIRCULAR ARC. 

WOTES: 
1. FOR LOCATION OF CENTER OF CRITICAL 

CIRCLE SEE FIG. 7-2. 

2. FOR REDUCTION FACTORS FOR SUBWERGENWCE, 

SURCHARGE OR TENSIOW CRACKS SEE 
FIG. 7-3. 

a WN 

Or = MS PCF C * 600 PSF 

d= O/H = 20/25~ 0.00, puss 
c (600) 

Fs° No BH” F%jayog) * 42! 
FAILURE /S BASE CIRCLE 

FIGURE 7-1 
Stability Analysis for Slopes in Cohesive Soils (¢ = 0) 
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DEFINITIONS 
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mal Ll 
23.04 —-aie | d=3 
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nee ao - 

UNIT ABSCISSA (Xo) AWD ORDINATE (Yo) FOR CENTER OF CRITICAL CIRCLE 

BASE CIRCLE 

Xo ad pg 
) 

TOE CIRCLE 

EXAMPLE©®© 2 =20° d=.3 
Xo = 1.45 Yo ® 2.1/8 

57.5’ 
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combine forces as shown in the vector diagrams. To determine the ratio of available strength in the crit- 

ical stratum to strength required for stability, summarize the resultant active and passive forces as shown 

in the bottom panel of Figure 7-5. 

e. Embankments on Soft Clay. See Figure 7-7 for approximate analysis of embankment with stabiliz- 

ing berms on foundations of constant strength. Determine the probable form of failure from relationship of 

berm and embankment widths and foundation thickness in top left panel of Figure 7-7. 

{. Structure Foundation on Clay. For approximate analysis of a structure foundation on thick stratum, 

use bearing capacity method of Figure 11-1. For approximate analysis with an upper clay layer of finite 

thickness, see Figure 11-5. For detailed study, check safety factor on trial surfaces with active and pas- 

sive wedges and translating block. 

g. Required Safety Factor. The following values should be provided for reasonable assurance of 

stability: 

(1) Safety factor no less than 1.5 for permanent or sustained loading conditions. 

(2) For foundations of structures, a safety factor exceeding 2.0 is desirable to limit movements 

necessary for strength mobilization or local plastic strains at foundation edge. See Chapter 11 for detailed 

requirements for safety factors in bearing capacity analysis. 

(3) For temporary loading conditions or where stability reaches a minimum during construction, 

safety factors may be reduced to 1.3 or 1.25 if controls are maintained on load application. 

(4) For transient loads, such as earthquake, safety factors as low as 1.2 or 1.15 may be tolerated. 

Section 4. PORE PRESSURE ANALYSIS 

1. PROCEDURES. See Table 7-3 for pore water pressures that may be present in various situations 
before start of failure. In materials where no pore pressures are developed during shear, or where buildup 

of pore pressures is observed and controlled in the field, evaluate pore pressures as shown in Table 7-3 

and apply them in effective stress analysis with C’ and ®’ strengths. Where additional pore pressures are 

developed during shear of compressible impervious materials, utilize pore pressures of Table 7-3 in effec- 

tive stress analysis with strengths C and ® from CU tests. 

a. Seepage Pressures. Predict boundary pore pressures from flow net construction, or in case of 

rapid drawdown, by approximation of the pattern of equipotential lines. See Panels (3) and (4) of Table 

hee 

b. Construction Pore Pressures. In compressible fill materials placed at or above optimum moisture, 
construction pore pressures may develop during fill placement. Assume maximum pore pressures in the 

center of an impervious section of the embankment equal to the full theoretical value given by formula in 

Panel (2) of Table 7-3. Using judgment or examples of field observations, allow for dissipation of pore 

pressures on the periphery of the impervious section from drainage to pervious shells or foundation. 

c. Consolidation Pore Pressures in Foundation. Where loading rate is rapid and no drainage relief is 
provided, consolidation pore pressures at the center of an impervious foundation may equal applied 

stresses at this level. Horizontal drainage in varved or lensed strata reduces pore pressures beneathe 

embankment centerline but may simultaneously increase pore pressures outside the toe. Where rate of con- 

Struction is controlled or drainage is accelerated by vertical sand drains, estimate pore pressure dissipa- 

tion by theory of consolidation. Apply reduced consolidation pore pressures plus ground water pressures 

in effective stress analysis using C and ® from CU tests. When drainage allowance is included in design, 

provide piezometers for field observations to confirm pore pressure assumptions. 
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TABLE 7.3 
Pore Pressure Conditions for Stability Analysis 
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Section 5. PROBLEMS IN SPECIAL MATERIALS 

1. SENSITIVE CLAYS. 

a. Strength Problem. For clays with natural moisture content higher than the liquid limit, sensitivity 

and loss of strength on remolding are great. Small shear strains in such material may cause sudden 

decrease in strength and a flow slide, frequently of large dimensions. 

b. Determination of Shear Strength. Undisturbed samples of the highest quality are required for tests. 
Cons olidated-undrained tests (CU) are inappropriate because consolidation of even slightly disturbed mate- 

rial will result in significant decrease in moisture content and consequent overestimation of strength. 

Determine strengths by unconsolidated-undrained tests or by vane shear. 

2. OVERCONSOLIDATED, FISSURED CLAYS. Cuts in these materials cause opening of fissures and 
fractures with consequent softening and strength loss. 

a. Analysis of Cut Slopes. For long-term stability of cut slopes in fissured clays, disregard cohesion 
c’ determined from effective stress envelope and utilize ®’ only. 

b. Old Slide Masses. Movements in old slide“masses on relatively flat slopes frequently occur as 

gradual depth creep. Exploration may show the failure mass to be stiff or hard with high penetration 

resistance; but a narrow failure plane of low strength with slickensides or fractures may be undectected. 

In such locations avoid construction which involves regrading and ground water rise that may upset a deli- 

cate equilibrium already achieved. Depending on past magnitude of movement, effective shear strength 

ranges between the friction angle for effective strength ®’ and the true friction angle ®, with no cohesive 
resistance. See Figure 3-7. 

3. LOOSE, COHESIONLESS SOILS. Special problems arise with two materials: (a) saturated, uniform 

fine sands, and (b) unsaturated loessial silts and fine sands of low density. 

a. Saturated, Loose Sands. Uniform, silty fine sands with rounded grains, D, 9 size smaller than 0.1 

mm, uniformity coefficient less than 5, and relative density less than about 40 to 50 percent, are sensitive 
se 

to flow slides even at slopes as flat as 12° to 15°. Toe erosion, collapse of the loose grain structure by 

shock force, or small shear strain from drawdown, transfers overburden load to pore water pressure, prac- 

tically eliminating shear resistance. No laboratory test methods reliably determine the condition for which 

sands are sensitive to liquefaction. Where loose, saturated fine sands are involved in waterfront construc- 

tion, they should be stabilized by methods of Chapter 15. 

b. Loessial Silts and Fine Sands. Usually where dry unit weights are less than about 85 pcf in situ, 
these materials are sensitive to loss of strength on saturation. In unsaturated condition, typical silty 

loess has these effective strengths: c’= 700 to 1,000 psf; tan “= 0.6 to 0.65, and they stand on nearly 
vertical slopes for heights of 50 to 80 ft. Collapse on wetting practically eliminates cohesion and causes 

pore pressure increase. Evaluate saturation effect with unconsolidated-undrained tests, saturating sam- 

ples under low chamber pressure prior to shear. 

Section 6. SLOPE STABIL! ZATION 

1. SLOPE PROFILE CONTROL. Regarding profile by flattening the slope, removing material producing 
driving forces, or adding material to increase resisting forces are common procedures. Evaluate influence 
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of regrading by stability analysis of revised profile. Position stabilizing berms or fills to avoid a second- 

ary stability problem underneath the berm and to prevent an increase in driving forces within the main 

slide mass. 

2. SEEPAGE CONTROL. Seepage and ground water pressures are decreased by drainage structures. 

Surface control of drainage decreases infiltration to potential slide area. Drawdown increases effective 

stresses and eliminates softening of fine grained soils at fissures. Evaluate effects of drainage struc- 

tures by flow net, applying altered boundary pore pressures to failure surface in stability analysis. 

3. STABILIZING STRUCTURES. See Table 7-4 for methods of slope stabilization. 

a. Application. Consider walls, caissons, and similar structures for slides with relatively small 

dimension in the direction of movement or for retaining steep toe slopes where failure will not extend 

backward into a larger mass. 

b. Analysis. Retaining structures are misused where active forces on wall are caused by a failure 

wedge comprising only a small percentage of the total weight of the sliding mass. Such failures may pass 

beneath the wall entirely, completely unaffected by it, or driving forces may be large enough to shear 

through the retaining structure. Stability analysis should evaluate a possible increase of pressures applied 

to wall by an active wedge extending far back into failing mass (see Figure 10-1), and possible failure on 

sliding surface at any level beneath the base of retaining structure. 

4. SPECIAL METHODS. 

a. Types. These include rock bolting, tieback systems, and procedures for increasing shear strength 

by injection or grouting. 

b. Injection Methods. As with retaining structures, the increase in shear strength by injection must 

be considered as a portion of the overall stability problem. For relatively small masses to be stabilized, 

injection of a limited volume of soil has an important effect on total resisting forces. Where the total 

length of failure surface is many times larger than the portion of the length affected by injection, the 

influence of an increased shear strength will be proportionately small. To make injection useful, the 

ratio of improved strength to natural shear strength must be roughly equal to the ratio of total length of 

failure surface to the portion of the length strengthened by injection. 
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TABLE 7-4 
Methods of Slope Stabilization 

Grading of slope 

Excavation at top of slope. Appropriate for deep masses of cohesive soil where rotational failure is likely. 

Less effective in creep movements or shallow transitional failures. 
General flattening of slope. Applicable for deep masses of cohesive soil where rotational failure is likely 

and for relatively small slide areas where toe has been oversteepened. 
Benching of slope. Appropriate on steep slopes where flattening is difficult and surface sloughing occurs. 

Assists in erosion control and in catching debris of small slides. Benches should be sloped to collect runoff and 
convey it off the slide. 

Complete removal of unstable mass. Feasible for relatively small slide masses or shallow creep movements. 
Earth fills at toe of slope. Placed as counterweight or stabilizing berm at locations where upward movement 

of slide mass may occur. Careful study is required so chat addition of fill does not increase driving force. 
Rock or gravel fills at toe of slope. Serves as counterweight, also controls toe erosion and seepage exit gra- 

dients, preventing backward erosion. 

Surface drainage 

Open ditch surrounding slide area. Useful in a variety of situations. Ditching within slide mass should be 

used with caution. Discharge should be directed away from potentially unstable areas. 

Surface treatment by seeding, paving, or drainage blanket. Applied in critical locations for erosion control 
and to collect, control, or redirect surface seepage, preventing it from infiltrating unstable mass. 

Regrading of surface to improve runof{. Useful for slide masses with sag ponds, depressions, or troughs 

that trap surface runoff. Frequently coupled with drainage ditches or trenches. 
Sealing joint planes, cracks, and fissures. Appropriate for slides in stiff britele materials where single large 

cracks or jointed zones can be sealed at the surface with mastic, clay, or cement slurry. 

Subsurface drainage 

Drainage by drilled horizontal or sloping drain holes. Frequently the most economical method of drainage. 

Appropriate for large and deep slide mass, particularly where pervious water bearing strata can be intercepted by 
drain holes before reaching failure zone. Thorough investigation of ground water conditions is a prerequisite. 

Diversion of water by deep drainage trenches. Appropriate where shallow or perched ground water flow influ- 
ences stability directly or delivers large quantity of water to slide mass. Usually limited to conditions where flow 

can be intercepted at depths of less than 10 to 15 fe. 

Interception of seepage by tunnels. Useful for draining large slide masses and where structures of great 

value are threatened. Usually should be accompanied by drilled drainage holes extending outward from tunnel. 
Vertical drain wells. Joined with horizontal drain holes or may be pumped directly to intercept strata or 

lenses of permeable material. Utilized in special cases to lower perched water table by draining into underlying 
pervious stratum. Accelerates consolidation and gain in strength of normally consolidated strata. 

Retaining structures 

Rock and earth fill buttresses at toe of slope. To be effective, volume of fill should be between 1/4 and 1/2 

of volume of total slide mass and should extend between 5 to 10 ft below failure zone to provide adequate shear 
key. 

Cribs or gravity retaining wall. Appropriate to prevent undercutting of toe or for resisting small slides, not 
suitable for large unstable masses. 

Pile walls or caissons at toe of slope. Increases resistance on failure surface, must be driven to substantial 

depth below failure zone. Applicable only for slides of limited dimensions and frequently misapplied for slides of 
large extent. Thorough analysis should precede use of pile wall. 

Barriers at toe of slope anchored by tieback to firm support. Useful in control of surface sloughing and small 

slides. Thorough analysis should precede use in large unstable masses. 

Increase of Shear strength 

Injection and cementation. Appropriate for soils of moderate permeability. Silicates, cement, or asphalt emul- 

sion are utilized. 

Freezing. Used as a temporary stabilization method during construction. Process is slow and costly. 

Electro-osmosis. Applicable to soft fine grained materials. Costs may be high. 

Compaction. Conventional procedure for embankment construction. Also utilized in removal and replacement 

of portion of unstable mass. 

Miscellaneous 

Rock bolting. Appropriate for steep slopes of weathered rock, fractured hard rock, or stiff soils where shal- 
low sloughing or failure occurs on joint system. 

Riprap protection. Prevents toe erosion and undercutting of slope at water's edge. 

Blasting at toe of slope. Temporary expedient that interrupts slope surface and facilitates drainage of seep- 

ing water in lower portion of slide. 
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CHAPTER 8. SEEPAGE AND DRAINAGE ANALYSIS 

Section 1. INTRODUCTION 

1. SCOPE. This chapter covers analysis of flow quantity and ground water pressures associated with 
underseepage. Requirements are given for methods of drainage and pressure relief. 

2. RELATED CRITERIA. Other criteria, relating to ground water utilization or control, but not covered 
in this chapter, will be found in the following sources: 

Subject Source 

RCAC Se ee ea oe ae eet aT eee ee Met eg Sees see Me eee ee NAVFAC DM-5 

See CECT a ape mOrealriieldS =. cnagate cartes sta Ee ea fe gh ec Aas Cee ss Clg ee es NAVFAC DM-21 

SeeERIE TOC aN AgewIOF MIP WAY St. a weet eae) eigen wa ng doe A ew es 5 ge en eee NAVFAC DM-5 

cere welisrandepround water Supply asst ss 6 cds ss ee ee ce ec ag tle ee NAVFAC DM-5 

Additional criteria for permanent pressure relief and seepage control beneath structures are given in 

Chapter 11. 

3. APPLICATIONS. Seepage pressures are of primary importance in stability problems and in foundation 
design and construction. Frequently, drawdown of ground water is necessary for construction; in other 

situations pressure relief must be incorporated in permanent structures. 

4. INVESTIGATIONS REQUIRED. For analysis of major underseepage problems determine permeability 
and piezometric levels by field observations; see Chapter 4 for techniques. Except for unusually homo- 

geneous strata, laboratory permeability testing is of limited value in natural soils. 

Section 2. SEEPAGE ANALYSIS 

1. FLOW NET. See Figure 8-1 for method and example. Use this procedure to estimate seepage quan- 

tity and distribution of pore water pressures in two-dimensional flow. Flow nets are applicable for the 

study of cutoff walls, wellpoint, or shallow drainage installations placed in a rectangular layout whose 

length in plan is several times its width. 

a. Ground Water Pressures. For steady state flow, water pressures depend on the ratio of mean 
permeability of separate strata and the anisotropy of layers, but are independent of absolute values of 

permeability. A carefully drawn flow net is necessary to determine piezometric levels within the flow 

field or position of the drawdown curve. 

b. Seepage Quantity. Total seepage computed from flow net depends primarily on differential head 
and mean permeability of the most pervious layer. The ratio of permeabilities of separate strata or their 

anisotropy has less influence. A rough flow net provides an accurate estimate of total flow. Untertainties 

as to permeability values are a much more important limitation on accuracy. 
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F low Net for Underseepage to Dry Dock 
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Rules For Flow Net Construction: 

1. When materials are isotropic with respect to permeability, the pattern of flow lines and 

equipotentials intersect at right angles. Draw a pattern in which square figures are formed be- 

tween flow lines and equipotentials. 
2. Usually it is expedient to start with an integer number of equipotential drops, dividing 

total head by a whole number, and drawing flow lines to conform to these equipotentials. In the 

general case, the outer flow path will form rectangular rather than square figures. The shape 

of these rectangles (ratio B/L) must be constant. 

3. The upper boundary of a flow net that is at atmospheric pressure is a ''free water sur- 
face.'' Integer equipotentials intersect the free water surface at points spaced at equal vertical 

intervals. 

4. A discharge face through which seepage passes is an equipotential line if the discharge 
is submerged, or a free water surface if the discharge is not submerged. If it is a free water 

surface, the flow net figures adjoining the discharge face will not be squares. 
5. Ina stratified‘soil profile where ratio of permeability of layers exceeds 10, the flow in 

the more permeable layer controls, That is, the flow net may be drawn for more permeable layer 
assuming the less permeable layer to be impervious, The head on the interface thus obtained is im- 
posed on the less pervious layer for construction of the flow net within it. 

6. Ina stratified soil profile where ratio of permeability of layers is less than 10, flow is 

deflected at the interface in accordance with the diagram shown above. 

7. When materials are anisotropic with respect to permeability, the cross section may be 

transformed by changing scale as shown above and flow net drawn as for isotropic materials. 

In computing quantity of seepage, the differential head is not altered for the transformation. 
8. Where only the quantity of seepage is to be determined, an approximate flow net suffices, 

If pore pressures are to be determined, the flow net must be accurate, 

FIGURE 8-1 
Flow Net Analysis of Seepage 

7-8-2 



J 

) 

) 
f 

) 

) 
) 
) 

) 

) 
. 

) 

) 

) » 

2. THREE-DIMENSIONAL FLOW. For analysis of flow quantity and drawdown to individual wells or to 
an array of wells, see Section 7; for additional information see Zanger, Theory and Problems of Water 

Percolation and, USCE, Soil Mechanics Design, Seepage Control (Bibliography). 

Section 3. SEEPAGE CONTROL BY CUTOFF 

1. METHODS. Procedures for seepage control include cutoff for decreasing seepage quantity or reducing 
exit gradients, and drainage or relief structures that increase flow quantity but reduce pore pressures or 

cause drawdown in critical areas. See Table 8-1 for methods of creating partial or complete cutoff. 

2. SHEET PILING. A driven line of interlocking steel sheeting may be utilized for cutoff as a construc- 
tion expedient or as a part of the completed structure. 

a. Applicability. The following considerations govern the use of sheet piling: 
(1) Sheeting is particularly suitable in coarse-grained material with maximum sizes less than 

about 6 in. or in stratified subsoils with alternating fine grained and pervious layers where horizontal per- 

meability greatly exceeds vertical. 

(2) To be effective, sheeting must be carefully driven with interlocks intact. Boulders or buried 

obstructions are almost certain to damage sheeting and break interlock connections. Its watertightness 

cannot be assumed if obstructions are present. 

(3) Loss of head across a straight wall of intact sheeting depends on its watertightness relative 

to the permeability of surrounding soil. In homogeneous fine grained soil, head loss created by sheeting 

may be insignificant. In pervious sand and gravel, head loss may be substantial depending on the extent 

to which the flow path is lengthened by sheeting. In this case, the quantity of water passing through 

intact interlocks may be as much as 0.1 g.p.m. per ft. of wall length for each 10 ft differential in head 

across sheeting, unless special measures are taken to seal interlocks. 

b. Penetration Required. Seepage into an excavation beneath sheeting driven for partial cutoff may 

produce piping in dense sands or heave in loose sands. Piping occurs if the seepage exit gradient at sub- 

grade equals about one. Heave occurs if the uplift force at the sheeting toe exceeds the submerged weight 

of the overlying soil column. To prevent piping or heave of an excavation carried below ground water, 

sheeting must penetrate a sufficient depth below subgrade or supplementary drainage will be required at 

subgrade. See Figure 8-2 for sheeting penetration required for various safety factors against heave or 

piping in isotropic sands. For homogeneous but anisotropic sands, reduce the horizontal cross-section 

dimensions by the transformation factor of Figure 8-1 to obtain the equivalent cross section for isotropic 

conditions. See Figure 8-3 for sheeting penetration required in layered subsoils. For clean sand, exit 

gradients between 0.5 and 0.75 will cause unstable conditions for men and equipment operating on the sub- 

grade. To avoid this, provide sheeting penetration for a safety factor of 1.5 to 2 against piping or heave. 

c. Supplementary Measures. If it is uneconomical or impractical to provide required sheeting penetra- 

tion, the seepage exit gradients may be reduced as follows: 

(1) For homogeneous materials or soils whose permeability decreases with depth, place wellpoints, 

pumping wells, or sumps within the excavation. Wellpoints and pumping wells outside the excavation are 

as effective in some cases and do not interfere with bracing or excavation. 

(2) For materials whose permeability increases with depth, ordinary relief wells with collector 
pipes at subgrade may suffice. 

(3) Drainage within an excavation is essential to prevent disturbance of subgrade if it consists of 
silty fine sand, silt, or varved-sand-silt-clay. 

(4) A pervious berm placed against the sheeting, or a filter blanket at subgrade, will provide 
weight to balance uplift pressures. Material placed directly on the subgrade should meet filter criteria of 

Section 5. 
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LOOSE SAND FACTOR OF SAFETY AGAINST 
DENSE SAND HEAVING IN LOOSE SAND OR 
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SHEETING 
€ 

COARSE SAND UNDERLYING FINE SAND 

PRESENCE OF COARSE LAYER WAKES FLOW IN FINE MATERIAL 

MORE NEARLY VERTICAL AND GENERALLY INCREASES 

SEEPAGE GRADIENTS IN THE FINE LAYER COMPARED TO 

THE HOMOGENEOUS CROSS-SECTION OF FIG. 8-2. 

IF TOP OF COARSE LAYER IS AT A DEPTH BELOW SHEETING 

TIPS GREATER THAN WIDTH OF EXCAVATION, SAFETY 

FACTORS OF FIG. 8-2 FOR (MFINITE DEPTH APPLY. 

IF TOP OF COARSE LAYER 1S AT A DEPTH BELOW SHEETING 

TIPS LESS THAN WIDTH OF EXCAVATION, THE UPLIFT 

PRESSURES ARE GREATER THAN FOR THE HOMOGENEOUS 

CROSS-SECTION. IF PERMEABILITY OF COARSE LAYER IS 

MORE THAN TEN TIMES THAT OF FINE LAYER, FAILURE 

HEAD (H,) = THICKNESS OF FINE LAYER (H>). 

FINE SAND UNDERLYING COARSE SAND 

PRESENCE OF FINE LAYER COWSTRICTS FLOW BENEATH 

SHEETING AWD GENERALLY DECREASES SEEPAGE GRADIENTS 

IN THE COARSE LAYER. 

IF TOP OF FINE LAYER LIES BELOW SHEETING TIPS, 

SAFETY FACTORS ARE INTERMEDIATE BETWEEN THOSE FOR 

AN IMPERMEABLE BOUNDARY AT TOP.OR BOTTOM OF THE 

FINE LAVER IW FIG. 8-2. 

IF TOP OF THE FINE LAYER LIES ABOVE SHEETING TIPS 

THE SAFETY FACTORS OF FIG. 8-2 ARE SOMEWHAT 

CONSERVATIVE FOR PENETRATION REQUIRED. 

FINE LAYER IN HOWOGENEOUS SAND STRATUM 

1F THE TOP OF FINE LAYER IS AT A DEPTH GREATER THAN 

WIOTH OF EXCAVATION BELOW SHEETING TIPS, SAFETY 

FACTORS OF FIG. 8-2 APPLY, ASSUMING IMPERVIOUS 

BASE AT TOP OF FINE LAYER. 

IF TOP OF FINE LAYER IS AT A DEPTH LESS THAN WIDTH 

OF EXCAVATION BELOW SHEETING TIPS, PRESSURE RELIEF 

1S REQUIRED SO THAT UNBALAWCED HEAD BELOW FINE 

LAYER DOES WOT EXCEED HEIGHT OF SOIL ABOVE BASE OF 

LAYER. 

IF FIWE LAYER LIES ABOVE SUBGRADE OF EXCAVATION, 

FINAL CONDITION IS SAFER THAN HOMOGENEOUS CASE, 

BUT DANGEROUS CONDITION WAY ARISE DURING 

EXCAVATION ABOVE THE FINE LAYER AND PRESSURE 
RELIEF tS REQUIRED AS IN * PR ; 

IMPERY IOUS Qu $s THE ECEDING CASE 

FIGURE 8-3 
Penetration of Sheeting Required to Prevent Piping in Stratified Sand 
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(5) An outside open water source may be blanketed with fines or bentonite dumped through water 
or placed as a slurry. (See Table 8-2.) 

(6) Evaluate the effectiveness of these measures by flow net analysis. 

3. GROUTED CUTOFF. For grouting methods and materials see Chapter 15. Complete grouted cutoff 

frequently is difficult and costly to attain. Success of grouting requires careful evaluation of pervious 

strata for selection of appropriate grout mix and procedures. These techniques, in combination with other 

cutoff or drainage methods, are particularly useful as a construction expedient to control local seepage. 

4. IMPERVIOUS SOIL BARRIERS. Backfilling of cutoff trenches with selected impervious material and 
placing impervious fills for embankment cores are routine procedures for earth dams. 

a. Compacted Fill. Properly constructed, these sections permit negligible seepage compared to the 

flow through foundations or abutments. Pervious layers or lenses in the compacted cutoff must be avoided 

by blending of borrow materials and scarifying to bond successive lifts. The impervious core of an embank- 

ment may be cracked by settlement or earthquake movements. Provide a chimney drain downstream of a 

core where core cracking is a possibility. 

b. Special Methods. Impervious soil barriers formed in situ include: 

(1) Overlapping mixed-in-place piles of Cement and natural soil to form a cofferdam with some 
shear resistance surrounding an excavation. 

(2) Concurrent excavation of a straight sided trench and backfilling with a slurry of clay mixed 

with natural soil. In certain cases tremie concrete may be placed, working upward from the base of a 

slurry-filled trench, to form a permanent peripheral wall. 

Section 4. RESERVOIR IMPERMEABILIZATION 

1. METHODS. Blanketing or lining of open water sources include methods to be used where wave action 
is insignificant, shown in Table 8-2, and protective linings that resist wave action, shown in fable 9-5. 

2. EARTH LININGS. Where wave action is unimportant, compacted earth linings generally are suitable. 
Earth linings ordinarily are 2 to 4 ft thick on reservoir bottoms or sides below operating water levels. Per- 

meability of thin earth blankets should be no greater than about 2x10°° fpm. Permeability may be 

decreased by mixing a chemical dispersant with clayey materials for the blanket. 

Section 5. SHALLOW DRAINAGE AND PRESSURE RELIEF 

1. METHODS. Control of surface infiltration, drawdown of ground water to shallow depths, or relief or 
uplift pressures on slabs or walls are accomplished by drainage blankets or drainage trenches, or both in 

combination. 

2. SHALLOW DRAINAGE BLANKET. See Figure 8-4 for typical installations. 

a. Permeability. See Figure 8-5 for typical permeability coefficient for clean, coarse grained drain- 

age material and the effect of various percentages of fines on permeability. Mixtures of about equal parts 

gravel with medium to coarse sand have a permeability of 1 fpm. Single sized, clean gravel has a perme- 

ability exceeding 50 fpm. For approximate relationship of permeability versus effective grain size D, 9, 

see Figure 3-2. 
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Applicability and Procedures 

Buried plastic liner. 

Bentonite seal..... 

Thin compacted soil 

lining with chemical 
dispersant 

Application of chem- 

icals to increase ad- 

sorbed water capac- 

ity of clayey soils. 

Reservoir linings 
combining imperme- 
ability with slope 

protection. 

TABLE 8-2 
Impermeable Reservoir Linings 

Impervious liner formed of black colored polyvinyl chloride plastic film. Prepare surface for 

placement by raking to remove sharp stones. Where foundation is rough or rocky, place a 

layer 2 to 4 in. thick of fine grained soil beneath liner. Seal liner sections by bonding with 

plastic solvent with 6-in. overlap at joints. Protect liner by 6-in. cover of fine grained soil. 

On slopes add a G-in. layer of gravel and cobbles 3/4 to 3 in. in size. Anchor liner in a 

trench at top of slope. 

Bentonite is mixed with soil in a thin compacted lining, or placed beneath a protective soil 

cover, or placed under water to seal leaks that have been detected after reservoir filling. 

For placing dry, use 1 lb of bentonite for each square foot of lined area. For placing under 

water, bentonite may be poured as a powder or mixed as a slurry and flowed into the reser 

voir. Use at least 0.8 lb of bentonite for each square foot of area, with greater concentra- 

tion at location of suspected leaks. For sealing silty or sandy soils, bentonite should have 

no more than 10 percent larger than 0.05 mm; for gravelly and rocky materials, bentonite can 

have as much as 40 percent larger than 0.05 mm. For sealing channels with flowing wateror 

large leaks, use mixture of 1/3 each of sodium bentonite, calcium bentonite, and sawdust. 

Dispersant is utilized to minimize thickness of earth lining required by decreasing permeabil- 

ity of the lining. Used where wave action is not liable to erode the lining. Dispersant, 
such as sodium tetraphosphate, is spread on 6-in. lift of clayey silt or clayey sand. Typical 
rate of application is 0.05 lb psf. Chemical and soil are mixed with mechanical mixer and 
compacted by sheepsfoot roller. Using a suitable dispersant, the thickness of compacted 
lining may be reduced to about 1 ft, the permeability of the compacted soil may be reduced 

to 1/10 of its original value. 

In calcium clays the water-holding capacity of the clay lattice may be increased by percolat- 
ing salt water through it, resulting in expansion of the clay mineral lattice and decrease in 
permeability. Addition of chemicals such as resinous polymers to percolating water in- 
creases the adsorbed water on clay particles in soil surrounding the leak, causing swell and 

decreasing permeability. 
Linings formed of materials that provide strength and rigidity to resist wave action and 
tractive forces. These include separated or articulated concrete slabs, monolithic concrete 

paving, pressure applied concrete lining, asphaltic paving, asphalt panels, steel plate, and 
thick compacted soil lining. See Table 9-5 for details of materials and methods. Selection 

of type depends on economy and severity of erosive forces. Frequently, a layer of drainage 

or filter material is required beneath these linings to control seepage outward through the 

embankment at breaks in the lining. 

b. Drainage Capacity. Estimate the quantity of water which can be transmitted by a drainage blanket 

by Eq. 8-1: 

where: q = quantity of flow 

K = permeability coefficient 

i 

A 

average gradient in flow direction 

cross section area of blanket 

The gradient is limited by uplift pressures that may be tolerated at the point farthest from the outlet of the 

drainage blanket. Increase gradients and flow capacity of the blanket by providing drain pipe within the 

blanket. 

(1) Pressure Relief. See bottom panel of Figure 8-6 for combinations of drain pipe spacing, drain- 

age course thickness, and permeability required for control of flow upward from an underlying aquifer under 
a vertical gradient of 0.4. 

(2) Rate of Drainage. See the top panel of Figure 8-6 for time rate of drainage of water from a sat- 

urated base course beneath a pavement. Effective porosity is the volume of drainable water in a unit vol- 

ume of soil. It ranges from 25 percent for a uniform material such as medium to coarse, sand, to 15 percent 

for a broadly graded sand-gravel mixture. 
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FIGURE 8-4 
Filter Requirements for Drainage Structures 
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FIGURE 8-5 
Permeability and Capillarity of Drainage Materials 
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FIGURE 8-6 
Analysis of Drainage Layer Performance 
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3. .INTERCEPTING DRAINS. These drains consist of shallow trenches with collector pipes surrounded 
by drainage material, placed to intercept seepage moving horizontally in an upper pervious stratum, or to 

collect surface runoff and rainfall without ponding. 

a. Control of Shallow Seepage. To design proper control drains, determine the drawdown and flow to 

drains by flow net analysis. 

b. Control of Infiltration. See Figure 8-7 for requirements of intercepting drains placed to collect 
infiltration from rainfall without ponding. If sufficient capacity cannot be provided in trenches, add sur- 

face drainage facilities to prevent ponding. 

4. PROTECTIVE FILTERS. See Figure 8-8 for protective filter design criteria. The use of filters in 
drainage structures is illustrated in Figure 8-4. Except for special cases, such as an underfloor drain 

beneath a floor and above a pressure slab, filter ee as apply to all permanent drainage structures 

in contact with soil, including wells. 

a. Stability Requirements. The coarseness of a filter placed against a base is limited by the require- 

ment for preventing intrusion of base fines into the filter. Concrete sand (ASTM C33) suffices as a filter 

against the majority of fine grained soils or silty and clayey sands. For nonplastic silt, varved silt, or 

clay with sand or silt lenses, use asphalt sand (ASTM D1073). To provide sufficient permeability to con- 

vey the seepage collected within the drainage course, several drainage layers of increasing coarseness 

and permeability may be required. Each layer must meet filter requirements with respect to the outer 

material. 

b. Pipe Protection. Except for special cases such as underfloor drains, which have positive protec- 

tion against the movement of soil, the drain pipe for collection of seepage should be perforated with 

closed joints. Discharge sections are not perforated and are laid with closed joints. Circular perforations 

generally should not be larger than 1/4 in. The Dg. size of filter material shall be equal to or larger than 
the perforations as required in Figure 8-8. The larger values of the ratios apply to the average size of 

perforations. The smaller values apply to specially formed perforations where close control is exercised 

over hole size. 

Section 6. DRAINAGE AT INTERMEDIATE DEPTHS 

1. METHODS. Excavation below ground water in soils having a permeability greater than 1x107> fpm 

generally require drainage to permit construction in the dry. For materials with a permeability between 

1x1073 and 1x10°> fpm, the amount of seepage may be small but drawdown of piezometric levels may still 

be necessary to stabilize slopes or to prevent softening of subgrades. Drawdown for intermediate depths 

is normally accomplished by wellpoint systems, sheeted sumps, or in special cases, by electro-osmosis. 

a. Construction Controls. For important construction dewatering, install piezometers below the base 

of excavations and behind slopes or cofferdams to check on the performance and adequacy of drainage 

system. 

b. Settlement Effects. Where drainage will decrease pore water pressures in permeable strata adja- 
cent to compressible soils, settlement may result. The effect of drainage on settlement of adjacent areas 

should be evaluated by methods of Chapter 6. 

2. WELLPOINT SYSTEMS. Wellpoints consist of 1-1/2- or 2-in. diameter 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 centrifugal pumps. 
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Rate of Seepage Into Drainage Trench 
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FIGURE 8-8 
Design Criteria for Protective Filters 
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a. Applicability. Pumping methods for gravity drainage generally are not effective in materials of 
which more than 25 percent is smaller than 0.05 mm. In varved or laminated 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 mm. Compressible, fine grained materials are drained by provid- 

ing a vacuum seal at the ground surface around the wellpoint, utilizing atmospheric pressure as a consol- 

idating force. 

b. Capacity. Wellpoints ordinarily produce a drawdown between 15 and 18 ft below the center of the 
header. For greater drawdown, install wellpoints in successive tiers as excavation proceeds. Discharge 

capacity is generally 15 to 30 gpm per point. Points are spaced between 3 and 10 ft apart. In finely 

stratified or varved materials, use minimum spacing of points and increase their effectiveness by sanding 

an annular space surrounding the wellpoint. 

c. Analysis. Wellpoint spacing usually is so close that the seepage pattern is essentially two 

dimensional. Analyze total flow and drawdown by flow net procedure. (See Section 2). For fine sands 

and coarser materials the quantity of water to be removed controls wellpoint layout. For silty soils, the 

quantity pumped is relatively small and the number and spacing of wellpoints will be influenced by the 

time available to accomplish the necessary drawdown. 

3. SHEETED SUMPS. For construction convenience or to handle a large flow in pervious soils, sumps 

are excavated with soldier beam and horizontal wood lagging. Collected seepage is removed with centri- 

fugal pumps placed within the sump. Analyze drawdown and flow quantities by approximating the sump 

with an equivalent circular well of large diameter. 

4. ELECTRO-OSMOSIS. This is a specialized procedure utilized in silts and clays that are too fine 
grained to be effectively drained by gravity methods. See Chapter 15 for applications. 

Section 7. DEEP DRAINAGE 

1. METHODS. Deep drainage methods include deep pumping wells, relief wells, and deep-sheeted sumps. 
These are appropriate when excavation exceeds a depth that can be dewatered efficiently by wellpoint sys- 

tems alone and when the principal source of seepage is from lower permeable strata. 

2. PUMPING WELLS. These wells are formed by drilling a hole of sufficient diameter to accommodate a 
pipe column and filter, installing a well casing, and placing filter material in the annular space surrounding 

the casing. See Figure 8-4 for typical cross-section. Pumps may be either the turbine type with motor at 

the surface and pipe column with pump bowls hung inside the well, or submersible pump placed within the 

well. 

a. Applications. Deep pumping wells are used if dewatering installations must be kept outside the 

excavation area, if large quantities will be pumped for the full construction period, and if pumping must 

commence before excavation to obtain the necessary time for drawdown. See Figure 8-9 for analysis of 

drawdown and pumping quantities for single wells or a group of wells in a circular pattern. 

b. Special Methods. Ejector or eductor pumps may be utilized within wellpoints for lifts up to about 60 
ft. The ejector or eductor pump is a nozzle arrangement at the bottom of two small diameter riser pipes 

placed in awellpoint. High vacuum is created by flow through the tapered constriction. The method is 

useful if it is inconvenient or impossible to install a multistage wellpoint system and if the large pumping 

capacity of deep wells is not required. 

3. RELIEF WELLS. These wells are used to bleed water from underlying strata containing artesian pres- 
sures to reduce uplift forces at a critical location. Relief wells may be tapped below ground by a collector 

system to reduce back pressures acting in the well. 
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FIGURE 8-9 
Ground Water Lowering by Pumping Wells 
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a. Applications. Relief wells are useful as a construction expedient when excavation approaches an 

artesian layer difficult to reach with wellpoints. A horizontal drainage course may be inadequate for pres- 

sure relief of deep foundations underlain by varved'or stratified soils or soils whose permeability increases 

with depth below the foundation. For these materials, relieve high pressures at shallow depths below the 

drainage course by sand drains connected to the drainage course. 

b. Analysis. See Figure 8-10 for analysis of drawdown produced by line of relief wells inboard of a 
long dike. To reduce uplift pressures h,, midway between the wells to safe values, vary the well diameter, 

spacing, and penetration to obtain the best combination. 
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Drainage of Artesian Layer by Line of Relief Wells 
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Sake eld: 9. COMPACTED EMBANKMENTS, COMPACTION PROCEDURES, 

AND HYDRAULIC FILLS 

Section 1. INTRODUCTION 

SCOPE. This chapter concerns design and construction of compacted embankments and performance of 
Ni materials. Compaction requirements are given for various purposes with typical equipment utilized. 

Earthwork control procedures and analysis of control test data are discussed. 
= 

2. RELATED CRITERIA. For additional criteria concerned with compaction and earthwork operations, 

consult the following sources: 

Subject Source 

See PLOUTLOLsaITield DAVEMENCS «+ Me eh. ce oie - eke ee 6 ae che = Fs Sine oH Bh Ge Bs NAVFAC DM-21 
MPPEIEMORUIOLMICUWAY PAVEMENtS  « ..s oie ete sis 7 oe le es ee Gee sk ee 8 ee ot mee NAVFAC DM-5 

REET OMe CONVEYING TI CTO Ale i Dee oa eg eae da cia ala 6 bem te Yuin sls Sever NAVDOCKS DM-38 

PEIN GOCE Cs oe, OR rts ee as 3s. an se ase oe eRe Gry: ew tele + faye ee TS NAVFAC DM-26 
SIBUOUICOEOL PLAGEd SULLACES widi cme em ie 6c Men elo ae ao sue) fhe lo re 0 es aeeenlge NAVFAC DM-5 

eieeron OLriverpank Of shoreline! SlOpesieg).t-1<\ ss tts 0 +s «sen so sie 2 8 ae we oh ely o NAVFAC DM-26 

3. APPLICATIONS. The principal uses of compacted fill include support of structures or pavements, 
embankments for water retention or for lining reservoirs and canals, and backfill surrounding structures or 

buried utilities. 

Section 2. EMBANKMENT CROSS-SECTION DESIGN 

1. INFLUENCE OF MATERIAL TYPE. See Table 9-1 for typical properties of compacted materials for 
use in preliminary analysis only. For final analysis perform enough tests to determine structural proper- 

ties of the specific material. | 

a. Utilization. Practically any inorganic soil may be incorporated in an embankment when modern 

compaction equipment and control standards are employed. Optimum design makes the most economical 

use of available borrow. 

b. Difficulties. The following soil characteristics or in situ conditions, interfere with economical 
utilization: 

(1) Fine grained soils may have insufficient shear strength or excessive compressibility. 

(2) Clays of medium to high plasticity may expand if placed under low applied pressures. 

(3) Plastic soils with high natural moisture are difficult to process to proper moisture for 

compaction. 

’ (4) Natural stratification may necessitate extensive mixing of borrow. 

2. EMBANKMENTS ON STABLE FOUNDATION. The side slopes of fills not subjected to seepage 
forces ordinarily vary between 1 vertical to 1-1/2 horizontal and 1 to 1-3/4. Where outer sections are rock 

fill, slopes approach angle of repose, ranging between about 1 to 1 and 1-1/3. Details of slope profile 
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and arrangement of berms are governed by requirements for erosion control. For fills supporting pavement, 
place coarsest soils at embankment top. 

3. EMBANKMENTS ON SOFT FOUNDATIONS. Weak cohesive foundation soils may require partial or 
complete removal or flattening of embankment slopes. Analyze cross-section stability by methods of 

Chapter 7. See Chapter 6 for procedures for decreasing foundation settlement or accelerating foundation 

consolidation. See Chapter 15 for stabilization by densification or injection. 

4. EMBANKMENT SETTLEMENT. Crest settlement is derived from three sources; foundation consolida- 

tion, embankment consolidation from dissipation of construction pore pressures, and secondary compression 

and shear strain in embankment after its completion. 

a. Foundation Consolidation. Determine consolidation magnitude and time rate for saturated, fine- 
grained strata by methods of Chapter 6. 

b. Loess Foundations. Unsaturated loessial silt or fine sand may settle excessively from saturation 
by seepage. Potential settlement depends on natural moisture and unit weight. The following table gives 

the lowest stable dry unit weight of silty loess at various natural moisture contents. 

