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PREFACE 

The laboratory research for this study was done in 

absentia over a four year period at Newark College of Engi

neeringw It is largely for this reason that rather exhaus

tive descriptions of the development of instrumentation 9 

techniques, and. procedures are included (Chapter III and IV)o 

Before acknowledging the many people who have aided 

this long investigation, I should like to clarify the dis

tinction between two terms used in this dissertation., Be-

cause of an unfortunate similarity of more or less standard 

nomenclature, confusion concerning this work can easily de

velop without a clear understanding of that distinctiono The 

two terms to which I refer are k 0 = t:.a 31 t:.ci 1 and K = t:.·a 31 t:.cr 1 o 

The lower case letter designates the coefficient of earth 

pressure ~ rest, i,, e o, wi thou.t lateral strai.no The capital 

letter is defined mathematically in an identical manner 9 L, e .. ~ 

· the ratio of the change in minor principal effective stress 

to the change in the major principal effective stress" The 

distinction