; Dry unit weight 
Natural moisture y B 

(pcf) 
7% Dry of optimum...... 95 

AGoptimum ste te. 86 
7% Wet of optimum...... 75 

c. Embankment Consolidation. Construction pore pressures may develop in fills exceeding about 80 
ft in height or for lower heights of plastic materials placed wet of optimum moisture. Dissipation of con- 

struction pore pressures after embankment completion will cause continuing settlement. Compute maxi- 

mum construction pore pressures by formula of Table 7-3, Panel (2). 

d. Secondary Compression. Provide longitudinal camber of crest as parabolic curve with maximum 
ordinate at maximum section, equal to 1.5 times expected postconstruction settlement. For well-compacted 

embankment with crest width less than one-fifth of embankment heights, secondary compression and shear 

strain in embankment cause crest settlement after embankment completion. This amounts to between 0.1 

and 0.2 percent of fill height in three to four years and from 0.3 to 0.6 percent in 15 to 20 years. The 

larger values are for fine grained plastic soils. Settlements similar to the maximum values occur in wetted 

cock fill spread in layers. Settlements similar to the minimum values occur at the centerline of embank- 

ments whose crest width is greater than one-fifth of the height. 

>» EARTH DAM EMBANKMENTS. Evaluate stability at three critical stages; the end of construction, 
steady state seepage, and rapid drawdown. See Table 7-3 for pore pressure distribution at these stages. 

Requirements for seepage cutoff and stability dictate design of cross section and utilization of borrow 

naterials. 

a. Seepage Control. Place least pervious, fine grained soils in central zone and coarsest, most 

stable material in shells. 

(1) Cutoff Trench. Consider the practicability of a positive cutoff trench beneath the embank- 

ment extending to impervious strata. 
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(2) Intercepting Seepage. For properly constructed zoned earth dam, there is little danger from 

seepage through the embankment. Drainage design generally is dictated by necessity for intercepting 

seepage through foundation or abutments. 

(3) Homogeneous Fills. Downstream seepage conditions are more critical for homogeneous fills. 

See Chapter 8 for drainage and filter requirements. 

b. Piping and Cracking. The greatest danger to low earth dams may be the threat of cracking and 

piping. See Table 9-2 for classification of materials according to resistance to piping or cracking. Com- 

pact the materials in lowest resistance categories to high densities with moisture content at or above 

optimum. Provide zoning and drainage so that seepage will not break out on downstream slope. Place 

internal drainage layer immediately downstream of core to control seepage from possible cracking if foun- 

dation settlements are expected to be high. 

Section 3. COMPACTION REQUIREMENTS AND PROCEDURES 

1. COMPACTION REQUIREMENTS. 

a. Summary. See Table 9-3 for a summary of compaction requirements of fills for various purposes. 

Modify details to meet conditions and materials of specific projects. 

b. Specification Provisions. Specify either the method of compaction or the desired compaction 

result. In any case, state maximum tolerable lift thickness. Where a test section has been completed or 

where equipment performance on a material is known, specify compaction method and provide for plus or 

minus unit price for change in number of coverages that proves to be necessary to achteve desired density. 

When alteration of unit price is to be avoided, specify minimum compactive effort to achieve disired den- 

sity and require contractor to increase coverages as necessary to reach desired sensity. Otherwise state 

required density, moisture limits, and lift thickness, allowing the contractor some selection in compaction 

methods. 

2. COMPACTION METHODS. See Table 9-4 for summary of compaction equipment with typical sizes and 
weights used. Details given are an approximate guide for equipment selection. For specific materials, 

verify the performance of equipment by test sections or vary coverages as necessary during construction. 

3. INFLUENCE OF MATERIAL TYPE. See Table 9-4 for applicability of material type. 

a. Soils Insensitive to Compaction Moisture. Coarse grained, cohesionless soils with less than 4 per- 
cent passing No. 200 sieve for well-graded soils, or with less than 8 percent for uniform gradation, are 

insensitive to compaction moisture. These soils have a permeability greater than about 2x10" fpm. Place 

these materials at the highest practical moisture content, preferably saturated. Compaction by vibratory 

methods generally is the most effective procedure. In these materials 70 to 75 percent relative density is 

obtained by proper compaction methods. If 70 to 75 percent relative density is substantially higher than 

standard Proctor maximum density, use relative density test for control. See Table 3-3 for test procedure. 

b. Soils Sensitive to Compaction Moisture. For ordinary mass earthwork with fine grained or dirty, 
coarse grained soils, use standard Proctor test, ASTM D698, for control. Apply modified Proctor test for 

compaction of airfield pavement base course and subgrade only. 

c. Effect of Oversize. Where materials with sizes up to 6 in. maximum are used, the large sizes will 

interfere with compaction of soil smaller than No. 4 sieve or 3/4 in. (fractions which are used in the den- 

sity test). For mass earthwork, a reduction in densities of the fraction smaller than No. 4 sieve or 3/4 in. 
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TABLE 9-2 
Resistance of Earth Dam Embankment Materials to Piping and Cracking 

CLEAR aig xt Se 4 US STANDARD SIEVE NUMBERS 
don 3 22 ws 

HYDROMETER ANALYSIS 
ee 16 re 50 70 100 200 

os 

PIPING 
| |RESISTANCE © a a aie 

ete Aamiatee 
TYPICAL GRADATION FOR 

ING PIPING RESISTANCE @) 
| 

q Pa 

Ht bed eT tL Le 
oy N | |Z Zi Sovuinenasce To 

IRGC CANT Re 
HERS PELE EES Sec SCE ee 
pe I Rg 

7 (UBBEES COU EE See 

ALN 
PIPING 

RESISTANCE 

PERCENT FINER BY WEIGHT 

18°64 53" 2 SlehGE Chey 2 OMLBHG 4553 2 ee OO! 
GRAIN SIZE MILLIMETERS 

| COARSE | FINE | COARSE | 

Con’ 

100" 8 64°35 2 

( 
| MEDIUM | | FINE | 

COBBLES GRAVEL SAND SILT OR CLAY (PLASTIC OR NON-PLASTIC) 

resistance: 

@ 
Pipin {ae CL and CH with PI > 15, well 

graded SC with PI > 15. 

CL and ML with PI < 15, well 

graded SC and GC with 

SPS 7 

; @ 

SP and uniform SM and ML 

with PI <7. 

Cracking resistance: 

CH with D, <0.02mm and 

PI>120: 

GC, SC, SM, SP with 
D5o > 0.15mm. 

CL, ML and SM with PI < 20, 

0.15 mm > Dy > 0.02 mm. 

ait 

Greatest resistance to piping, small and medium con- 

centrated leaks will heal themselves. Embankment may 

fail as a result of slowly progressive piping caused by 

leak of about 1/2 cfs. 

Intermediate resistance to piping. Safely resists satura- 

tion of lower portion of downstream slope indefinitely. 

May fail eventually as a result of erosion caused by a 

small concentrated leak or by progressive sloughing. 
a large leak develops, piping causes failure in a short 

time. 

If 

Least resistance to piping. Usually fails in a few years 

after first reservoir filling if seepage is able to break 

out on downstream slope. Small concentrated leak on 

downstream slope can cause failure in a short period of 

time. High density from compaction increases resist- 

ance significantly. 

High postconstruction settlement, particularly if com- 

pacted dry. Has sufficient deformability to undergo 

large shear strains from differential settlement without 

cracking. 

Small postconstruction settlement. Little chance for 

cracking unless poorly compacted and large settlement 

is imposed on embankment by consolidation of the 

foundation. 

Medium to high postconstruction settlement and vulnera- 

ble to cracking. Should be compacted as wet as possi- 

ble consistent with strength requirements. 
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equal to several percent of maximum density, usually is tolerable where a large proportion of gravel and 

cobbles is present. 

Section 4. EMBANKMENT COMPACTION CONTROL 

1. REQUIREMENTS FOR CONTROL TESTS. Perform field density tests plus sufficient laboratory 
moisture-density tests to evaluate compaction achieved. For high embankments involving seepage, settle- 

ment, or stability, perform periodic tests of structural properties on density test samples. See Chapter 4 

for field density test procedures. For laboratory test procedures, see Chapter 3. 

a. Number of Field Density Tests. Schedule the following number of tests: 
(1) One for every 2,000 cu yd of material placed for mass earthwork. 

(2) One for every 1,000 cu yd of material in relatively thin sections for canal or reservoir lining. 

(3) One for every 200 to 500 cu yd of backfill in trenches or surrounding structures, depending 

upon total quantity of material involved. 

(4) At least one test for every full shift of compaction operations on mass earthwork. 

(5) One test whenever there is a definite suspicion of the quality of moisture control or effective- 

ness of compaction. 

b. Number of Laboratory Compaction Tests. Prior to important earthwork operations, obtain a family 

of compaction curves representing typical materials. Ideally, this family forms a group of parallel curves 
and each field density test would correspond to a specific compaction curve. 

(1) Supplementary Tests. Obtain supplementary compaction curves on field density test samples, 

approximately one for every 10 or 20 field tests, depending on the variability of materials. 

(2) Alternative Tests. As an alternative, apply a rapid compaction control test to each field den- 

sity sample to determine deviation of field density from laboratory maximum. Use USBR, Earth Manual, 

Method E-25. 

2. ANALYSIS OF CONTROL TEST DATA. Compare each field determination of moisture and density 
with appropriate compaction curve to evaluate conformance with requirements. 

a. Statistical Study. Overall analysis of control test data will reveal general trends in compaction 

and necessity for altering methods. Inevitably, a certain number of field determinations will fall below 

specified density or outside specified moisture range. Tabulate field tests, noting the percentage differ- 

ence between field density and laboratory maximum density and between field moisture and optimum. 

b. Moisture Control. Close moisture control is evidenced if two-thirds of all field values fall ina 

range +1 percent about median moisture content specified. Erratic moisture control is evidenced if only 

two-thirds of all field values fall in a range +2 or 3 percent about median moisture content specified. To 

improve moisture control, irrigate or drain borrow area well in advance of excavation, bypass overly wet 

borrow material, blend materials from wet and dry sections of borrow area. 

c. Compactive Effort. Suitable compaction methods are being utilized if two-thirds of all field densi- 
ties fall in a range of +2 or 3 percent about the percent maximum density required. Insufficient or erratic 

compaction is evidenced if only two-thirds of all field values fall in a range of +4 or 5 percent about the 

percent maximum density required. To improve compaction, consider methods for more uniform moisture 

control, alter the number of coverages or weights or pressures of compaction equipment. 
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Section 5. BORROW EXCAVATION 

1. EXCAVATION METHODS. See Abbett, American Civil Engineering Practice, Vol. 1 for information on 

excavation equipment suitable for various purposes and materials. 

a. Blasting. Determine necessity for blasting by test borings carried to lowest level of proposed 

excavation. 

b. Preparation by Ripping. Certain hard and rocky soils may be prepared for excavation by surface 

scarification with rock rake or ripper without blasting. Evaluate rippability by shallow seismic investiga- 

tion using sledge hammer blows for impulse. 

2. UTILIZATION OF EXCAVATED MATERIALS. For maximum economy in earthwork operations, utilize 

for the fill all inorganic materials from required excavation. 

a. Borrow Volume. Determine excavation required for compacted fill by Equation 9-1: 

Total borrow Dry unit weight of fill (9-1) 

volume required Dry unit weight of borrow 

x (Fill volume required) 

Weight lost in stripping, waste, 

+] oversize, or transportation 

Dry unit weight of borrow 

(1) Volume Increased. Fill volume required should be increased by the compression that will be 

experienced under final load. This value may be 1 to 2 percent of nominal volume. See Table 9-1 for 

typical compression values. 

(2) Exclusions. For earth dam embankments, sized larger than 6 in. generally are excluded from 

central zones, but may be placed on the shells. For highway, airfield, or structural fills, sizes Yarger than 

6 to 10 in. generally are excluded from soil fill that must be thoroughly compacted but may be used on outer 

slopes. 

b. Rock Fill. For precise determination of swell factor for rock, perform blasting test to evaluate 
breakdown of sizes and place these materials in a small test section to determine fill volume. 

(1) Maximum Expansion. Maximum expansion from in situ conditions to fill occurs in dense, hard 

rock with fine fracture system that breaks in uniform sizes. Unit volume in a quarry may produce 1-1/2 

volumes in fill. 

(2) Minimum Expansion. Minimum expansion occurs in porous, friable rock that breaks into 

broadly graded sizes with numerous spalls and fines. Unit volume in quarry may produce 1.1 volumes in 

fill. 

Section 6. EMBANKMENT SLOPE PROTECTION 

1. METHODS. See Table 9-5 for principal types of protection for upstream slope of earth dams, reser- 

voirs, or canals exposed to ordinary wave action. More elaborate protection may be required for riverbanks 

or shorelines subject to major erosive forces. 

a. Dumped Riprap. This material provides slope protection of widest applicability. See Figure 9-1 
for design criteria. 
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TABLE 9-5 
Slope Protection and Lining for Earth Dams, Reservoirs, and Canals 

Dumped rock riprap 

Hand placed rock 
riprap. 

Separate or articu- 

lated concrete slab. 

Monolithic concrete 

paving. 

Asphaltic paving ... 

Asphalt panels..... 

Steel plate ........ 

Brush mattresses... 

Heavy compacted 

soil lining. 

Thin compacted soil 

lining. 

Applicability 

Most effective method of wave protection 

and wave energy dissipation, resistant to 

frost, reservoir ice, or damage by floating 

debris or embankment settlement. 

Satisfactory wave protection where not ex- 

posed to heavy ice conditions. Vulnera- 

ble to damage when ice and floating de- 

bris gouge individual rocks from place. 

Displacement of single rocks exposes 

bedding material and leads to progressive 

deterioration. 

Performance record as wave protection has 

been poor due to undermining of slabs by 

piping of bedding material through joints. 

Suitable only where wave action is mini- 

mum in small reservoirs or canals. Gran- 

ular bedding layer may be required to 

eliminate frost heave. 

Used for impervious membrane on rock fill 

or gravel dams as well as wave protec- 

tion. Cracking is inevitable, Provide 

drainage blanket beneath slab if seepage 

is to be kept out of embankment. 

Used for impervious membrane on rock fill 

or gravel dams as well as wave protection 
for fine grained embankments. Lower cost 
than concrete or steel. Accommodates 
differential settlement without cracking. 

Vulnerable to damage by debris or ice 
gouging. 

Prefabricated panels of asphalt-impregnated 

fibers used for impervious reservoir lining 

where wave action is minimum. Economi- 

cal in proper application. 

Used for impervious membrane on rock fill 
or gravel dams and occasionally as wave 

protection for fine grained embankments. 

Accommodates differential settlement 

without rupture. High first cost compared 

to other membrane types, requires periodic 

cleaning and painting. 

Utilized on small earth dams for erosion 

control and wave protection. Lowest first 

cost, but usually requires frequent re- 

placement. 

Impervious lining 3 ft wide normal to slope 

for canals or small reservoirs. Costs 
roughly one-quarter of unreinforced con- 

crete lining. Especially suited for loca- 

tions with expansive clays that may 
rupture thin concrete lining. 

Impervious lining 6 to 12 in. thick, for ca- 

nals or small reservoirs. Usually requires 

gravel cover for erosion protection. Unit 

costs relatively high compared to thick 

soil lining. 
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Characteristics and requirements 

See Figure 9-1 for design criteria. May not 

be economical where rock source is dis- 

tant. 

Preferably uniform size stones of square 
shape laid with minimum openings, 

chinked with spalls where necessary. 

Thickness of layer about two-thirds that 

for dumped rock riprap but not less than 

12 in. Where rock source is at great dis- 

tance it may be cheaper than dumped 

riprap. 

Slab thicknesses range from 6 in. minimum 
to 8 in. for 50 fe dam; with maximum of 

12 in. Reinforcement area is 0.3 to 0.5 
percent of concrete area, both ways. High 

density, low slump, air-entrained con- 

crete. Seal joints with durable fillers and 

grout or seal cracks promptly. 

Slab thickness generally 1 percent of water 

head but not less than 8 in. for impervious 

membrane. Reinforcing area is 0.5 per- 

cent vertically, 0.7 percent horizontally of 

concrete area. Steel continuous across 

construction joints. High density, low 

slump, air-entrained concrete. 

Variety of mixes utilized. Hot mix asphalt 
is typical, 8 percent asphalt by weight in 

aggregate ranging from 11 percent passing 

No. 200 to 1-1/2 in. maximum. Total 
thickness vary from 6 to 12 in. In some 

instances, thin asphalt layers are sepa- 

rated by drainage layer to prevent seepage 

in embankment. 

Panels about 1/2 in. thick. Lap joints or 
butt joints with overlay strip painted with 

hot asphalt adhesive. Finish fill surface 

with smooth roller. Anchor panels at top 

of slope with spikes. 

Thickness vary from 1/4 to 1/2 in. Sizes 
depend on handling equipment. Form con- 

traction joints by vertical V-shaped 

troughs at about 25 ft spacing. Drain be- 
neath contraction joints is desirable because 

welds may crack. Carry plate to concrete 

cutoff wall at toe for water-tight contact. 

Saplings 1 to 2 in. diameter, up to 25 ft 

long assembled in bundles 12 to 18 in. 

diameter, tied with wire. Bundles laid on 

slope, butt downhill, and woven together 

with heavy wire or cable anchored to 

deadman in embankment. 

Preferably GW-GC, GC, SC. Placed in G-in. 

lifts, at or above optimum moisture, com- 

pacted to at least 95 percent of “standard 
Proctor” maximum density (ASTM D 698). 

Requirements similar to that for heavy com- 

pacted lining, except that CL or CH are 

utilized and special equipment is needed 

for compaction. 
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GENERAL REQUIREMENTS: MAXIMUM AVERAGE MAXIMUM LAYER 
1. FOR EMBANKMENT SLOPES WAVE HEIGHT ROCK SIZE ROCK SIZE THICKNESS 

BETWEEN 1:2 AND 1:4 FT Dsg IN. POUNDS IN. 
DUMPED RIPRAP SHALL TO 1 8 100 12 
MEET THE FOLLOWING TO 2 10 200 15 
CRITERIA: TO4 12 500 18 

TO 6 15 1500 24 
TO 8 18 2500 30 

8 TO 10 24 4000 36 
. RIPRAP SHALL BE WELL GRADED FROM A MAXIMUM SIZE AT LEAST 1.5 TIMES 

AVERAGE ROCK SIZE,TO 1 IN. SPALLS SUITABLE TO FILL VOIDS BETWEEN ROCKS. 
. RIPRAP BLANKET SHALL EXTEND TO AT LEAST 8 FT BELOW LOWEST LOW WATER. 
. 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, OTHER THAN 
ARGILLACEOUS TYPES, ARE SUITABLE. 

. FILTER SHALL BE PROVIDED BETWEEN MAXIMUM WAVE FILTER Dgs 
RIPRAP AND EMBANKMENT SOILS TO HEIGHT, FT SIZE AT LEAST: 
MEET THE FOLLOWING CRITERIA: 0TO4 1 TO 1T IN. 

4 TO 10 13 TO 2ZIN. 
NO FILTER IS NEEDED IF EMBANKMENT MEETS 

THE ABOVE REQUIREMENTS FOR Dgs SIZE. 
FILTER MAY NOT BE REQUIRED IF EMBANKMENT CONSISTS OF CH OR CL WITH 

LL> 30, RESISTANT TO SURFACE EROSION. IF A FILTER IS USED IN THIS CASE 
IT ORDINARILY MEETS FILTER CRITERIA AGAINST RIPRAP ONLY. 

IF EMBANKMENT CONSISTS OF NONPLASTIC SOILS WHERE SEEPAGE WILL MOVE 
FROM EMBANKMENT AT LOW WATER, 2 FILTER LAYERS MAY BE REQUIRED 
WHICH SHALL MEET FILTER CRITERIA AGAINST BOTH EMBANKMENT AND 
RIPRAP. (EXAMPLE IS SHOWN ABOVE). 

. MINIMUM THICKNESS OF SINGLE LAYER MAXIMUM WAVE FILTER 
FILTERS ARE AS FOLLOWS: HEIGHT, FT THICKNESS, IN. 

0TO4 6 
DOUBLE FILTER LAYERS SHOULD BE AT 4TO8 9 

LEAST 6 IN. THICK. S.POobe 12 

FIGURE 9-1 
Design Criteria for Riprap on Earth Embankments 
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b. Impervious Linings. Certain types of upstream slope protection also constitute impervious linings 

for use on fills of rock or coarse-grained soil to prevent embankment seepage. If an impervious membrane 

is used instead of a-central impervious zone, consider providing a drainage blanket or collectors beneath 

the membrane to control leakage that could result from cracking of the membrane. See Table 8-2 for meth- 

ods of impermeabilizing small reservoirs where wave action is minor. 

Section 7. HYDRAULIC AND UNDERWATER FILLS 

1. TYPES. Hydraulic fills are placed on land or under water by pumping material through a pipeline or 
by water sluicing through a conveyor. Borrow materials generally are obtained by dredging. Underwater 

fills may be placed by hydraulic methods or by dumping dry borrow through water. 

2. CONSTRUCTION METHODS. The choice of construction method depends on the location of the fill. 

a. Requirements for Hydraulic Fill on Land. Wash water should run off in such a manner that fines 
are not concentrated in pockets. This may require advancing the fill from one side or corner of the area, 

attempting to force out any soft fines ahead of the fill as it is placed. To estimate settlement of coarse 

grained hydraulic fill, determine relative density from standard penetration resistance and use correlations 

of Chapter 3. For detailed study, perform consolidation tests on representative samples placed at a void 

ratio equivalent to field condition. For uniform bearing directly below the foundation, recompact a blanket 

of upper materials in the dry. For special requirements for hydraulic fills placed behind walls or bulkheads, 

see Chapter 10. 

b. Requirements for Underwater Fills. For structural fill placed on a dredged bottom in soft material, 
remove fines dispersed in dredging, by a final sweeping operation by suction dredges before placing fill. 

To prevent extremely flat slopes at the edge of a fill, avoid excessive turbulence in dumping fill material. 

Uncontrolled bottom dumping from barges through great depths of water will spread the fill over wide area. 

To confine the fill, provide berms or dikes of the coarsest material or stone on the periphery of fill area. 

3. PERFORMANCEOF FILL MATERIALS. Ordinarily, hydraulic or underwater fills for support of struc- 
tures are formed of the coarsest material economically available. 

a. Coarse Grained Fills. Unless special provisions are made for removal of fines by sluicing, avoid 
using borrow with more than 15 percent nonplastic fines or 10 percent plastic fines passing No. 200 sieve. 

To obtain relatively steep slopes in underwater fill, use mixed sand and gravel. With borrow containing 

about equal amounts of sand and gravel, underwater slopes as steep as 1 vertical to 3 horizontal or 1 to 

2-3/4 may be achieved by careful placement. 

b. Fills of Hard Clay. Hydraulically placed stiff to hard clay, excavated by suction dredge with 
cutterhead, produces a fill of boulderlike clay clods if fines in the wash water are permitted to run off. 

Slopes of such fills will be extremely flat, ranging from about 12 to 16 horizontal to 1 vertical. These 

fills will undergo large immediate consolidation for about the first six months until the clay clods distort 

to close void spaces. Additional settlements for a 10-year period after this time will total about 3 to 5 

percent of fill height. Long-term consolidation may be reduced by placing surcharge before paving or 

construction. 
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CHAPTER 10. ANALYSIS OF WALLS AND RETAINING STRUCTURES 

Section 1. INTRODUCTION 

1. SCOPE. Methods of determining earth pressures acting on walls and retaining structures are summar- 
ized in this chapter. Types of walls considered include concrete retaining walls and gravity walls that 

move rigidly as a unit, braced or tied bulkheads of thin sheeting that deflect according to the bracing 

arrangement, and double-wall cofferdams 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 
following DM volumes: 

Subject Source 

Application of bulkheads and cofferdams to waterfront comstruction.............. NAVFAC DM-25 

and 

NAVFAC DM-26 
Structural design and details of bulkheads and cofferdams ............+.-2-0+08- NAVFAC DM-25 

Prerura design Of £etainigg Walls Aram tiga «ncP) hia alee ls pte Vere, eisiponanct ens Dkatle eqeett's NAVFAC DM-2 

Section 2. COMPUTATION OF WALL PRESSURES 

1. ACTIVE PRESSURES. The intensity of pressures applied depends on wall movements, which control 
the degree of shear strength mobilization in surrounding soil. Active values are minimum earth pressures 

tending to move the wall outward. 

a. Uniform Backfill, No Ground Water. Compute active pressures by methods of Chapter 5. 

b. Uniform Backfill, Static Ground Water. Compute active earth and water pressures by formulas in 
Figure 10-1. 

c. Stratified Backfill, Sloping Ground Water Level. When conditions include layered soil, irregular 
surcharge, wall friction, and sloping ground water level, determine active pressures by trial failure wedge. 

(See Figure 10-1.) Trial wedge is bounded by a straight failure plane or a series of straight segments at 

different inclination in each stratum. Commence the analysis with failure plane oriented at the angle 

shown in Figure 5-12. 

(1) Simple Cross Section. For a simple cross section behind a wall, analyze the trial failure plane 

extending upward from the lowest point of the active zone on the wall. Determine the location of the active 

resultant by summing moments of all forces on the wedge about toe of wedge. Distribute active pressures 

to conform to the location of resultant. 

(2) Complicated Cross Section. For complicated cross sections, analyze trial wedges at interme- 

diate heights above the base of the active zone to determine pressure distribution in more detail. Force 

acting on an increment of wall height equals difference in resultant forces for wedges taken from the top 

and bottom of that increment. 
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CASE I 
CONDITIONS: 

HORIZONTAL BACKFILL 
UNIFORM SURCHARGE 
WALL FRICTION NEGLIGIBLE 
GROUND WATER LEVEL HORIZONTAL 
SOIL 1S HOMOGENEOUS 

ACTIVE EARTH PRESSURES 04 CAN BE CALCULATED BY FORMULA: 
AT @ 0, = 9tan? (45 -Fe) - 2ctan(45 -%) 

AT © &% =(9+¥;2,) lan? (45-9) -201aNn(45-Ye) 
AT© % =(9+d7r2,* Yous Zo) tan*(45-%p)- 2c fan(45-9%) 

AT@ Oh = (9+ tp 2,+¥5v0(22*2s) aN {4b - %)-2cton(45-%) 

SURCHARGE INTENSITY @ 

IN GENERAL, ACTIVE EARTH PRESSURE AT ANY HEIGHT® 
(EFFECTIVE Og)xftanY45 -%2)]- 2c tan(45- %e) 

NET WATER PRESSURE = Ow ™ Yw(Zp) 

CASE IT 

CONDITIONS: 
BROKEN SLOPE BACKFILL 
IRREGULAR SURCHARGE 
WALL FRICTION INCLUDED 
SLOPING GROUND WATER LEVEL 
LAYERED SOIL. , 4 WEOGE m~% i 

-—7~* TAveR 1 ; 
a oo 9)» Cy» Oyr1 

Zag LIAS ESCH 
7 

. RESULTANT Pa IS s, FORCES S| TVECTOR 
,7 COMPUTED FROM ANALYSES if oy DIAGRAM 

OF TRIAL FAILURE WEDGES. ENG 

Sze 
£ 

PN: 
\ 

Ps,FORCES —=—ON LAYER) 
s 

2 
AND Up = RESULTANT PRESSURE DISTRIBUTION nd Caen eh ca HEGIOR WATER PRESSU DIAGRAMS 1S WADE EQUIVALENT TO PC eNREMREDEE 

RESULTANTS Pay AND Payo 

FIGURE 10-1 
Computation of General Active Pressures 
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2. PASSIVE PRESSURES. Where movement fully mobilizes shear strength, passive earth pressures are 
maximum values available to resist failure. 

a. Uniform Backfill, No Ground Water. Compute passive pressures by methods of Chapter 5. 

b. Uniform Backfill, Static Ground Water. Compute passive earth and water pressures by formulas in 
Figure 10-2. 

c. Stratified Backfill, Sloping Ground Water Level. For more complicated cross sections, compute 
resultant passive force by trial failure wedge analysis. (See Figure 10-2.) When wall friction is included, 

compute pressures from a failing mass bounded by a circular arc and straight plane. Determine location of 

passive resultant by summing moments about toe of wall of all forces on that portion of the failing mass 

above the circular arc. Depending on complexity of cross section, distribute passive pressures to conform 

to location of resultant, or analyze trial failure surfaces at intermediate heights in the passive zone. 

When wall friction is neglected, the trial failure surface is a straight plane. See Figure 5-10. 

3. PRESSURE COEFFICIENTS WITH WALL FRICTION. For simple cross sections in cohesionless 
materials where wall friction is included, use active and passive coefficients of Figures 10-3 and 10-4. 

a. Direction of Wall Friction. Unless a wall is settling, friction on its back acts upward on the active 
wedge (angle 6 is positive), reducing active pressures. Generally, wall friction acts downward against the 

passive wedge (angle 6 is negative), resisting its upward movement and increasing passive pressures. 

The effect of wall friction on active pressures is small and ordinarily is disregarded. The effect of wall 

friction on passive pressures is large, but definite movement is necessary for mobilization of wall friction. 

Ordinarily a safety factor of at least 2 against passive failure is required when wall friction is included. 

b. Wall Friction Factors. See Table 10-1 for typical friction factors and adhesion between wll and 
backfill. In the absence of specific test data, use these values in computations that include effects of 
wall friction. 

4. EFFECT OF SEEPAGE AND DRAINAGE. Include in pressure computations the effect of the greatest 
unbalanced water head that will act across the wall. 

a. General Conditions. For a major structure, analyze seepage and drainage effect by flow net 

procedures. Uplift pressures influencing wall forces are those acting on failure surface of active or pas- 

sive wedge. Resultant uplift force on failure surface determined from flow net is applied in force diagram 

of the failure wedge. See vector U in Figures 10-1 and 10-2. For approximate analyses, take uplife inten- 

sity equal to pressure of the vertical height of water between ground water. surface and a point directly 

beneath on failure surface. 

b. Static Differential Head. For the effect on wall pressures, see top panel of Figure 10-5. For 
static differential head with insignificant seepage, compute water pressures on walls by formula, Figure 

10-1. In cohesionless soils, the active force on a wall with static water level at the top of backfill is 

double that for dry backfill. 

c. Rainfall on Drained Walls. The center panel of Figure 10-5 shows flow net set up by rainfall 
behind a wall with vertical drain. For cohesionless materials, sustained rainfall increases active force 

20 to 40 percent over dry backfill, depending on backfill friction angle. This panel gives the magnitude 
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SURCHARGE INTENSITY CASE IT 

CONDITIONS: 
HORIZONTAL BACKFILL 
UNIFORM SURCHARGE 
WALL FRICTION WEGLIGIBLE 
GROUND WATER LEVEL HORIZONTAL 
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IN GENERAL, PASSIVE EARTH PRESSURE AT ANY 
HEIGHT @ (EFFECTIVE Oz) tan?(45+%p) + 2c tanl45+%%) , 
NET WATER PRESSURE = Ow = Yw (Ze) 

an Ail Pern ae ee 
o ote 4 

/ Cote. (2) 6 us SC CENTER OF ARC LEN ABR he Eee 
q — oT” 7 

- Y/ hs a 

LAYER 2 7 

2 of! Tre» $er edge" 
P, hem | 

wy PeTATIONG 
XSI PLANE 

<< Aga RADIUS @ Fr TRIAL FAILURE 
7° SURFACE 

GIRCULARFARC?) et. 

or oo 
nae F, 

Ee we 7 \ 
Le) 

ON LAYER 

‘ ¥ ; a Ss - 

a (AS 

CL, 

0 N 

CASE IT 
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FIGURE 10-2 
Computation of General Passive Pressures 
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FIGURE 10-3 

Active and Passive Coefficients with Wall Friction (Sloping Backfill) 
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FIGURE 10-4 
Active and Passive Coefficients with Wall Friction (Sloping Wall) 
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TABLE 10-1 
Friction Factors and Adhesion for Dissimilar Materials 

Adhesion 

Gas 

psf 

Friction 

angle, 

5, degrees 

Friction 

factor, 

tan O 

Interface materials 

Mass concrete on the following foundation materials: 

Gleanesound: fOChwaaiclstoeiscrs ac ceietest.c sic equate e.cyslcieiersualthe es-ateis tere sce cP Oycuelets is oyagall o> Demmerawererete: | Weiss diee.o overs 

Clean gravel, gravel-sand mixtures, coarse sand ........eeeee008 Dod SACO COU se! (25 CO VL wns | Darehs'a siete 6 6 
Clean fine to medium sand, silty medium to coarse sand, silty or OF4> tOl0n5D nile 24 tOn2 Oras || Mors clclevcrereteiets 

clayey gravel. 

Clean fine sand, silty or clayey fine to medium sand ..........-- OssSeto0C45% | Pl Sutor2 espe Wet. cies. ote 

BIDE SO OOVESUCRNON DIAS SE a ..a « 00 2/p meynis.caripwie a viene SAS (oo UV.s0sto0a5> | 17 to 1D FOUN Sh. oe sc o's es 
Very stiff and hard residual or preconsolidated clay ........-.e+. OP4O TOTO 5 Oa cer 2 re oietens greines Fe 

Medium stiff and stiff clay and silty clay ........cccceccccccces 0.30 to 0.35 L7gtO ul Orillia: Sespenetereye ei crs 

(Masonry on foundation materials has same friction factors.) 

Steel sheet piles against the following soils: 

Clean gravel, gravel-sand mixtures, well-graded rock fill with SAU ley eNeVel ates IASG I), SOO. c SoG dbus 
spalls. 

Clean sand, silty sand-gravel mixture, single size hard rock fill .. 350) sefetste tei WOOO th OOD ODOR OOOS 

Silty sand, gravel or sand mixed with silt or clay .............-- BD Dicre cierate DAMS thesis auc Witte ceeiet\e ete 00's 

Hinessandy stile; oonplastic Siltw.. 4c. cie deveresterererers Zi Mireierate's seve's-s B20 stares siete 1D cA Ws fall “SRS 3 Anis Face 

Searae ay, and clayey Stlte ww. ..s as.cb 6 8 Ie oe las cw dele hu k's das seh |) 0 veo eee at | Migs vine Hose ens 100 to 600 
Stiff and hard clay and clayey silt ......... 5 SOOO ROO OO TOUS Ml) GOOUOD cone aligns ocoiiter 600 to 1,200 

Formed concrete or concrete sheet piling against the following soils: 

Clean gravel, gravel-sand mixtures, well-graded rock fill with O40" co 0. SOP to 26 0 Sik aes soe oes 

spalls. 

Clean sand, silty sand-gravel mixture, single size hard rock fill .. OF50TtONOTAO MS /etOeZ2 20 cle ii bie titicte ict, «10 6 

Silty sand, gravel or sand mixed with silt or clay ...........206: a Swabia MJactcteheicdttamel\ineistie versie s:¢ 

Minessanavastit. Nonplasticustlt iv. acva selects e niclstalsiele sia clctere lots ae ED Stu doo 14 eRe Te |S stercre liste « sis.6 

SOUeC lAVFANGICIAY EY Sil Garsieleieie eles sieves «ievainieheycefetatsceleaielsieie is ercie’ aie) ||| Selevelavers ce eveteeeiell Retsratepat setts ts 200 to 700 

Bemeno Gard cClay GUACClAVEY (SILC rs ists vissie sinclseie diviete @ civ aeldbieie Nie aus bee ecs es | des e'p ei ove’ 700 to 1,200 

Various structural materials: 

Masonry on masonry, igneous and metamorphic rocks: 

Dressedisoft rock onidreSSEGISOLC LOCK ss sce cfaie come to sis ole aloteve WU oon cnc SS caboseo il) GaGnanon oO 

Dressedihatd rock on dreSSeGrSOLt LOCK siecisusisysiajs sisieucisisiels ale sie ats ae) goog ll! Men dakd bre 

Dressed hard rock on dressed hard rock .........secccccsceces PS atete ate ott ae Oy matatelste ts Wi liv ehaiel sicis,0 ele eke 

MaASOULYZONSWOOG (CLOSSEPLalit) ils o/s \s/c vive (<< 0leisis'e oi sisi) sic'ele:sstdjs: ols B5(Olercreus sree | eC ee 2 sizie ts) ||), osi's oes, eiaierstare 

Steelronisteelsatisheet pile inteclocksSrermitacverc:we-cvers ove seis see ners oO cle cteks loseuak My tetova eToeNanm metals sis s\e 2 0 '4'6 

Note: Numbers shown are ultimate values and require sufficient movement for failure to occur. 

Where friction factor only is shown, the effect of adhesion is included in the friction factor. 

For data on adhesion on bearing piles, see Chapter 13. 

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 10-5 for correction to be applied to active and 
passive pressures in cohesionless material for steady seepage beneath a wall. 

e. Consolidation Pore Pressures. Where impervious clay behind a wall is loaded by backfill, hydro- 

static excess pore pressures can develop in the clay. Estimate such pore pressures by methods of Chapter 

6 and include them in uplift on the failure surface. 

5. SURCHARGE LOADING. For the effect of surcharge loading, see Figures 10-1 and 10-2. 

a. Area Loads. Where surcharge behind a wall consists of area load, include the weight of surcharge 

with forces acting on the trial failure wedges. 
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b. Live Loads. Compute wall pressures from the point or line load, whose intensity is small com- 

pared to backfill pressures, by formulas of Figure 10-6. These horizontal pressures are approximate ly 

double the values derived from elastic equations. A wall is assumed to have undergone its principal move- 

ment before placing surcharge and to be unyielding during the application of live load. 

6. WALL MOVEMENT. For the effect on coefficients of horizontal earth pressures, see Figure 10-7. 

a. Tilting Retaining Wall. For cohesionless backfill, reduction of pressures to active values requires 

wall rotation of only a few thousandths of a radian. However, an increase to full passive pressures 

requires rotation of the order of 0.05 radians. A safety factor must be applied to ultimate passive resist- 

ance to allow for incomplete mobilization of shear strength. 

b. Braced Flexible Sheeting. Sheeting of narrow cuts rigidly braced at the top undergoes insufficient 

movement to produce fully active conditions. Horizontal pressures are distributed in a trapezoidal dia- 

gram, see Figure 10-7. The resultant force is 26 percent greater than theoretical active force in dense 
sands and 50 percent greater in loose sands. For clays, the intensity and distribution of horizontal pres- 
sures depend on the stability number Ny H/c. See Figure 10-7. 

c. Restrained Walls. Where a rigid wall is prevented from moving, horizontal pressures approach 
values for at-rest condition. The coefficient of earth pressures at rest Kp equals 1 — sin ®. Kp equals 

0.5 for coarse grained material with ® of 30 degrees; 0.75 for plastic clay with D of 15 degrees. In cohe- 

sionless soils, full at-rest pressures will occur only with the most rigidly supported walls. In highly 

plastic clays, pressures approaching at-rest condition may develop unless wall movement can continue 

with time. 

7. EFFECT OF CONSTRUCTION PROCEDURES. For braced or anchored flexible bulkheads, pressures 
acting during construction, before completion of bracing or anchorage, may be critical and must be con- 

sidered in design. See Section 4 for precautions to be taken in the construction of flexible bulkheads. 

a. Compacted Fills. Compaction of backfill in a confined wedge behind the wall tends to increase 
horizontal pressures. 

(1) Coarse Grained Soils. Compaction of coarse grained soils behind a rigid, unyielding wall 

produces horizontal pressures equal to or slightly exceeding at-rest values. For compacted fill behind 

flexible bulkheads or walls capable of tilting, pressures may be as low as ordinary active values. 

(2) Fine Grained Soils. Pressures of fine grained soils are less influenced by compaction and are 

controlled by wall yield. 

b. Hydraulic Fills. Active pressure coefficients for loose hydraulic fill materials range from about 
0.35 for clean sands to 0.50 for silty fine sands. Place hydraulic fill in lifts thin enough to permit runoff 

of wash water without building up a full height of hydrostatic pressures. 

8. PRESSURES ON BINS. See Ketchum, The Design of Walls, Bins and Grain Elevators (Bibliography) 

for methods of analyzing pressures of granular materials on bins and bunkers where active conditions are 

not reached because of constraint on the material. 
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Section 3. RIGID RETAINING WALLS 

1. GENERAL CRITERIA. Requirements for resistance against overturning and sliding of four principal 
wall types are given in Figure 10-8. Evaluate overall stability against deep foundation failure. (See 

Chapter 7.) Determine allowable bearing pressures on the base of the wall (see Chapter 11). 

a. Sliding Stability. Place the base at least 3 ft below ground surface in front of the wall and below 

depth of frost action, zone of seasonal volume change, and depth of scour. Sliding stability must be ade- 

quate without including passive pressure at the toe. If insufficient sliding resistance is available, pro- 

vide pile foundation or lower base of wall and consider passive resistance below frost depth. 

b. Settlement and Overturning. For walls on relatively incompressible foundations apply overturning 

criteria of Figure 10-8. If foundation is compressible, compute settlement by methods of Chapter 6 and 

estimate tilt of rigid wall from the settlement. If the consequent tilt will exceed several hundredths of a 

radian, proportion the wall to keep the resultant force at the midpoint of base. 

c. Drainage. Generally a more economical design is obtained by providing positive drainage of back- 

fill. See Chapter 8 for drainage design. As a minimum, provide weep holes with pockets of coarse-grained 

material at the back of the wall. Prevent infiltration with paving or surface layer of compacted impervious 

soil, plus gutter for collecting runoff. See Chapter 16 for methods of minimizing frost heave forces on the 

wall. 

2. HIGH WALLS. For high or expensive retaining walls, exploration and testing to define soil conditions 
is justified and active pressures are computed by methods in Figure 10-1. For special conditions, proceed 

as follows: 

(1) If backfill is subject to heavy traffic vibrations, reduce tan ® and tan 6 by 20 percent. 

(2) If a wall will settle more than backfill, assume wall friction to act upward against the wall. 

3. LOW WALLS. For walls less than about 20 ft in height, detailed testing to determine soil properties 
and elaborate pressure computations are not justified. 

a. Equivalent Fluid Pressures. Use equivalent fluid pressures of Figure 10-9 for straight slope back- 
fill and of Figure 10-10 for broken slope backfill. Include dead load surcharge as an equivalent weight of 

backfill. For resultant force of line load surcharge, see bottom left panel of Figure 10-6. If a wall rests 

on a compressible foundation and moves downward with respect to the backfill, increase pressures for 
soil types 1, 2, 3, and 5 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 accumulation of water behind the wall. As 

a minimum, provide weep holes for drainage. Cover backfill of soil types 2 and 3 with a surface layer of 

impervious soil. 

4. EARTH FILLED CRIB WALLS. See Figure 10-11 for types and design criteria. For stability against 
external forces, a crib wall is equivalent to gravity retaining wall. For design of structural elements 

against applied pressures, see Seelye, Foundations, Design and Practice. 

7-10-12 



Load diagram 

GRAVITY 

SEMI - 
GRAVITY 

VERTICAL 

} CANTILEVER 

Design factors 

LOCATION OF RESULTANT 

Moments about toe: 

Wa +Fre - fyb 
d= 

W+hy 
Assuming Fp = O 

OVERTURNING 

Moments about toe: 

Wa > 15 fe ee 
Pewb~ Re 

Ignore overturning if R is within 

middle third (soil), middle half (rock). 

Check R at different horizontal planes 
for gravity walls. 

RESISTANCE AGAINST SLIDING 

ke lasts det Beasae ae 

Fa = (W + Py)tan & + CaB+ Fp Ly, 

Py 
rae (W+Fy) tan f+Co8 

For coefficients of friction between 

base and soil see Table 10-1, 

Ca = adhesion between soil and base 

tan d= friction factor between soil and 
base 

W = Includes weight of wall and soil 

in front for gravity and semi- 
gravity walls. Includes weight 

of wall and soil above footing, 

for cantilever and counterfort 
walls. 

CONTACT PRESSURE ON FOUNDATION 

For allowable bearing pressure for 
inclined load on strip foundation, see 

Ch. Il. 

aoe For analysis of pile loads beneath 

; . _ : | strip foundation,see Ch. 1/3. 

3/| a : 

SECTION A-A For analysis of overall stability, 

F see Ch.7. 

FIGURE 10-8 
; Design Criteria for Retaining Walls 
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FIGURE 10-9 
Design Loads for Low Retaining Walls (Straight Slope Backfill) 
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BACKF/LL 
CRIB RETAINING WALLS 

HEADERS 
TYPES - Common types of cribs shown 
on accompanying diagrams. 

CRIBBING MATERIALS - Timber, con- 

crete, and metal, 

FILL - Crushed stone, other coarse 

granular material, including rock less 

than 12-in. size. 

DESIGN - Design criteria for gravity 
walls apply. Wall section resisting 

overturning is taken as a rectangle of 

dimension (Hx b). 

Weight of crib is equal to that of mate- 
rial within (H x b), including weight of 

crib members. 
Low walls (4 ft high and under) may be 

made with a plumb face. Higher walls 

are battered on the face at least 2 in. 
per foot, For high walls (12 ft high 

and over) the batter is increased or sup- 

plemental cribs added at the back. 

In open face cribs, the space between 

stretchers should not exceed 8 in. so as 

to properly retain the fill. 
Expansion joints for concrete and metal 

cribbing are spaced no more than 90 ft. 

FILLING - The wall should not be laid 

up higher than 3 ft above the level of the 

fill within the crib. 

DRAINAGE & FROST ACTION - No 
special requirements, wall should be 
made free draining. 

BIN TYPE RETAINING WALL - Com- 
posed of metal bins or cells joined to 

special columnar units at the corners. 

The design requirements are the same 

as for crib walls except that suitable 

drainage behind the wall is needed. In- 

ternal stresses are investigated in 

accordance with criteria for cellular 

walls. 

CORNER OF BIN ASSEMBLY 

FIGURE 10-11 
Design Criteria for Crib and Bin Walls 
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Section 4. DESIGN OF FLEXIBLE WALLS 

1. ANCHORED BULKHEADS. Anchored bulkheads are formed of flexible sheeting restrained by tieback 
and by penetration of sheeting below dredge line. See Figure 10-12 for design procedures for three com- 

mon penetration conditions. 

a. Wall Pressures. Compute active and passive pressures by Figures 10-1 and 10-2. Determine 

required depth of penetration of sheeting and anchor pull from these pressures. 

b. Wall Moments. Active pressures are redistributed on the wall by deflection, moving away from the 

position of maximum moment. Reduce the computed maximum moment to allow for flexibility of sheeting. 

Moment reduction is a function of wall flexibility number p. See Figure 10-13. Select sheeting size by 

successive approximations so that sheeting stiffness is compatible with reduced design moment. 

c. Drainage. Include the effect of probable maximum differential head in computing well pressures. 

Where practicable, provide weep holes or special drainage at a level above mean water to limit differential 

water pressures. 

d. Anchorage System. A tieback may be carried to a buried deadman anchorage or to pile anchorage. 

See Figure 10-14 for criteria for design of deadman anchorage. If a deadman must 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 wrapping, painting, or encasement to resist corrosion and provide ver- 

tical support to eliminate sag. Where backfill will settle significantly or unevenly, enclose tie rod ina 

rigid tube to avoid loading by overburden. 

e. Example of Computation. See Figure 10-15 for example of analysis of anchored bulkhead. 

f. Construction Precautions. Precautions during construction are as follows: 

(1) Removal of soft material, when contemplated in the design, should precede the driving of 
sheet piles. 

(2) If existing material behind the sheeting is to be left undredged in place, dredge in front of 

bulkhead as necessary after completion of the wall. 

(3) If filling is to be accomplished on both active and passive sides, bring up fill evenly until 
passive zone is complete. 

(4) Deposit backfill by working away from the wall rather than toward it to avoid trapping soft mate- 

rial adjacent to sheeting. 

(5) Before anchorage is placed, sheeting is loaded as a cantilever wall and should be checked by 

procedure given in Abbett, American Civil Engineering Practice, Vol. II. 

g. Construction Materials. Obviously, a coarse and dense backfill will impose minimum active pres- 

sures on sheeting; avoid using plastic, fine grained soils as fill behind walls. If overall economy results 

from obtaining and using select granular material, position the select backfill to form a plug across the 

potential failure surface of the active wedge. A limited volume of granular backfill placed within the 
limits of the active wedge produces an insignificant reduction of active pressures. 

2. BRACED SHEET PILE WALLS. To restrain foundation or trench excavations, frequently braced sheet 
pile walls are utilized, supported by long raking braces or relatively short cross braces between trench 

walls. Movements of such walls range between two extremes, which control magnitude and distribution of 

wall pressures. Design procedures for the two limiting conditions are shown in Figure 10-16. 
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1, CONT IMDOUS WALL: 

ULTIMATE Ape fd = Po = By, WHERE A ld 1S ANCHOR RESISTANCE ANO 
Po, P, FIKEW PER LINEAL FOOT OF WALL. 

2. TWOIVICUAL ANCHORS : 
IF d>beh, ULTIMATE A, = b(P,— B)+2P, tang, HHERE P, = RESULTANT 

FORCE OF SOIL AT REST OW VERTICAL AREA cde OR c*de. 
IF d= heb, Ag fd IS 70% OF AQ. Ad FOR CONTINUOUS BALL: 

L FOR THIS CONDITION IS bt 
IF dchtb, Ap fd a Ape f= © (.3 Age) 

ANCHOR RESISTANCE FOR h, <4 
ULTIWATE Ap fd OR Ag. Ad EQUALS BEARING CAPACITY OF §TRIP FOOTING 
OF WIDTH h, AMO SURCHARGE LOAD y~(h - ), SEE FIG. II-1. 

USE FRICTION ANGLE B; WHERE Tan = 0.6 TAN 

SECTION AoA 

CONTINUOUS WALL {WOIVIDUAL ANCHORS 

SECTION A-A 

GENERAL REQUIREWENTS: 

1. ALLOWABLE VALUE OF 4p Am Ape = ULTIMATE value/2, FACTOR OF SAFETY OF 2 AGAINST FAILURE 

2. VALUES OF K, AND Ky ARE FOR COWESIONLESS MATERIALS. $F BACKFILL HAS BOTH @ ANO ¢ STRENGTHS, COMPUTE 
ACTIVE AMD PASSIVE FORCES ACCORDING TO FIGS,10-1 & 10-2. FIME GRAIMED SOILS OF WEDTUM TO NIGH 
PLASTICITY SHOULD WOT BE USED AT TE ANCHORAGE. 

3 SOPL WITHIN PASSIVE WEOGE OF ANCHORAGE SHALL BE COWPACTED TO WO LESS THAN 90% OF WAX. UMIT 
WEIGHT (AST 0698 TEST) 

4. THE ROD 1S DESIGNED FOR ALLOWABLE A, OR Age. THE ROD COMMECTIOWS TO WALL AND ANCHORAGE ARE 
DESIGNED FOR I .2(ALLOWABLE Ay OR Ay). 

S. THE ROD COMMECT ION TO ANCHORAGE 1S WADE AT TWE LOCATION OF THE RESULTANT EARTH PRESSURES 
ACTING OM THE VERTICAL FACE OF THE ANCHORAGE. 

FIGURE 10-14 
Design Criteria for Deadman Anchorage 
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b31 Q, = 5,000 PLF 9 = 300 P5F 

(aad teaied itl aad Waal SS ee We Fal 
A= LSS KIP 

aie 73 = 123K 

Ea ass == — 7. er St ae = 9 =25°, +100 P35! 6' é 
So te te RB = 2.75 KIP i SUER Ag 

Of \ Ka (FROM FIG. 5-i1) = 

Frag =/0.4 K/IP 
2/,09° \ 

VU_- ACTIVE EARTH PRESSURE DIAGRAM 

33.3' 3/,0° CWo— NET WATER PRESSURE DIAGRAM 
46 \.65\.8/ 

77%" 62 

\ 

\.73 . $, = 35% C=50PCF 
\ 

: Vr = (90 PCF 
\ 

K, (FROM FIG. 5-/1) = .27 

5 6' 

Ap 

* 

Ay, = 4.05 KIP 

2293,/7KIP | | 
oD (FROM TABLE /0-/) = /4-° 

Kp (FROM FIG. 10-4) 26.0 

ACTIVE EARTH PRESSURE (SEE FIG. 10-/) SAFETY FACTOR AGAIWST TOE FAILURE: 

INCLUDING UNIFORM SURCHARGE 9 TAKE WOWENTS ABOUT @ 

6, = Y2K, - 2CVK, 3 MOMENTS OF PASSIVE FORCES E. 
@, Oy =.30x.4/ -2x. 10.4) = O 5“  WOWENTS OF ACTIVE FORCES 
©, 64 =(.30+5x.115).4/-2x./0 9-41 = .23 KSF 43.17% 
© , Oy =( 3045 *.115 4/9 *.053).41-2x.10V-41 <65 KSF| * 7 B5x 0,739 0.15x F104 10.5274, 05% 21-09 109x5)-0 
©, 6, = (: 30+5%. 115 +19%.053).27-2x.05V.27=.46KSF | _ 
@, 6y= 46 +6x.068x.27 =. 57KSF Stee O feral 5 
© , Oy = .46 +(6+/4)x.068 *.272.B83KS5F. |ANCHOR PULL 

Ap = =P4 = E Fe /Fs 

PRESSURE OF LINE LOAD SURCHARGE _ 43.17, IK PREFER IE Tone) ae a 2/,55+ 2.75 +10.444.05+10.9- Fz 12.37 

me inh 8S. Why! MAXIMUM BENDING MOMENT IM SHEETING 
Spt sag / POINT OF ZERO SMEAR: 2 

12. 37-1, 55-2.7F -.¢5X-. 022x420 
ened ci Scan cena eT yep eae « X 3/3.6' BELOW OUTSIDE WATER LEVEL 
LOCATION OF RESULTANT; Migax 2/554 15.7 9 ld. 97% 1§.)-2.75 *9.1 

R»=.60H = .60x30 = /8’ - 451 3," O82 Bix 4.52 +86, 9/* 

NET WATER PRESSURE pee en ae eel ON 
SAS tee Viieoa ASSUME; fs 2 27,000 PSI, E 230,000,000 PS! 
w™= YwZ = 0625 %2.§ = ./6K5SF TRY Z2P32, 1 2385.7 IN*, $ = 38.3 1N* 

H+D 
PASSIVE PRESSURE ¢ = (FROM FIG./0-13) oe ye A 
eaten mL’ (30% /2 419 X/2 _* Oj = Y2Kp + eC VK, p= seo EE, 767 

BO] MOESIGN — A ‘ke 
O 08y = 24K3F uit =. M, 7 6.9 = 72, 

@, 7] 2 576.0 2 3 83; DESIGN 83x 8 2./ 

©, 6, =.068*/4 6.04 2x.05 V6.0 =S.9¢KSE | fz hw ZELRIO0ONIE . 92 Co0P8/< 27,000 
TRY A SMALLER SECTION 

2 

+ 

FIGURE 10-15 
Example of Analysis of Anchored Bulkhead Metz Reference Roos 

University of Illinolw 
B106 NCEL 

208 N. Romine Street 

Urbana, lllinois 61801 

u 
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| PROPERTIES 

a ae : ¥ 2 OR S/ 

SHEETING OR 
SOLDIER BEAMS 
WITH LAGGING 

WALE fe 

DEFLECTED 
POSITION 

COMPUTE PRESSURES ON WALL ABOVE BASE OF 
CUT BY WETHOOS/OF LOWER PANEL OF FIGIO-7. 
FOR WATER AT’ BACKFILL SURFACE USE Y= Youg 
AND ADD PRESSURES FOR UNBALANCED WATER 
LEVEL. FOR WATER AT BASE OF CUT USE Y=yY;, 
INTERPOLATE BETWEEN THESE PRESSURE 
DIAGRAMS FOR AN INTERMEDIATE WATER LEVEL. 

DETERMINE STABILITY OF BASE OF CUT BY 
METHODS OF FIG. 10-17. IF BASE IS 
STABLE, SHEETING TOES IN SEVERAL FEET 
AND NO FORCE ACTS ON BURIED LENGTH. IF 
BASE IS UNSTABLE, SHEETING PENETRATES AS 
SHOWN IN FIG. 10-17 AND UNBALANCED FORCE 
Pw ACTS ON BURIED LENGTH. IN ANY CASE, 
PENETRATION MAY BE CONTROLLED BY 
REQUIREMENT FOR CUT-OFF OF UNDERSEEPAGE. 

MOMENTS IN SHEETING BETWEEN BRACES = 
0.8 x (SIMPLE SPAN MOMENTS), EXCEPT FOR 
UPPER SPAN WHERE MOWENT = 1.0 x (SIMPLE 
SPAN MOWENT), MOMENTS IN SHEETING AT 
POINT 13 COMPUTED FOR CANTILEVER SPAN 
BELOW@, INCLUDING UNBALANCED FORCE Py. 

REACTION AT BRACES COMPUTED ASSUMING 
SIMPLE SPAN BETWEEN BRACES. 

FLEXIBLE WALL OF NARROW CUT 

DEFLECTED 
POSITION 

SHEETING OR 
SOLDIER BEAMS 

WITH LAGGING 

RAKING BRACES 

Py = RESULTANT ACTIVE 

Pa; = RESULTANT ACTIVE BELOW POINT @) 
Be 

COMPUTE ACTIVE AND PASSIVE PRESSURES BY 
METHODS OF FIGS. 10-1 TO 10-6. PASSIVE 
PRESSURES FOR CLEAN COARSE GRAINED 
SOILS INCLUDE WALL FRICTION (0), TABLE 
10-1. IGNORE WALL FRICTION FOR PASSIVE 
PRESSURES IN OTHER SOIL TYPES AND FOR 
ACTIVE PRESSURES IN ALL SOILS. 

MAXIMUM MOMENTS IN SHEETING AND MAXIMUM 
LOADS IM BRACES USUALLY OBTAIN AT A 
CONSTRUCTION STAGE WHEN EXCAVATION FOR 
A BRACE AND WALE IS 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. 

FOR TEMPORARY CONSTRUCTION CONDITIONS, 
APPLY FACTOR OF SAFETY OF 1.5 TO 
COMPUTED 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. 

REQUIRED PENETRATION OF SHEETING BELOW 
FINAL SUBGRADEGENERALLY IS CONTROLLED 
BY CONDITIONS AT COMPLETION OF 
EXCAVATION. PENETRATION REQUIRED IS 
DETERMINED BY EQUILIBRIUM OF FREE ENDED 
SPAN Or POINT(Q), ASSUMING FIXITY AT 
POINT 

Pah, - go ke - Ms =Q 
vy = ALLOWABLE MOMENT IN SHEETING 

CHECK POSITIVE WOWENTS IN SPAN BELOW 
POINT FOR THIS FINAL LOADING CONDITION. 

FLEXIBLE WALL WITH RAKING BRACES | 

FIGURE 10-16 
Design Criteria for Braced Flexible Walls 
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a. Wall With Raking Braces. When substantial excavation is made before placing an upper brace, 
movement of the wall is greatest at the top and pressures approach active values. Compute pressures 

by methods of Figures 10-1 and 10-2. 

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. Compute pressures for trapezoidal distri- 

bution of Figure 10-7. 

c. Stability of Base of Excavation. Where bracing restricts horizontal movement of surrounding soil, 
it tends to move on a vertical plane behind the wall. Analyze stability of base of cut according to Figure 

10-17. For cuts in cohesionless soils, there is no base stability problem unless seepage pressures have 

greatly reduced passive resistance at subgrade. For cuts in cohesive soils, stability is a function of 

width of cut and depth to hard stratum. 

d. Example of Computation. See Figure 10-18 for example of analysis of braced wall of narrow cut. 

Section 5. DOUBLE-WALL COFFERDAMS 

1. TYPES. Double-wall cofferdams consist of a line of circular cells connected by diaphragms, parallel 
straight walls or parallel walls of circular arcs with tie rods or straight connecting walls, or a succession 

of cloverleaf cells. For analysis, transform these types into equivalent parallel wall cofferdams of width 

B. See Figure 10-19, Sheet 1 of 2. 

2. ANALYSIS. Stability depends on ratio of width to height, presence of an inboard berm, and type and 

drainage of backfill material. 

a. Exterior Pressures. Ordinarily, a cell wall tilts 0.02 to 0.03 radian and active and passive pres- 

sures act on exterior faces of the sheeting. 

b. Stability Requirements. A cell wall must 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 10-19, Sheets 1 

and 2. Criteria are given for cofferdams with and without berms, on foundation of rock or of coarse grained 

or fine grained soil. 
(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 pullout of outboard sheeting. 

(2) Clay Base. For cofferdams on clay, penetration of outboard sheeting usually is controlled by 

the pullout requirement and piping is not critical. 

(3) Bearing Capacity. For cofferdams on either clay or sand, check the bearing capacity at the 

inboard toe by methods of Chapter 11. 

3. CELL FILL. Clean, coarse grained, free-draining soils are preferred for cell backfill. They may be 

placed hydraulically or dumped through water without compaction or special drainage. 

a. Materials. If clean materials are not obtainable at reasonable cost, utilize silty sand or sand and 

gravel. Placement through a pipe line may eliminate most of the fines if maximum turbulence is main- 

tained within a cell during filling. Every alternative should be studied before accepting fine grained back- 

fill. These soils produce maximum bursting pressures and minimum cell rigidity. Their use may necessi- 

tate interior berms, increased cell width, or possibly consolidation by sand drains within the cell. 

b. Drainage. Weep holes on inboard sheeting normally supply the only drainage required for clean 
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cell fill. For dirty sand and gravel supplementary drainage by wellpoints or deep well within cells may 

be used to increase cell rigidity. Frequently it is economical to assume a low water level in the cell for 

design and to install piezometers to check that drainage provisions accomplish the necessary drawdown. 
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STABILITY 1S INDEPENDENT OF H AND B, BUT 
VARIES WITH YD AND SEEPAGE CONDITION. 

SAFETY FACTOR, Fy = 2Ny,(-3E)K, tan g 
Ny, = BEARING CAPACITY FACTOR, FIG. JI-1. 

1F GROUND WATER 1S AT A DEPTH OF (B) OR 
WORE BELOW BASE OF Cur: 
Yr AND Yo ARE TAKEN AS MOIST UNIT WEIGHT 

IF GROUND WATER 1S STATIC AT BASE OF Cur: 
yy, = MOIST WEIGHT, Yp = SUBMERGED WEIGHT. 

IF SEEPAGE IS WOVING UPWARD TO BASE OF CUP 
Yo=(SATURATED UNIT WEIGHT) = (UPLIFT 
PRESSURE) 

SHEETING OR SOLDIER BEAMS AND BOARDS 

IF SHEETING TERWINATES AT BASE OF Cur: 

SAFETY FACTOR, F, = 

Ne = BEARING CAPACITY FACTOR, FIG.12-/, 

WHICH DEPENDS ON DIMENSIONS OF THE 

EXCAVATION: B, L AND H (USE H = D). 

C = UNDRAINED SHEAR STRENGTH OF CLAY 

IN FAILURE ZONE BENEATH AWD 

SURROUNDING BASE OF CUT. 

= SURFACE SURCHARGE. 

IF SAFETY FACTOR tS LESS THAN 1.5, SHEETING 

WUST BE CARRIED BELOW BASE OF CUT TO 

| FAILURE SURFACE INSURE STABILITY, FORCE ON BURIED LENGTH: 

IF H, > $B, Py = .7(YGHB -1.4CH - CB) 
L4CH TF H,<$ Ae, Py =15H,(¥H peers aS) 

CUT IN CLAY, DEPTH OF CLAY UNLIMITED (T>0.7B) 

1F SHEETING TERMINATES AT BASE OF CUT 

SAFETY FACTOR: 

Cc 
CONTINUOUS EXCAVATION; F, = Noo neg 

7 

RECTANGULAR EXCAVATION; F,= Nor Fay z 

FAILURE 
SURFACE 

Neco AND Nop = BEARING CAPACITY FACTORS, 
FIG. 11-5, WHICH DEPEND ON DIMENSIONS 
OF THE EXCAVATION: B, L AND H,(USE H=D) HARD STRATUM 

Cur IW CLAY, DEPTH OF CLAY LIMITED BY HARD STRATUM (TS$0.78) 

IM EACH CASE FRICTION AND ADHESION OW BACK OF SHEETING 1S DISREGARDED. 

CLAY 1S ASSUMED TO HAVE A UNIFORM SHEAR STREWGTH = C THROUGHOUT 
FAILURE ZOWE. 

FIGURE 10-17 
Stability of Base of Braced Cut 
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GIVEN CONDITIONS: 

EXCAVATION IM SILTY CLAY, 
C = 400 PSF p=0 y; = 120 PCF 
LENGTH OF EXCAVATION, L = 80° 

DETERMINE: PRESSURES OW BALL, FORCE 
ON BURIED LENGTH OF SHEETING AND 
STABILITY OF BASE OF CUT. 

PRESSURES ON WALL FROM SURROUNDING SOIL: 
RH 2020) oe 

Noman 400 = 6.0 

FROM LOWER PAWEL OF FIG. 10-7: 
A’= J TSNT ess" B = .SSH=I1' 
R = .46H = 9.2! 
Ons Yeh 40 = (.12)(20) - 4(.4)20.8 KSF 
Py, = .78H6y = .78(20)0.8 = 12.5 KIP 

PRESSURES ON WALL FROM SURCHARGE: (SEE FIG. 10-6) 

=°352 

= 10 =z = .78 20 »39 KIP 

LOEATION OF RESULTANT; 

R =.59H = .§9x20 = 11.8’ 

STABILITY OF BASE OF CUT: ( SEE FIG. 10-17) 
SAFETY FACTOR, Fe C VALUE OF We IS DETERMINED zs 4. 

© YrH+d BY PROCEDURES OF FIG. I2-/. 

No = Nem s Moc (ll + 0.27) FOR H/B ais 1.67, Noo =6.9 

/2 
W- = = ‘ 2a = e c= Nep 6.9(I1 + 0.257) we) 

0.4 
Gorey, = . 

- ary TELS i) 1.48 </.5: ORIVE SHEETING BELOW 

BOTTOM OF EXCAVATION. 

FORCE OW BURIED LEWGTH OF SHEETING: (SEE FIG. 10-/7) 

pp Sil | 
ASSUME H, =» $<— = , F H : 1 Cog OR T > 0.78 RESULTAWT FORCE Puy : 

40H 
fags = 1.54, (Yr 4 - = - WC) 

Pus le fats (ET = Le ae - -— 3.14 x.4)* 1.6 KiP 

MOTE: ALL COMPUTATIONS ARE PER LINEAR FOOT OF WALL 

FIGURE 10-18 
Example of Analysis of Pressures on Flexible Wall of Narrow Cut 

7-10-26 



a 
a 

EQUMALENT RECTANGULAR SECTION 

30° 8: 7850 
45° B:.875D 

CIRCULAR CELLS 

STEEL SHEET PILE 

WATER SURFACE IN CELL 

EFFECTIVE@h ON TOTAL O&O 
€ CELL ATFAILURE INBOARD Tine 

TYPICAL SECTION HORIZONTAL PRESSURE DIAGRAMS 

GENERAL FACTORS 

SLOPE OF FREE BATER SURFACE IN CELLS DEPENDS OW PERMEABILITY OF CELL FPL... 
UMLESS SPECIAL DRAIWAGE IS PROVIDED AMO SLOPE IS COMTROLLED, ASSUME THE FOLLOUS HE: 

FREE DRAIMING COARSE GRAIWED FILL (69,6P, $8, SP): SLOPE | WORTZOMNTAL TO! VERTICAL; 

SILTY COARSE GRAIMED FILL (6H, GC, SB, $C): SLOPE 2 TO 1; 
FIME GRAINED FILL: SLOPE 3 TOT. 

Kg = RATIO OF HORIZOWTAL TO VERTICAL EFFECTIVE STRESS OM POTEMTIAL FAILURE PLANE 

Om CEMTERLIME OF CELL FOR ¢ @ O: 
cos? 2 Nar * areas OR Gy = Mp0, - Ky ectan$ (FOR C AND G). 

COFFEROAW OW ROCK - BITWOUT BERD 

1, ASSUWE EQUIVALE@T BIDTH B, USE B = 0.85N FOR FIRST TRIAL 

2. EFFECTIVE GEIGNT OF CELL FILL, © © BYZ(N - Hi) + BH, Y sve 

3. LATERAL PRESSURES PER RuUmMING ABs ow ovrsoaro Face 
FULL PATER PRESSURES P,, = w 

ACTIVE EARTH PRESSURE, P, © oe (Mg)®/e (ASSUME BALL FRICTION = 0). 
. STABILITY AGAINST SLIDING OW BASE: 

Fg = LOL 21.25 (reuPoRARY CONSTRUCTION), < /.5 (PERUANERT ALL) Pu t Pa 
FOR SUOOTH ROCK: tend a 0.5, FOR ALL OTNERS: tond = teng 

. STABILITY AGAIMST SHEAR FAILURE BETUEEN SHEETING AWD CELL FILL: 

fo = piteS — 815 f=”, (fond) fend FROU TABLE NO. 10-1. FOR 
W ame STEEL SHEETING AGATWST CELL FILL. 

. STABILITY AGAINST SHEAR FAILURE OW CENTERLIWE OF CELL: 

fg (Faton$rA 2B > | 25 (TEWPORARY CONSTRUCTION), ® 1.5 (PERWANERT BALL) 
Pub + Fale f = COEFFICIENT OF INTERLOCK FRICTION = 0.30. 

. IMTERLOCK TENSION: P, = RESULTAMT OF PRESSURE DIAGRAW pec. 

WARIOUW TENSION, Tmax * GA Gp WAXIWUB PRESSURE OF Py DIAGRAW obec. 

. SELECT waAXiuuw VALUE OF @ BNICH SATISFIES ALL DESIGN REQUIREWERTS. 

FIGURE 10-19 
Design Criteria for Cellular Cofferdams 
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COFFEROAW OM ROCK = WITN BERRY 

DESIGN STEPS 1 TO 3 SAWE AS COFFEROAW ON ROCK BITHOUT BEAU. 
4. STABILITY AGAIMST SLIDING OW BASE: 

pr. o Wtond > 1.25 (TEWPORARY CONSTRUCTION), © /.5 (PERUAWENT BALL) 
® Puta Pp Py & RESULTANT PASSIVE FORCE ON BERU, INCLUDING EFFECT 

OF WALL FRICTION, tan, FROW TABLE 10-1. 

Po WUST S (EFFECTIVE BEIGNT OF BERY) « tend OW ROCK 
OR FAILURE BILL OCCUR OW BASE OF BER. 

S. STASILITY AGAIWST SWEAR FAILURE BET RDEEN SHEETING AWD CELL FILL: 
Jfo A z J 

£0 he Publ + yb, - Pala 

6. STABILITY AGAINST SWEAR FAILURE OW CENTERLIWE OF CELL: 
281A, toa te(R-AIl) 2 1.25 (TEMPORARY CONSTRUCTION), & 1.6 (PERWAWENT WALL) * 

0° Be Paty -~ Po Me Py @ RESULTANT OF PRESSURE DIAGRAW GCC, MOT INCLUDING 
GATER PRESSURE wy. 

7, §MTERLOCK TENSION SWE AS FOR COFFEROAW WITHOUT BERRY, 

COFFEROAW ON DEEP SAND FOUNDATION = WITHOUT BERY 

OCSIGmM STEPS 1, 2, 3, 6 AWD 7 SAWE AS FOR COFFERDAU ON ROCK EXCEPT THAT Py 08 

RESULTANT OF EWTIRE AREA GbOC. STEPS 4 AND $ DO WOT CONTROL. 

@. STABILITY AGAINST BEARING CAPACITY FAILURE OF INBOARD TOE: 

po UbTIWATE BEARING CAPACITY > 5 aay P(e) + Pal St) - WB) 

: Bue $F) ene W 
USE ULTIMATE BEARING CAPACITY FOR CONTINUOUS FOOTING OF WIOTH B, FIG. Fle! , 

PENETRATION OF SWEET PILING WAY DEPEND ON UNDERSELPAGE CUTOFF REQUIREWENTS ONICH 
ARE EVALUATED GITH FLOW WET. e 

IN GENERAL, TO AVOID PIPING AT INBOARD TOE: 0, © Og © yW 
OR 0, © Og © Hy IF BATER LEVEL 1S LOWERED AT LEAST £ BELOW ImBOARD GROUND SURFACE. 
PENETRATION TO AVOID PULL = OUI OF OUTBOARD SHEETING. 
M2 mG Oy 2 VLFIWATE PULL OUT CAPACITY PER LINEAR FOOT OF BALL, SEE CwId -SEC 2. 
Qn @% Put * Pubs 

e 

rs ga /+ E/4. 

COFFEROAW ON DEEP SAND FOUNDATION = WITN BEAU 
DESIGm STEPS 1, 2, 3, 6 AND 7 SAE AS FOR COFFERDAW ON DEEP SAND. 

FOUNDATION WITHOUT BERY, EXCEPT THAT PASSIVE RESULTANT Pp IS IWCLUOEO Im 
RESISTING OVERTURNING WOWENT. 

@. STABILITY AGAINST BEARING CAPACITY FAILURE 1S WOT CRITICAL GITM PRESENCE OF BERU. 

PENETRATION OF SHEETING REQUIRED TO AVOID PIPING IS EVALUATED ITN FLOW WET. 

PENETRATION OF OUTBOARD SHEETING TO AVOID PULL OUI SAUE AS FOR COFFERDAW OW 

OLEP SAND WITHOUT BERW EXCEPT Twat Pp(ng/)) 13 IMCLYUDED IH RESISTING WOUENT FOR Qp. 

OLSIGN STEPS 1, 2, 3, 6 ANWO 7 SAME AS FOR COFFEROAW AN SAND, 

O, STABILITY AGAINST BLARING CAPACITY FAILURE OF IHBOARD TOE SAUE AS FOR 

COFFERDAW OW DELP SAwD EXCEPT THAT FF, & 2.8. 
PENETRATION REQUIRED TO AVOID PIPING USUALLY IS WOT IWPORTANT. 
PENETRATION OF OUTBOARD SHEETING TO AVOID PULL=OUF IS EVALUATED BY SAUE 

CRITERIA AS FOR COFFERDAW OW SAND. 

COFFERDAW OW SOFT TO wEDIUM STIFF CLAY 
DESION STEPS 1, 2, 3 AWD T SAWE AS FOR COFFERDAY ON SAND. 
6. STABILITY AGAINST SWEAR FAILURE OW CENTERLINE OF CELL: 

4+0.258) ; (A -A) AP (fx pe2 & 1.25 (TEMPORARY CONSTRUCTION) 
aes ae ee ie & 15 (PERMANENT WALL) 

6, STABILITY AGAINST BEARING CAPACITY FAILURE OF INBOARD TOE SA¥E AS FOR 

COFFERDAW OW. OLEP SAND EXCEPT Twar 7, & 9, 

PENETRATION REQUIRED TO AVOID PIPING USUALLY IS NOT IMPORTANT. 
PEWETRATION OF OUTBOARD SHEETING TO AVOID PULL OUF IS EVALUATED BY Saul 

CRITERIA AS FOR COFFEROAW ON SAND. 

FIGURE 10-19 (Continued) 

Design Criteria for Cellular Cofferdams 
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CHAPTER 11. SPREAD FOUNDATIONS 

Section 1. INTRODUCTION 

1. SCOPE. This chapter presents criteria for the design of spread footings and mats, methods of. deter- 
mining allowable bearing pressures, and treatment of problems in swelling subsoil. Spread foundations 

are of two general types; column, wall, or combined footings supporting the load of one or more structural 

units, and mats beneath the entire building area. This chapter also includes guidance on anchorages for 

tower guys. 

2. RELATED CRITERIA. See NAVFAC DM-? for criteria for loads applied to foundations by various 
Structures and structural design of foundations. 

3. APPLICATIONS. Use spread foundations at shallow depths where settlement or stability of under- 
lying material does not threaten damage to structures. Where a suitable bearing stratum at ground surface 

is underlain by weaker and more compressible materials, consider the use of deep foundations or piles. 

See Chapters 12 and 13. 

Section 2. BEARING CAPACITY 

1. LIMITATIONS. Allowable bearing pressures on spread foundations are limited by two considerations. 
The safety factor against ultimate shear failure must be adequate, and settlements under allowable bearing 

pressure should not exceed tolerable values. 

2. ULTIMATE SHEAR FAILURE. For major structures, where relatively high foundation bearing pres- 
sures yield important economy, determine ultimate bearing capacity by detailed exploration, laboratory 

testing, and theoretical analysis. For small or temporary structures, estimate allowable bearing pressures 

from performance of nearby buildings or from nominal bearing values; see Paragraph 4. 

a. Theoretical Bearing Capacity. To analyze ultimate bearing capacity for various loading situations, 
see Figures 11-1 through 11-5. For these analyses the depth of foundation embedment is assumed to be 

less than the foundation width, and friction and adhesion on the foundation’s vertical sides are neglected. 

See Figures 11-6 and 11-7 for examples of safety factor computations. To obtain allowable bearing pres- 

sures, apply a safety factor between 2 and 3 for dead load plus maximum live load, depending on the 

nature of the structure and the reliability with which subsoil conditions have been determined. Include in 
design dead load the effective weight of footing and soil directly above base of footing. 

b. Bearing Capacity Diagrams. Utilize ultimate bearing capacity diagrams as follows: 

(1) See Figure 11-1 for shallow footings with concentric vertical load. Formulas shown assume 

ground water at a depth below base of footing equal to the narrow dimension of the footing. 

(2) Use Figure 11-2 to determine ground water effect on ultimate bearing capacity. For cohesive 

soils, changes in ground water level do not affect ultimate bearing capacity. 

(3) Use Figure 11-3 for inclined load on horizontal footing and for inclined load on inclined. footing. 

(4) Use Figure 11-4 for shallow footing with concentric vertical load placed on a slope or near top 
of slope. 

(5) Use Figure 11-5 for shallow footing with concentric vertical load on layered cohesive soil. 
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ASSUMED CONDITIONS: 

1. 088 

THEORETICAL FAILURE 

2. SOIL 1S UNIFORM TO DEPTH & > B 
3. WATER LEVEL LOWER THAW CQ, BELOW 

BASE OF FOOTING. 
. VERTICAL LOAD CONCENTRIC. 
. FRICTION AND ADHESION OW VERTICAL SIDES 

OF FOOTING ARE WEGLECTED. 
. FOUNDATION SOIL WITH PROPERTIES 6, %,Y~ 

FIGURE 11-1 

ULTIMATE BEARING CAPACITY = 9y¥ 

CONTINUOUS FOOTING, GENERAL CASE 
Quit = 9" +g” 

gos PORTION OF BEARING 

CAPACITY ASSUMING 

WEIGHTLESS FOUNDATION SOIL 

PORTION OF BEARING 
CAPACITY FROM WEIGHT 

OF FOUNDATION SOIL 
= CN + YONG 

y$nr 

Quit = CNe + ¥DNe + ip Ny 
SQUARE OR RECTANGULAR 

FOOTING: 

Gut = CN, (14.3 2 )4y- DNg 0.4 YBNy 
CIRCULAR FOOTING: RADIUS =R 

Guff= 13 CNe + YON) * 0.6 YRNy 

FOR COHESIONLESS FOUNDATION 

SOILS ( ¢ = 0) 

CONTINUOUS FOOTING: 

Gut = YONG + ny 

SQUARE OR RECTANGULAR FOOTING: 

Gut “-f ONO O.€Y BNI 

CIRCULAR FOOTING: 

Quit = YONG + 0.6 YRNy 

FOR COHESIVE FOUNDATION 
SOULS ( P= 0) 

CONTINUOUS FOOTING: 

Du=CNe t+ YO 

SQUARE OR RECTANGULAR FOOTING: 

Gut = CNe(14.32) + YO 

CIRCULAR FOOTING: 

Gi * 1.30N, +¥O 

Ultimate Bearing Capacity of Shallow Footings With Concentric Loads 
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UNIT WEIGHT FACTOR, 

DEPTH OF WATER TABLE - 

WIDTH OF FOOTING 

10 20 

DEPTH OF WATER TABLE _ 

DEPTH OF FAILURE ZONE 

ASSUMED CONDITIONS: 

L= LENGTH FOOTING SHALLOW FOOTING 1. GROUND WATER LEVEL |S 

ROUGH BASE HORIZONTAL 

SURFACE FOOTING > 2. PRESENCE OF GROUND WATER 
= HAS NO EFFECT ON COHESIVE 

SOIL WITH @ =0. 

RECTANGULAR FOOTING: 

CONTINUOUS FOOTING: SURFACE FOOTING: D = 0 
7 9 aX Quit =CNe(1+.3-2)* [Yave + F (Y -Yove)] 0-4 BNy 

SHALLOW FOOTING: 028, IFd20D 
ut = ONG + [Loug + (Vr ~Yeua)] $ Ny Quit = Ne(/43 B)* L¥sve D+ (7 - Ysve)A]NQ 
SHALLOW FOOTING: O08 + 0.4 Yous BNyr 
Fr déoD if 0< AE (0+d0) 
Qu = CN. + [Yave D+(yr -¥5ve 0] Ne WH= CNe(1+.3 2) + ¥; Ng 

* 0.5 Ysug BNy +[Ysve tF (tr - ¥sve)] 0.48Ny 

SURFACE FOOTING: D= 0 

= = = 8 iF D<d $(0+d) CIRCULAR FOOTING: RADIUS = R 1/2 

SURFACE FOOTING: D = 0 
Quit = CN + Yr ONG + 

it =1.30Nc+[Ysue +F( fy ~Yove)] 0-6 RNy 
+ F(Yz- 8 fu 

LY¥sua + (Vr ~ Ysue)] 3 Ny SHALLOW FOOTING: DS2R,1F AE 

VALUES OF BEARING CAPACITY FACTORS Quit H, 1.3 Ne + [¥sua 0 +(ir -Youe )4]Mg + 06 fave Ny 

Nc Ng AND Ny ARE SHOWN IN » 

FiGeald=(. IF 0< 07 (0+d,) 

Guilt = 1.3CNe +r ONg + [Youe FYr-Yov0)/] 0-6 RN y 

FIGURE 11-2 
; Ultimate Bearing Capacity With Ground Water Effect 
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VALUES OF BEARING CAPACITY FACTORS 
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| ~ BS 

a eee 
20 40 60 80 

INCLINATION OF LOAD < Of DEGREES 

ROUGH BASE 

ult = ¢N 7 EN qe ENC Taney. a. 

INCLINED LOAD ON HORIZONTAL FOOTING 

DETERMINE quit FROM FIG. II-1 

ASSUMING UNIFORM BEARING 

INTENSITY. 

ult SAFETY FACTOR = 40 
qMAXx 

FIGURE 11-3 
Ultimate Bearing Capacity of Continuous Footings With Eccentric or Inclined Loads 
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STRENGTH PROFILE 
a/c sta, >t 

uo 

Nhe 1S ] 

S 

Oo 

FOR LAYERS 

WITH CONSTANT 

SHEAR STRENGTH 

BEARING CAPACITY FACTOR 

a & 

uw N 7S 

RATIO Co, 
] 

DEPTH OF EMGEOMENT OF FOOTING 

ears / 

Ea 

aN 

| 
: 0.4 Seite 

VALUE OF T/B 

9 
of LEGEND 

VO = BEARING CAPACITY FACTOR FOR CONTINUOUS 
FOOTING WITH DO=0 

= FACTOR FOR CONTINUOUS FOOTING WITH D>20 

Nor = FACTOR FOR RECTANGULAR FOOTING WITH O= O 

FOR FOUNDATION WITH CONTINUOUS FOOTING RECTANGULAR FOOTING 
UPPER LAYER OF VARIABLE a aay = 
SHEAR STRENGTH. VTE CINGn +90 Nor * Np (l+0.2(-E)) 

FR ABLE A : NcON OM TABL BOVE quit CiNcR + x0 

BEARING CAPACITY FACTOR” 

z 
fo) 

FIGURE 11-5 
Ultimate Bearing Capacity on Two Layer Cohesive Soil (¢ = O) 
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Quit = CNet YO yo = EFFECTIVE SURCHARGE 
} 

PRESSURE AT LEVEL OF 

BASE OF FOOTING. 

Quit = 2(5.53) + [13(1) 4.13-.0625)(2.5)] = 11.4K9F 

sarery Factor, F, = £42 “4 2 2 95 
; G-=)2.0. KSF. 9) 9.270 fear Z ee 

gr cei SOlPCE: IMMEDIATE SETTLEMENT J, = aaa za 
PTT Pre ae ae ee vi ® = of POP AT 2 

m4 LL = 1.0 TSF TAKE L/B =/0 Cs(FROM FIG.//-9)*.68 RIGID CASE. 
DEAD LOADS INCLUDES EFFECTIVE Be 1.05(@)(6)CE8) VIO - 

vo = = 0.27 FT. WEIGHT OF FOOTING WITH ASSUHED | 100 
GROUND WATER LEVEL. a = 35 2918 Ad (FROM FIG./-9) = 0.94 

) P NO(FROM FIG. Il-/) = 5.53 YBL  Y&60) Too 
Ky, (FROM FIG. 11-8) = 100T/FT? | Og = 0,94(0.27)(12) = 3.1 IN. 

(4) CONTINUOUS FOOTING WITH VERTICAL LOAD 

Q/t 2 CNeg + Fo Nye = 2(3.8)+O = 7.6 K5F 

7 PutDifce ss Ove : SAFETY FACTOR, fs = *5~ = “G 190 

92 2T75F- | EMMEDIATE SETTLEMENT, NO EXACT SOLUTION IS 
AVAILABLE. Ojo IS APPROXIMATELY INVERSELY 

’ C= 2.0 KSF p=0 7 = 2TSF PROPORTIONAL TO SAFETY FACTOR USING CASE @: 
= 130 PCF 8 dr Gefen) = a GHN 

2 /. 
O/B = == = 0.58 28 

Wit 1S INTERPOLATED BETWEEN VALUES FOR 
0/B = i AND 0/8 = O. 
FOR D/B #1, Guilt = CNcg + YO= 2(6.75 )*./3(3.5) = 14.0 KSF 
FOR WB*0, Yu/f = 2(43)*+./3(3.5) 2 GI KSF 
FOR D/JB= 3.5/6 =0.58, Quit = 9./ +0.58(49) = 11, 9K SF 

SAFETY FACTOR, Fe = ae = 2.98 

IMMEDIATE SETTLEMENT, USING CASE @: 

, C= 2.0KSF $=0 Yyz=130 PCF | hg = 295 (3;) = 3.0 N. 
STABILITY NUMBER, N,=2Z* 20.52 277 
FOR D/B=1, Neg * S05 FROM 
FOR 0/8 = 0, Neg = 4.3 SFIG.MI-4 

(C) CONTINUOUS FOOTING PLACED AT TOP OF SLOPE 

Ce/C, = 4p z2 7/8 2 3/6 20.5 

Ne (FROM FIG. //-5) = 5.8 

| FOR 0/8 = 3.5/6 = 0.5, Nep/Nc (FROM FIG.//-5) # 1. /5 

Quit = Gy Neo + YO = A5.8)(1./5)+ E13 (1) +(13> 0685)(2.5)]#/4 6 KSF 

SAFETY FACTOR, Fg = %8 = 540 
J C= 2.0 KSF 

g, =O Yr =130 PCF IMMEDIATE SETTLEMENT, USING CASE @: 

€-8° (3.1) = 2.6 IN. 
D A [g 

»*= | QQ) CONTINUOUS FOOTING ON TWO-LAYER FOUNDATION STRATA 

FIGURE 11-6 
Examples of Computation of Safety Factor and Immediate Settlement, 

Shallow Footings on Cohesive Soils 
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fs: 35% Cc =0 
i. is PCF 

45 Sy UA 

ne SS ths Sing toy > 

DEAD LOAO INCLUDES EFFECTIVE 

WEIGHT OF FOOTING WITH 

ASSUMED GROUND WATER LEVEL. 

No(FROM FIG. 11-1) = 34 
Ny (FROM FIG.11- / ) = 40 (ROUGH) 
Ky, (FROM FIG. 11-8) = 130 T/FT? 

Pp = 35° C = 0 
Yr = 130 PCF 

OL = 2.5 TSF 
bet tard SSIES G 

Nyg (FROM FIG. 11-3) = 60 

© 

g= 35° C =z 0 
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}Diam 255.05 
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Nzo (FROW a Pe A 
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Ny-g = = 26 

= /8.52 

Oy = 2 x 
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Quit = CNe+LYsu0 +r ~Yova) 1] No + 0.5 Yous BNy 
= 04/068 x3.5+(./3 -. 068) 0] 34.40,5 x.0.68x 6 x40 

KSE 
SAFETY FACTOR, Fy, = 

IMMEDIATE SETTLEMENT 

498% 

Ky; (B +1)? 

4x4x 6? dy = 2 aOTEATIE 7 ERT = BEIM 

Ay 2 2.32 
2.93 

SAFETY FACTOR, F, = 

IMMEDIATE SETTLEMENT, USING CASE (@) 

He 25 ae 

FIGURE 11-7 

SAFETY FACTOR, F 

ASSUME GROUND 

GREAT DEPTH BELOW 

ASSUME GROUND WATER TABLE !S LOCATED AT 

GREAT DEPTH BELOW 

Quit = CNeg + YB Nyg = 04.30% $ X60 = 23.4K5F 

IMMEDIATE SETTLEMENT, 
AVAILABLE. OV 1S APPROXIMATELY INVERSELY 

PROPORTIONAL TO SAFETY FACTOR. USING CASE®@): 

(2./6) = 

INCLINED CONTINUOUS FOOTING WITH 

Quit = Neg +S Nyg = o+./3x¥ X26 = 10.2 KSF 

2 16)= 

©) CONTINUOUS FOOTING PLACED BACK OF SLOPE 

PCL a ash 

WATER TABLE 

Gulf _ 18:52 = 2.32 
g ‘Sal 

BASE OF FOOTING. 

Q == gig ene 

NO EXACT SOLUTION 

LTLAING 

INCLINED LOAD 

1S LOCATED AT 

BASE OF FOOTING. 

oe = oo =/,284 

3.9/1 IN, 

Examples of Computation of Safety Factor and Immediate Settlement, 
Shallow Footings on Cohesionless Soils 
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3. SETTLEMENT. Settlements produced by isolated individial footings are derived from two sources; 

deep-seated consolidation from volume change under combined loads of all foundation units, and immedi- 

ate settlement from shear strain beneath individual footings. 

a. Consolidation Settlements. See Chapter 6 for methods of consolidation analysis. Analysis may 
indicate need for replacing shallow spread foundations by deep foundations. In certain situations, time 

delayed consolidation of substrata will contribute the major settlements as follows: 

(1) A Structure supported by mat or individual footings founded on a compact bearing stratum 

underlain by soft, compressible material. 
(2) A structure of low to medium area load placed directly on compressible fine grained material. 

(3) A heavy structure placed within excavation in a thick stratum of compressible material. 

b. Shear Strain Settlements. This deformation occurs immediately on application of load. Settlement: 
under dead load during construction usually will not contribute to structural distress, but those caused by 

live load will affect the structure without the relief of plastic flow in structural members. In the following 

situations immediate settlement from shear strain under isolated footings comprises all, or a major portion, 

of total settlements: 
(1) Individual footings on a thick stratum of coarse grained material whose rigidity increases with 

depth. 

(2) Individual footings on a thick stratum of stiff or hard, preconsolidated clays where consolida- 

tion settlements are the result of recompression only. 

c. Computations of Immediate Settlements. Where immediate settlements dominate, compute values by 
the procedure of Figure 11-8 for coarse grained soils, and Figure 11-9 for stiff or hard, fine grained soils. 

For examples of computation see Figures 11-6 and 11-7. 

(1) Cohesionless Soils. For approximate analysis, use modulus of subgrade reaction K,, in 

cohesionless soils given in the graph of Figure 11-8. For detailed study, determine K,, from plate- 

bearing test. See Figure 4-4. Settlement formulas of Figure 11-8 are based on experience with individual 

footings of various sizes. If ground water level is as high as the base of footings, reduce modulus of sub- 

grade reaction by one-half. 

(2) Fine Grained Soils. For stiff to hard fine grained soils, compute settlements assuming elastic 

conditions with an allowance for embedment and shape of footing. In the general case of a soil with both 

cohesion and friction resistance, estimate settlement from shear strain from plate-bearing tests on plates 

of two different sizes. See Figure 4-4 for method of analysis. 

d. Load Assumptions. Transient forces that are repeated periodically and may be of some duration 

include those of wind, snow, moving machinery, and equipment. Transient forces of extremely short dura- 

tion occurring at irregular intervals include earthquakes, impact, blasting, and vibratory loads. Disregard 

transient forces in analyzing long-term settlements caused by volumetric consolidation. For computation 

of immediate settlements from shear strain under individual footings, include periodically repeated tran- 
sient forces in live load. 

4. NOMINAL BEARING PRESSURES. For preliminary estimates or when elaborate investigation of soil 
properties is not justified, use nominal bearings pressure of Table 11-1. 

a. Utilization. These load intensities are intended to provide a reasonable safety factor against ulti- 

mate failure and to avoid detrimental settlements of individual footings. Nominal bearing pressures must 

be used with caution and verified, if possible, by performance of nearby structures. 

b. Modifications of Nominal Bearing Pressures. See Table 11-2 for variations in allowable bearing 

pressure depending on footing size and position. Nominal bearing pressures may be unreliable for founda- 

tions on very soft to medium-stiff fine grained soils and should be checked by an estimate of theroetical 

bearing capacity. Where bearing strata are underlain by weaker and more compressible material or where 
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VERY | MEDIUM STIFF | VERY STIFF 
ced VERY SorT STIFF 

K,, = MODULUS OF VERTICAL SUBGRADE 

REACTION FOR | FT SQUARE | 

BEARING PLATE AT GROUND SURFACE. 

vi 

ue w COEFFICIENT OF VARIATION OF 

SOIL MODULUS OF ELASTICITY 

WITH DEPTH, USED IN ANALYSIS OF 

LATERALLY LOADED PILES. FOR 

STIFF TO HARD CLAYS (f) IS 

ESTIMATED AS SHOWN IN FIG.1I-9. 
200 40 

150 
f IN TONS/FT3 f-FOR COARSE 

GRAINED SOILS 
KY, IN TONS/FT? 

f-FOR FINE 

GRAINED SOILS 

RELATIVE DENSITY Dy, PERCENT 
40 50 60 7 

MED (UM DENSE 

COARSE GRAIN SOILS 

(MODULUS OF ELASTICITY INCREASING 

LINEARLY WITH DEPTH) 

SHALLOW FOOTINGS D0 S8 

Oy = FOOTING SETTLEMENT 
Q = FOOTING UNIT LOAD IN tsf 
B FOOTING WIDTH 
L 
D 

= FOOTING LENGTH FOR 8 & 20FT: ° 
™ DEPTH OF FOOTING BELOW GROUND A, 4¢ 52 

= 

Ay, (8 +/)2 
FOR B = 40FT: 

WY etre 
% Ay, (Btl)® 
INTERPOLATE FOR INTERWEDIATE 

VALUES OF 8 

SURFACE 

E, = MODULUS OF ELASTICITY OF SOIL 
SHAPE COEFFICIENT OF LOADED AREA 

FOR COARSE GRAINED SOILS AND VERY 
SOFT TO WEDIUM STIFF FINE GRAINED 
SOILS, E, IS ASSUMED TO INCREASE 
LINERALLY WITH DEPTH (E, = fz) 

FOR STIFF TO HARD CLAYS E, IS 
ASSUMED TO BE CONSTANT WITH DEPTH. 

DEEP FOUNDATION D & 58 

FOR B S 20FT: 
Fs 82 

Hy - Kv, (8 +/) 

NOTES: I: NONPLASTIC SILT IS ANALYZED AS COARSE GRAINED SOIL WITH MODULUS OF 

ELASTICITY INCREASING LINEARLY WITH OEPTH. 

2. VALUES OF Ky, SHOWN FOR COARSE GRAINED SOILS APPLY TO DRY OR MOIST WATERIAL 
WITH THE GROUND WATER LEVEL AT A DEPTH OF AT LEAST |.5B BELOW BASE OF FOOTING. 

IF GROUND WATER IS AT BASE OF FOOTING, USE K,,/2 IN COMPUTING SETTLEMENT. 

FIGURE 11-8 
Immediate Settlement of Isolated Footings on Coarse Grained Soils 
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RATIO Ayva/ Cvo 

STIFF TO HARD FINE GRAINED SOILS 
(MOOULUS E,1S CONSTANT WITH DEPTH) 
SETTLEWENT FORD = 0 (Qjo): 

1598 Cs Vig 
No = E 

S 

AND SINCE Eg™ .72 Ky, (TONS ANO FY. UNITS) 

SETTLEWENT FORD > 0 (yy): 
COMPUTE Gy AND OBTAIN RATIO OF Fig Fvo FROM 
UPPER DIAGRAM. 

POSITION OF GROUND WATER LEVEL DOES WOT 

AFFECT IMMEDIATE SETTLEMENT UNLESS SOIL 

IS PERWITTED TO SWELL. FOUNDATION WATERIAL IS 

ASSUMED UNIFORM TO A DEPTH OF AT LEAST !.58 

BELOW BASE OF FOOTING. 

Ovo = SETTLEWENT FORD =0 
Sug = SETTLEMENT FORD >O 

CONVERSION OF CONSTANT MODULUS*E, TO EQUIVALENT 

MODULUS E,VARYING LINERALY W4TH DEPTH FOR 

APPLICATION TO LATERALLY LOADED PILES IN STIFF 

TO HARD CLAYS. 

PROCEDURE: 

I. GIVEN A VALUE OF CONSTANT Eg, 
ASSUME A VALUE OF f. 

. COMPUTE DEPTH 2 TO POINT OF 
ZERO DEFLECTION OF PILE FROM 
FIGS. 13-4 OR 13-5, 

. RECOMPUTE f# SO THAT VALUE 
OF fe = 2E,. 

. RECOMPUTE DEPTH 2 WITH 
REVISED f AND ALTER f AGAIN 
SO THAT fe= 2e,. 

DEFLECTION 
CURVE 

FIGURE 11-9 
Immediate Settlement of Isolated Footings on Stiff to Hard Fine Grained Soils 
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TABLE 11-1 
Nominal Values of Allowable Bearing Pressures for Spread Foundations 

Allowable bearing 
pressure 

tons per sq ft 
: : Consistency in 

ik of bea 1 ype ring materia Stack 

value 

for use 

Massive crystalline igneous and metamorphic rock: granite, diorite, basalt, | Hard, sound rock 60 to 100 
gneiss, thoroughly cemented conglomerate (sound condition allows minor 
cracks). 

Foliated metamorphic rock: slate, schist (sound condition allows minor Medium hard sound | 30 to 40 

cracks). rock 

Sedimentary rock: hard cemented shales, siltstone, sandstone, limestone Medium hard sound | 15 to 25 
without cavities. rock 

Weathered or broken bed rock of any kind except highly argillaceous rock Soft rock 8 to 12 
(shale). 

Compaction shale or other highly argillaceous rock in sound condition Soft rock 8 to 12 

Well graded mixture of fine and coarse grained soil: glacial till, hardpan, Very compact 8 to 12 

boulder clay (GW-GC, GC, SC). 

Gravel, gravel-sand mixtures, boulder-gravel mixtures (GW, GP, SW, SP)... Very compact 7 to 10 

Medium to compact | 5 to 7 

Loose 3 to 6 

Coarse to medium sand, sand with little gravel (SW, SP) Very compact 4to6 

Medium to compact 3 to 4 

Loose 2 to 3 

Fine to medium sand, silty or clayey medium to coarse sand (SW, SM, SC).. Very compact 3) tone 

Medium to compact | 2 to 4 
Loose lto2 

Fine sand, silty or clayey medium to fine sand (SP, SM, SC) Very compact 3 to 4 

Medium to compact | 2 to 3 

Loose l to 2 

Homogeneous inorganic clay, sandy or silty clay (CL, CH).........+e0e. . | Very stiff to hard 3 to 6 
Medium to stiff 1 to 3 

Soft ton 
Inorganic silt, sandy or clayey silt, varved silt-clay-fine sand (ML, MH)... | Very stiff to hard 2 to 4 

Medium to stiff 1 to 3 

Soft -5 to l . . = Se WnAerAn RANnNwYA QGHnwrrRao 

ry 

J 

Notes: 

1. Variations of allowable bearing pressure for size, depth and arrangement of footings are given in Table 11-2. 

2. Compacted fill, placed with control of moisture, density, and lift thickness, has allowable bearing pressure of equiv- 

alent natural soil. 

3. Allowable bearing pressure on compressible fine grained soils is generally limited by considerations of overall set- 

tlement of structure, Table 6-1. - 
4. Allowable bearing pressure on organic soils or uncompacted fills is determined by investigation of individual case. 

compressibility of subsoils is constant with depth, analyze consolidation settlement of the entire 

foundation. 

5. PROPORTIONING INDIVIDUAL FOOTINGS. Where significant compression will not occur in strata 
below a depth equal to the distance between footings, proportion size of individuat footings to give equal 

settlement; use formulas for immediate settlement in Figures 11-8 and 11-9. Where significant consolida- 

tion settlements may occur below this depth, select footing size on the basis of the safety factor against 

ultimate failure as a first trial. Analyze overall consolidation settlements for the combined effect of 

these individual footings. In this case, settlements are controlled by the combined stresses of all founda- 

tion units and may be little affected by alteration of individual footing areas. 
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TABLE 11-2 
Selection of Allowable Bearing Pressures for Spread Foundations 

1. For preliminary analysis or in the absence of strength tests of foundation soil, design and proportion shallow 

foundations to distribute their loads using nominal values of allowable bearing pressure given in Table 11-1. Modify 

the nominal value of allowable bearing pressure for special conditions in accordance with the following items. 

2. The maximum bearing pressure beneath the footing produced by eccentric loads that include dead plus normal 
« |live load plus permanent lateral loads, shall not exceed the nominal bearing pressure of Table 11-1. 

3. Bearing pressures up to one-third in excess of the nominal bearing values are permitted for transient live load 
from wind or earthquake. If overload from wind or earthquake exceeds one-third of nominal bearing pressures, in- 

crease allowable bearing pressures by one-third of nominal value. 

4. Extend footings on soft rock or on any soil to a minimum depth of 18 in. below adjacent ground surface or sur- 

face of adjacent floor bearing on soil, whichever elevation is the lowest. 

5. For footings on soft rock or on coarse grained soil, increase allowable bearing pressures by 5 percent of the 

nominal values for each foot of depth below the minimum depth specified in Item 4. 

6. Apply the nominal bearing pressures of the three categories of hard or medium hard rock shown on Table 11-1 

where base of foundation lies on rock surface. Where the foundation extends below the rock surface increase the al- 

lowable bearing pressure by 10 percent of the nominal values for each additional foot of depth extending below the 

surface. 

7. For footing smaller than 3 ft in least lateral dimension, the allowable bearing pressure shall be one-third of the 
nominal bearing pressure multiplied by the least lateral dimension in feet. 

8. Where the bearing stratum is underlain by a weaker material determine the allowable bearing pressure as follows: 

( 

Q = applied load, not including weight of foundation 

itself. 

L = length of foundation. 
(B + 1.16H) (L + 1.16H) = area stressed in weaker 

layer. 

) 
(BYs 71 DT ¥ 1-16H) S$ nominal value of allowable 

ee EEE ee 

bearing pressure. 

Area stressed in weaker layer shall not extend beyond 

intersection of 30° planes extending downward from 

j adjacent foundations. 

WEAKER LAYER 

9. Where the footing is subjected to a sustained uplift force, compute ultimate resistance to uplift as follows: 

ean applied uplift force. 

total effective weight of soil and concrete located 
within prism bounded by vertical lines at base of 

: foundation. Use total unit weights above water 
) % al table and buoyant unit weights below. 

Safety Factor -5 2 2 
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6. UPLIFT CAPACITY. Analysis of shallow foundations to resist uplift are given in Figures 11-10 and 

Ei-iis 

a. Rock Anchorages. Resistance to direct uplift of tower legs, guys, and antennas may be provided 

by reinforcing bars grouted in rock. In the absence of pullout tests, determine uplift resistance by empir- 

ical formulas of Figures 11-10, 11-11, 11-12, and Table 11-2. These formulas apply to bars in fractured 

rock near the rock surface. Higher shear strength is to be expected in sound, unweathered rock. To 

develop rock strength, sufficient bond must be provided by grout surrounding the bar. Bond strength may 

be increased by using washers, rock bolts, deformed bars, or splayed bar ends. 

b. Anchorage in Soil. For sustained uplift on footing, see Table 11-2. Uplift is considered to be 
resisted by weight of footing plus soil directly overlying footing only. Transient uplift from live loads 

applied to footings, piers, posts, or anchors is analyzed as shown in Figure 11-11. Tower guy anchorage 

in soil is analyzed in Figure 11-12. 

Section 3. MAT FOUNDATIONS 

1. APPLICATIONS. Mat foundations are appropriate if the sum of individual footing base areas exceeds 
about one-half the total foundation area; if the subsurface strata contain cavities or compressible lenses 

difficult to define; if shallow shear strain settlements predominate and the mat would equalize differential 

settlements; or if resistance to hydrostatic uplift is required. 

2. STABILITY REQUIREMENTS. Where mats are placed on coarse grained soils whose rigidity 

increases with dépth, the safety factor against overall shear failure exceeds that of footings and its ade- 

quacy need not be investigated in detail. For fine grained, cohesive soils, analyze overall stability by 

Figure 11-5. For mats on loose, cohesionless, silty fine sands or loessial silts and fine sands, compact 

the foundation in depth, use methods of Chapter 15. In cohesive soils of constant strength, lower the base 

elevation of the mat to increase overall safety factor. 

3. DESIGN OF MAT FOUNDATIONS. Design is based on the theory for beams or plates on elastic foun- 
dations. An outline of methods is presented herein to show their applicability in various problems. For 

information on detailed procedures, see Hetenyi, Beams on Elastic Foundation (Bibliography). Elastic 

analyses are suitable particularly for foundations on coarse grained soils where rigidity increases with 

depth and settlements are derived principally from strain within shallow depths. 

a. Two-dimensional Problems. For wall or track footings or mat foundations subjected to plane 

strain, such as drydocks with long walls and linear blocking loads, perform elastic analysis by method of 

beams on elastic foundations. Specific procedures are located as follows: 

(1) For definitions and procedures, see Table 11-3. 

(2) For formulas for shear, moment, and deflection under various applied loads, see Figure 11-13. 

(3) For functions used for computation of shear, moment, and deflection, see Figure 11-14. 

(4) Superpose shear, moment, and deflection produced by separate loads to obtain the effect of 

combined loads. 

b. Three-dimensional Problems. For individual loads applied in irregular pattern to a roughly equi- 
dimensional mat, analyze stresses by method of plates on elastic foundations. Detailed procedures are 

located as follows: 

(1) See Table 11-4 for definitions and procedures. 
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BARS IM SQUARE ARRANGEMENT 

SINGLE BAR ANCHORAGES 

P, = ALLOWABLE ANCHOR PULL 
D = EWBEDWENT DEPTH, MEASURED AS 

SHOWN. 
Cyj)= ALLOWABLE ROCK SHEAR STRESS. 
f, = ALLOWABLE BAR STRESS, 20 KS! 
brad = BOND STRESS ON BAR PERIMETER 

REQUIRED TO DEVELOP Cy), 
A = BAR CROSS-SECTION AREA. 

= (2. )0% 41;) avo Pom Af, 

bred * 

TESTS INDICATE THAT ROR “BAR IN ORDINARY 
FRACTURED ROCK NEAR THE SURFACE: 

MINIMUM O(FT) =(1.25)/& (KIPS) 
AT THIS DEPTH Cay, = 0.3 KSF AND 
SHOULD NOT BE TAKEN GREATER THAN THIS 
VALUE WITHOUT PULLOUT TESTS. 

SPACING OF BARS IN PLAN SHOULD EXCEED 
1.2D. 

/ 

/ SHEAR 
SURFACE 

= 
/ 

/ / SECTION 

BAR GROUP ANCHORAGE 

= ALLOWABLE ANCHOR PULL FOR GROUP 
OF BARS. 

WN = NUMBER OF BARS IN SQUARE 
ARRANGEMENT. 

4.60(B8 + 0.580)C,,; AND 
Pr = WAT, 

a Le eens, 
BAR PERIMETER x DO 

Pp 
= ———L___—__—_ brad = SAR -PERIWETER x ND 

TESTS :NOICATE THAT FOR BAR GROUP IW 

ORDINARY FRACTURED ROCK WEAR THE 

SURFACE: 

WINIMUM O(FT) 

p £68 Gall +V21.28#(Cal)*# 10.7 Call NAPs 
5.34 Cal/ 

AT THIS DEPTH Cay 0.3 KSF ANDO SHOULD 

NOT BE TAKEW GREATER THAW THIS VALUE 

WITHOUT PULLOUT TESTS. 

EXAMPLE: 

GIVEN: P, = 20K FOR | IN. SQ BAR 
WINIWUM DO = 1,.25Y20 = 5.6 FT. 
BAR SPACING = 1.2(5.6) = 6.7 FT. 

a um LoL hr 
q@ 4(5.6)(12) 4,5! 

EXAMPLE: 

GIVEN Pp so* USE 4 = / IM SQ. BARS. 

B= 4.5 FT, #, = 20 KS! 
WIM. DO: WITHOUT TESTS: 

A.6 x45 LOS HEIL ASEXDSENATIO SA 1208 

Pog 5.34 x03 
= 6.9FT 

80,200 

FIGURE 11-10 
Capacity of Anchor Rods in Fractured Rock 
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WEDGE OF SOIL 
ACTING TO 

RESIST UPLIFT 
SS Vv. 

ANGLE 6 = 30° FOR COHESIVE SOIL, 20° FOR 

COMESIONWLESS SOIL. 
Wy = WEIGHT OF FOOTING PLUS WEDGE OF SOIL 

ACTING TO RESIST UPLIFT. 

SAFETY FACTOR = z, SAFETY FACTOR SHOULD 

BE NO LESS THAN 1.5 WHERE TRANSIENT LOADS 

ARE APPLIED. 

RESISTING LARGE UPLIFT AND SWALL HORIZONTAL LOAD. 

WAXI MUM 
ALLOWABLE 
BEARING 
PRESSURE 

EARTH PRESSURE 
ON VERTICAL SIDES 

W, = WEIGHT OF WEDGE OF SOIL ON SIDE OF 
FOOTING TENDING TO MOVE UPWARD. 

W. = WEIGHT OF FOOTING. 
ANALYSIS OF STABILITY AND SOIL PRESSURES 

SAWE AS IN FIG. 10-8. WAXIMUM SOIL 
PRESSURE ON BASE OF FOOTING IS OBTAINED 
BY COWBINING W. W., APPLIED LOAD AND 
MOMENT. 

REQUIRED SAFETY FACTOR AGAINST OVERTURNING 
24.5, WHERE TRAWSIENT LOADS ARE APPLIED. 

MOMENT IS RESISTED BY EARTH PRESSURE ON 
SIDES OF PIER OR POST. 

FOR ANALYSIS OF STRESS OR DEFLECTION, 
SEE CASE I, FIG. 13-3. 

ALLOWABLE WOWENT ORDINARILY IS LIMITED BY 
THE TOLERABLE WOVEWENT OF THE FOUNDATION. 

PIER OR POST RESISTING LARGE WOWENT AND SWALL UPLIFT AND HORIZONTAL LOAD. 

P=RESULTANT OF 

GUY FORCES 

oa) 

IN ROCK 

TOWER GUY 

Qe 

IN SOIL BY PILES 

(SEE FIG. 11-10) CSEE FIG 11-16} (SEE. FIG. 2 lem 

ANCHORAGE (SEE SECTION 5) 

FIGURE 11-11 
Resistance of Footings and Anchorages to Combined Transient Loads 
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P=RESULTANT OF MAXIMUM GUY FORCES 
R, » P= COMPONENTS OF P 

Wy= WEIGHT OF BLOCK + SOIL ON BLOCK 

We Ws 

X,Y, L= BLOCK DIMENSIONS 

Y= UNIT WEIGHT OF SOIL, p.c.f. 

Ws =X-L-h- vy 

Pp = TOTAL PASSIVE PRESSURE LBS/L.F. 

¢ =ANGLE OF INTERNAL FRICTION 

C = COHESION, p.s.f. 

Pu 

L=DIM. 1 TO P 

|. RESISTANCE TO VERTICAL FORCE 

SAFETY FACTORS IN VERTICAL DIRECTION : Wr 
me TOTAL UNIT WEIGHTS ABOVE WATER sre Ten 1.5 

BOUYANT BELOW 
WB » 1.0 Py 

2. RESISTANCE TO HORIZONTAL FORCE 
SAFETY FACTOR IN HORIZONTAL DIRECTION : (Pp 

a. SEE SECTION 4, CHAPTER 5 FOR Pp COMPUTATIONS { 5— = I. 5 
b. PASSIVE RESISTANCE CONSIDERED ON FACE OF | H 
BLOCK ( AREA yxL) ONLY. 

NOTES: BACKFILL SHALL BE COMPACTED AS SPECIFIED IN TABLE 9-3 

EXAMPLE: VERT: Wp (ABOVE WI.)=6'x8'X3'xI50pcf = 21,600™ 
$= 30°; C=O Wp (BELOW WT.)=6'X8'X2x875pcf= 8,400 
WATER TABLE AT 5' DEPTH Wp = 30,000 

P=40K; R= 27K, py= 30K Ws=6'x8'x2'x 110 pef Ws = 10,500 
Y= 110 pef , DRY "7 x Wr = 40,500 
TRY BLOCK x,y,L 76,58" SF \ Wr 40.5%. abl «pha 

heo' CHECK Py 27 in? Kip Py 27 - 

KEEP R, AT 1/2 TO 2/3 BLOCK (asa 
Peo vues P HORIZ: FROM FIG. 5-I2, WITH =30°, B=0°: Kp=3.0 

FROM FIG. 5-10: 

Spy zo7Kpyh =3.0X!1I0X 2 = 660 

Ton=5>Kpyh= 3.0xI1IOx5= 1650 

o pu=Kp Yount t Y ows 3.0 x 60x 7+ 550= 1800 
Tph=5 

Pp=1/2-3(660 +1650) L + 1/2-2( 1650 +1800) L 
P,  =3465L + 3450L = 6915 x 8=55,200” 

Pp 57 Py? ok -83>15 SF. 

MAKE ADDITIONAL TRIALS VARYING h,x,y,L 

a O* 

FIGURE 11-12 oo se 
Tower Guy Anchorage in Soil by Concrete Deadman Re Se “ ov 

ge GT xt? oc yo, - st os oh Ey 
ae 

real ai DE ose 
4 g 4 

90 as 



TABLE 11-3 
Definitions and Procedures, Analysis of Beams on Elastic Foundation 

Definitions: 

= Modulus of subgrade reaction for a 1 sq ft bearing plate, 

Modulus of subgrade reaction for beam of width b, Kp = (Ky,)/7b 

Deflection of beam at a point. 

Pressure intensity on the subgrade at a point, p = y(Kp). 
Width of beam at contact surface. 

Moment of inertia of beam. 
Modulus of elasticity of beam material. 4 

Beam length. Kib 

Characteristic of the system of beam and supporting soil = b 

Ky, 
Ky 
y 
P 
b 
I 
E 
L 
za 

Procedure for Analysis: 

1, Determine E and establish K,, from Fig, 11-8 or from plate beariny tests, 

2. Determine depth of beam from shear requirements at critical section and width from 

allowable bearing pressure, Compute characteristic % of beam and supporting soil, 

3. Classify beams in accordance with relative stiffness into the following three groups. 
Analysis procedure differs with each group. 

Group 1, short beams: AL< M4 . Beam is,considered rigid. Assume linear dis- 

tribution of foundation contact pressure as for a rigid footing. Compute shear and moment 

in beam by simple statics. 

Group 2, beams of medium length: Wy < AW <ff . End conditions influence all sections 
of the beam. Compute moments and shears throughout the beam length by the infinite beam 

formulas, top panel of Fig, 11-12, Determine in this way the shears 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, solutionsfor 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 determined from the 

infinite beam formulas, See Hetenyi, Beams on Elastic Foundation (Bibliography) 

for formulas for moments and shears in end loaded beam of finite length. 

Group 3, long beams: Al > 71 . Endcondition at distant end has negligible in- 
fluence 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 loads 

by formulas for infinite beam, top panel of Fig, 11-12, Compute moment and shear for loads 

applied near the beam ends by formulas for semi-infinite beam, bottom panel of Fig, 11-12, 

Superpose moment and shear obtained from the two load systems. 

4. Obtain functions A B fer AAS Crate Se for use in formulas of Fig, 11-12 from Fig. 

Sign Convention: 

Consider infinitely small element of beam between two vertical cross sections at a dis- 

tance d, apart, 
- Q qdx 

+Q = Upward acting shear force to left of section. 

+M = Clockwise moment acting from the left of the M C ) M+dM 
section. 

+y = Downward deflection. ee 
= K,Ydx 
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CONCENTRATED LOAD APPLIED MOMENT 

P ee Mo 

DEFLECTION: y « a Ase DEFLECTION: 

MOMENT: M= rit Cae MOMENT: 

SHEAR: Ge. F Dax SHEAR: 

DEFLECTION: Ye = x (2 - Daq - Day) 

MOMENT: Me = 25 (8107 Bab) 

SHEAR: ef (Cra - Cab) 

INFINITE BEAM 

DEFLECTION: /'- £ (0a - Dr) 

MOMENT. -%, (Baa ~ Bab) 

OEFLECTION: - £ (Ora ~- Dap) 

MOWENT: ree (Brq ~ Bab) 

SHEAR: x (Caa - Cao) 

FREE END, CONCENTRATED LOAD 

if sa ae DEFLECTION: 

y MOMENT: 

SHEAR: 

FREE END, MOMENT 
M, DEFLECTION: 

MOWENT: 

SHEAR: 

SEMI-INFINITE BEAM FREE END BEAW, CONCENTRATED. LOAD WEAR END 
PA a_4P ee x DEFLECTION: Y= 5, Kea 420)0)Ay2(C1g* Dra) By, *Ar@r2 

IF NOTATION (Cag +2Djq)=&% 
ANO (Casa *Daq) 2/3 1/8 USED 

Pe 
wowenT: = M= fac), -24 Dax* Caca—x) } 

Pp 
SHEAR: Q=- 5[XDax- BAry * Oa(a-x) } 

FIGURE 11-13 
Computation of Shear, Moment, and Deflection Beams on Elastic Foundation 
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TABLE 11-4 
Definitions and Procedures, Mats on Elastic Foundations 

Definitions: r= Distance of point under investigation from point load along radius. 

Radial and tangential moments (polar coordinates) for a unit width of mat, 

Radial and tangential shear. 
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. b = width of mat 

Procedure for Analysis: 

1. Determine modulus of-subgrade reaction for mat Ky as follows: 

For cohesive soils: Ky, = Ky, /b, For cohesionless soils: K, = Ky, (abe 

Determine mat thickness h from shear requirements at critical sections, 

Determine values of E and Poisson's ratioy for mat, 
Eh3 

Calculate flexural rigidity of mat, D = ioricu . 

: y D oe Calculate radius of effective stiffness: 

- Radius of influence of individual column load equals approximately 4L. 
- To determine radial and tangential moments and deflections at any point from an in- 

terior column load use the following formulas; 

m. > - 2 [2,(€) -(i-p) 22S) 5 a 
My =i © |p2z.(6) BS (I-y) z(8) y -o ene) 

To convert radial and tangential moments to rectangular coordinates, use the following rela- 

tionships: 

My = Mp Cos? + M, sin? PD 

My = Mpsin? P+ My cos? 

Determine functions 2,(€) 25(E) and Z,(&) from Fig. 11-14, 

8. To determine moments or deflections from a combination of interior column loads, 

superpose the effects from individual column loads at points under consideration. 

9. When edge of mat is located within the radius of influence of the individual column 
loads, apply the following correction: 

a. Calculate moments and shears that occur perpendicular to the edge of mat within 

the radius of influence of the column load by analyzing the location of the edge in infinite mat 
formulas. 

b. Apply redundant moments and shears of opposing signs at the edge of the mat. 
Determine moments and shears produced within the mat by the redundants by analyzing a 

series of beams on elastic foundations positioned perpendicular to the edge, applying form-~ 
ulas of the bottom panel of Fig, 11-12, Utilize a similar procedure for large openings in 

the interior of the mat, Superpose these moments to moments computed in Step 8, 

10. When superstructure loads are distributed through deep foundation walls, use the 
following procedure: 

a. Estimate an approximate distribution of superstructure loads as a line load along 
the wall. 

b. Divide the mat into a series of strips 1 ft wide perpendicular to the foundation 

wall with the line load acting at the end. Analyze the strips as beams on elastic founda- 
tions using formulas of the top panel of Fig. 11-12 for interior foundation walls and form- 

ulas of the bottom panel of Fig. 11-12 for foundation walls at edge of mat, 
c. Superpose moments and shears determined from this analysis with those obtained 

from interior column loads on the mat. 
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(2) See Figure 11-15 for functions used for computation of shear, moment, and deflection. 

(3) Superpose shear, moment, or deflection produced by separate loads to obtain the effect of com- 

bined loads. 

c. Special Problems.Elastic analysis must be modified for thick and extremely rigid mats or mats with 
a rigid superstructure (e.g., a silo) where uniform settlement will result, and where subsoils become more 

compressible with depth, for settlement, which will be caused by deep compression, more or less independ- ; 

ent of the mat load arrangement. In the first case, foundation contact pressures must be estimated by 

judgment. In cohesionless soils, contact pressures at the edge of mat may be somewhat less than beneath 

the center. In cohesive soils, assume, for a first trial, contact pressures at mat edge one-third greater 

than average, decreasing to minimum pressures at mat center. Compute settlements for these assumed 7 

contact pressure diagrams and alter pressures as necessary to obtain uniform settlement. In the second 

case, assume a probable contact pressure diagram and compute the profile of consolidation settlements. 

Apply to the mat the angle changes produced by this settlement profile and determine resulting moments 

in the mat. Add these moments to those computed from the elastic analysis to determine the overall effect. 

Section 4. GENERAL REQUIREMENTS 

1. LIMITATIONS FOR DEPTH AND POSITION. See Table 11-5 for requirements governing depth, size, 
and position of spread foundations. For detailed requirements concerning frost effects, see Chapter 16 
and NAVFAC DM-9. 

2. FOUNDATIONS ON SWELLING SOILS. See Table 6-2 for summary of various swelling problems and 
possible treatment. 

a. Potential Swelling Conditions. If surface clays above the water table have a PI greater than about 

22 (CH clays) and relatively low natural water content, potential swelling must be considered. Swell is 
accentuated in arid climates with a deficiency of rainfall over evaporation and where the ground water 
table is low. Mottled, fractured, or slickensided clays, showing evidence of past desiccation, are particu- 
larly troublesome. To determine magnitude of potential swell, perform laboaratory swell tests, determining 
expansion after saturation under loads to be applied in situ. See Figure 6-5. 

b. Eliminating Swell. Where economically feasible, remove potentially swelling foundation soils and « 

replace with compacted fill of cohesionless or nonswelling materials. See Figure 6-5 for analysis of 

undercut required. If material cannot be undercut, design footings with unit loads large enough to resist 

swelling pressures without exceeding bearing capacity. Support the floor aboveground. Consider also 

spread footings or drilled and underreamed caissons founded below the zone of active swelling. Support < 

the floor aboveground. Design the shafts for such foundations with sufficient reinforcing to resist tensile 

forces applied to shaft by friction or adhesion in the swelling materials. Reinforcing must be carried into 

the belled section. At any depth, tensile forces exerted on a shaft equal circumferential area of the shaft 

times the difference between average swelling pressure above and below the point under consideration. 
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FIGURE 11-15 
Functions for Shear, Moment, and Deflection Mats on Elastic Foundation 
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TABLE 11-5 
General Requirements For Spread Foundations 

1. The base «f spread foundations shall be located below the depth to which the soil is sub- 

ject to seasonal volume changes caused by alternate wetting and drying or within which frost 

may cause a perceptible heave, 

2. Where foundations are to be placed in an excavation below the water table, provide for 

drawdown of water levels so that the work can be done in the dry and no piping, boiling, or heav- 

ing occurs in soils that will support the foundations, Ordinarily this requires lowering the 
ground water within the foundation area to an elevation no higher than 2 ft below subgrade, 

3. For foundations supported in fine grained soil that would be disturbed and softened by 

construction activities upon it, provide a working mat at subgrade of lean concrete or cohesion- 

less, coarse grained materials. 

4. For clays or shales that will expand and soften with release of overburden, place 
working mat at subgrade immediately after completion of excavation. Provide surface 
drainage facilities to prevent collection of water in excavation as it nears the subgrade. 

5. Where adjacent footings in the same structure bottom on materials of substantially 
different bearing quality, such as medium compact soil and rock, provide a cushion of yielding 

material beneath the footing on the harder foundation. For the footings on rock, place an 18-in, - 
thick layer of uncompacted sand above the bearing surface in rock. Where practical, consider 

separating the portions of the structure on dissimilar materials by expansion joints. 

6. For ordinary warehouse floor- slabs on grade, compact the subgrade in natural soils toa 
depth of 8 in,, as specified in Table 9-3, To avoid dampness on the warehouse floor, provide 

a vapor barrier of plastic sheeting at base of slab. In addition, where ground water table is 
within about 8 ft of base of slab provide a base course 8 in, thick of clean, coarse grained 

material beneath the floor slab, if underlying soils are fine grained or are silty fine sands with 
considerable capillary potential. 

7. For warehouse floors supporting wheel loads, provide floor slab and base course plus 
subgrade compaction conforming to pavement requirements of NAVFAC DM-5, 

8. For requirements for structural fills to support spread foundations, see Table 9-4. 

9. Adjacent footings at different bearing levels shall be separated as follows: 

2 FOR ROCK 
ly 3 FOR SOIL 

von Ade GRADE 

> 

penta et 

EXCAVATION LINE os, 
sc 

» 
nq 
» 

me 

30° FOR COARSE GRAINED SOIL ay 
> 

FOR EXCAVATION IN SOIL, S 

PREVENT BREAKOUT OF SEEPAGE Ne 
ON CUT SLOPE. = 

60° FOR ROCK 

This requirement shall not apply where adequate latera) support by bracing is provided for the 
material beneath the higher footing. Where the higher footing is supported on cohesive soils, 
evaluate its bearing capacity in accordance with Fig, 11-4, 
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c. Minimizing Swell Effects. Where it is not economically feasible to remove swelling materials or 
to support foundations below swelling depths, minimize the effects as follows: 

(1) Where large seasonal changes in soil moisture are responsible for swelling, schedule construc- 

tion during or immediately after a prolonged rainy period when there will be less potential volume change 

in the future. 

(2) For concrete floor slabs placed directly on potentially expansive clays, provide expansion 

joints so the floor can move freely from the structural frame. 

(3) For foundations on fill materials containing plastic fines, place fill at moisture content above 

optimum with density no higher than required for strength and rigidity. 

(4) Grade beams should contain sufficient steel reinforcement to resist the horizontal and vertical 

thrust of swelling soils. If practical, place compressible joint filler or open blocks or boxes beneath grade 

beams to minimize swelling pressures. 

3. UNDERDRAINAGE AND WATERPROOFING. See Table 11-6 for general requirements for waterproof- 
ing, dampproofing, and waterstops. For basements below ground, two general schemes are employed as 

follows: 

(1) Where the permanent water table is above the top of basement slab, provide pressure resistant 
slab or relieve uplift pressures by underdrainage. 

(2) Where the water table is deep but infiltration of surface water dampens backfill surrounding 

basement, dampproof walls and slabs. 

a. Relieved Slabs. For basements at considerable depth below ground water level, it is usually econ- 
nomical to provide pressure relief beneath the foundation slab. See case B and C, Figure 11-16. If per- 

vious materials of great depth underlie the foundation level, include a wall drain and drainage course 

beneath the slab. See Chapter 8 for filter requirements and drain spacing. If foundation walls can be car- 

ried economically to underlying sound rock or impervious stratum, omit wall drains. Arrange sumps for 

drainage discharge to avoid aerating drainage course. 

b. Pressure Slabs. In general, the choice between relieved or pressure slab depends on overall econ- 

omy, maintenance, layout, and operation, and must be evaluated individually for each project. For base- 
ments extending only a small depth below ground water, a pressure slab to resist maximum probable hydro- 

static uplift usually is economical. See Case A, Figure 11-16. For basement occupancy of high type, 

provide a drainage course of free-draining material beneath the finished floor to intercept leakage into the 

basement. Drainage material should be sound, clean gravel or crushed stone graded between 3/4 and 2 ¢ 

in., compacted by two or three coverages of vibrating base plate compactor. Open joint drain pipe should 

be added beneath slabs of large plan dimension. Provide waterstops at the construction joints between 

pressure slab and wall. 

c. Waterproofing Requirements. In addition to leakage under pressure through joints and cracks, 

water may move through basement walls and floors by capillary action and as water vapor. A drainage 

course may interrupt capillary action, but will not prevent movement of water vapor through slabs. 

(1) Membrane Waterproofing. Apply membrane waterproofing for basements utilized for routine 

purposes where appearances are unimportant and some dampness is tolerable. 

(2) Cement Plaster Waterproofing. Where it is important to prevent dampness or moisture in a base- 
ment, specify cement plaster waterproofing, consisting of sand-cement mortar hand troweled on chipped 

and roughened concrete surface. Properly applied, this is the most effective guarantee against dampness 

and moisture. 

4. FOUNDATIONS ON COMPACTED FILL. 

a. Utilization. Compacted fills may be used beneath structures for the following purposes: 

(1) To raise the general grade of the structure or to replace unsuitable foundation soils that must 

be removed. 
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WATERSTOP 

TYPE ‘A SUMP 

MAINTAIN 4 MIN. OF 

DRAIN PIPES 
OPTIONAL 

10” MIN. DRAINAGE 
COURSE 

@ PRESSURE SLAB 

DAMPPROOFING 

USE TYPE'A" 
ORICG# SUM fF 

4°MIN. SLAB 

PERFORATED 
PIPE ORAINS 

4" SAND FILTER 

10° MIN. DRAINAGE 
COURSE 

(6B) RELIEVED SLAB 

TYPE C SUMP 
4°MIN. SLAB 

ORAIN PIPES 
OPTIONAL aa 

4°SANO 
‘ FILTER. 

"| /0'MIN. DRAINAGE 
COURSE 

SOUNO ROC 
IMPER wious s STRA TUM si © SEALED SITE 

FIGURE 11-16 

GENERAL REQUIREWENTS: 

SEE CHAPTER FOR 

REQUIREMENTS FOR 

FILTER IN DRAIWAGE 

SYSTEM. 

SEE TABLE 11-6 FOR 

REQUIREMENTS FOR 

CEWENT PLASTER 

WATERPROOFING (CWP), 

AND DAMPPROOF ING. 

WATERIAL FOR UNDER-FLOOR 

DRAINAGE COURSE SHALL 

CONSIST OF SOUND, CLEAN 

GRAVEL OR CRUSHED ROCK, 

3/41N. TO 21N. IN SIZE. 

FOR PRESSURE RELIEVED 
SLAB, PROVIDE PERIPHERAL 
DRAIN AT BASE OF 
FOUNDATION WALL. 
REPLACE CWP ON 
FOUNDATION WALL WITH 
DAMPPROOF ING. 

'F SOUND ROCK OR 

IMPERVIOUS STRATUM IS 

ENCOUNTERED AT SHALLOW 

DEPTH BELOW FOUNDATION, 

CARRY OUTSIDE WALL AS 

CUTOFF. DISPENSE WITH 

WALL ORAIN AND REPLACE 

CWP ON FLOOR SLAB WITH 

DAWPPROOFING. ARRANGE 

DISCHARGE FROM DRAINAGE 

SYSTEM TO PREVENT 

AERATION OF DRAINAGE 

COURSE. 

- Typical Foundation Drainage and Waterproofing 
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(2) To provide a relatively stiff mat over soft subsoils to spread bearing pressures from column 

loads and decrease column settlements. 

(3) To bridge over subsoils with erratic hard and soft spots or small cavities. 

(4) To accelerate subsoil consolidation and to eliminate all or part of settlement of the completed 

structure when used with surcharge. 

b. Compaction Control. Rigidity, strength, and homogeneity of many natural soils may be increased 

by controlled compaction with appropriate equipment. Where coarse grained borrow can be obtained, its 
use for structural fill should be evaluated to decrease cost or improve performance of spread foundations. 

See Table 9-4 for compaction and control requirements of structural fills. See Table 11-5 for requirements 

for fills beneath slabs supporting wheel loads. 

Section 5. TOWER GUY ANCHORAGES 

1. ANCHORING TOWER GUY LOADS. For anchoring tower guy loads, consider the deadman anchorage, 

the drilled-in rock anchorage, and the piling anchorage, and select on the basis of feasibility and economy. 

a. Deadman Anchorages. Figure 11-12 indicates recommended safety factors and analysis for dead- 
man anchorages. In weak soil, it may be feasible to replace a considerable volume with granular backfill 

and construct the block within the new backfill. If this is done, the passive wedge should be contained 

entirely within the granular fill, and the stresses on the remaining weak material should be investigated. 

b. Anchorages in Rock. Anchorages in rock should be designed as indicated in Figure 11-10 and 

Section 2, Paragraph 6a above. 

c. Piling Anchorages. Piling anchorages should be designed as in Figure 13-12. 

7-11-28 

a 



, 

b 

. 

= 

Pp 
) 

i 

) 

D 

A 
, 

} 
¥ 

>: 

, 
\ 

CHAPTER 12. DEEP FOUNDATIONS 

Section 1. INTRODUCTION 

1. SCOPE. Deep foundations include those types that extend a significant depth below ground surface 
to reach strong and incompressible strata. This chapter contains criteria for analysis and design of deep 

foundations and outlines construction requirements and problems of foundations on rock. 

2. RELATED CRITERIA. See NAVFAC DM-2 for criteria for loads applied to foundations by various 
Structures, including seismic loads, and structural design of foundations. 

3. APPLICATIONS. Deep foundation’s are used to avoid weak or compressible surface strata, to provide 
stability against scour, dredging, or excavation of nearby surface materials, and to provide a base of great 

mass capable of mobilizing large passive pressures to resist overturning. Economic or security consider- 

ations may require multistory basements that involve the construction problems of deep foundations. Gen- 

erally, however, footings or mats for deep basements are designed as spread foundations. 

a. Deep Foundation Types. For principal types of deep foundations used in land construction, see 

Table 12-1. For deep foundations in open water, see Tab’e 12-2. In selecting a foundation scheme, com- 

pare piles and deep foundations for cost, function, and ease of construction. Pile types and deep founda- 

tions merge in the case of cast-in-place concrete caissons. 

Section 2.. ALLOWABLE LOADS 

1. LIMITATIONS. Generally, allowable loads on piers or caissons are governed by a safety factor 
against shear failure. Settlement limitations usually do not control the allowable load if a suitable safety 

factor is provided. 

2. BEARING CAPACITY. See Figures 12-1, 12-2, and 12-3 for ultimate bearing capacity of piers and 
caissons, where ratio of depth of embedment D to minimum foundation width B exceeds one. The safety 

factor against shear failure is expressed as: 

Ultimate bearing paral, of effective surcharge | 
_| capacity of foundation ~ [material above foundation base 

Safety Factor = : ; : 
i applied pressure at Intensity of effective surcharge 4 

f oundation base, including effective}|—|material above foundation base 

weight of foundation 

See Figure 12-4 for examples of safety factor computations for deep foundations. Provide a safety factor 

between 2.5 and 3 for dead plus normal live load. Selection of a safety factor between these limits 

depends on uniformity of foundation conditions and thoroughness of exploration and testing programs. Pro- 

vide a safety factor of 2 for dead plus normal and transient live loads. 

a. Strength Assumptions. Obtain shear strength parameters C and 9 as follows: 

(1) For cohesionless, coarse grained soils, determine ® from effective stress envelopes. 

(2) For cohesive fine grained soils, determine shear strength C from U or UU triaxial tests. 
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FOUNDATION IN UNIFORM 

COHESIVE SOIL 

FAILURE SURFACE 

ASSUMED CONDITIONS 

1. SOIL 1S UNIFORW TO A MINI MU 

OEPTH (D) BELOW BASE OF 

FOUNDATION. 

2. FOUNDATION HAS ROUGH BASE. 

3. ADHESION ON SIDES OF FOUNDATION 

1S WEGLECTED. 

4. VERTICAL LOAD 1S CONCENTRIC. 

5. SOIL HAS UNDRAINED SHEAR 

STRENGTH = C. 

FOUNDATION IN BEARING STRATUM 

OVERLAIN BY SOFT MATERIAL 

1 | 4 
} 

"DITTITITIIIT TTT TTT TT 

SOFT STRATUM 

ley O 

| v 

EE RECTIVE 

SURCHARGE, y D 

BEAR!NG 

STRATUM 

CP=0 

ASSUMED CONDITIONS SAME AS ABOVE 
EXCEPT THAT STRENGTH OF SOFT 

STRATUM IS IGNORED. 

(Nee) FOR CONTINUOUS 
FOUNDATION 

BEARING CAPACITY FACTOR, Nc 
RATIO OF DEPTH TO WIDTH FOUNDATION 

D/B OR D/2R 

ULTIWATE BEARING CAPACITY, Qy/p : 
CONTINUOUS FOUNDATION: 

Quit = CNet YO 

YO = INTENSITY OF EFFECTIVE SURCHARGE 
OF WATERIAL ABOVE BASE OF 
FOUNDATION 

SQUARE FOUNDATION: 

Quit = CN, + YO 

CYLINDRICAL FOUNDATION: 

Quit = CNegt YD (RADIUS R=B/2) 

RECTANGULAR FOUNDATION: 

Quit = CNegt y 0 Nea =e I + 0.2(=)] 

ULTIMATE BEARING CAPACITY, Quit: 

CONTINUOUS FOUNDATION: 

Quit = CN. + YD 
SQUARE OR CYLINDRICAL FOUNDATION: 

quit = 1.3 CN. + YO 
RECTANGULAR FOUNDATION: 

got = cm, [i + 0.3(=)]+ yo 

OBTAIN VALUES OF Ne FROM FIG. II-). 

FIGURE 12-1 
Ultimate Bearing Capacity of Deep Foundations in Cohesive Soil 
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1.2 
55 

8 
50 

° 1.0 : x fe) 
° rae x 

= 7 - 
x 240 HORIZONTAL TO , A ew 

= Be VERTICAL EARTH/ ee 
3 F 35 PRESSURE ON iy rm 
—_ q / WwW 

a a % < > 5° : 6 Oo 

a "7 aw 
FE < 25 AVERAGE 5 
oO a 7) 

Z sr NM _| a 
ti Woe 3s 2 & 15 ws 2 
ms q 

< wo 10 beset 4.2 = 

; Fl de 5 Alb wl 
as CS 8s SS @) ane EI fi | 

} 20 25 30 35 40 0 5 #10 %I§ 20 25 30 35 40 
RATIO D/B RATIO D/B 

FOUNDATION IN UNIFORM SOIL: 
} ULTIMATE BEARING CAPACITY FOR 

3 rarer ALL FOUNDATION SHAPES, 
S ieee ea GROUND WATER AT DEPTH Gp = B 

; Q wes Eee za aap ace 

Ls ae at FOR CYLINDRICAL FOUNDATIONW:O0.585R 

a Co Bee FOR WATER AT GROUND SURFACE 

: —— SUBSTITUTE Yasue FOR Yr. 
) eccae se FOR WATER AT INTERMEDIATE LEVEL, 

a Ts INTERPOLATE BETWEEN THESE 
VALUES OF Qy/t- 

FOUNDATION IM BEARING STRATUM OVERLAIN BY 

SOFT MATERIAL, ULTIMATE BEARING CAPACITY? 

CONTINUOUS FOUNDATION: Sp 
t 

Qu/t = YONG * Youa($) Nyot 4 
SQUARE OR RECTANGULAR FOUNDATION: 

2(L+B)Pw tan ro 
i YADA: Quit = YONg +0.4¥ sua BNy t+ BxL 

a fee ae Pes CYLINDRICAL FOUNDATION: pte AES My Saas TT TT Py tan 
e A ei se ae Quit = YONG + 06 Yous RNy + 2H EOC 

‘3 FACTORS Wo My FROW FIG. II-1. YD = EFFECTIVE 
SURCHARGE ABOVE FOUNDATION BASE. P,, = RESULTANT 

a oi ? HORIZONTAL FORCE IN HEIGHT (a) PER FOOT OF 

} » WIOTH OF FOUNDATION. 

FIGURE 12-2 
) Ultimate Bearing Capacity of Deep Foundations in Cohesionless Soils 
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FOUNDATION IW UNIFORM SOIL 

CONTINUOUS FOUNDATIONS 

B 2(G,4D > Py tan d) 
Qult = CN, * YONG + Viz Ny + A = 

RECTANGULAR FOUNDATIONS 

Jul} = CNe(I*. 3 B/L)+ YDNg 4 O.4SBNy + 2(L+B)(Ca D+ Py 2002) Gor? tand, 
eo 

CYLINDRICAL FOUNDATIONS 

2(Ca0 +P, tand) 
Quit = 1.3CN¢ * YONG +0.6 YRNy ta R 

FOUNDATION IN STRATIFIED SOIL 

CONTINUOUS FOUNDATIONS 

2(G,0+R, tand) 8 i 
Gut = CoNcn t+ Vi ING2 * Ye B Ny, * B 

RECTANGULAR FOUNDATIONS 

Quit =CyNc2(/+.3 B/L) +, ON7,+ OF), BNy,+ ALr
BaD+R tand) 
BL 

CYLINDRICAL FOUNDATIONS 

ee Gult =/.3CoNcet Yi ONG, 0.649 ANy, + 

$e , C2, Xe 

2(G,0 +Pu tond) 
B 

FOUNDATION IN BEARING STRATUY 

OVERLAIN BY SOFT MATERIAL 

CONTINUOUS FOUNDATIONS 

SOFT STRATUM 

B 

g,¥ 0 RECTANGULAR FOUNDATIONS 

Gut = CeNc2 (/++3 AL) +Y; ONG, + 0-4 ¥2 BNy, 

CYLINORICAL FOUNDATIONS 

C= O 

Core 

: No. Ny, No = BEARING CAPACITY FACTORS FROM FIG. Jie). 
Py = TOTAL HORIZONTAL EARTH PRESSURE PER FOOT OF FOUNDATION GIOTH. 
Ca UNIT ADHESION OW SIDES OF FOUNDATION. 

t LENGTH OF FOUNDATION 1M PLAM DIMENSIOF:. 

yO IMTENMSITY OF EFFECTIVE SURCHARGE OF WATERIAL ABOVE FOUNDATION BASE. 

FIGURE 12-3 
Ultimate Bearing Capacity of Deep Foundations in Soils with ¢ and c 
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WATER AT 1.58 = 9° BELOW BASE OF FOUNDATION: 
Quit = (0.5B 7 Nyg)A = (0.5*6%./3X 240) 1.2 = 112.0 KSF 

WATER AT GROUND SURFACE: 
Gult = (0.5% 6% 0.068 X 240) 1.2 = 58.8 KSF 
WATER AT 8* BELOW GROUND SURFACE: 

a 58.6+(112.0 -58.8)-2- = 74.5 KSF 
Y FACTOR: 

oe TAT OR 14.5 -8%.13-10%. 068 
Darin Lee ~9-=FD 

IMMEDIATE SETTLEWENT, O = 38 

498 

f= peter? (2-538) 
4x /2x6* it 

= T0(erty2 |! 0.530 

-IE9FT. = 2.3 IN. 

= 3.02 

Yq( FROM FIG.12-2):240 
ee FIG 12-2): 1.2 
. (FROM FIG. 11-8): 130 T/FT> 

@ RECTANGULAR PIER IN COHESIONLESS SOIL 

Quit = cn, [1 + .2¢8/L)] +¥0 

Gult = 2x7.35[1+. 2(6/je)]t.13 xB +.068%10 = 17.5 KSF 
SAFETY FACTOR; 
p= RUA-YD _ 17.5-8%.13-10%.068 | : 
TARR Ont VAG GL EAA TERE, 1.97 

IMMEDIATE SETTLEMENT, 

d, 1.05 256s Vij 
vo Fe vs 

1/8 = '% =2.7, Cs(FROM FIG.//-9)=.87 RIGID CASE 
DL=2.5TSF 

i yalbgrers TSF - LOS ARG K TENET EO 2onT 

p/p: '8:3 
6 ca =,55, Sed. (eROM FIG. 11-9)= 0.63 

vo 
¢ (FROM FIG. 12-1) = 7.35 

ee FIG. 1-8) =100T/FT> Fyd = 0.63.32 %/2 = 2.4 IN. 

Quit= CNc [1+.3 (8/L)]+ YONg +.4¥BNy+ai+8) s
eat, 

= 1.0410.5 [1+. Hel] lex8 + pase yadlede O58x6xL! 
244[OHl.5%.12 3 Oy .5x.12 x8 X10 +.5*.058 x % 23] 

= 15° 6x6 
aA = 19.0 KSF. 
C =1KSF 

=120 PCF SAFETY FACTOR; 

reese YO _ 19.0-.12%8 -.058 X10 Beod 

IMMEDIATE SETTLEMENT, ESTIMATE SETTLEMENT 
q- yo{ 

fa= 

Ss oe a i kt Ebel STB ES J 

rita rcs FROM PLATE BEARING TESTS ON PLATES OF TWO 
DIFFERENT SIZES, SEE FIG. 4-3 FOR WETHOD 

No ( FROM FIG.!I-1)= 10.5 OF ANALYS!IS. 
Ny (FROM FIG. I!-1)= 1.1 (ROUGH) 
Nq (FROM FIG.1!1-1)= 3.8 
tand (FROM TABLE 10-1!) =0.3 

© RECTANGULAR PIER IN SOIL WITH $ AND C 

FIGURE 12-4 
Examples of Computation of Safety Factor and Immediate Settlement for Deep Foundations 
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(3) For soils with both friction and cohesive resistance, determine strength parameters from fail- 

ure envelopes for CU triaxial tests. 

b. Piers on Cohesive Soils. See Figure 12-1 for analysis. Assume the following: 
(1) Adhesion on pier sides ordinarily is neglected if upper strata are weak compared to the bear- 

ing material or if construction thoroughly disturbs upper soils. Where adhesion is included, the values are 

similar to those for piles (see Figure 13-1). 

(2) Fluctuations of a ground water table have no effect on bearing capacity in purely cohesive 

soils unless shear strength is altered by ground water changes. 

c. Piers on Cohesionless Soils. See Figure 12-2 for analysis. Assume the following: 
(1) If piers are founded in coarse grained strata overlain by weak and compressible materials, 

ignore shear resistance acting on pier sides in the compressible stratum. 

(2) Ratio of horizontal to vertical earth pressures K,, on pier sides depends on soil type and con- 

struction methods. Where construction involves outward displacement of surrounding soils, Kj, ranges 

from 0.5 for ® = 30°, to 1.0 for ® = 40 °. When construction involves inward movement of soils toward pier 

position, K,;, may decrease to about two-thirds of these values. 

d. Soils with Friction and Cohesive Strength. See Figure 12-3 for computation of ultimate bearing 
capacity for various arrangements of foundation strata. 

3. UPLIFT RESISTANCE. Safety factors against pullout are expressed as: 

Shear resistance 

Effective weight + on foundation 

of foundation sides 

Safety Factor = 

Uplift force 

For sustained uplift, provide safety factor of 2-5. For transient uplift, provide safety factor of 2. 

a. Side Shear Resistance. Magnitude of side shear depends on material, construction method, and 
foundation cross section. Where failure may occur on a shear surface through overlying backfill, values 

of Kj, vary between at-rest and active coefficients. 

b. Shallow Foundations. For shallow foundations or where positive contact between pier sides and 
soil is not certain, ignore side shear resistance. In this case, the required safety factors are reduced to 

between 1.5 and 2 for sustained uplift and 1 to 1.5 for transient uplift. 

4. SETTLEMENTS. See Figure 12-4 for examples of immediate settlement computation. 

a. Cohesionless Soils. Experience indicates that settlement of a pier with depth exceeding five 
times its width is about one-half that of shallow footing of the same plan dimensions. For coarse grained 

materials whose rigidity increases with depth, compute immediate settlements due to shear strain as shown 

in Figure 11-8. Ignore consolidation settlements unless the bearing stratum is underlain by compressible 

layers. In this case compute consolidation settlements for the combined stresses of all piers in the foun- 

dation by methods of Chapter 6. 

b. Cohesive Soils. For piers supported in stiff to hard clays, compute immediate settlements by 
elastic method in Figure 11-9. For piers of large dimension or groups of piers with overlapping stress 

patterns, add consolidation settlement for the entire foundation to immediate settlement. 
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Section 3. UNDERPINNING 

1. PURPOSE. Underpinning is utilized to transfer a load carried on an existing foundation from its 

present bearing level to a new level at a lower depth. This operation may be necessary to prevent con- 

tinuing settlement, to increase foundation load capacity, or to permit adjacent excavation without damage 

to existing structures. 

2. INVESTIGATIONS. Determine by exploration the materials through which underpinning must be car- 

ried and the final bearing stratum. Where settlement of existing structures has occurred, evaluate the sub- 

surface conditions that are responsible. 

3. PROCEDURE. Underpinning should be performed with a carefully planned sequence of operations. 

a. Load Relief. Carefully examine the structure for indications of settlement or weakness that may 

be accentuated during underpinning. Before excavation, reduce load on existing wall or foundation as 

much as possible. 

b. Excavation. Limit excavation to the minimum size necessary for underpinning in stages. Sheet 

and brace the excavation as necessary to prevent horizontal movement of surrounding ground. Provide for 

dewatering as necessary for the work and to avoid piping or disturbance of bearing materials. ° 

c. Temporary Support. Provide support of the structure over sections of the excavation by means of 

needles passing through, into, or under the existing structure, and supported on cribs, grillages, posts, or 

piles. Load bearing surfaces must be kept in close contact by the use of wedges or jacks. 

d. Underpinning Members. Commence underpinning construction as soon as practicable after excava- 
tion subgrade has been exposed. Underpinning may be formed of concrete walls, piers, and caissons, or 

of bored piles, steel piles, or precast piles placed in sections. 

(1) Foundation. Before final underpinning in concrete, the lower sections of the underpinning 

should be allowed to complete their set. Final contact with structure is made by wedging between steel 

bearing plates or by dry-pack concrete. 

(2) Installing Piles. Piles are installed in sections and jacked down against a reaction provided 

by the existing structure. In their final position, underpinning piles are generally pretested with jacking 

loads of 1.5 timesthe intended working load. Movement under pretest load should be negligible. 

4. DESIGN. The design of underpinning units for load carrying capacity follows procedures for deep 
foundations or piles. Stability and settlement of the structure and pressures on the braced excavation dur- 

ing construction must be evaluated. For underpinning piles the possibility of eventual removal of side 

friction restraint should be considered. Pretest loads must be increased to allow for side friction that 

may be removed with completion of adjacent work. 

Section 4. CONSTRUCTION PROBLEMS 

1. STABILITY OF EXCAVATION. Deep foundations may be constructed with stable cut slopes or may 
require sheeting and bracing for support of the excavation. 

a. Stability of Cut Slopes. Stability of cuts in cohesionless soils depends primarily on ground water 
conditions beneath the slope. See Table 7-1 and 7-2 for analysis of slope stability. For temporary cuts 

in cohesionless soils, apply safety factor of 1.3. Unsupported cohesive slopes will stand vertically to a 

height between about two and three times C/y, depending on the condition of tension cracks at top of 
bank. 
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b. Stability of Braced Cuts. If sheeting and bracing prevent horizontal movement of cut backs, deter- 

mine stability of base of cut by methods of Figure 10-17, and provide safety factor of 1.5. See Figure 

10-16 for analysis of sheeting and bracing for cut bank support. For cuts less than about 12 to 15 ft in 

depth, a cofferdam of vertical planks with wales and struts generally is practical. For greater depths, 

investigate steel sheet pile cofferdam or soldier piles with wood lagging, plus bracing system supported 

on opposite wall of trench or at excavation base. Where a cofferdam for excavation in the dry may require 

excessively heavy sheeting and bracing, consider the practicability of tremie construction methods. In 

this case, the unbalanced head of water acting upon sheeting is eliminated and a lighter cofferdam suf- 

fices. Use rotary bucket auger rigs for excavation of cylindrical holes for piers or caissons in fine 

grained or cohesive coarse grained soils. Depending on ground water conditions and the tendency of the 

soil to crack or crumble, a temporary casing may be required. 

2. DEWATERING. Except where tremie construction beneath a balanced water level is utilized, provide 
for dewatering by methods described in Chapter 8. 

a. System Required. To evaluate pumping quantities and dewatering system required, determine per- 

meability from field pumping or variable head tests. Analyze the effect of seepage on stability or coffer- 
dam pressures by methods of Chapter 10 as follows: 

(1) Describe dewatering requirements in construction specifications. 

(2) Specify piezometers or observation wells to measure drawdown water levels during 

construction. 

(3) Specify dewatering for various construction stages in terms of drawdown required at the piezo- 
meter locations. 

b. Cutoff Procedures. A peripheral cofferdam for seepage cutoff may replace or supplement dewater- 
ing. See Table 8-1 for methods to be used. 

Section 5. FOUNDATIONS ON ROCK 

1. ROCK TYPE. See Table 12-3 for properties of major rock types as foundation materials. For heavy 
structures extending to sound rock that will behave in an elastic manner, compute settlements by elastic 
analysis. 

2. INFLUENCE OF ROCK STRUCTURE. For major foundations on rock, detailed exploration and exam- 
ination of rock structure is required. For background, see Bibliography. 

a. Exploration Information. Exploration should define the following: 

(1) Structural characteristics such as bedding, foliation, plus strike and dip of bedding where 
stability problem is involved. 

(2) Presence of structural defects such as joints, faults, or solution channels and cavities in 
sedimentary rocks. 

b. Laminated Sedimentary Rock. Limestone and sandstone often occur in thin beds separated by 
clays or soft shales. Bearing capacity in such materials depends largely on properties of the clay or soft 
shales and undisturbed samples may be required for strength testing. 

c. Argillaceous Rocks. Certain compaction shales, siltstones, and claystones soften or swell on 
exposure. Materials containing sulfates in the form of pyrites or anhydrite may hydrate with large volume 
expansion. Perform the following: 

(1) Test cores of argillaceous sedimentary rocks for slaking by immersion in water. 
(2) For materials of pronounced slaking tendency, determine swelling characteristics in consoli- 

dation tests. 
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(3) Slaking or swelling argillaceous rocks require special protection in excavation, similar to that 

provided for hard plastic clays. See Table 6-2. 

d. Profile of Weathering. Generally, weathering effects diminish with depth in rock formations. In 
metamorphic rocks and in certain igneous masses, which are generally sound but faulted or jointed, local- 

ized weathering may extend to great depths at intersections of fault or joint systems. For major founda- 

tions on rock, review geological information and examine exposures to estimate probability of deep local 

weathering. For heavy concrete structures, remove weathered overburden to sound rock. Local deep exca- 

vation and dental treatment of foundation surface may be required, including slush grouting of surface 

irregularities. 

e. Fault Systems. Fault zone gouge usually is crushed and altered mineralogically to a combination of 

soil and rock fragments. Construction of major projects may encounter faults active in recent geologic 

times. In this case, detailed evaluation of the possibility of fault movement is required. If the structure 

cannot be relocated, a calculatedrisk may have to be taken in locating the project on or near a fault zone. 

3. LIMESTONE TERRAIN CONDITIONS. Special foundation problems are encountered on calcareous 
rocks containing solution cavities. 

a. Mechanics of Solution. Ordinarily, the solution of calcium carbonate from limestones by weak 

carbonic acid in ground water is a slow process. It can be greatly accelerated by changes brought about 

by site development. For foundations above cavitated limestone, estimate by exploration the extent of 

cavities, the character of material residual in cavities, and whether the solution process is active or 

very gradual. 

b. Identification of Cavities. For construction in limestone terrain, review geological data and 
aerial photographs for evidence of sink hole or cavity formation. Preliminary borings may indicate cavities 

present by sudden loss of drill water, abrupt decrease in drilling resistance, drop of casing or drill rod, or 

soft soil encountered within limestone. In this case, cavities should be verified by borings including core 

drilling with double tube core barrel. Drilling resistance must be carefully watched and the drop of drill 

rods correlated with missing core sections. 

c. Cavities in Overburden. Cavities or solution channels deep within limestone strata are not as 
troublesome as cavities that cause backward erosion and collapse of surface soils. Collapse is acceler- 

ated by pumping of ground water from limestone for water supply, thus applying seepage forces directed 

downward from the surface; disposal of surface cunoff or waste through overburden; deep excavation in 

overburden with concurrent drawdown of ground water; or presence of boring holes that were not sealed or 

grouted. 

d. Remedial Measures... Consider possible location change to a more favorable site. If relocation is 
impractical, avoid altering the ground water regime. Consider the following possible measures against the 
threat of cavity formation: 

(1) Grouting to provide a rigid surface layer capable of spanning cavities and resisting backward 

erosion. 

(2) If deep solution channels are filled with soft residual materials, pile support is probably not 

suitable. Consider pile foundations where piles can pass through a cavitated layer and reach a sound 
stratum. 

(3) Rigid mat or combined footing foundations with reinforced foundation walls. Where cavitation 

is active, design mat for loss of support over an area equal to one bay or for loss of support for any indi- 
vidual column. 

7-12-13 



(4) For lightly loaded structures where there is no evidence of continuing development of cavities 

in overburden, a compacted fill will span over small undetected voids. 

(5) Eliminate leaks from utility or industrial piping and provide for inspection to avoid infiltration \\ 

continuing after leaks. Collect surface runoff and convey it to a point where its infiltration will not effect 

structures. Avoid pumping or recharge of ground water that will increase seepage quantities. 4 

—. 

aN 
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CHAPTER 13. PILE FOUNDATIONS 

Section 1. INTRODUCTION 

1. SCOPE. This chapter concerns selection of pile type, analysis of pile capacity and design loads, and 
requirements for pile foundations. Field problems of pile installation and their appropriate treatment are 

presented. 

2. RELATED CRITERIA. For additional criteria relating to the design of pile foundations and the 
selection of driving equipment and appurtenances, see the following sources: 

Subject Source 

Drecipnurana utilization of pile driving equipment ..'. . 0 5 8 ees tc et ew wes NAVDOCKS DM-38 

Preraiisrot Diletsplices and appurtenances) .fir. <6 aia ols 6 5,6) 5,0) 914. ode oa ss «iat NAVDOCKS DM-38 

PerinrementS 400 piles in waterfront CONStructiON ... ..< «4.5 +. ss sles 2s ss was NAVDOCKS DM-25 

Structural design of pile caps and pile foundations ............22-202-00008. NAVFAC DM-2 

3. APPLICATIONS. Piles are used to transmit foundation loads to strata of adequate bearing capacity 
and to eliminate settlement from consolidation of overlying materials. Before specifying pile support, 

evaluate potential settlement and stability of competitive spread foundations. In certain situations, piles 

are necessary to resist lateral loads or uplift, or to provide stability against scour. 

4. INVESTIGATION PROGRAM. Adequate subsurface exploration must precede the design of pile 
foundations. 

a. Information Required from Investigation. Investigation must include the following: 

(1) Geological sections showing pattern of major strata. 
(2) Sufficient test data to estimate strength and compressibility of major strata. 

(3) Determination of probable pile bearing stratum. 

b. Pile Tests. For major installations, a pile testing program, including driving resistance tests, 

and load or pulling tests, should be planned from exploration data. 

Section 2. MATERIALS AND TECHNIQUES 

1. PILE MATERIALS AND TYPES. Table 13-1 lists nine principal pile categories of the three structural 
materials, wood, steel, and concrete. No exact criteria for applicability of the various pile types can be 

given. Selection of types should be based on factors listed in Table 13-1 and on comparative costs. 

a. Special Pile Types. These piles consist of cylindrical columns formed of relatively low strength 
material compared to the three principal structural materials. 

b. Installation procedures. Installation procedures include backfilling cylindrical holes with sand 
and gravel, grouting columns of soil with cement or solidifying chemical, and mechanical mixing of natural 

7-13-1 



TABLE 13-1 
Design Criteria for Bearing Piles 

Consider for 

lenethrotaecr. 

Applicablege q -| :US-2P 3026 -<hues. eek dotcom erent ot Be aed 

material spec- 

ifications. 

Maximum Measured at most critical point, 1200 psi for 12,000 psi. 

stresses. Southern Pine and Douglas Fir. See 

U.S.D.A. Wood Handbook No. 72 for stress 

values of other species. 

Consider for 10-50 ConSs.c5 5 Ae alee oat oe ae AOR ae 40-120 tons. 

design loads 
of. 

Disadvan- Difficult to splice. Vulnerable to corrosion where exposed. 

tages. Vulnerable to damage in hard driving. BP section may be damaged or deflected by 

Vulnerable to decay unless treated, when major obstructions. 

piles are intermittently submerged. 

Advantages.. Comparatively low initial cost. Easy to splice. 

Permanently submerged piles are resistant 

to decay. 

Easy to handle. 

High capacity. 

Small displacement. 

Able to penetrate through light obstructions. 

Best suited for endbearing on rock. 

Reduce allowable capacity for corrosive 

locations. 

Remarks .. Best suited for friction pile in granular 
material. 

GRADE 

DIAVA2'TO'229@ nm 
CROSS SECTION 

PILE SHALL BE 
TREATED WITH 
WOOD PRESERVATIVE 

© 
CROSS SECTION 

Typical 

illustrations. 

i 

|< TIP DIA 5" TO 9" 

See General Notes on last page of table. 
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Consider for 

length of... 

Applicable 

materia! spec- 

ifications. 

Maximum 

stresses. 

Specifically 

designed for 

a wide range 

of loads. 

Disadvan- 

tages. 

Advantages. . 

Typical 

illustrations. 

TABLE 13-1 (Continued) 

Design Criteria for Bearing Piles 

40-50 ft for precast. 
60-100 ft for prestressed. 

For precast—33% of 28-day strength of con- 
crete. 

For prestressed—f_ = 0.33£2 — 0.27f,. 

(Where: f a is the effective prestress 

stress on the gross section). 

Unless prestressed, vulnerable to handling. 
High initial cost. 

Considerable displacement. 

Prestressed difficult to splice. 

High load capacities. 

Corrosion resistance can be attained. 

Hard driving possible. 

Cylinder pilesin particular are suited for 

bending resistance. 

12" TO 24" DIA 

12" TO 24" DIA. 

NOTE REINFORCING 
MAY BE PRE-STRESSED 

12" TO 54" DIA. 

TAPER MAY 
BE OMITTED 

TYPICAL CROSS SECTIONS 

See General Notes on last page of table. 

NAVFAC DM-7 7-13-3 

100 fe. 

ACI Code 318—For Concrete. 

'33% of 28-day strength of concrete. 

Difficult to splice after concreting. 
Redriving not recommended. 
Thin shell vulnerable during driving. 

Considerable displacement. 

Initial economy. 

Tapered sections provide higher bearing 

resistance in granular stratum. 

‘Best suited for medium load friction piles in 
- granular materials. 

8" TO 18" DIA 

TT 

CROSS 
SECTION 

CORRUGATED SHELL 
THICKNESS 12 GA, 

TO 20 GA. 

SIDES STRAIGHT 
OR TAPERED 

TEE 

Change 1, September 1971 



Pile type 

Consider for 

length of... 

Applicable 
material spec- 

ifications. 

Maximum 

stresses. 

Consider for 

design loads 
Ofna 

Disadvan- 

tages. 

Advantages. . 

Typical 
illustrations. 

TABLE 13-1 (Continued) 
Design Criteria for Bearing Piles 

Cast-in-place concrete piles (shells driven 
without mandrel) 

33% of 28-day strength of concrete. 
9,000 psi in shell. 

Oe OL LOU Fo oo aie! ain, nin eye) ae) eyeteieer sss mugtetuee ae 

Hard to splice after concreting. 

Considerable displacement. 

Can be redriven. 
Shell not easily damaged. 

Best suited for friction piles of medium 

length. 

12" TO 18" DIA. 

1/8" TO 1/4" 

TYPICAL CROSS SECTION 
(FLUTED SHELL) 

10" TO 36" DIA. 

SHELL | 

THICKNESS ‘ 
1/8" TO 1/4 

TYPICAL CROSS SECTION 

(SPIRAL WELDED SHELL) 

SIDES 
STRAIGHT 
OR TAPERED 

MIN. TIP DIA. 8" 

See General Notes on last page of table. 

Change 1, September 1971 7-13-4 

Pressure injected footings 

10 to GO fe. 

TS-F16. 

33% of 28-day strength of concrete. 
9,000 psi for pipe shell if thickness greater 

than 1/8", 

60-120 tons. 

Base of footing cannot be made in clay. When 

clay layers must be penetrated to reach suit- 
able material, special precautions are required 

for shafts if in groups. 

Provides means of placing high capacity footings 

on bearing stratum without necessity for exca- | 
vation or dewatering. . 

Required depths can be predicted accurately. 

High blow energy available for overcoming 

obstructions. | 

Great uplift resistance if suitably reinforced. 

Best suited for granular soils where bearing is 
achieved through compaction around base. 

Minimum spacing 4'-6'' on center. For further 

design requirements see Philadelphia Building 

Code 4-1710. 

17" TO 
26" DIA. Me ae GRADE >| le! " DIA. 

CONCRETE E i 
COM'PACTED £4 
BY RAMMING £ § 

UNCASED CASED 
SHAFT SHAFT 

NAVFAC DM-7 

om % 



TABLE 13-1 (Continued) 

Design Criteria for Bearing Piles 

Concrete filled steel pipe piles 

Consider for 

length of... 

ASTM A7—for Core. 

ASTM A252—for Pipe. 

ACI Code 318—for Concrete. 

Applicable 

material spec- 

ifications. 

9,000 psi for pipe shell. 

33% of 28-day strength of concrete. 

12,000 psi on Steel Cores. 

Maximum 

stresses. 

80-120 tons without cores. 

500-1,500 tons with cores. 

Consider for 

design load 
ofee™ 

Disadvan- 

tages. 

High initial cost. 
Displacement for closed end pipe. 

Best control during installation. 
No displacement for open end installation. 

Open end pipe best against obstructions. 

Advantages. . 

High load capacities. 

Easy to splice. 

Provides high bending resistance where un- 

supported length is loaded laterally. 

8" TO 36" DIA. 

GRADE 

_ CROSS SECTION 
_ OF PLAIN PIPE PILE. 

SHELL THICKNESS 5/16~1/2 

12" TO 36" DIA. 

Typical | | 

illustrations. 4) 

CROSS SECTION 
OF PIPE PILE 
WITH CORE 

SOCKET REQ'D 
FOR VERTICAL 

END CLOSURE 
MAY BE OMITTED 

See General Notes on last page of table. 

NAVFAC DM-7 7-13-5 

Composite piles 

60-120 fe. 

ACI Code 318—for Concrete. 

ASTM-36—for Structural Section. 

ASTM A252—for Steel Pipe. 

TS-P2—for Timber. 

33% of 28-day strength of concrete. 

9,000 psi for structural and pipe sections. 

Same as timber piles for wood composite. 

30-80 tons. 

Difficult to attain good joint between two 
materials. 

Considerable length can be provided at compar- 
atively low cost. 

The weakest of any material used shall govern 

allowable stresses and capacity. 

TYPICAL COMBINATIONS 

ti 
nm 

CASED OR 
UNCASED & 
CONCRETE & 

bl TC 

CONCRETE 
FILLED | ‘BP 
STEEL SECTION 
SHELL 

Change 1, September 1971 



TABLE 13-1 (Continued) 
Design Criteria for Bearing Piles 

: Auger-placed, pressure-injected 
Pile type concrete piles — General Notes — 

Gonuider for 30-60 ft 1. Stresses given for steel piles are for noncor- 

rosive locations. For corrosive locations, 

estimate possible reduction in steel cross 

section or provide protection from corrosion. 
. Lengths and loads indicated are for feasibilit 

guidance only. They generally represent cur- 

rent practice. 

.Design load capacity should be determined by 

soil mechanics principles limiting stresses in 

piles and type and function of structure. See 

Section 3. 

length of... 

Applicable TS-2P69 
material spec- 

ifications. 

Maximum 33% of 28-day strength of concrete. 

stresses. 

Consider for 35-70 tons 

design load 
Ofjsge- 

Disadvan- More than average dependence on quality 

tages. workmanship. 

Not suitable thru peat or similar highly 
compressible material. 

Advantages... |Economy. 

Completely nondisplacement. 
No driving vibration to endanger adjacent 

structures. 
High skin friction. 
Good contact on rock for end bearing. 
Convenient for low-headroom underpinning work. 

Visual inspection of augered material. 
No splicing required. 

Remarks ... Process patented 

TYPICAL CROSS SECTION 

> < 12" to 

16" DIA. 

Typical 
illustrations. Ea FLUID CONCRETE 

ee CAUSES EXPANSION 
OF PILE DIAMETEK 
IN WEAK SOIL ZONES. 
SOIL IS COMPACTED 
AND CONSOLIDATED. 

DRILLED PILES CAN BE PROPERLY 

SEATED IN FIRM SUBSTRATA 

Change 1, Scptember 1971 7-13-6 NAVFAC DM-7 



soil in a column with cement or chemicals. Generally a considerable portion of the entire foundation area 
is occupied by the piles formed of stabilized material. See Table 15-4, for characteristics of mixed-in- 
place piles. 

2. PILE DRIVING EQUIPMENT. See Table 13-2 for equipment and applications. 

a. Requirements. For wood piles, minimum driving energy varies from 6,500 ft-lb for a 20-ft pile 
length to 15,000 ft-lb for piles over 70 ft long. Maximum driving energy for any length is 20,000 ft-lb. For 
concrete piles, the driving energy shall not be less than 8,700 ft-lb, except that for precast piles weighing 

less than 400 lb per ft, the hammer shall deliver not less than 1 ft-lb of energy per pound of pile weight. 
For heavier piles, driving energy shall be no less than 30,000 ft-lb. 

b. Supplementary Driving Procedures. These are used for reducing driving resistance above bearing 
stratum, for increasing driving resistance in bearing stratum, or for advancing piles under special condi- 

tions. Where exploration or pile tests indicate need for special driving procedures, specifications should 
inform the contractor of these requirements and give allowable procedures. 

3. SPLICES AND APPURTENANCES. See Table 13-3 for splice requirements. Uses of appurtenances 
such as drive shoes, reinforced tips, and lagging are given in Table 13-2. 

Section 3. PILE LOAD CAPACITY 

1. LIMITATIONS. The pile load capacity depends on the allowable stresses within the pile cross sec- 
tion and the support provided by the soil to the pile. The latter is normally the controlling factor. 

a. Allowable Stresses. See Table 13-1 for allowable stresses within the pile and quality require- 
ments for pile materials. Allowable stresses should be reduced for column action where the pile extends 

above ground. 

b. Soil Support. The soil must be capable of supporting the pile when it’s in compression, tension 
and subject to lateral forces. The soil support afforded to a pile in + or -, can be computed from soil 

strength data, Paragraph 4 of Section 3; determined by load tests, Paragraph 3 of Section 3; and/or esti- 
mated from driving resistance, Paragraph 2 of Section 3. The approach to these determinations should 

include the following stages. 
(1) Design Stage. Compute required pile lengths from soil strength data to determine bidding 

length and pile type. 
(2) Early in Construction Stage. Drive test piles at selected locations. For small projects where 

performance of nearby pile foundations is known, base design length and load capacity on knowledge of 
the soil profile, nearby pile performance, and driving resistance of test piles. On large projects where 

little experience is available, perform load tests on selected piles and interpret the results as shown in 

Figure 4-4. 

(3) Throughout Construction Stage. Record driving resistance of all piles for comparison with 

test piles and to insure against local weak subsurface formations. Record a!so the type and condition of 

cushioning material used in the pile hammer. 

2. DRIVING RESISTANCE. The driving resistance in blows/inch is used to arrive at design loadings 
by comparing results of nearby piles in similar soil profile, and their performance in similar soil 

conditions. 
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TABLE 13-2 
Supplementary Procedures and Appurtenances Used in Pile Driving 

Applicability Equipment and procedure utilized 

Means of reducing driving 
resistance above bearing 
stratum: 
Temporary casing Open end pipe casing driven and 

cleaned out. May be pulled later. 

By continuous flight auger or churn 

drill, a hole is formed into which 
the pile is lowered. Pile is then 

driven to bearing below the cored 
hole. 

Precoring 

Heavy structural sections or closed 

end pipes are alternately raised 

and dropped to form a hole into 

which pile is lowered. Pile is 

then driven to bearing below the 
spudded hole. 

Water, air, or mixture of both forced 
through pipe at high pressures and 

velocity, jets are sometimes built 

into piles. 

Tapered piles, specifically timber, 
driven with large butt downward. 

Short timber or steel sections con- 

nected by bolting or welding to 

timber or steel pipes. 

Means of overcoming ob- 
structions: 

Shoes and reinforced tips. | Metal reinforcing, such as bands 

and shoes for all types of piles. 

Explosives 

Preexcavation 

Special equipment for ad- 
vancing piles: 

Hydraulic or mechanical screw 

jacks are used to advance pile. 

Pile is built up in short, conven- 

ient lengths. 

Vibration High amplitude vibrators 

Follower Temporary filler section between 

hammer and pile top, preferably of 

same material as pile. 

7-13-8 

a. To drive through minor obstructions. 
. To minimize displacement. 

To prevent caving or squeezing of holes. 
To permit concreting of pile before excavation 
to subgrade of foundation. 

To drive through thick stratum of stiff to 

hard clay. 
. To avoid displacement and heave of surround- | 

ing soil. 
. To avoid injury to timber and thin shell pipes. 
- To eliminate driving resistance in strata un- 

suitable for bearing. 

To drive past individual obstruction 
. To drive through strata of fill with large 

boulders or rock fragments. 

Used to facilitate penetration, should not be 

permitted in fine grained, poorly draining soils 
where frictional support may be permanently 
destroyed. Piles should be driven to final 

embedment after jetting. 

. For end bearing timber piles, where it is nec- 

essary to minimize penetration into bearing 
stratum. 

. To avoid driving through to incompressible 
but unsuitable bearing material. 

. To increase frictional resistance along sides 
of pile. 

To increase end bearing resistance when 

mounted near tip. 

. To provide protection against damage of tip. 

. To provide additional cutting power. 

. To remove obstructions to open end piles 

under very severe conditions. 

. Used for removal of obstruction close to 

ground surface. 

To be used instead of pile hammer where 
access is difficult. 

. To eliminate vibrations. 

Advantageous for driving in waterlogged 
sands and gravel. 

. Advantageous for driving sheetpiling. 

. To drive pile top to elevation below reach of 

hammer or below water. 
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a. Driving Tests. Driving formulas may be used in this comparison as rules of thumb to supplement 

local experience. Because of the uncertainties of the dynamics of pile driving, the use of formulas more 

elaborate than those in Table 13-4 is not justified. A minimum of 3 driving tests should be made for each 

installation, and more if subsurface conditions are erratic. 

b. Control During Construction. The embedment of piles should be controlled by specifying a mini- 
mum depth on the basis of load tests or driving tests, and in addition, requiring that the piles be driven 

beyond the specified depth until the driving resistance equals or exceeds the value established as neces- 

sary from the results of the test piles. 

c. Formulas. Dynamic pile driving formulas should not be used as criteria for establishing load 

capacity without correlation with the results of soil borings and loading tests, or local experience con- 

firmed by driving tests. 

3. PILE LOAD TEST. See Chapter 4 for procedures for loading or pulling tests. See Table 13-3 for 

conditions requiring tests and the number of tests to be performed. 

a. Planning of Tests. Precede tests with an analysis of exploration and soil test data to determine 
the probable bearing stratum, and to estimate the ultimate pile load. Perform a driving resistance test 

before loading. 

b. Requirements for Tests. Load tests must simulate, as far as practicable, the conditions expected 
during construction. In particular, make certain that skin friction of overburden eventually to be removed 

does not act on test piles. If skin friction of an upper compressible stratum will act downward as drag on 

piles after construction, use test methods suggested in Chapter 4. 

4. THEORETICAL LOAD CAPACITY. Sce Figures 13-1 and 13-2 for analyses of ultimate load capacity 
of single piles in homogeneous cohesive and cohesionless foundations. 

a. Limitations. Certain factors in the analysis are poorly defined and theoretical load analysis must 

not be relied on exclusively but must be verified by load tests. Consider possible reversal of side friction 

on piles by consolidation of surrounding soil. Depending on certainty with which subsoil properties are 

known, apply a safety factor of 1% to 2 maximum load. For straight tension piles use a safety factor of 2 

and 2)4 for tapered piles. 

b. Piles in Cohesive Soils. See Figure 13-1. Experience demonstrates that pile driving permanently 
alters surface adhesion of clays having a shear strength greater than 500 psf. In softer clays the remolded 

material consolidates with time, regaining adhesion approximately equal to original strength. 

Shear strength for point-bearing resistance is essentially undamaged by pile driving. For analysis use 

adhesion tabulated in Figure 13-1 for various pile types and the original consistency of clay. Ultimate ( 

resistance to pullout cannot exceed the total resistance of reduced adhesion acting over the pile surface, 

or the effective weight of the soil mass which is available to react against pullout. The allowable sus- / 

tained pullout load usually is limited by the tendency for the pile to move upward gradually while mobiliz- ( 

ing an adhesion less than the failure value. For slender steel piles in soft clay, compute allowable pile 

stresses to avoid buckling as shown in the bottom panel of Figure 13-1. Buckling for a fully embedded 

length of other pile types doesnot control pile stress. 7s. ( 

c. Piles in Cohesionless Soils. See Figure 13-2 for formulae and theoretical load capacity of driven 
piles. ( 

(1) Compression Load Capacity. Compression load capacity equals end-bearing capacity, as 

determined from theoretical bearing formulas, plus frictional capacity on perimeter surface. 

(2) Pullout Capacity. Pullout capacity equals the frictional force on the perimeter surface above. ( 
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TABLE 13-4 
Application of Pile Driving Resistance Formulas 

Basic pile driving formulas (See comment in Section 3,) 

For double- acting 
For drop hammer For single-acting hammer differential hammer 

2wH LE : 
Ghy= Ee ae {use when driven Qal= = — {Use when driven 

S$*0/ weights are smaller Stl weights are smaller 
than striking than striking me 
weights, weights, 

= —2WH {Use when driven 
OD weights are larger 

W, than striking 
weights, 

Gai= —£F fu s6 when driven 
5+0,/—2 weights are larger 

W than striking 
weights, 

allowable pile load in pounds. 

= weight of striking parts of hammer in pounds. 
HH = the effective height of fall in feet. 
E = the actual energy delivered by hammer per blow in foot-pounds. 
S = 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 

weights of striking parts exceed 3. 

A. For piles driven to and seated in rock as high capacity end-bearing piles: 

Drive to refusal (approximately 4 to 5 blows for the last quarter inch of driving). 

Redrive open end pipe piles repeatedly until resistance for refusal is reached 

within 1 in. of additional penetration. 

B. Piles driven through stiff compressible materials unsuitable for pile bearing to an under 

lying bearing stratum: 

Add blows attained before reaching bearing stratum to required blows attained in 

bearing stratum (see example). 

Example: required load capacity of pile Q,) #25 tons 

hammer energy E = 15,000 ft-lb 

7 
COMPRESSIBLE Wd a) 

PA te) bly 8 blows /ft. We 

ore Penetration(s)as per basic formula = 3" or 2 blows per “BEARIN 
“STRATUM? inch (24 blows/ft). 

42 blows / ft. 

Required blows for pile 24 + 18 = 42 blows/ft. 

C. Piles driven into limited thin bearing stratum, drive to predetermined tip elevation. 

Determine allowable load by load test. 

STRATUM 

UNSU! TABLE 

FOR BEARING 

5 * STRATUM 

STIFF CLAY STRATUM INCOMPRESSIBLE 
7; BUT UNSUITABLE FOR POINT BEARING 
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RATIO Cafe AVERAGE CURVE 
ALL PILES 

RATIO Cafe 

COHESION C, PSF 

ADHESION, Cy 
PSF 

VERY SOFT 
PROPERTIES 

SOFT 
7,6, 920 

WED. STIFF 

POSITION OF GROUND STIFF 
WATER HAS WO EFFECT VERY STIFF 
ON ULTIMATE LOAD 
CAPACITY UNLESS VERY SOFT 
COHESION IS CHANGED SOFT 

Quit 1S APPLIED LOAD WED. STIFF 
OWLY.PILE WEIGHT IS STIFF 
BALANCED BY WEIGHT 
OF OVERBURDEN AND 
1S NOT COMSIDERED. 

VERY STIFF 

ULTIMATE LOAD CAPACITY PULLOUT CAPACITY 

Qui = CNTR? + Cy 2I7RL Tun = Ga2TRL 
Tult UNDER SUSTAINED LOAD WAY BE 

Nog FROM FIG. 12-1 FOR COHESIVE SOTL. LIWITED BY OTHER FACTORS, SEE TEXT. 

ULTIMATE LOAD FOR BUCKLING OF STEEL PILES IM SOFT CLAY. 

Qut = A(CE1)*® 
A = 8 FOR VERY SOFT CLAY, 10 FOR SOFT CLAY (DIMENSIONLESS) 
C = SOIL SHEAR STRENGEH 
I = WMOWENT OF ENERTIA OF CROSS SECTION rece 
E = MODULUS OF ELASTICITY OF STEEL. 

FORMULA APPLIES TO SLENDER STEEL PILES. GENERALLY HEAVY STEEL 

PILES OR TIMBER OR CONCRETE PILES ARE WOT SUBJECT TO BUCKLING 

IF EMWBEODED IN SOIL FOR THEIR ENTIRE LENGTH. 

FIGURE 13-1 
Ultimate Load Capacity of Piles in Cohesive Soils 
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ie TAT nila 1 
SST? 
eke 

v, 

BEARING CAPACITY FACTORS Ny AND Nq 

EARTH PRESSURE COEFFICIENT Ks 

SOIL PROPERTIES DEFINITIONS: 
¥7,40=0 a Ae | 

PILE 1S ORIVEM WHTHOUT JETT/M@G OR REMOVAL OF 
MATERIAL WITHIN PILE. 
Qe ULTIWATE LOAD CAPACITY, APPLIED LOAD ONLY, 

Q = VLTIWATE BEARING CAPACITY AT TIP. 

Ky= RATIO OF HORIZONTAL TO VERTICAL EARTH PRESSURE 
ON SIDE OF PILE ABOVE PLASTIC ZONE. AVERAGES 
0.5 FOR P= 30°, 1.0 FOR P= 45°, 

Kg= RATIO OF HORIZONTAL TO VERTICAL EARTH PRESSURE 
OW SIDE OF PILE WITHIN PLASTIC ZONE. 

G,=ANGLE OF INTERNAL FRICTION IN COMPACTED ZONE 
AROUND PILE TIP (4° TO S°LARGER THAN Q). 

Quit= QAst (Y yrZ tand )s (WATER BELOW dp) 

TLiwit of —S I 9" Zon (WRN *KaYrNg) ~ Yel FOR L<20R 
in ps sort couPact 1on// EFFECT OF WATER 
“Bork Peta CADRINI ES, WATER AT GROUND SURFACE: 

SUBSTITUTE Yaug FOR Yr IN Qi 
FOR WATER AT INTERWEDIATE LEVEL, INTERPOLATE 
BETWEEN LIMITING CONDITIONS. 

2 P S= AVERAGE PILE PERIMETER PULLOUT CAPACITY © Typ = sC#YrL tan J) 

FIGURE 13-2 

Ultimate Load Capacity of Piles in Cohesionless Soil (for Alternate Method, see Figure 13-2a) 

PLASTIC 

eee es 
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LE SURFACE AREA 

AVERAGE PERIMETER SUPPORTS) 

END SUPPORT (3) IN psf OF TIP AREA AVERAGE OVERBURDEN PRESSURE (2) 
IN pst, FOR LENGTH L' 

OVERBURDEN PRESSURE AT PUE TP (24) IN psf 

WHERE; (Q=ANGLE OF INTERNAL FRICTION OF SOL. 
Ku= RATIO OF HORIZONTAL TO VERTICAL FARTH_ PRESSURE ON SIDE Of PILE. 

TAKEN TO BE EQUAL TO 1.0 IN GRAPH 
L'= LENGTH OF FIRM EMBEOMENT. 

Ng ~ VALUES VSEO IN CHART @) ARE TAKEN FROM FIGURE W-l. 

DEFINITIONS 
Se aaa | SE Quit = ULTIMATE PILE LOAD CAPACITY. 
rae as Peo = PERIMETER SUPPORT + END SUPPORT. 

= SX SURFACE AREA + 9X END AREA. 
"S” VALUES IN GRAPH (A) ARE FOR STRAIGHT CONCRETE PILES. 

FOR TAPERED PILES, DUE TO INCREASED Ky , USE 2x VALVES INV @). 
FOR STEEL OR TIMBER, DUVE_7TO LOWER COEFFICIENT OF FRICTION, 

USE 0.75 X VALUES IN (A). 

45% 5 % = UMT WEIGHTS OF SOIL, BY STRATA. 
(SUBMERGED WTS BELOW WATER TABLE (WT).) 

EXAMPLE PROBLEM: DETERMINE Qu/+ 
WITH: LENGTH (H) = 40'; L'=25'; 032 65 pee 9x 30° 

AVERAGE DIAMETER = 10" G4 =25 peck FOR 13! 
TIPAREA = 0.34 59 4 GF? =80 pct FOR 2' 
TIMBER PILE (CONSIDERED TAPERED) 
Quit = PERIMETER SUPPORT + END SUPPORT 

Atelaiadts SEES PERIMETER SUPPORT : 
AVERAGE OVERBURDEN PRESSURE (Py) =(2df +1303) +(2df 1344, +2505) 

By = 1297 pst ENTER @) AT & ON $= 30° 
I=750X%2 X 0.75 21125 pst 

DESIGN LOAD =. Quit __,. (7APER) (TIMBER) 
rt Misa ot he S X SURFACE AREA = 1125 psf Xx 17 DL' = 73000 LBS. 

FOR CAPACITY AS A END SUPPORT: 
TENSION PILE, USE OVERBURDEN PRESSURE AT PILE TIP (P¢) 
STRAIGHT PILES ANO Pe = 207 +1383 +2503 = 1604325 +1025 = 2110 psf 
USE PERIMETER SUPPORT ENTER AT Pe =2110 AND P=3B0° 
ONLY IN FIRM EMBEOMENT. THEN y = 38,000 pst 

9.x As’= 38,000 pst x 0.34 3q ft =/2,900 LBS. 
Quit x 73,000 LBS + 12,9000 LBS = B6K% 

*SEE SECTION 3, PARAGRAPH ¥ FOR SAFETY FACTOR. 
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(3) Ultimate Capacity. The ultimate capacity of point-bearing piles in sand may be estimated by 

various cone penetration test methods. See Van der Veen and Boersma, The Bearing Capacity of a Pile 

Predetermined by a Cone Penetration Test (Bibliography), for a description of one method. Add side fric- 

tion resistance, where present, to point bearing capacity as shown in Figure 13-2. 

d. Piles in Soils Having Both Significant Adhesion and Friction. Compute perimeter and end support 
for the adhesion and repeat procedure for the friction condition. For load capacity, use the condition that 

gives most capacity. Where pile penetrates several different strata, add supporting capacity of the individ- 

ual layers, except where a soft layer may consolidate and relieve load or cause drag on the pile. No 

adhesion should be considered effective to the depth that jetting is conducted. 

5. LATERAL LOAD CAPACITY. A pile loaded by thrust and moment at its top resists the load by 
deflecting to mobilize reaction of the surrounding soil. Resisting pressures applied by soil to a pile 

depend on relative stiffness of the pile and soil. 

a. Loading Conditions. Three principal loading conditions are illustrated with the design procedures 

in Figure 13-3, using the influence diagrams of Figure 13-4, 13-5, and 13-6. Loading may be limited by 

allowable deflection of pile top or by pile stresses. 

(1) Case l. Pile with flexible cap or hinged end condition. Thrust and moment are applied at 

pile top, which is free to rotate. Obtain total deflection, moment, and shear in the pile by algebraic sum 

of the effects of thrust and moment, given in Figure 13-4. 

(2) Case Il. Pile with rigid cap fixed against rotation at ground surface. Thrust is applied at the 

pile top, which must maintain a vertical tangent. Obtain deflection and moment from influence values of 

Figure 13-5. 

(3) Case Ill. Pile with rigid cap above ground surface. Rotation of pile top depends on combined 
effect of superstructure and resistance below ground. Express rotation as a function of the influence val- 

ues of Figure 13-6 and determine moment at pile top. Knowing thrust and moment applied at pile top, 

obtain total deflection, moment, and shear in the pile by algebraic sum of the separate effects from Figure 

13-4. 

b. Soil Properties. These solutions assume a soil modulus of elasticity increasing linearly with 

depth as for coarse grained material and soft to medium stiff fine grained soils. For approximate values 

of constant of proportionality f of soil modulus with depth, see Figure 11-8. For preconsolidated stiff to 

hard clays, the modulus of elasticity is approximately constant with depth. Convert this constant modulus 

to an equivalent value that varies linearly with depth to utilize the influc uce values of Figure 13-4 to 

13-6. See Figure 11-9 for this conversion. 

Section 4. PILE CLUSTER CAPACITY 

1. ULTIMATE LOAD. For analysis of ultimate load in homogeneous Steots: see Figure 13-7; for strat- 

ified soils, see Figure 13-8. See Figure 13-9 for examples of computation. Ordinarily, the dead weight of 

piles plus soil enclosed within the pile group is assumed to be balanced by the weight of soil surrounding 

the pile group and is ignored in the computation. To determine allowable load, apply a safety factor of 3 

to the ultimate capacity of the group for dead plus normal live load and a safety factor of 2-1/2 for dead 
plus maximum live load. 

a. Group Efficiency. The efficiency of a pile group equals the ratio of ultimate capacity of pile in 
cluster to its capacity as an individual pile and depends on the degree of overlap of pressures transmitted 

by adjacent piles. 

(1) Cohesive Soils. For cohesive soils, group efficiency increases with pile spacing as shown in 
Figure 13-7. 

7-13-14 
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CASE I. PILES WITH FLEXIBLE CAP OR HINGED END CONDITION 

COND IT 10M OESIGH PROCEDURE 

FOR EACH PILEJ con peginI TION OF PARAWETERS SEE FIG.13-5. 

1. COMPUTE TE BAA STIFFWESS FACTOR 
S r=(&) 

2. SELEC¥? CURVE FOR PROPER 4 IM FEG. 13-4. 

3. OBTAIN COEFFICIENTS Fo Fu Fy 87 DEPTHS 
DESIRED 

4. COMPUTE DEFLECTION, MOMENT AWD SHEAR 
AT firie a DEPTHS USING FORWULAS OF 

FIG. IJe ° 

. 

NOTE: 'f" values from Fig. 1-8 and 

Convert to Ib/in3 
DEFLECTED 

4° Oh 

CASE IT. PILES WITH RIGID CAP AT GROUND SURFACE 

I.PROCEED AS IN STEP 1. CASE I, 
2. COMPUTE DEFLECTION AND WOWENT AT DESIRED 

DEPTHS USING COEFFICIENTS For Fry AND 
FORMULAS OF FIG. 13-5. 

3. MAXIMUM SHEAR OCCURS AT TOP OF PILE 
AND EQUALS Px a IW EACH PILE. 

CASE IIT. RIGID CAP, ELEVATED POSITION 

DEFLECTED 1. ASSUWE A HINGE AT POINT A WITH 
Tee, A BALANCING WOWENT M APPLIED AT 

POINT A, 
2. COMPUTE SLOPE @2 ABOVE GROUND AS A 

FUNCTION OF & FROM CHARACTERISTICS 
OF SUPERSTRUCTURE. 

3. COMPUTE SLOPE 0, FROW SLOPE COEFFICIENTS 
OF FIG. 13-6 AS FOLLOWS: 

rs MT o> Fo(er) +o (FE) 
4. EQUATE 6, © Op AND SOLVE FOR VALUE OF Ww. 

5. KNOWING VALUES OF P ANDO &, SOLVE FOR 

DEFLECTION, SHEAR, ANDO WOWENT AS IW 
Pp CASE 4. 

- 
ee ee 

WP. 

ae (NOTE: IF GROUND SURFACE AT PILE 
LOCATION 1S INCLINED, LOAD P TAKEN 
BY EACH PILE 1S PROPORTIONAL TO I/H,?) w wwe Fw OTe waeoewTeovwe Jo Toe TF SO VG 

a 

FIGURE 13-3 
Design Procedure for Laterally Loaded Piles 
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DEFLECTION COEFFICIENT (Fé) 

- FOR APPLIED LATERAL LOAD (P) SE BA eee a 
Popa nee cea 

AE Se 

DEFINITIONS 

. 

P - LATERAL FORCE APPLIED ON PILE 

H=- VERTICAL DISTANCE BETWEEN P AND GROUND SURFACE 

M- PH - MOMENT ON PILE APPLIED AT GROUND SURFACE 

Z-* DEPTH BELOW GROUND (TO POINT TO BE CHECKED) 

E,- f(Z) SOUL MODULUS OF ELASTICITY 

f - COEFFICIENT OF SOIL MODULUS VARIATION - SEE FIGURE 11-8 

L - LENGTH OF PILE BELOW GROUND SURFACE 

T- RELATIVE STIFFNESS FACTOR 

E > MODULUS OF ELASTICITY OF PILE 
1 - MOMENT OF INERTIA OF PILE CROSS SECTION 

5p, Mp, = DEFLECTION, MOMENT, & SHEAR AT ANY DEPTH Z 

DUE TO FORCE P. 

5m, Mm, Vm = DEFLECTION, MOMENT, & SHEAR AT ANY DEPTH Z 

DUE TO MOMENT M. 

DEPTH Z IN MULTIPLES OF T 

0.4 

MOMENT COEFFICIENT (Fy) 

FOR APPLIED LATERAL FORCE (P) SAS ky ia sel 

DEPTH Z IN MULTIPLES OF T 

Rife 4 BEI 

ARSE GA 
SSSEEE 

ehhaat Gar) 

NN DNDN DM ND ND EE oe ee S=SeSS cl 

Bg By 

ZT ecrs COEFFICIENT . Fiy 

FIGURE 13-5 

Influence Values for Laterally Loaded Pile 
(Case Il. Fixed Against Rotation at Ground Surface) 
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SLOPE COEFFICIENT (Fe ) 
FOR APPLIED MOMENT (M) 

wicks Ge Bl ED HED 

ia wy iG 

je? A oy | 
rs 

pe eae lee | eee) ri 

ESS ee? 4ae DEPTH Z IN MULTIPLES OF T 

= SLOPE AT ANY DEPTH (2) DUE TO FORCE P. 

|| | Sm+ SLOPE AT ANY DEPTH (2) DUE TO MOMENT M 
FOR ADDITIONAL DEFINITIONS OF PARAMETERS bid [Ss aig Te 

SLOPE COEFFICIENT (Fg) 

FOR APPLIED LATERAL FORCE (P) 

eS ea RN eee eirceee ater a 
Elta PN 

DEPTH Z IN MULTIPLES OF T 

OEFINITIONS 

Sp = SLOPE AT ANY DEPTH (2) OVE TO FORCE P. 

Su = SLOPE AT ANY DEPTH (2) OUE TO MOMENT M 

FOR ADDITIONAL DEFINITIONS OF PARAMETERS 

SEE FIG. 13-5. 
EGS Eto i el erences LW 

-2.0 -1.5 

SLOPE COEFFICIENT, Fa 

FIGURE 13-6 
Slope Coefficient for Pile with Lateral Load or Moment 
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ww ww wT VoevTw eons wooToVw wewereeoeoemseTarelUc. ,MwTre VT GS 

TF TF a 

L = 24 PILE DIAMETER 

3 x 3 PILE GROUP 

9x 9 PILE GROUP 

L = 48 PILE DIAMETERS 

3 x 3 PILE GROUP 

9 x 9 PILE GROUP 

PTLE GROUP EFFICIEACY 

FOR COHESIVE SOILS 

DIAMETERS 

OEFINITIONS 

Qo = ULTIMATE LOAD CAPACITY 
OF PILE IN GROUP 

Qu = ULTIMATE LOAD CAPACITY 

OF ISOLATED PILE 

lM) = NUMBER OF PILES IN GROUP 

Ge = a FOR COHESIVE SOILS 
SHEAR ON SURFACE 
PERIMETER OF GROUP 2R = PILE DIAWETER 

t Q¢ AND Qu ARE APPLIED LOADS 
OMLY. WEIGHT OF PILES AND 

tttt} BEARING CAPACITY ENCLOSED SOIL IS BALANCED BY 
B OF PILE TIPS WEIGHT OF OVERBURDEN AND IS 

WOT COWSIDERED. 
PILES IW COWESIVE SOILS 

Quit = (CN) TR® +, 2MRL (OBTAIN C, FROM FIG./5-1, OBTAIN N. FROM F7G./2-1) 
ULTIMATE LOAD OF GROUP = NQ6 * GeNQou/f 

PILES IN COHESIOMLESS SOILS As = BXA P= 2(A 8) 

PILE SPACING & 6R: NQo= Qu Qu/t FROW FIG. 13-2 WITH R = B/2 
PILE SPACING > I6R: NQo = NQuH Qu FROW FIG. 13-2 WITH Re PILE RADIUS. 

FOR PILE SPACING BETWEENGR AND I6R, INTERPOLATE BETWEEN THESE 

LIMITING CONDITIONS. FORMULAS APPLY FOR A = 8 $24. 

PULLOUT CAPACITY: 

FOR COHESIVE OR COHESIONLESS SOILS, PULLOUT CAPACITY EQUALS 
TOTAL SHEAR FORCE ON SURFACE PERIWETER OF GROUP. 

FIGURE 13-7 
Ultimate Load Capacity of Pile Groups 
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OUTSIDE DIMENSIONS OF PILE GROUP IN PLAN = A * B, (B)IS SMALLER DIMENSION. PILES 
STOP IN TOP OF COARSE GRAINED LAYER (2). LAYER (2) IS UNDERLAIN BY COHESIVE 
STRATUM. LAYER (3). __n = NUMBER OF PILES. 

nQg 

oe 

ie LAYER(3) \ 

¥3, C3, 320 
ran a Pe Pe ch 1 ray AW 

¥3, C3, 3:0 

DISTRIBUTION OF PRESSURES DISTRIBUTION OF PRESSURES 

BENEATH POINT BEARING PILES BENEATH POINT BEARING PILES 

LAYER C) JIS COWESIVE (¢ =O) 

N@z = ULTIMATE LOAD CAPACITY OF GROUP 

Quit = ULTIMATE CAPACITY OF SINGLE PILE 
(WEIGHT OF PILES NEED WOT BE 
INCLUDED IN APPLIED LOAD). 

FAILUREIN LAYER (Ho = 8B) 
PILE SPACING S 6R: 

NQq = (Yi Hi Noe +0.4YeBNy2)AXB 

+ 2C, (AtB)H, - ABY,H, 

LAYER (1) IS COHESIONLESS (C =O) 

FAILURE IN LAYER (Hz Zz B) 

IF GROUND WATER IS AT DEPTH GREATER THAN 
(8) BELOW TOP OF LAYER @) : 

IF LAYER 1S ESSENTIALLY SIMILAR TO 
TO LAYER gy OBTAIN n@g FROM FIG. 13-2. 

IF , DIFFERS GREATLY FROM @: 
PILE SPACING < 6R: 

NQG = (YH, Ng2 + 0-42 BNyz )Ax8 

+(A+B)K,yy, tan dj H,*-ABY, H, 
PILE SPACING > 16R: NQ=7(Qy/t) 
Quit = (Yi Hi Nae + 0.4 Yo Nye) ITR® 

+IRY, Ky tan d, H,27- TR? YH, 

PILE SPACING > /6R: NQg = 2(Qu/t) 
Qu/} = (Y¥, 4, Noe + 0.4 Y2 BNyz) TR 

PEC, N AH aaa ya 

FOR PILE SPACING BETWEEN 6R AND I6R, INTERPOLATE BETWEEN THE VALUES FOR 6R AWD IER. 
FOR WATER NEAR TO THE GROUND SURFACE, SUBSTITUTE Yi5ue FOR ¥, AND Y25ve FOR Yo IN 
THE ABOVE FORMULAS. INTERPOLATE BETWEEN THESE LIWITS FOR INTERMEDIATE WATER 
LEVEL. 

IN ANY CASE THE POSSIBILITY OF FAILURE IN CLAY LAYER Q) MUST BE INVESTIGATED. 
THIS 1S PARTICULARLY IMPORTANT IF LAYER (@) IS THIN COMPARED TO DIMENSION (B). 
FAILURE OF LAYER (@) OCCURS IF LOAD DISTRIBUTED ON TOP OF LAYER@) AS SHOWN 
EXCEEDS 1.3C3N,. 

FACTORS No Ny @ No OBTAINED FROM FIG.11-1 FOR ALL CONDITIONS EXCEPT FOR 

COHESIONLESS SOILS WHEN LAYER(D) IS SIMILAR TO LAYER@) IN THIS CASE USE 
No» Myr AND Ng FROM FIG.13-2. 

FIGURE 13-8 
Ultimate Load Capacity of Pile Groups in Layered Subsoils 
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9 PILES ULTIMATE LOAD CAPACITY OFA SINGLE PYLE 

(FROM FIG. /3-1); 

Quit = (CNc) UR® + Cg2TRL 

= (1.5*8.85)3./4 X0.5* +.85% 2° 3,/4x%0.5% 2] 

= 66.5 KIP. C = 1/500 PSF 

go 
Yeu 25 PCF ULTIMATE LOAD CAPACITY OF GROUP: 

ea a7! PILE SPACING = 3DIA., Ge(FROM FIG. 13-7)= 0.8 

NQg = GeNQut = 0.8*9* 66.5 = 480 KIP. 

= |G = 480 = SAFETY FACTOR Q 760 3.0 
lath 
77 ye alae 

Ne (FROM FIG. /2-/)2 8.85 
Cy (FROM FIG. /3-1) = B50 PSF 

(A) PILE GROUP IN COHESIVE SOIL 

PILE SPACING = 6R, NQe = Quit (FAOM FIG. /3- 7) 
Ki 2 

Cu/# = 9A3+(3" Yova & tand ) P 

R=GF2; L< 20R </08 < 70 

Or som (Yous RNy + Kg Yous L No) -Youal 

TAKE R= Bo Ap>* BxA P< 2(A+8) 
ie BN 

*70B (Ysva x + Keg Ysue L Ne) - Yoaua lb 

7*235 

ei 

SIPiLeo 
SQUARE ARRAY 

g = 35° 
g,= 40° 
c= 0 

Yr = 130 PCF 

A=8=37' 

Ky 2 0.7' 

Kg = 0.59 
Ny (FROM FIG. /3-2) = 235 
Ne (FROM FIG. 13-2) * 255 

td =tan 0.79% .4 

Tipksliacmiaree 
= 8/.5 KS5F. 

Quit = B1.5x 7x7 ZS! «0,680 2/4042 = 418 KIP 

+ 0.59 .068%2)*« 255)- 0.068% 2/ 

n@ Quit es 4, 118 . 
SAFETY FACTOR «= fon 1h 7400 = 3.0 

PILE SPACING =6R, Hz >B-: 

Quit (FROM FIG./3-8) =(Ysva, Hi Ngzt-+ Yous, BNy2) AX 8 

- AB Yous, Mi; 

Quit 2(.033% 12x 34 +.4%, 068 X 7X 40)7%7. 

~ 7X7X.033X/2 = 1016.4 KIP. 

ORAG IN PILES (FROM FIG. /3-/0): 

C, = 300 PSF 
$120 Ca 

¥r,* 90 PCF 
Galrron Fs 3)r300 

- 

- HAyER® b ibe By NQp = NAbYsygl = 9% 3x3 x.0383x/2 = 32./ KIP. 

bez O “1.72 KSF >| NQco _ 1,016.4 = AS SAFETY F. = = = Yre™ /SOPCES |. BAPE UNEBACTOROSAMT. 770° teegaaaiiinl As 

LAYER® SO0IL_ PRESSURE ON TOP OF LAYER Ne 25.53 
= 600 P5F 

fs ty AAO SIE. 
en (FROM FIG, //-/) = 34 P3 = (onus ino 7) EL 1;84 

Ma CFROM FIG. 1-1) = 40 BEARING CAPAC/TY OF LAYER @Q: 
13 CONe 2 163%.6 %*§.55 = 4.32 > 1.84 KSF. 

FIGURE 13-9 

Example of Computation of Safety Factor of Pile Groups 
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(2) Cohesionless Soils. For a large group of piles in cohesionless soil, shear failure is highly 

unlikely at normal pile loads. For pile spacing less than three diameters, the group acts like a large 

pier, mobilizing side friction on the outer boundary of the group. For pile spacing exceeding eight diam- 

eters, individual resistance of each pile is mobilized. For a preliminary estimate of allowable pile loads 

in a bearing stratum, apply the rule for minimum spacing given in Table 13-3. 

2. DRAG ON PILES. Where piles are driven through an upper compressible material into the bearing 

stratum, skin friction resists movement during load test or pile driving. In the prototype, consolidation of 

compressible strata may reverse skin friction throwing additional loads on the pile, which are transmitted 

downward to the bearing stratum. Evaluate potential drag in accordance with Figure 13-10. 

a. Effect of Sensitivity. Drag is maximum in sensitive clays that consolidate on remolding. In this 
case the entire weight of compressible material between piles in a cluster may be applied as drag. For 

clays with a sensitivity of less than two or three, consolidation produced by remolding from pile driving is 

limited to a thin annular space surrounding pile, and weight transferred to the pile is small. 

b. Effect of Surcharge. Placing fill at the ground surface increases drag by causing consolidation and 
soil movement downward relative to piles. 

c. Effect of Stratification. Drag is accentuated if coarse grained soils are interlayered with com- 
pressible strata. Surface fill or remolding of the soft strata also causes the granular materials to move 

downward along the piles. 

d. Allowance in Design. If drag will occur, evaluate point bearing resistance of the piles separately 

in load tests. Add drag force to design load to obtain total load in the bearing stratum. An overload by 

drag, up to 15 percent of the allowable working load, is permitted on the piles, when a safety factor of 

2-1/2 to 3 is available for the working load. 

Section 5. PILE CLUSTER SETTLEMENT 

1. EVALUATION OF SETTLEMENTS. For waterfront structures, a preliminary review of boring or site 

information may reveal an obvious need for pile foundations to form piers or resist scour. In other cases, 

settlement analysis of the greatest possible accuracy is required before eliminating shallow foundations 

from consideration. 

a. Point Bearing Piles. Piles driven to a thick, compact, coarse grained stratum will not settle sig- 
nificantly, if an ordinary safety factor is applied to ultimate pile capacity. 

b. Piles Bearing Above Compressible Stratum. Piles bearing in compact sand above a fine grained 
stratum may be safe against shear failure, but settlement must be analyzed as shown in Figure 13-11. 

Ordinarily, the increment of pressure applied by piles below their tips does not include drag forces or 

transient or temporary live load for settlement computation. 

c. Friction Piles in Loose Sand. Utilize displacement piles that will compact surrounding soil. 
Driving should proceed from center of cluster to edge, otherwise the inner piles cannot be driven to an 

equal depth. Ordinarily, driving to a resistance for 20 tons for wood piles or 30 tons for concrete piles as 

determined by dynamic formula will ensure that settlements are within tolerable limits. 
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Analysis of Drag on Piles in Clay 
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. Plan area to outside of pile group = B x A. 

. For relatively rigid pile cap, pressure distribution is assumed to vary with depth as shown. 
- For flexible slab or group of small separate caps, compute pressures by elastic solutions (Chapter 5) for 

load applied at level shown. 

-. Compute settlements by methods of Chapter 6. 

FIGURE 13-11 
Settlement of Pile Groups 
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d. Friction Piles in Compressible Fine Grained Soils. Compute consolidation settlements for pres- 
sure distribution shown in Figure 13-11. The sole advantage of friction piles in minimizing settlements 

‘in clays is to lower the level at which loads are applied in the compressible stratum. This has the effect 

of stressing material that has a higher initial consolidation pressure than will the structure load applied 

at the surface. Because the reduction in settlement provided by friction piles can be small, the perform- 

ance of alternative shallow foundations should be carefully evaluated. In sensitive clays, settlement of 

pile tips will be greatly increased by the effect of drag unless potential drag is included in the design 

load. In this case, the point bearing capacity must be capable of safely resisting both drag and ordinary 

working load. Where a recent fill surrounds the piles, drag will result in even, moderately compressible 

material. Settlement beneath pile tips is evaluated as shown in Figure 13-11 for this case. 

Section 6. DISTRIBUTION OF LOADS ON Pit.E GROUPS 

1. VERTICAL PILE GROUPS. Distribution of design load on piles in groups is analyzed by routine 
procedures given in the standard references as follows: 

(1) For distribution of applied load eccentric about one or two axes, see Chellis, Pile Foundations. 

(2) Overload up to 10 percent of allowable working load from eccentricity between applied load 

and center of gravity of pile group shall be permitted when a safety factor of 2-1/2 to 3 is available for 

the working load. 

(3) Overload from wind up to 33 percent of the allowable working load is permitted, when a safety 

factor of 2-1/2 to 3 is available for the working load. 

(4) Except in unusual circumstances, all bearing piles in a group shall be of the same type, and of 

equal load capacity. 

2. GROUPS WITH VERTICAL AND BATTER PILES. Analyze distribution of pile loads according to 
Chellis, Pile Foundations. The following limitations apply: 

(1) Assume inclination of batter piles no flatter than 1 horizontal to 3 vertical unless special 

driving equipment is specified. 

(2) When 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 platforms, see Seelye, Foundations, Design and 

Practice. 

(4) For analysis of batter pile anchorage for tower guys, see example, Figure 13-12. 

3. BUCKLING OF PILE GROUPS. For analysis of buckling of pile groups with an unsupported length 

above ground surface, see Abbett, American Civil Engineering Practice, Vol. 1. If unsupported length is 

critical, reduce a long column by ties between piles or by batter piles. 

Section 7. GENERAL CRITERIA 

1. GEOMETRIC REQUIREMENTS. See Table 13-3 for criteria for pile spacing, length, number, arrange- 
ment, and alinement. 

2. PRESERVATION AND DETERIORATION. For review of factors causing pile deterioration and meth- - 
ods of preservation, see Chellis, Pile Foundations, Deterioration and Preservation of Piles. 

3. INSTALLATION PROBLEMS. Difficulties in installation of pile foundations are crucial in many 

cases, dictating pile type and arrangement. See Table 13-5 for common field problems and recommended 

treatment. 
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TABLE 13-5 
Treatment of Field Problems Encountered During Pile Driving 

Description of problem 

Category: 

Obstructions: Old foundations, boulders, rubble 

fill, cemented lenses, and similar obstacles to 

driving. 

General problems: 
Vibration in Driving: May compact loose granular 

materials causing settlement of existing struc- 

tures near piles. Effect most pronounced in 

driving displacement piles. 

Damage to Thin Shells: Driven shells may have 

been crimped, buckled, or torn, or be leaking at 

joints as the results of driving difficulties or 

presence of obstructions. 

Inappropriate Use of Pile Driving Formula: Piles 

driven to a penetration determined solely by 

driving resistance may be bearing in a compres- 

sible stratum. This may occur in thick strata of 

silty fine sand, varved silts and clays, or me- 

dium stiff cohesive soils. 

Difficulties at pile tip: 

Fracturing of Bearing Materials: Fracturing of ma- 
terial immediately below tips of piles driven to 

required resistance as a result of driving adja- 

cent piles. Brittle 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 hard 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, particularly fine sands or silts, may flow 

into pipe under the influence of an outside dif- 

ferential head, causing settlement in surrounding 
areas or 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- 

dium compact granular soils. Heave becomes 
serious in soft clays when volume displaced by 

piles exceeds 2'4% of volume of soil enclosed 

within the limits of the pile foundation. 

Procedures to be applied 

Excavate or break up shallow obstruction if practical. For 

deeper obstructions use spudding, jetting, or temporary cas- 
ings, or use drive shoes and reinforced tips where pile is 

strong enough to be driven through obstructions. 

Select pile type with minimum displacement, and/or precore or 

jet with temporary casing or substitute jacking for pile driv- 

ing. 

Each pile is inspected with light beam. If diameter 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. 

Unsuitable bearing strata should be determined by exploration 

program. Piles should not be permitted to stop in these 

strata, regardless of driving resistance. For bearing in stiff 
and brittle cohesive soils and in soft rock, load tests are 

particularly important. 

For piles bearing in these materials specify driving resistance 

test on sslected piles after completion of driving adjacent 

piles. If damage to the bearing stratum is evidenced, require 

redriving until specified resistance 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 soil 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 0.005 ft, redrive to at 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, or jetting so thattotal volume displaced by pile 

driving is less than 2 or 3% of total volume enclosed within 

limits of pile foundation. 

Lateral Movement of Piles: Completed piles move |Survey horizontal position of completed piles during the driving 

horizontally as the result of driving adjacent 
piles. 

of adjacent piles. Movement is controlled by procedures used 

to minimize heave. 
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a. Movement of Completed Piles. In driving through soft to medium stiff clays, movements may be 
large if the volume displaced by piles exceeds 2 to 3 percent of volume enclosed within the boundary of 
the pile foundation. Piles in stiff to hard cohesive soils or dense, coarse grained material generally are 

not driven deep enough to disturb adjacent piles. However, heave of ground surface immediately sur- 

rounding a pile may occur. Incomplete saturation of surrounding soil, particularly in soft organic material, 

will materially reduce heaving tendency. See Tables 13-2 and 13-5 for methods of decreasing pile dis- 

placement and controlling heave. 

b. Damage to Bearing Material. Stiff and brittle clays, clay shales, or shales are vulnerable to frac- 
turing or softening at the tips of completed piles during driving of adjacent piles. Specify test redriving 

of selected piles and redriving of open-end pipe piles in these materials. 

c. Specification Requirements. Pile length and tip elevation shown in a construction contract should 

be based on exploration data and soil and pile tests. This evaluation is expressed by driving resistance 

requirements in the specifications, as follows: 

(1) For piles bearing below a soft upper stratum, specify also a minimum depth of pile penetration. 

(2) Where compressible materials are found below bearing stratum, specify a maximum permissible 
pile penetration. 

(3) In coarse grained soils where scour or other considerations require deep penetration, jetting 

should not be permitted closer than 3 to 5 ft above pile tip elevation. Jetting near the pile tip should be 

carefully inspected and controlled by the field engineer. 
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CHAPTER 14. PRESSURES ON BURIED STRUCTURES 

Section 1. INTRODUCTION 

1. SCOPE. This chapter concerns analysis of pressures on buried or excavated underground structures. 

These structures include prefabricated or cast-in-place pipe placed in trenches, horizontal openings exca- 

vated for tunnels, and vertical shafts. 

2. RELATED CRITERIA. For certain criteria not covered in this chapter but concerning the design of 
buried structures, see the following sources: 

Subject Source 

Mee SuLe SOO DUTICUSTCUCEULC Ss cts te rele gn ieuece ele inrts a) se eiie: > st 6 6 a 1s ce 6 sue NAVDOCKS P-81 

Pts Pe PIOLOCliONiOL PINES ANG .CONGUIESE oan. pala ewe oleh, sanymy ah evans ae Rs 0 0. 6 6i 5 NAVFAC DM-5 

PeEeete Al DrOUNnCING TEQUIfeMENtS ..2 .1-ya.< + <f HednMUe ciapel Jfevaleaeeseer ts «6 bs se NAVFAC DM-4 

SeRC OVC FOLEAITILCLUMOAUS™ fee ete at errs os 5. sen ANN Gh LORIE RD Fs ch de ual da NAVFAC DM-21 

EEE GUTH ON WAY HOACS C.1.p.jaucuecs so) ars, 4, 21> sper ay = 8s © 4 ee eo wo Olle ss NAVFAC DM-5 

Brmetoraisreduitenents of pipes and Conduits 30)... -)-, ses ww © 3 ee 4 8 6 oe ne ote te NAVFAC DM-5 

Section 2. SHALLOW PIPES AND CONDUITS 

1. CONCRETE PIPE. Precast or cast-in-place concrete pipes are relatively stiff and are loaded by ver- 
tical pressures that depend on pipe bedding, projection, and backfill conditions. Horizontal pressures vary 

from less than active for pipe bedding of poorest quality to greater than at-rest pressures for best pipe 

bedding. For methods of load analysis, see ASCE Manual of Engineering Practice No. 37, Sanitary and 

Storm Sewers. 

2. FLEXIBLE STEEL PIPE. Corrugated or thinwall smooth steel pipes are sufficiently flexible to 
develop horizontal restraining pressures approximately equal to vertical pressures if backfill is well com- 

pacted. For load analysis of ordinary circular pipe use ASCE Manual of Engineering Practice No. 37. 

For design of large size flexible pipe of noncircular cross section see Armco Drainage and Metal Products, 

Inc., Handbook of Drainage and Construction Products (Bibliography). 

3. CONDUITS BENEATH EMBANKMENTS. Design of culverts and conduits beneath narrow-crested 
embankments must consider the effect on the pipe of the embankment base spread and settlement. 

a. Longitudinal Extension. The maximum horizontal strain of a conduit beneath an embankment or 

earth dam with narrow crest occurs under the center of the fill. Maximum strain depends on the ratios b/h, 

b/d, and the average vertical strain in the foundation beneath center of the fill, where: 

b = embankment base width, 

h = embankment height above foundation at centerline, 

d = thickness of compressible foundation below embankment centerline. 
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Approximate values of maximum horizontal strain at conduit midheight as percent of foundation vertical 

strain are as follows: 

Values b/d 
Values 

b/h 5 10 20 30 

oes Dee oes Hao shee 50 pet 30 pet. 20 pet 17 pet 

) pertetsAehe cols l a? cies A Sasa ents PERE Boe Be li/arcieren ey. 14 

Given is Jene’ ote pamsiiente 4) saeco SIRS Bi¢ 1G ey SAE 11 
teas aS Ore eB Ce Greg 6 oR are oon. 6 DOS iets 9 

b. Joint Rotation. Besides the horizontal extension at midheight of the conduit, an additional joint 

opening occurs at the top or bottom of pipe from settlement beneath the pipe under embankment load. For 

concrete pipe in sections about 12 feet long, compute additional joint opening due to settlement by Equa- 

tion 14-1. 

Opening = ° GE (14-1) 

where: 6 = settlement of base of pipe at embankment centerline (in.) 

b = embankment base width (in.) 

c = constant, varying from 5 for uniform foundation conditions 

to 7 for variable foundation conditions 

t= pipe radius (in.) 

c. Pipe Selection. Compute total settlement below embankment by methods of Chapter 6. From this 
value, compute maximum joint opening at pipe midheight as maximum horizontal strain times length of pipe 

section. Add to this opening, the spread at top or bottom of pipe from joint rotation, computed from Equa- 

tion 14-1. Specify a pipe joint that will accommodate this movement and remain watertight. If the joint 

opening exceeds a safe value for precast concrete pipe, consider cast-in-place concrete conduit in long 

sections with watertight expansion joints. Corrugated metal pipe is generally able to lengthen without 

rupture, but it may not be sufficiently corrosion resistant for water retention structures. 

Section 3. TUNNELS 

1. GENERAL FACTORS. Pressures acting on tunnels after their completion depend on character of the 
surrounding materials, inward movement permitted during construction, and restraint provided by the tunnel 

lining. 

2. TUNNELS IN COHESIVE SOIL. Pressure analysis is complicated by the tendency of clay to undergo 
continuing displacements with constant or decreasing shear resistance. 

a. Pressures During Construction. During construction, assume that full shear strength is mobilized 

on vertical planes extending upward from the tunnel and in the active wedge acting on the tunnel sides. 

b. Pressures Following Construction. Following construction of shallow tunnels in plastic clays, 
vertical pressures approach the full weight of overburden. The ratio of horizontal to vertical pressure Ky 
ordinarily increases to values between one-half and two-thirds. 

3. TUNNELS IN COHESIONLESS SOIL. Pressures depend on relative density, which determines friction 
resistance and magnitude of movement toward the tunnel. Generally, full shear resistance is mobilized 

both during construction and for the ultimate loads on the completed tunnel. See Terzaghi, Theoretical 

Soil Mechanics (Bibliography) for pressure analysis. 
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4. TUNNELS IN ROCK. Stress analysis differs for two rock groups; sound, nonswelling rock that can 

sustain considerable tensile stresses, and fractured blocky, seamy, squeezing, or swelling rock. See 

Bibliography for texts on rocks. 

a. Sound Rock. Determine stresses surrounding tunnels or openings in intact, isotropic rock such as 

crystalline igneous types, or homogeneous sandstone and limestone by elastic analyses. Use the methods 

of Obert, Duvall, and Merrill, Design of Underground Openings in Competent Rock (Bibliography). For 

these materials,.stresses in rock surrounding spheroidal cavities are lower than those for tunnels with the 

same cross section. Use elastic analyses to determine the best arrangement of openings and pillars, pro- 

viding supports as required at locations of stress concentrations. 

b. Broken and Fractured Rock. Pressure on tunnels in chemically or mechanically altered rock must 
be analyzed by approximate rules based on experience. For details, see Terzaghi, Rock Defects and 

Loads on Tunnel Supports (Bibliography). 

(1) Vertical Rock Load. The following table gives the height of rock above the tunnel roof which 

must be supported by roof lining, where b = tunnel maximum width, and h = tunnel maximum height. 

Vertical Rock Load 

Rock condition Equivalent vertical load (ft) 

MPIOEREE LVADIOEK VY ANG ISCAMY of. (05 20 - bys swt «ye 6c BURN e. be oo Se sors Fs) ayes 0.25 to 0.35 (b + h) 

CK VANCES CAM Vesta cre tec nes co Se cus TAMMIE se cone tynjs.* a) 4° Getecteece 0.35 to 1.0 (b + h) 

feepieeely ctushed, but chemically 10tact ig oc: aie id she oo se 8 6 ts oo ges 1.10 (b + h) 

pete eS OCKeATUDNE AL MOCETALG CEDEN ccc) sim hed sis leb i in Unis Cerne «b o) =) 98 1.10 to 2.10 (b + h) 

Prem BP ECOCKS TUNG At Pteat dEDthinn «ass au s\.6 < +) ¥)dofeys os « ayeWe 0 © 0's 2.10 to 4.50 (b + h) 

Renee EOC Mer aee  e ae Ne ota Barn ic das fo) agape 5 Soh 2 c0 amp haem, % Up to 250 

(2) Horizontal Pressures. Determine horizontal pressures acting on tunnel sides by applying the 

surcharge of this vertical rock load to an active failure wedge opposite the sides. Assume values of rock 

shear strength on the active wedge failure plane, which allow for the fractured or broken character of the 

rock. Evaluate the possibility of movement of an active failure plane that coincides with weak strata or 
bedding intersecting the tunnel wall at an angle. 

Section 4. VERTICAL SHAFTS 

1. SHAFT IN SAND. In the excavation for a vertical cylindrical shaft in cohesionless soils, pressures 
surrounding the shaft approach active values. If outward directed forces from a buried silo move the silo 

walls into the surrounding soil, pressures approach passive values as an upper limit. 

a. Pressure Coefficients. See Figure 14-1 for active and passive pressure coefficients for a cylin- 

drical shaft of unlimited depth in cohesionless soils. 

b. Modification of Active Pressures. For relatively shallow shafts (depth less than twice the dia- 
meter), rigid bracing at the top may prevent development of active conditions. In this case, horizontal 

pressures may be as large as active pressures on a long wall with plane strain in the surrounding soil, 

see Chapter 10. 

2. SHAFTSIN CLAY. For information concerning pressures on shafts in cohesive soils, see Terzaghi, 
Theoretical Soil Mechanics (Bibliography). Shear resistance, mobilized in the surrounding soil on the 

plane of the base of a finite depth shaft, can reduce active pressures to values about one-half of the 

theoretical pressures for an infinite depth shaft. 
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FIGURE 14-1 
Coefficients for Active or Passive Pressures on Underground Cylindrical Shafts or Silos 
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CHAPTER 15. SOIL AND ROCK STABILIZATION 

Section 1. INTRODUCTION 

1. SCOPE. Materials, procedures, and applicability of methods for stabilizing soil or rock are described 
in this chapter. Methods include densification, drainage, changing soil properties in depth by grouting or 
injection, and surface stabilization by admixtures. 

2. RELATED CRITERIA. For detailed criteria concerning stabilization for specific purposes, see the 
following sources: 

Subject Source 

eee GatlOniDyESittaCerCOMPAChION 8. i <5. gv ae ss hgacits so ov ons she Bs ed eee we Chapter 9 

Mecnoas of decteasing or accelerating settlements 4:5! 06 Pie ioe. a wre ss Slee age os Chapter 6 

Peeevati lMpermeabili zations . 5 oie. cs «4 6) hs eases age oo Be) apcotis © arene 09a SoBe bh eke a0 Chapter 8 

PPE ALLE ZACIO Steg, GEN es. 1) oe Fey te! cys iets Germ to tah ehs te slate © teberst «Qe » prec ond sie Chapter 7 

PIMP AtiOn DYSAEAINA Leeda fs ceker ah oes 2) tem hcds Shs sic she v GaetW ete Bigne SleSe: sis 6 Chapter 8 

Sree ACEO COLSTOAUS fi ke eras 5 FP oh. os vs ol hae eeebey Roads sets «lerwabra te She sie tome: o:e'se NAVFAC DM-5 

3. APPLICATIONS. Densification and drainage are utilized in a variety of problems. Injection at depth 
is undertaken to increase strength and rigidity of foundation materials or to decrease their permeability. 

Improvement of surface soils by admixtures is performed in highway and airfield construction, and for 

impermeabilization or erosion control. 

Section 2. DENSIFICATION AND DRAINAGE 

1. PROCEDURES. See summary in Table 15-1. Before adopting elaborate or unusual methods of stabi- 

lization, consider using ordinary densification or drainage techniques. Conditions requiring treatment by 
exploration and tests of samples recovered are defined as follows: 

(1) Where low density of foundation is suspected, measure standard penetration resistance, unit 

weight, and moisture content in situ. 

(2) Where drawdown will be required, determine the extent of pervious strata and piezometric 

levels within them. 

(3) Estimate requirements for a drainage system from sample gradation data, laboratory or field 

permeability tests, and flow net analyses. 

2. DENSIFICATION. Methods include compaction of material in thin lifts and procedures for increasing 
density at depth without applying surface load. 

a. Surface Compaction. This is the common procedure for stabilizing earth structures and for improv- 

ing natural soils near the ground surface. 

b. Compaction in Depth. Three methods, summarized in Table 15-1, are used in coarse grained soils 

where pore water can be expelled rapidly without maintaining hydrostatic excess pressures. These meth- 

ods are applicable when relative density is less than 70 to 75 percent. Compaction may not be needed at 

higher densities and may be difficult to achieve. Explosives and the driving of displacement piles have 

7-15-1 
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been used successfully to compact unsaturated loessial silts and fine sands of high void ratio containing 
vertical cracks. Disadvantages of the methods include relatively high cost, difficulty of obtaining uniform 

compaction, and inability to determine accurately the results achieved. 

3. DRAINAGE. Methods include drawdown to drainage structures, reduction of hydrostatic excess pore 
pressures built up under load, and drainage by electro-osmotic forces or by desiccation. 

a. Gravity Drainage. Materials stabilized range down to silt sizes, but also include stratified sand- 

silt-clay, or clay and rock with water-bearing fractures, fissures, or lenses. 

b. Reduction of Hydrostatic Excess Pressures. The load of fill or of atmospheric pressure is applied 
at the ground surface and drainage of pore water is accelerated by vertical sand drains or sanded well- 

points. These methods are used in compressible, fine grained, and unstable soils including organic 

materials. 

c. Drainage by Electro-osmosis. Soils treated include silt and clay too fine to be drained by gravity 

with a coefficient of permeability in the range of 2x10°4 to 0.02x1074 fpm. Electro-osmosis develops 

tension in pore water, causing consolidation and gain in strength of compressible soils. Careful study of 

soil characteristics is required before application. Obtain specialized assistance to evaluate suitability 

of electro-osmosis. 

d. Desiccation. Whether produced by air circulation or by transpiration from vegetation, effects of 

desiccation are relatively superficial and major stabilization is achieved in unusual cases only. 

4. SPECIAL METHODS. 

a. Inundation of Foundation. This method is used primarily in two situations, as follows: 
(1) In conjunction with pumping from wellpoints to densify loose, coarse grained fills. Seepage 

directed downward towards wellpoints applies a consolidating force. 

(2) For prewetting loessial silts and fine sands of low density and low natural moisture content. 

Inundation may result in a compression of about 4 to 8 percent of the original thickness of loose silvs. 

Inundation of clayey loess may not be effective unless a surcharge is applied in conjunction with the 

wetting. 

b. Balancing Pressure of Compressed Air. Compressed air is applied to stabilize excavation for tun- 
nels and deep vertical shafts in the following special cases: 

(1) The method is effective over a wide range of soil types but frequently applied to silts and 

clays near the liquid limit, or to fine sandy silts that are difficult to drain by gravity. 

(2) In coarse sand and gravel, clay blanketing of open faces may be necessary to avoid air loss 
or blowouts. 

(3) Generally compressed air is not applied for hydrostatic heads exceeding 50 psi. 

Section 3. STABILIZATION IN DEPTH BY GROUTING OR HARDENING 

1. APPLICATIONS. Grouting is undertaken to increase strength, or to decrease compressibility or per- 
meability, and to seal large voids. The techniques are useful for a variety of structures either as a con- 

struction expedient or to alter permanently the character of the foundation. Grouting is one of the alterna: 

tives that should be compared critically for cost and applicability. Injection techniques are relatively 

complex and costly, and are justified only when simpler procedures must be rejected. 
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a. Selection of Method. Choice of method depends on penetration achieved in the foundation material, 
durability of grout in situ, improvement of foundation properties achieved, and comparative costs. Clay 

slurry and various artificial grouting materials of low viscosity penetrate fine grained soils. Their use 

may be limited by requirements for strength and durability. 

b. Investigations Required. Because of the difficulty of formulating simple rules for selection of 
grouting methods, evaluation prior to construction is of vital importance. Make the following studies: 

(1) Determine overall stratification from test borings, and identify loose or pervious strata and 

layers containing cracks or cavities. 

(2) For seepage problems, determine gradation of representative samples and permeability by field 
tests. 

(3) For major applications, perform test grouting at selected locations using alternative materials 
and techniques. 

2. PROCEDURES. See Tables 15-2, 15-3, and 15-4. These methods include injection under pressure of 
a cementing material to intrude voids and harden in place, injection of soil particles into pervious mate- 

rials, injection of a cementing mixture in preplaced aggregate, and mechanical mixing of soil and cement- 

ing agent in place. 

a. General Grouting Types. There are three general types of grouting. 

(1) Area Grouting. Low-pressure blanket or area grouting performed to seal and consolidate the 

foundation near the surface, or to fill large void spaces. 

(2) High-pressure Grouting. Intermediate- or high-pressure grouting done at depth to seal fissures 

or small void spaces under high overburden. 

(3) Contact Grouting. Contact grouting by injection of a slurry at the outer surface of a tunnel or 

structure to seal possible passages for water flow. 

b. Pressures. Grouting pressures at the point of injection in soil generally are limited to the total 

weight of overburden. Overburden pressures frequently are exceeded in rock grouting. Avoid pressures 

that will produce heaving and wedging of the foundation, opening additional fissures. 

(1) Rock Grouting Pressures. Rock grouting pressures at the point of injection range from 3/4 to 

3 psi per foot of overburden above the level injected. Coefficients vary as follows. 

Type of Rock Pressure (psi/ ft) 

Pirob yatracgised and roweny10c he regent esnaecie 2e4 Ge. Abs mrad pick en MGgh ade lene thet c's he 2 ; 3/4 
PESTO GLU COLCOC ME ata t ee an Pees cee CoE atin ce ces tears i 2) pies, « 4, 6-6: ap eee eis 2 

Bound «massive igneous tock .y, fst, s Me 6s see ss es Le MP eA ae SA ee, Bote 3 

(2) Pressure Reduction. During high-pressure grouting, reduce pressures rapidly when grout intake 

suddenly increases. 

c. Field Controls. Carefully supervise grouting operations to make any necessary changes in grout 

mixes and procedures as work proceeds. Maintain detailed record of grout pressures and grout take in var- 

ious sections of each hole. 

(1) Impermeabilization Estimate. Specify pressure testing in selected grout holes or adjacent cored 
holes to estimate the impermeabilization achieved. 

(2) Piezometric Levels. For a cutoff grout curtain, place observation wells or piezometers 

upstream and downstream of the curtain to observe buildup of piezometric levels across the grouted zone. 

(3) Examining and Separating. Evaluate potential bleeding of mix by observation segregation of 

grout samples that have remained in airtight containers for 12 hours. 

(4) Evaluating Strength. For major installations, obtain core boring samples to evaluate strength 

or grout penetration. 
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3. SPECIAL METHODS. In addition to procedures in Tables 15-2, 15-3, and 15-4, numerous combina- 

tions of the ordinary materials or of special grouts have been utilized. 

a. Grouting Combinations. Chemical grouts may be combined with soil or cement slurry to economize 

or to penetrate variable void spaces of stratified or heterogeneous materials. Outer limits of holes may be 

grouted with cement or sand-cement mixes, and interior rows injected with chemicals or bituminous emul- 

sion for cutoff in coarse grain foundations. 

b. Freezing. Stabilization by freezing has been performed as a construction expedient in excavation 

and shaft sinking where compressed air is not practical, or where soils are too fine grained to be drained 

by gravity or so pervious that the flow cannot be controlled. Methods include circulation of chilled cal- 

cium chloride brine in boreholes, expansion of carbon dioxide into a circuit of freezing pipes, or direct 

application of solid carbon dioxide and alcohol. Freezing is generally very costly and is utilized only 

under the most difficult conditions after a thorough review of alternative procedures. 

Section 4. SURFACE STABILIZATION BY ADMIXTURES 

1. METHODS AND MATERIALS. Surface stabilization by admixtures is used primarily for improvement 
of pavement base courses or for low-cost wearing surfaces (Table 15-5). Surface stabilization should be 

considered for low-cost warehouse floors and outside storage areas. For details of selection and utiliza- 

tion of admixtures and sources of data, see Woods, Highway Engineering Handbook. 

a. Mechanical Stabilization. The process of mechanical stabilization consists of blending different 
soil or aggregate fractions to increase density and rigidity of the composite material and is applied prin- 

cipally to improve quality of base course, or for wearing surface of secondary roads. 

(1) Base Course Compaction. Consider increased compaction of base course in lieu of the addition 

of a fine fraction that makes the composite material sensitive to frost action. 

(2) Binder and Aggregate Blending. Consider blending binder and aggregate to decrease permea- 

bility of coarse grain soils for reservoir linings. 

b. Methods in Development. When selecting surface stabilization methods using various chemicals or 
industrial process byproducts that bond soil particles, the designer should review methods under develop- 

ment. The use of inexpensive bonding materials for temporary roadway or beach stabilization is expedient 
in many cases. 

2. IMPERMEABLE RESERVOIR LININGS. Various admixtures may be used to provide relatively imper- 
vious and flexible soil linings for reservoirs where tractive forces or wave action are insignificant. For 

specific procedures, see Table 8-2. 

7-15-9 
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CHAPTER 16. SPECIAL PROBLEMS 

Section 1. INTRODUCTION 

1. SCOPE. This chapter is concerned with foundation design for seasonal frost areas, and foundation 

problems presented by vibrating loads and seismic forces. 

2. RELATED CRITERIA. Additional criteria relating to frost or dynamic problems appear in the follow- 
ing sources: 

Subject Source 

eS TmETA CIN PROUT SX UCUULE Sea errs state lsh abeieNcis Ege see otis 6 tacts iste) aie ss) s aus NAVDOCKS P-81 

ii ace GU Un. eek Aree SRS ete Ce ee eee ee NAVFAC DM-2 

Design problems in permafrost and arctic areaS .. 5 5 fe et tw tt NAVFAC DM-9 

SIAINCH tA ASPCCESIOL ILOSE ACUIUNT., 7 otats cle itaste eee cee ne es Me ete «eee NAVFAC DM-9 

Re Me ROC SSN LOLMLOSe ACUION satires as rete ae tee crema s cs eel © vid eta states. as NAVFAC DM-21 

peasonal frost penetration beneath paved areas, . 5. 6 spate «ns seve ee oe 8 ee 8 NAVFAC DM-21 

SeSIaTCMIOACIN ZOU SIUCGLUICS.\. (cts cies ect ers se pe teretara ss sc se etal © tess oe NAVFAC DM-2 

& NAVDOCKS P-355 

Section 2. FOUNDATIONS IN SEASONAL FROST AREAS 

1. MECHANICS OF FROST ACTION. In seasonal frost areas, ground freezing occurs during winters fol- 
lowed by thaw without development of permafrost. The problems involved are vertical or horizontal expan- 

sion of soil during freezing and decrease of soil shear strength and rigidity during thawing. Significant 

heave and increase of soil moisture is caused by movement of supercooled pore water from small voids to 

ice crystals in larger voids where water solidifies, crystals grow, and ice lenses form. 

a. Frost-susceptible Soils. Inorganic soils which are more than 3 percent by weight finer than 0.02 
mm generally are frost susceptible and experience ice crystal growth, ice lensing, and heave in various 

degrees. 

(1) Capillary Soils. Materials with small voids are more frost susceptible because of their greater 

capillary potential. The most pervious of these soils are the most susceptible because of their ability 

to transmit appreciable water through void spaces. Thus, silts, silty sands, and lean clays with PI less 

than 12 undergo the largest frost heave. 

(2) Clays. Clays of medium to high plasticity are susceptible to the formation of ice lenses, but 

significant heave develops only at long, sustained freezing temperatures when there is enough time for 

water migration. 

(3) Coarse Grained Soils. Dense, broadly graded, coarse grained soils with 144 to 3 percent by 

weight finer than 0.02 mm are of borderline susceptibility and must be tested to evaluate their 
performance. 

b. Nonfrost-susceptible Soils. Clean GW, GP, SW, and SP materials with 1 percent or less smaller 

than 0.02 mm and uniform sands with 10 percent or less by weight smaller than 0.02 mm are nonfrost sus- 

ceptible. However, soils frequently are interbedded with other soils and usually cannot be considered 

separately. 
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c. Influence of Water Conditions. Heave is limited if freezing soil has no access to free water, other 
than that in its voids, immediately below the freezing plane. 

(1) Water Sources. Sources of water for ice segregation are found in the following: : 

(a) Coarse grained soils, where capillary potential may draw water from ground water as deep 

as about 5 feet below the freezing plane. 

(b) Silts, varved silts and clays, or silty, very fine sands, where capillary supply may be ( 

effective with ground water as deep as about 10 feet below the freezing plane. 

(c) Saturated compressible clays, where sufficient moisture for ice segregation may be : 

extracted from void spaces by compression of the underlying clay even if ground water is more than 10 ( 

feet deep. 

(d) Water is provided by infiltration resulting from poor surface drainage, leakage of water or 

sewer lines, or perched water in pockets or lenses of sand supplied by surface sources. 

(2) Frost Heave Reduction. Potential frost heave is reduced by surface or subsurface drainage F.\ 

which lowers the ground water, decreases the degree of saturation of surface soils, or prevents surface 

infiltration. 

d. Depth of Frost Penetration. Penetration depends on weather, surface cover, soil properties, and 

moisture. For average annual frost penetration depths in the United States, see Abbett, American Civil 

Engineering Practice, Vol. 1, and NAVFAC DM-2, Table 1-6. To estimate penetration in developed areas, ( 

refer to building codes or local usage. Values given may suffice for average cover and soils, but are gen- 

erally somewhat less than deepest penetration recorded in the last 20 to 30 years. Compute frost penetra- 

tion for unusual conditions, or for remote areas where empirical data are lacking, by methods of Arctic f 

and Subarctic Construction, U.S. Army Corps of Engineers, Technical Manual TM 5-852-6. Frost penetra- 

tion for unheated structures surrounded by cleared, paved areas is similar to that for pavements, as deter- 

mined by methods given in NAVFAC DM-21. 

2. SPREAD FOUNDATIONS. Place spread foundations for permanent structures below frost penetration 
for coldest year in latest 30 years of record. For temporary structures, use coldest year in latest 10. For 

heated buildings, both slab-on-grade and basemented, reduce these requirements on the basis of local 

experience and codes. However, exterior footings for support of porches, roof extensions, or unheated 

connecting corridors are subject to full frost heave. 

a. Footing Posts. A bond of frozen soil with concrete posts will develop tension in footing posts 

during heave. This adfreeze grip ranges from 50 to about 300 psi. To protect posts or columns, anchor 

footings by spreading base below frost penetration and include suitable reinforcement in post. To mini- 

mize adfreeze, batter the faces in contact with frost-susceptible soil as much as practicable, extending 

the batter well below frost penetration. Form small posts of pile columns surrounded by protective casing 

through frost zone. Fill space between column and casing with an oil-wax mixture. 

b. Exterior Aprons. For exterior slabs whose heave may block doors, provide a pad of nonfrost- 

susceptible material to the depth of frost penetration if the pad can be drained. If this is impracticable, 

support structural slab on building foundation, spanning to grade beam in natural soil on opposite side, 
leaving space beneath slab to accommodate heave. 

c. Unheated Buildings. For an unheated slab-on-grade building, there are several foundation oF; 
alternatives. | 

(1) Fill Replacement. Replace frost-susceptible material to a depth of frost penetration (for the 

coldest of the latest 10 years) with compacted, clean, coarse grained fill. A buried layer of cellular glass 

insulation will reduce thickness of select material required. 

(2) Piles. Drive piles to sufficient depth to resist frost heave, supporting the floor above ground. 
The depth of piles may be reduced by casings which eliminate adfreeze grip on piles. 

(3) Columns. Use a steel or concrete column, tied to footings below frost penetration with floor 
supported above ground. 
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(4) Foundation Walls. Use conventional footing or wall foundations at the bottom, below frost 

penetration designed to resist adfreeze grip. Replace grade beams subject to uplift with full foundation 

walls. 

d. Drainage and Utilities. To minimize heave, slope ground down away from building and convey 

drainage from roofs and concrete surfaces in gutters for a distance of at least 10 feet from the building. 

Place water and sewer lines 6 inches below frost penetration. Insure that utility lines will not be broken 
by heave at foundation walls. 

e. Construction Precautions. Protect spread foundations during freezing periods if the frost- 

susceptible soil underlies the structure within the depth of possible frost penetration. Avoid supporting 

posts for concrete formwork on the surface of frost-susceptible material. 

3. WALLS AND RETAINING STRUCTURES. Horizontal frost penetration in a frost-susceptible backfill 

in contact with an unheated wall will cause water migration, ice lensing, and lateral thrust. If the back- 

fill forms an open system with access to unlimited water, this thrust can move or break the wall. No 

serious frost action will develop if backfiil is completely drained and surface infiltration prevented. See 

Chapter 8 for wall drainage. 

Section 3. VIBRATION PROBLEMS 

1. DESIGN CONSIDERATIONS.! Generation or transmission of periodic vibrations presents three founda- 
tion problems: 

a. Settlements. Vibration tends to densify loose nonplastic soils, causing settlement. The maximum 

effect occurs in clean, coarse grained materials. Loose or medium compact sands must be compacted to 

receive spread foundations for vibrating equipment; see methods of Chapter 15. Shock or vibrations near 

a foundation on loose, saturated nonplastic silt, or silty fine sands, may produce a quick condition and 

loss of bearing capacity. In these cases, bearing intensities should be less than ordinary values for static 

loads. For severe vibration conditions, reduce bearing pressures to one-half of allowable static values. 

b. Resonance. Settlements from vibratory loads are accentuated if imposed vibrations are resonant 
with the natural frequency of the foundation soil system. Both amplitude of foundation motion and unbal- 

anced exciting force are increased at resonance, and even compact cohesionless soils will be densified 

with accompanying settlement. Design foundations for vibrating machinery to avoid resonance by methods 

given in Paragraph 3. Avoidance of resonance is particularly important to prevent settlement in cohesion- 

less materials, but should be considered for all types of foundation soils to avoid structural damage. 

c. Vibration Transmission. Transmission of vibrations originating outside a structure or from machin- 

ery within the structure may be annoying to occupants and damaging to the structure, or may interfere with 

the operation of sensitive instruments. See the upper panel of Figure 16-1 for the combined effect of vibra- 

tion amplitude and frequency. Tolerable vibration amplitude decreases as frequency increases. No value 

of allowable amplitude should be considered as a design requirement unless the frequency is also speci- 

fied. For methods of reducing amplitude of vibrations transmitted into a structure or away from a vibrating 

source, see Paragraph 4. 

IThe Bibliography lists references which may provide additional background and solutions for vibration problems. 

They should be studied for guidance, as supplementary to the material in this manual. 
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2. DYNAMIC SOIL PROPERTIES. Natural frequencies vary from about 400 cpm for soft organic soils 
and loose fine sand, to 2,000 cpm for sedimentary rocks. Corresponding values of dynamic modulus of 

shear rigidity G range from about 1,500 to 3,500 psi with Poisson’s ratio p» from 0.25 to 0.50. Machinery 

operating in this frequency range includes reciprocating engines, compressors, and large blowers. 

a. Machinery Characteristics. The most troublesome resonance problems occur with equipment oper- 

ating at speeds less than 1,000 rpm. The most frequent difficulties are with reciprocating engines working 

at about 400 rpm, founded on soft or loose soils. 

b. Determination of Soil Properties. Determine dynamic soil properties for specific sites by seismic 

methods, or with a test oscillator operating at frequencies and amplitudes comparable to those anticipated 

for the prototype. 

3. DESIGN TO AVOID RESONANCE. Figures 16-2 and 16-3 illustrate the method of selecting size and 
weight of machinery foundation block to avoid resonance with the vibrating equipment. In general, natural 

frequency of the foundation block soil system should be less than one-half or greater than two times the 

equipment operating frequency. Increase of foundation weight decreases natural frequency. Increase of 

foundation contact area (equivalent to a decrease in bearing pressure), or stiffening the subsoil by grout- 

ing or injection, increases the natural frequency. The allowable amplitude of motion at operating frequency 
is given for various requirements in the upper panel of Figure 16-1. 

a. Characteristics of Vertical Oscillations. Ordinarily, vibrations are produced by vertically oscil- 
lating loads of two types; when the force produced depends on the angular velocity of movement of the 

unbalanced mass, and when force is independent of frequency of oscillator. The first condition, Case I, 

is represented by reciprocating engines. The second condition, Case II, is for impact vibrations such as 

produced by hammers. 

b. Maximum Amplitude of Vibration. For given subsoil properties and vibrating weight, determine 
resonant frequency and maximum amplitude of oscillation from Figure 16-4. For complete relation of 

amplitude to frequency, see bottom panels of Figure 16-1. These diagrams apply to an oscillator with a 

rigid circular base resting on a semi-infinite elastic medium. Determine for design the unbalanced force 

and operating frequencies of the machine, the shear modulus G, Poisson’s ratio p, and the total unit weight 

of foundation soil. If the foundation block has a base shape that differs markedly from a circle, or if the 

foundation is embedded to an appreciable depth, consider subgrade as a weightless spring, and determine 

ratio of resonant frequencies on real to weightless medium from mass ratio; see top panel of Figure 16-5. 

Apply this ratio to the resonant frequency of Figure 16-4 to determine resonant frequency for weightless 

foundation medium. 

c. High-Speed Machinery. For machinery with operating speeds exceed about 1,000 rpm, provide a 
foundation with natural frequency no higher than one-half of the operating value, as follows: 

(1) Decrease foundation frequency by increasing the foundation block weight in accordance with 
formulas of Figure 16-2. 

(2) During starting and stopping, the machine will operate briefly at resonant frequency of the 
foundation. Compute probable amplitude at both resonant and operating frequencies, and compare them with 

allowable values of top panel of Figure 16-1 to determine if the foundation arrangement must be altered. 

d. Low-speed Machinery. For machinery operating at a speed less than about 300 rpm, provide a 

foundation with a natural frequency at least twice the operating speed, as follows: 

(1) For spread foundations, increase its natural frequency by increasing base area or reducing 
total static weight. 

(2) As an alternative, increase modulus of shear rigidity of the foundation soil by compaction, 
grouting, or injection; see Chapter 15 for methods. 

(3) Consider the use of piles to provide the required foundation stiffness. See bottom panel of 
Figure 16-5 for natural frequency of various point bearing piles. 
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4. VIBRATION AND SHOCK ISOLATION. For general methods of isolating vibrating equipment or insu- 
lating a structure from vibration transmission, see Table 16-1. These methods include physical separation 

of the vibrating unit from the structure, or interposition of an isolator between the vibrating equipment 

and foundation or between the structure foundation and an outside vibration source. Vibration isolating 

mediums include resilient materials such as metal springs, or pads of rubber, cork, felt, or lead and 

asbestos in combination. 

Section 4. SEISMIC EFFECTS 

1. EARTHQUAKE LOADING. Earthquake damage depends on type of structure and foundation and sub- 

surface conditions. Earthquake load is approximated for design by applying lateral forces equal to a frac- 

tion (generally between 10 and 20 percent, or 30 percent for certain vulnerable structures) of dead load 

plus a portion of live load. See NAVDOCKS P-355 for detailed criteria. 

a. Foundation Loads. When foundations have been designed for safety factors required in Chapters 

11, 12, and 13, an overload by seismic forces up to 33 percent of the dead plus normal live load ordinarily 

is permitted without redesign. For foundations on loose, cohesionless soil, special consideration must be 

given to the possibility of settlement or loss of bearing capacity from earthquake shock. 

b. Wall Loads. Add a horizontal component to active wedge weight plus permanent surcharge and 

determine wall pressures by static analysis of active failure wedge as shown in Chapter 10. Allowable 

stresses in walls or retaining structures are increased for transient shocks in accordance with NAVFAC 

DM-2. 

2. INFLUENCE OF SUBSOIL CONDITIONS. Weaker and less rigid subsoils magnify the amplitude of 
seismic vibrations and, for the majority of structures, damage is increased on soft subsoils. 

a. General Effects. Much of the damage to light buildings on soft or loose soil results from differen- 

tial settlement of the surface caused by natural variability of subsoils. Maximum damage occurs on uncon- 

solidated fills. In seismically active regions, every effort should be made to compact the fills used for 

support to high density. In saturated loose or medium compact, cohesionless soils, seismic shocks may 

produce shear strains that develop high pore pressures, greatly decreasing bearing capacity. 

b. Foundation Type. Although few data are available, mat foundations appear to permit less damage 

than pile foundations because mats act more nearly as a single unit in response to shock waves. In seis- 

mically active regions, consider the following: 

(1) If a pile foundation is necessary, piles should be battered at least in three directions and the 

pile foundation rigidly connected to the superstructure. 

(2) If individual spread footings are used, connect the footings with reinforced concrete struts for 

stiffening. 

3. EMBANKMENT AND SLOPE STABILITY. For analysis of seismic effect, add a horizontal component 
to the body force vector equal to the estimated percentage of gravity acceleration produced. 

a. Safety Factor. For cohesive soils the transient shear strength for a loading time of one-quarter 

second (typical period of seismic shock waves) is 1.5 to 3 times the laboratory strength for tests of half 

hour duration. For cohesive soils a reduction of safety factor to 1.2 or 1.15 usually is tolerable for seis- 

mic loading. For relatively impervious, saturated, cohesionless soils, the possibility of shear pore pres- 

sures developing under seismic shock must be considered. 
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TABLE 16-1 
Vibration and Shock Isolation 

Method of isolation 

Physical separation of vibrating equipment from 

the structure. I quipment is installed on a con- 

\ 

ae VIBRATING 

E QUIPME NT = | FOUNDATION 

I |. BLock 
i = aL 

ISOLATING 

MATE RIAL 

Vibrating equipment is mounted with or without 

the base block, supported or surrounded on iso- 

crete block set in or on the ground not in con- 

tact with the surrounding floor or structure. 

lating material. Isolators consist of metal 

springs, rubber, cork or felt blocks, pads or 
mats, or other resilient material. Isolator may 

placed directly beneath the equipment or un- 

der a base block that provides additional in- 

ertia mass. In some cases, isolators are lo- 

cated at the center of gravity of the combined 

mass of equipment plus base block. In other 

cases the equipment is placed on a block sus- 

pended as a pendulum that is supported on the 

isolating material. 

MINIMUM 6 REINFORCED 
CONCRETE PAD OVER TOP 
ANI VIBRATION MAT 

LEAD- ASBESTOS 
ANT! VIBRATION 
MAT ON TOP OF 

? GRILLAGE — 
woop TIES 

i ZRAILs + 

4 

—TOP OF CONCRETE 
LEAD-ASBESTOS 

ANTIIVIBRATION MAT 

4" CONCRETE 
PROTECTION FOR CORK 

For insulation of structural frame against 

vibrations transmitted from the outside, in- 

sulating pads may be incorporated in the 

footings. One suitable method utilizes 

fabricated pads of lead and asbestos. In 

special circumstances it may be practical 

to isolate an entire building by surround- 

ing it by a ditch. This should be at least 

12 feet deep without cross bracing be- 

tween sides. Should cross bracing be 

necessary it should be arranged with vi- 

bration isolating material incorporated in 

the bracing. 
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Applications 

This is the cheapest and sim- 

plest method of isolating vi- 
brating equipment but the 

least effective. Frequently 
used for mounting machine 

tools or similar equipment 

where moderate vibration 

transmitted to the structure is 

tolerable and no sensitive in- 

struments are involved. 

Isolators are utilized for a va- 

riety of vibrating equipment. 
Rubber isolators are frequently 

employed for engines and com- 

pressors. lfeavy hammers and 

presses may be placed inpits 

lined by isolating material or 

supported on springs. Sensi- 

tive instruments frequently 

are mounted on isolating ma- 

terials. 

Lead-asbestus pads have been 

utilized for heavy individual 

column footings to reduce the 

vibration from railroad nearby. 

The pads are effective because 

vibrations resist being trans- 

mitted through dissimilar mate- 

rials in contact. 



b. Effect of Material Type. The above method of equivalent static analysis of slope stability is not 
entirely satisfactory to represent seismic effects. Observations indicate that the response of various 

materials to seismic shock generally follows the following patterns: 

(1) Very steep slopes of weak, fractured, and brittle rocks or unsaturated loess are vulnerable to 

transient shocks because of opening of tension cracks, which overload the toe of slope. 

(2) Loose, saturated sand or mountain detritus may be liquified by shocks with sudden collapse 

of structure and flow slides. Similar effects are possible in sensitive cohesive soils with natural mois- 

ture exceeding the liquid limit. 

(3) Dry cohesionless material on a slope at the angle of repose will respond to seismic shock by 

shallow sloughing and slight flattening of the slope. 

(4) Well-compacted cohesionless embankments or reasonably flat slopes in insensitive clays, 

which are safe under static conditions, will not fail in shear by seismic shocks. Cracking of the embank- 

ment is a dangerous possibility. For earth dams in earthquake regions, provide internal drainage of 

embankments to counteract cracking of the core by seismic shocks. 

(5) A clay foundation beneath loose sand embankments may be overstressed if seismic shocks 

cause a Significant loss of strength in the embankment interior. 
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GLOSSARY 

Activity of Clay. The ratio of plasticity index to percent by weight of the total sample that is smaller 

than 0.002 mm in grain size. This property is correlated with the type of clay material. 

Anisotropic Soil. A soil mass having different properties in different directions at any given point refer- 

ring primarily to stress-strain or permeability characteristics. 

Argillaceous Rock. A sedimentary rock in which clay minerals or low grade micas (chlorite, sericite) 

predominate; e.g., shale, slate, argillite, or claystone. 

Base Exchange. The physicochemical process in which one species of ions on the lattice of a clay par- 

ticle are replaced by another species, thereby altering the plasticity and physical properties of the clay. 

Capillary Stresses. Pore water pressures less than atmospheric values produced by surface tension of 

pore water acting on the meniscus formed in void spaces between soil particles. 

Clay Size Fraction. That portion of the soil which is finer than 0.002 mm, not a positive measure of the 

plasticity of the material or its characteristics as a clay. 

Depth Creep. Continuous gradual movement of a slope occurring at a substantial depth under the influence 

of gravity forces. This is distinguished from seasonal creep, which occurs at the ground surface from 

thermal expansion and contraction, swelling, shrinkage, freezing and thawing, and other seasonal 
processes. 

Desiccation. The process of shrinkage or consolidation of the fine grained soil produced by increase of 

effective stresses in the grain skeleton accompanying the development of capillary stresses in the pore 

water. 

Driving Resistance. The number of blows of a pile driving hammer required to advance the point of a pile 

driving hammer required to advance the point of a pile a specific distance into the subsoils. 

Equivalent Fluid Pressure. Horizontal pressures of soil, or soil and water, in combination, which increase 

linearly with depth and are equivalent to those that would be produced by a heavy fluid of a selected 
unit weight. 

Exit Gradient. The hydraulic gradient (difference in piezometric levels at two points divided by the dis- 

tance between them) near to an exposed surface through which seepage is moving. 

Flow Slide. Shear failure in which a soil mass moves over a relatively long distance in a fluidlike manner, 

occurring rapidly on flat slopes in loose, saturated, uniform sands, or in highly sensitive clays. 

Homogeneous Earth Dam. An earth dam whose embankment is formed of one soil type with out a system- 
atic zoning of fill materials. 

Hydrostatic Excess Pore Pressures. That increment of pore water pressures greater than hydro-static 

values, produced by consolidation stresses in compressible materials or by shear strain. 
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Hydrostatic Pore Pressures. Pore water pressures or ground water pressures exerted under conditions of 
no flow where the magnitude of pore pressures increase linearly with depth below the ground surface. 

Liquefaction. The sudden, large decrease of shearing resistance of a cohesionless soil caused by col- 

lapse of the soil structure, produced by shock or small shear strains, associated with sudden but tem- 
porary increase of pore water pressures. 

Nominal Bearing Pressures. Allowable bearing pressures for spread foundation on various soil types, 

derived from experience and general usage, which povide safety against shear failure or excessive 

settlement. 

Normal Consolidation. The condition that exists if a soil deposit has never been subjected to an effec- 

tive pressure greater than the existing overburden pressure and if the deposit is completely consolidated 

under the existing overburden pressure. 

Penetration Resistance. The number of blows of a specified weight hammer, falling a given distance, 

required to produce a specific penetration of a sampling or penetration device into subsoils. 

Piezometer. A device installed for measuring the pressure head of pore water at a specific point within 

the soil mass. 

Piping. The movement of soil particles as the result of unbalanced seepage forces produced by percola- 

ting water, leading to the development of boils or erosion channels. 

Plastic Equilibrium. The state of stress of a soil mass that been loaded and deformed to such an extent 

that its ultimate shearing resistance is mobilized at one or more points. 

Positive Cutoff. The provision of a line of tight sheeting or a barrier of impervious material extending 

downward to an essentially impervious lower boundary to intercept completely the path of subsurface 

seepage. 

Rippability. The characteristic of dense and rocky soils that can be excavated without blasting after 

ripping with a rock rake or ripper. 

Slickensides. Surfaces within a soil mass which have been smoothed and striated by shear movements on 

these surfaces. 

Undercut. An excavation made to remove potentially swelling soils from beneath a foundation. The exca- 

vation is carried to a depth at which the magnitude of swell will be tolerable and the soils removed are 

replaced by nonswelling material. 

Underconsolidation. The condition that exists if a soil deposit is not fully consolidated under the exist- 
ing overburden pressure and hydrostatic excess pore pressures exist within the material. 

Varved Silt or Clay. A fine grained glacial lake deposit with alternating thin layers of silt or fine sand 
and clay, formed by variations in sedimentation from winter to summer during the year. 

Zoned Earth Dam. An earth dam embankment zoned by the systematic distribution of soil types according 
to their strength and permeability characteristics, usually with a central impervious core and shells of 
coarser materials. 
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> See DM-38 Cofferdams and bulkheads, application 
) Artic and permafrost areas, design of, to waterfront constructions 

problems in See DM-25 and DM-26 

See DM-9 Cofferdams and Bulkheads, structural 

) Atterberg plasticity limits design and details of 
See Laboratory tests, soils See DM-25 

Compacted embankments .......... 7-9-1 

B Cross section designy 7.5.0.0. + -+¢ 7-9-1 

Beet ; Earth damesrsresicaccrccmcrsrekc net nen: 7-9-3 

SS ape SAPACAY s in SR i tals Sabana iva deb AG AS 7-1-1 Influence of materialtype........ 7-9-1 
\ mrewabls bearing pressures for spread Properties of compacted materials .. 7-9-2 
) founda tionsy Sn ee Cee 7-11-12, 7-11-13 421 Poe Me eee to 7-9-3 

Nominal Destine tea oe aL dP Ni und Soft foundations 772 (ener. so... 7-9-3 
Settlement limitation DEM oi 7-11-1 Seite ondaticn mae ee 7-9-1 

i Shallow footings ..... 7-11-2, 7-11-4, ee Compacted material properties, soils 7-9-2 
Ultimate eer ce Sinha te ie UO et Ces Borrow excavations. ©). ........: 7-9-11 
Ultimate shear failure limitation ... 7-11-1 Compaction procedures 2) ss... eo hore 

| UP CORA CIC Yaka cae suri ial aa: 7-11-14 Control test analysis .1,°...°.'.3 «.. = 7-9-10 
) 1 Blast pressures on buried structures 

ReceNavdockssP-S1 25. 2061s 0,5 0s) 7-14-1 
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Compacted material properties, soils, Continued: 

Earth dam resistance to piping and 

crackingts -s11s 1 - Seether ete e 7-9-5 
Embankment control’ >... 2. 3 31. 7-9-10 

Equipment and methods ...... 7-9-8, 7-9-9 
Influence of material........... 7-9-4 
Requirements......... 7-9-4, 7-9-6, 7-9-7 

Slope.protection.......... | 7-9-11, 7-9-12 
Compaction for airfield pavements 

See DM-21 

Compaction for highway pavements 

See DM-5 
Conduits, pressure on 

See Pipes, pressure on 

Conduits and pipes 

See DM-5 
Conduits and pipes, corrosion 

protection of 

See DM-5 

Conduits and pipes, structural require- 

ments of 

See DM-5 
Consolidation characteristics, soils... 7-3-5 

Coefficient of compressibility. ... 7-3-5 

Coefficient of consolidation. . 7-3-5, 7-3-12, 

7-3-14 

Coefficient of secondary 

compression. . . 7-3-5, 7-3-11, 7-3-13, 7-3-14 

Coefficient of volume compressibility 7-3-5 

Compression index ......... 7-3-5, 7-3-9 
Preconsolidation pressure........ 7-3-5 

Swellinptindex ioe a eile 7-3-5, 7-3-12 

Construction, waterfront, application 

of bulkheads and cofferdams to 

See DM-25 and DM-26 
Corrosion protection of pipes and 

conduits 

See DM-5 

Cover, pipe, for airfield loads 

See DM-21 

Cover, pipe, for highway loads 

See DM-5 

D 

Deep foundations ............... 7-12-1 

Allowable'‘loads 25-12). + «seas < = 7-12-1 

Bearing capacity .... 7-12-1, 7-12-4, 7-12-5, 

7-12-6 

Construction problems .......... 7-12-9 
Dewatering... 6 Sea ese 7-12-10 

Excavation stability.......... 7-12-9 

Deep foundations, Continued: 
Immediate settlement computations. . 

Land On. s4.<% es siecnee neues eee 

Loads, allowable:.:. > .. .4. seen 

Open’ waterjiin's).). 6 ee, ae 

Rock: 22pMAee6', Tet ae 

Limestone terrain. © . 3. -).)as0eeene 7-12-13 

PLOpGrties csi ee Uti ee 7-12-11, 7-12-12 

Structure, influence of ......... 7-12-10 

Types 80°. pas) i. eee eee 7-12-11 

... 7-12-7, 7-12-8 

.. . 7-12-4, 7-5-7, 
7-7-7 

7-12-9 

Safety factor computations 

Ultimate bearing capacity 

Underpinning 2 o> Ve eee 

Uplift resistaice ........ a0) 

Design and utilization of pile driving 

equipment 

See DM-38 

Design problems in permafrost and arc- 

tic areas 

See DM-9 
Details and structural design of bulk- 

heads and cofferdams 

See DM-25 
Details of pile splices and appurten- 

ances 

See DM-38 

Dewatering 

See Particular foundation type 

Distribution of stresses and pressures. . 7-5-1 

Also see stresses 

pressures 

Drainage and seepage analysis 

See Seepage and drainage analysis 

Drainage, subsurface for airfields 

See DM-21 
Drainage, subsurface, for highways 

See DM-5 

Dredging equipment 

See DM-38 

Dredging procedures 

See DM-26 

Earth pressures 

See Pressures, earth 

Electrical grounding requirements 

See DM-4 

Electro-osmosis=-.0)-0et i ee 
Equipment, dredging 

See DM-38 
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Erosion control of graded surfaces 

See DM-5 
Exploration and sampling, soils...... 7-2-1 

Air photo interpretation ......... 7-2-2 

DSM ALlLONS 6. ss cere cee a et ete 6 7-2-3 

STA et hs OS ey Fe 7-2-2 

LEONE ATS OTe eral ne ae ree 7-2-3 
Boring depth requirements 7-2-10, 7-2-12 

Borie A VOUGE Ree cial aint eke ates ess 7-2-11 

Borings, test 

See Borings, test 

Geophysical methods 

See Geophysical methods 

MACKINGLEXCAVACION, <...0<5. 6 6 2s 7-2-10 

Program requirements .......... 7-2-11 

PPORFAGIS eee iis, «0s cls soe. sate se 7-2-1 

Samplers 

See Samplers, soils 

Sampling devices 

See Samplers, soils 

Sampling program requirements 7-2-13 

Soil and geologic maps.......... 7-2-1 

Sounding and probing devices ..... 7-2-7 

Sources of Geological information 7-2-1, 

7-2-2 

Test pits and trenches.......... 7-2-10 

Pana-Cuc:SAMpPleS nial. cee a rh 0 cae 7-2-10 

Undisturbed samples........... 7-2-13 

Exploration for airfields 

See DM-21 

Exploration for highways 

See DM-5 

F 

Field tests and measurements, soils... 7-4-1 

Analysis of pile loading tests ..... 7-4-12 

Batter pile frames test.......... 7-4-11 

Equipment for field observations ... 7-4-2 
EiieldsoUselvationS ... 0. «+». = 4 2)» « 7-4-1 

Ground water pressures ........ 7-4-3 

Horizontal movement.......... 7-4-1 

otal pressuteseves st sk. te 7-4-3 
Wealization. seri..." TABOO IMA: 7-4-1 

Werticalimovement 20 7: 4 SPs", 7-4-1 
Ground water pressures ......... 7-4-3 

Measurement of soil properties in situ 
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Field tests and measurements, soils, Continued: 

Paletadr tvin gs tes tiwest moter 00 cee hen a 7-4-10 

Piletioading tests’..0.. .s.)+ See 7-4-12 

Pilempalling tests! 0.9.4.0.) tte 7-4-12 

Plate bearing tests ....... 7-4-10, 7-4-11 

Soil properties, measurements in situ 

See Soil properties, measurements, in situ 

Foundations, loads applied to 

See DM-2 

F oundations, soils 

See Particular type 

Foundations, structural design of 

See DM-2 

BEOSt. ACtionmthat pees hot oan cs tele eee ae 7-16-1 
BDepthtof penetration #7" 5% «5... 7-16-2 

Mechanicsmirms.. cielo soso eae 7-16-1 

Soilstype influences. ce + -/.u.. =. 7-16-2 

Spread foundations ............ 7-16-2 

Walls and retaining structures 7-16-3, 7-16-10 
Water condition influence ........ 7-16-2 

Frost action, fundamental aspects of 

See DM-9 

Frost action, pavement design for 

See DM-21 

Fundamental aspects of frost action 

See DM-9 

G 

Geologic maps 

See Exploration and sampling, soils, soil 

and geologic maps 

Geophysical methods............. 7-2-5 

Drop. in potential) ga: ements <m: 7-2-4 

oe VELA uc Ae) a) Ean VRE ic. Cette: 7-2-4 

Limitations... «puss 0 to ote Ge sya sel eae 7-2-5 

Magne licr sic, 3 aRait emcee Pmt sie) 7-2-4 

Reflection... 0 a0. ioe Ges es 7-2-3 

RETEACHIONN, xehin os Yarts ys susie caeayni,o oc teames 7-2-3 

Resistivity 9 tvplyers tated ¥ron «45 3°: 7-2-4 

Setsmicya «3 ee ast arenes, seaweed 7-2-3 

SOmIC#. oti aed 2 Seales gpbt bh) ha cen 3 7-2-4 

Utiliza tions was-sedcide hekewn ce dower) 7-2-3 

Vibtatl Of ta, ib cece casi akas cle 0 saretecbe 7-2-4 

Gradation 

See Laboratory tests 

Graded surfaces, erosion control 

See Soil properties, measurement in situ See DM-5 

Nuclear density test equipment. .... 7-4-10 Grounding requirements, electrical 
Performance tests' 7. re oe eee 7-4-10 See DM-4 
Permeability: sa .°) . < <2": 7-4-5, 7-4-6, 7-4-8, 

7-4-9 
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Gtouting. oes tay. ce sme geea ts tere) 2 ea 7-15-4 

Applications. so -) os... -2)a ene 7-15-4 

Bichmimouds tog eee! cs eee 7-15-6 

Cemetery ee oe aw sf cere wee 7-15-6 

Glemica ee Ware eer. eae 7-15-6 

Field: Conttolsae, kf a4 «ease teenie 7-15-5 

Procedures) > its et Badass atte 7-15-5 

Soil and soil-cement mixtures ..... 7-15-7 

‘Lypesvand ‘pressures (Poel ate Jal525 

H 

Highway, compaction for pavements 

See DM-5 

Highways, exploration for 

See DM-5 

Highways, subsurface drainage for 

See DM-5 

Highways, tests for 

See DM-5 

Hydraulic tillstoge esc ates eee ee 7-9-1 

Construction methods .......... 7-9-14 

Material Performance .......... 7-9-14 

| 

Index properties tests 

See Laboratory tests 

L 

Laboratory itests soils...) .g.3s05 2) eee 7-3-1 

ACtiV ity tis Gie0 6 Cee Gee oe 7-3-4 

Atterberg plasticity limits . 7-3-2, 7-3-6, 

7-3-8 

California bearing ratio ...... 7-3-4, 7-3-5, 

Compaction characteristics. . . . 7-3-4, 7-3-5 

Compaction requirements ........ 7-3-4 

Gonsolidation: 54... 6a: a eee 7-3-5 

Also see settlement analysis, soils 

Consolidation characteristics 

See Consolidation characteristics, soils « 

Correlation of strength characteristic 7-3-17 

DitectisliGar’s.%.8 50st. hus.n. tb wees Ol 7-3-3 

Dry unit, w eighth. een ees 1-3-2, 7-3-5 

Equipment 9). . <0." neater 7-3-1 

Gradation ... . S8ee Gr. Reese caonamers 7-3-4 

Gradation characteristics ........ 7-3-5 
Harvard compaction apparatus ..... 7-3-4 

Hydrometer*analysis.. =)... 2 weve. 7-3-2 
Index propettiesi tests... . 27cm. 7-3-1 
Eeiquid siimite geet eae ere ieee 7-3-2, 7-3-8 

Uiquidityindex: fs. eee 7-3-5, 7-3-8 
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Moisture Content sce ee: «ale 7-3-2, 7-3-16 
Béermeabilityer: a oe 7-3-3, 7-3-4, 7-3-10 

Also see field tests and measurements, soils 

PISSeicelimit™ 9 tis de ataee es 7-3-2, 7-3-5 

PreGtor tests c7. 0s. L6e)s von 7-3-4 

Recompression and swell........ 7-3-12 

Samplesdisturbance © x. <. wun s.04s ee 7-3-13 

Shear strength characteristics 

See Shear strength characteristics, soils 

Shéar/strength tests ...64 455s. 7-3-13 

Shrinkage: limit;oep: 922i. se ee 7-3-2 

Sieveyanalysisi=s. oli. > + > = eee 7-3-2 

Soil properties for analysis and 

COST ea ety... cases eae oe 7-3-5 

SpeGificreravityn's... cs a gene see 7-3-2, 7-3-5 

Structural property test 7-3-1, 7-3-3 

Swelling characteristics of fine 

grainedjsoils\.). 252. 5 ae 7-3-12 

Test selection for designs. “-s.sem 7-3-1 

Ttiaxial comptéession 5.8. se 7-3-3, 7-3-13 

Triaxial shear test relationships. ... 7-3-15 

Unconfined compressive strengths... 7-3-3, 

7-3-13 
Also see soil classification 

Void ratio relationships ......... 7-3-11 

Lateral. loads on piles... 04> yee 7-13-14 

Design procedure. .).). 2. 3. ue 7-13-15 

Fixediend condition’ ¢.045 sa eee 7-13-17 

Flexible cap or hinged fnd condition 7-13-16 
Slope, coefficient, <j.0- aus) ase eee 7-13-18 

Loading on structures, seismic 

See DM-2 

Loads, seismic 

See DM-2 

Loads applied to foundations 

See DM-2 

M 

Mat: foundationSi@ttmee . tue ia eee 7-11-14 

Beam analysis on elastic foundations 7-11-18 

Definitions and procedures .. 7-11-18, 7-11-21 

Deflection-beams on elastic 

foundation...... pe re 7-11-19, 7-11-23 

Design be desels +t sates bs 7-11-14 

Moment on elastic foundations. .... 7-11-19, 

7-11-20, 7-11-23 

Requirements i acme) aes tals oe 7-11-21 

Shear, moment, deflection-beams on 

elastic foundation....... 7-11-19, 7-11-23 

Special probiemse sac ae 3 ee ee dcl inde 

Stability requirements .......... 7-11-14 
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» Mat foundations, Continued: PE 22COUDS 2. niente 7-13-2, 7-13-14, 7-13-24 
Three-dimensional problems ...... 7-11-14 Batterie eae bc. 4) padatuate: ales 

Two-dimensional problems ....... 7-11-14 Buckling sg.Wiee. oe Gisis ee Ft 3295 

+ Diag c¥ 6A aOR sd Fe here Te 3-22 9413-23 
P Eccentric: loadsac ae. Gai i>.» arene 7-13-25 

@ Paved areas, seasonal frost penetration bed SO PACtly Speier * + 7-13-14, 7-13-20 
» Legit Ultimate load. ......... 7-13-14, 7-13-20 

See DM-21 Voadidistributionu.s..deree sis 5. -4ces)c 7-13-25 

Pavement design for frost action Safety factor computations ....... 7-13-21 

5 See DM-21 Settlement evaluation 7-13-22, 7-13-24 

») Pavements, compaction for, airfield coe VE Do a ee 7-13-25 
See DM-21 Piles in waterfront construction, 

Pavements, compaction for, highway oe aa i 

See DM-5 eS eae 
» pepe Pile splices and appurtenances, details of 

See DM-9 See DM-38 

Pile caps and pile foundations Pipercoves tomaiticid loads 
: ‘ See DM-21 

structural design of P; rare lang 
See DM-2 ipe cover for highway loads 

Pile driving equipment, design and se peur 
eet A ConduitS tare eh 35 ss Sedans ake 7-14-1 

See DM-38 PUlexIDleRsleel pipes etiaisivusts oe. oe 7-14-1 

Eiiaeindations. ©... 2. tte 7aIStt ae Se eee 1 deci 
) Also see field tests and measurements , BASESES seca es res te ae 

: ; Pipes and conduits 
PRG REL OO ED UES Ble Sica Rte bela asc coh egesa. « 7-152 

or. J See DM-5 Pare ares IStAQCE iste cts) cues 7-13-7, 7-13-11 ; : ; 
; Pipes and conduits, corrosion protection of 

Also see field tests and measurements, pile 
Aan See DM-5 

driving test : 7 ; 
Batt eeohiene * 7-13-27 Pipes and conduits, structural requirements of 

SOE TR CIR See DM-5 
Geometric requirements ..... —. .- 7-13-25 : 

p races 7-13-9 Pressure, blast, on buried structures 

installation problems... .:..--%- # 7-13-25 NES SSS 
Tete ete ne ie Pressite syse alttie pico. c eve: sac cade 2 ae Fe 7-5-11 

P : Active and passive coefficients, 
) See Lateral loads on piles pple peels topic sl feet Mee ‘ls 7-5-15 

Load capacity ..... 7-13-7, 7-13-13, 7-13-16, eR ity GUNA) 4). os ME thee She 
; 7-13-18 CEI @ PLESSULE Gyikes s andhs st 38 e 1 tas oe 7-5-11 

bee ree 7-13-10. 7-13-15. 7-13-16 Computation of simple active and 

) Also see field tests and measurements, pile Lee Lae ee eee ie te wicca 
free riya ee Irregular backfill, computation of ... 7-5-14 

Meme ca eae 7-13-1 FA SSIV El DECSS ULE. Uwe islc fe ease tee) oe 7-5-11 

» tie eoe + a RRR Ie Fea Position of failure surface for active and 

yy, P passive wedges, cohesionless soils 7-5-16 
See Pile groups ; ; } 

HAE oe 7-13-7. 7-13-8 Straight-slope backfill, computation 0 7-5-14 
. Pil Sas é Pressures on buried structures. ...... 7-14-1 

v Nadel Conduits 

4 NOC Maa See Pipes, pressure on 
Preservation and deterioration. ... - ¥=13-25 , iy dani 

: nals Pipes and conduits 
Procedures for pile driving -.-.--- 7-13-8 Re Phos Ma eteene 

) z SD LICES ae tete eee tia a ee eee ere Ns 7-13-7 reir ety #21402 

Pile Vea oleh et Sd 6 Vertical shaltS. «3:5 + tee ete 7-14-3, 7-14-4 
structural design o 

\\ See DM-2 
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Procedures, dredging 

See DM-26 

Protection of riverbank or shoreline slopes 

See DM-26 

R 

Requirements for piles in waterfront 

construction 

See DM-25 

Retaining structure analysis 

See Walls 

Retaining walls, structural design of 

See DM-2 

Riverbank or shoreline slopes, protection of 

See DM-26 

Rock classification and description ... 

Rock foundations 

See Deep foundations 

Samplers, soils 
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Free-falling gravity coring tube... . 

Hatpoong. - set ccacte nie 4) vines (> eee 

Hong SR iston fot. secre nt eae note eee 

Hydraulically-activated piston. .... 

Pigg otpaites.. cases cs cigs etn pas take 

Pitcher: cya. tus kenny ees ero ae eae ate 

Retractable Plug . 

Shelbyitubetisa. tet oee Ge ener ane 

Split liner piston 

Split SPOON ses. ans geet ns oe dae 

Stationary piston 

Swed ishiil Otleu.tcee voce ree ene ie 
Wehickawall tubes ci) -¢ ceases ae ae 

Thin-wall tube 

Sampling, exploration and, soils 

See Exploration and sampling, soils 

Sandtdra inset... 7°. .cerke eee ee cee 

Allowance for shear effect ....... 

Consolidation with radial drainage, 

oe 8 « « © €) 6 6 tee) 8 

ee @ «¢ ¢ « © © © 6  ¢ @ 

6 6 6 @ © @ © eF 0 © © » © 

nomopraph.. «he ials «le runbel en eon oa 

Data for typical installation... ... 

Nomograph for consolidation with radial 

drainage to vertical sand drains. . . 

Nomograph for consolidations with 
vertical sand drains........... 

Surcharge and sand drain design ... 

Time rate example 6 ©) ©, 6 « 6. «4 “wie 6) -e 
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Seasonal frost penetration beneath 

paved areas 

See DM-21 

Seepage and drainage analysis....... 7-8-1 

Cutoff control methods 7-8-3, 7-8-4 

Deep drainage”. ..".. . ..s «sane 7-8-15 

Drainage layer performance....... 7-8-11 

Drainage of artesian layer ....... 7-8-18 

Filter requirements for drainage 

SUIMCCULES wus, seers! «rele c)\ce en 7-8-9 

Flow net analysis) ..... ...-7 7-8-1, 7-8-2 

Ground water lowering... 2.3 = 7-8-16 
Impermeable reservoir linings ..... 7-8-8 

Impervious soil barriers......... 7-8-7 

Intercepting'drains ..... .. cue 7-8-12 

7-1-7 Intermediate depth drainage ...... 7-8-12 

Permeability and capillarity of 

drainage materials... ..... 7. 7-8-10 

Protective blanket’ “7.77... ....-.a-eeet 7-8-7 

Protective filters ......... 7-8-12, 7-8-14 

Pumping wells’... 7. - ee 7-8-15, 7-8-16 
o-225 Rate of seepage into drainage trench  7-8-13 

7-2-9 Relief wells 20-02) 0: ase 7-8-15 

7-2-10 Reservoir impermeabilization ..... 7-8-7 

7-2-10 Shallow drainage and pressure relief 7-8-7 

7-2-9 Sheet piling for cutoff control ..... 7-8-3 

7-2-9 Sheéted sumps ... ..... + ose. cae 7-8-15 

7-2-8 Sheeting penetration required to pre- 

7-2-7 vent piping in isotropic sand..... 7-8-5 

7-2-9 Sheeting penetration required to pre- 

7-2-8 vent piping in stratified sand..... 7-8-6 

7-2-9 Wellpoint-systems@). 2. 27sse eee 7-8-12 

7-2-8 Seismic loading on structures 

7-2-9 See DM-2 

7-2-9 Seismic loads 

7-2-7 See DM-2 
7-2-8 Settlement analysis, soils ......... 7-6-1 

7-2-6 Accelerating settlement, methods of 

7-2-5 See Settlement analysis, soils, methods 

of reducing or accelerating settlement 

Added stress, computation of...... 7-6-4 
7-6-19 Computation of settlement ....... 7-6-4 

7-6-25 Consolidation nomograph ........ 7-6-15 
Consolidation settlement analysis . 7-6-2 

7-6-22 Dessicatediclays 27) Ahi iat 7-6-12 
7-6-21 Differential settlement.......... 7-6-4 

Effect of foundation thickness and 

7-6-22 tigidity:ofsload <aiwes ees eee 7-6-6 
Evaluation of existing conditions... 7-6-1 

7-6-15 Heave due to volume change...... 7-6-9 
7-6-23 Magnitude of swell ............ 7-6-7 
7-6-14 
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Settlement analysis, soils, Continued: Slopes, riverbank or shoreline, protection of 
Methods of reducing or accelerating SeciDMi26 

; SCUMIEMONUS, 3 eck dhaka ug stot 7-6-17, 7-6-18 Soil and geologic maps, existing 
Balancing load by excavation ..... 7-6-17 See Exploration and sampling, soils 

Preconsolidation by surcharge... . . 7-6-19 Soil and rock stabilization ......... 7-15-1 
€ Removal of compressible soil ..... 7-6-17 Adinixturee 

) Vertical sand drains See Admixtures, soils 

\ See Sand drains Compressed air pressure-balancing. . 7-15-4 
| Nomograph, consolidation........ 7-6-15 Deep eee is Shae cee areas 7-15-4 

) a Nomograph for consolidation with radial Dencitication: 2 ae Z-1s betel 5-2 

drainage to vertical sand drains... 7-6-22 Drainaged: «2s. c/epeenen ste: FaliSe1) 7-15=2 
Bréconsolidation, . <ena~ o 2) seus ove 7-6-1 Grouting 
Primary consolidation .......... 7-6-17 See Grouting 

) Profiles of vertical stresses before Inundation of foundation......... 7-15-4 

construction .............4. 7-6-3 Special methods .............. 7-15-4 
Reducing or accelerating settlement, Surface stabilization 

) methods of See Admixtures 

See Settlement analysis, soils, methods Soil: class ificationix+. hr wow) Wak. ee 7-1-1 

of reducing or accelerating settlement Geological origins............-. 7-1-1 
) Sand drains Alluvial. «oc... <.. «..Saeeleden 7-1-2 

See Sand drains Chemical’ <;: 2/:17°i) maa EX 7-1-2 
Secondary compression ......... 7-6-17 Glacialete? nd Jab nigd scents: vies ep 
Stress conditions... .. = => «<< aiyeters 7-6-1 Ti GES Sic] aieeirs kd cevacc ee 7a4-2 

) Surcharge load required to eliminate Organics 4%. rome taniaeay? 2, oe 7-1-2 

Settlement 4. 21:47 ee Radke weve <r 7-6-20 Residuals eiean Mes tet Ble Tea P. 

Swell of desiccated clays ....... 7-6-12 Visi can ica a cn wetee? * rope 

) Swelling... 1. +--+ eee ee ee eee 76-7 Identificationtey Jae eens Men: we 7-1-4 
Time factors for consolidation analysis 7-6-13 Appearance and structure...... 7-1-4 

Time rate computations ......... 7-6-14 Glay: +I en. hae FSA wT Al-7 

lager system Ears tem OEM, BIG Se. 7-6-16 Coarseiprain:soils 3.56 10s <5; 7-1-4 

) Time rate of settlement ......... 7-6-11 Compactness or hardness ...... 7a] 4 

Tolerable settlement of structures .. 7-6-7, Field classification.......... 721-4 

7-6-8 Hinesprain Solsy.¥.9.0e eee 7-1-4, 7-1-7 
) Total settlement....... 2. 7-6-4, 7-6-5 Organic soils’... #.< Ac eee 721-4, 721-7 

Underconsolidation............ 7-6-1 Silt wae nit eloee. aed! Palas hey 

| Vertical stress profiles before Principal soil deposits in U.S. .... 7-1-1, 
) POUStrUCE Of meee te fs 8a: 25. (tse eee 7-6-3 FESS H7=1-5 

Shafts, pressures on vertical Standard penetration resistance. ... 7-1-4 

Also see field tests and measurements, soils 
" Shear strength characteristics, soils... 7-3-6 Unconfined compressive strengths 

) Angle of internal friction ........ 7-3-6 Also see laboratory tests and test 
Cohesion intercept ...........-.- 7-3-6 properties, soils 

’ Modulus of elasticity..........- 5-0 Unified soil classification system .. 7-1-7, 
\ © SCRISACIWIEV Bete. chaps Paleo pa. at ots ia votes 7-3-6 7-1-8 

/ Unconfined compressive strength... 7-3-6, Soil properties, measurement in situ... 7-4-3 

7-4-7 Auger: holevtest2:42i7, sagen 7-4-6 
Volume and weight relationships ... 7-3-7 Boteholettest’2c fe oe eet 7-4-6 

) A Shoreline or riverbank slopes, protec- Drive sample method........... 7-4-6 

tion of Dry unit weight and moisture content 7-4-6 
See DM-26 In-place density. 7 ie Sateen. 2 7-4-10 

\ Slope stabilization Penetration resistance....... 7-4-6, 7-4-7 
See Stability analysis, soils Rermeability fr s cc- 2s west eee xia 7-4-5 
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Soil properties, measurement in situ, Continued: Stability analysis, soils, Continued: 

Pumping tests}. 26s) Sis ee Se 7-4-5, 7-4-6 Sensitive’clays =". (e .. eeeee e 7-7-14 

Vane Sheawtest =... oe ee 7-4-3, 7-4-4 Slopevstabilization=......) . ). aaee 7-7-14 
Variable head test 7-4-5, 7-4-6, 7-4-8, 7-4-9 Slopes in cohesive soils 

Special problemswsoils's 2. 0. Gea 7-16-1 Phitequalsizero.° 70. eee 7-7-5 

Spread foundations. .... > .ikaee- aera 7-11-1 Slopes with phi and Cc cies 6 ee 7-7-8 

Allowable bearing pressures 7-11-12, 7-11-13 Special materials problems ....... 7-7-14 

Anchor rod capacity inrock ...... 7-11-15 Stabilizing:structuresy2e). .): 2 eee 7-7-15 

Anchorage resistance to combined Translation failure)... See 7-7-2 

transient, Loads... «ipo ene le 7-11-18 Translational failure. ....... 7-7-9, 7-7-10 

Bearing capacity Varieties. of failures”. 22". eee 7-7-1 

See Bearing capacity Stresses, soils’) 2,295...) ae 7-5-1 

Compacted fil Meer tewer once mee 7-11-25 Active or passive state . sa 7-5-11 

Damproofing “eu .. <14< ene Lerreke S 7-11-26 Conditions; at.a point 0) 2753 'S0eee 7-5-1 

Depth and position limitations. ... . 7-11-22 Critical depth, layered or anisotropic 

Footing resistance under transient foundations...» + i= +» + =n 7-5-11 

1Gad oe Ses). .; 1. es a eae 7-11-16 Distribution of. 22/0102 oe. See 7-5-5 

Immediate settlement ...... 7-11-7, 7-11-11 Elastic foundations. . ... =e 7-5-3 

Immediate settlement of isolated Isotropic foundations......... 7-5-3 

footings use. Al. 0.0.. derek 7°11-10 e72h1-11 Semi-infinite, isotropic foundations 7-5-3, 

Mat foundations 7-5-4 
See Mat foundations Effective and neutral stresses..... 7-5-1 

Proportioning individual footings ... 7-11-12 Formulas for semi-infinite, elastic 

Requirements...75-1-4-4-9 eee 7-11-22, 7-11-26 foundations .~. «+. << 200m 1 biOd. 7-5-3 

Resistance of footings and anchorages Horizontal 4)2 03 Ss sea See 7-5-4 
to combined transient loads...... 7-11-16 Also see walls, and 

Safety factor calculations........ 7-11-7 pressures on buried structure 

Shallow footing safety factors..... 7-11-7 Horizontal rigidity influence...... 7-5-11 

Swelling, Soils.jpaeee fee oe e Ge liqzZ Influence value for vertical stress .. 7-5-5 

Underdrainage and waterproofing ... 7-11-22, Beneath irregular load. ....... 7-5-10 
7-11-23 Beneath uniformly loaded circular area, 

Uplift icabacityes en kuen: oo. ges de 7-11-14 two-layer foundation ........ 7-$-12 

Anchotape.in Soil’ o.). ct. sae eae 7-11-14 Under corners of triangular load of 
Rock anchorage . . .) 3.5.45 7-11-14, 7-11-15 finite’ extent. . ... 2.) 5 Gee 7-5-8 

Waterproofing. .... 7-11-23, 7-11-25, 7-11-26 Under corners of uniformly loaded 

Stability analysis, souls® ..... 2. - 7-7-1 rectangular area ~ .\2.0 tia 7-5-5 

Berms for embankments in soft clays 7-7-12 Under embankment load of infinite 

Center of critical circle, slope in length. - oo aeia ss ee 7-5-7 

CODESIV Cl SO)L. ct ten mone ied dees ries 7-7-6 Under uniformly loaded circular 

Conditions changing withtime..... 7-7-4 CE e RS SR ae cle ease 7-5-6, 7-5-12 

Influence of surcharge, submergence, Layered or anisotropic foundations. . 7-5-11 

and 20S 100 ClaC ks geste ett oh setae 7-1-4 Mohrs circle Of StresSa.u: 4...) .55)-aae 7-5-1 

Loose cohesionless soils problems. . 7-7-14 Nett alte. cc. sar curt ois tke vod ee ee 7-5-1 

MethodSs.u2c <-) hs: secen etna fie ee {-f-2 Passive State .. : .-+ suspe.iesnt ose 7-5-11 

AfEClivel StleSS pseu desu oka mer 7-7-2 Shearer ee. os as 1 rr 7-3-3 
ST OCAMStLCSS We cued Meets ies 7-7-2 Also see stability analysis 

atural’slopess."\o 20 0.2 yuck 7-7-3 Vertical... ¢.. 7-5-3, 7-5-10, 7-5-11, 7-5-12 

Over-consolidated, fissured clays .. 7-7-14 Beneath irregular loads ....... rc 

Pore’ pressure analysis’ .j.)) 0.0) 7-7-11 Beneath regular loads ........ 7-5-3 

Pore pressure conditions ........ 7-7-13 Computation. ot ces daa ssn ee 7-5-9 

Rotational failuret 2 enn eee al Layered foundations °-. 7... 7-5-11 
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Structural design and details of 

bulkheads and cofferdams 

See DM-25 

Structural design of foundations 

See DM-2 

Structural design of pile caps and pile 

foundations 

See DM-2 

Structural design of retaining walls 

See DM-2 

Structural requirements of pipes and 
conduits 

See DM-5 

Subsurface drainage for airfields 

See DM-21 

Subsurface drainage for highways 

See DM-5 
Supply, ground water, and water wells 

See DM-5 

Surface Stabilization 

See Admixtures, soils 

Surfaces, graded, erosion control 

See DM-5 

+ 

Tests for airfields 

See DM-21 

Tests for highways 

See DM-5 
Test properties, soils 

See Laboratory tests, soils 

iewermsuy anchorages .).....0.... .:- 7-11-28 

Tunnels, pressures on 

See Pressures on buried structures 

U 

Utilization and design of pile driving 

equipment 

See DM-38 

V 

Vibration problems, soils...... 7-16-3, 7-16-10 

Amplitude 7-16-6, 7-16 8 

Design considerations .......... 7-16-3 

Dynamic soil properties ......... 7-16-5 
eOUNCAtIONS Meee tac a Eiac cher se sts 6 7-16-6 

High-speed machinery .........-. 7-16-5 
Isolation of vibration and shock.... 7-16-10, 

7-16-11 

Low-speed machinery...........- 7-16-5 

Page 

Vibration problems, soils, Continued: 

Oscillator mass, frequency, and 

aniplicudes....-re mace sue ths Sone 7-16-8 
Resonances... 5.5.2 eest a a 7-16-3, 7-16-9 

SELSMICLELLECES BP ares etl si sxe ss 5s 7-16-10 
Settleme nt cy.5 alaber se teen te oa a ees 2 7-16-3 
Verticaltoscillationsies 4.4 312" 7-16-5 

W 

Walls SViina saree ee eee atans 5 7-10-1 

Active and passive coefficients with 

wall friction, sloping backfill .... 7-10-5 

Active and passive coefficients with 

wall friction, sloping wall ...... 7-10-6 
Attive pressures. fF .aemersces «i> 7-10-1, 7-10-2 

Brace cut base stability......... 7-10-25 

Braced ' fléxible, -aewege eo. ee ss 7-10-22 

Braced: sheet pile fa... «7, . 7-10-17, 7-10-22 

Bulkheads, anchored...... 7-10-17, 7-10-18, 

7-10-19, 7-10-21 

Gotterdams celliftill wy. ce es iso 7-10-23 

Cofferdams, cellular ........... 7-10-27 

Cofferdams, double-wall......... 7-10-23 

Construction procedure effects 7-10-9 

Cribsand Ding.) > AM a ss soe 7-10-16 

Deadman’ anchorage... -.: 3... . 7-10-20 

Barth ftiledverins...)s eae nie aie ot eke 7-10-12 

Flexible walls of narrow cut...... 7-10-26 

Friction factors and adhesion for 
dissimtUlaramaterials |. 2.0. ey oi. 7-10-7 

Ground water effects on wall pressures 7-10-8 

UEP 2 REREAD: ie To: SP ae A Sa A. - ga 7-10-12 

Horizontal pressures on wall due to 

SULCNArPE ym Wes 6 oa gte iatipiel aie 7-10-10 

LOWis ameter eo euee ssp 2 nh he also ss 7-10-12 

Movementi-.. i. :.:ieieee eas cee 7-10-9 

Movement effects on wall pressures 7-10-11 

Passive pressures 7-10-3, 7-10-4 

Pressure coefficients with wall 

friCtiOnies ere eee seen or kates Stee oh, 7-10-3 

HLeSstrescomputation: geeks te 2 7-10-1 

PresSuresOn.DINS | ay. : eee |. tee 7-10-9 

Refainlape, aiietses soe ee 7-10-12, 7-10-15 

Seepage and drainage effects...... 7-10-3 

Surchargésicading © 20. t-.f acter sis ee 7-10-7 

Walls, structural design of, retaining 

See DM-2 

Water, ground, supply and wells 

See DM-5 
Water wells and ground water supply 

See DM-5 
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Walls, Continued: 

Waterfront construction, application of 

bulkheads and cofferdams to 
See DM-25 and DM-26 

Waterfront construction, requirements 

for piles in 

See DM-25 

Wells, water and ground water supply 

See DM-5 
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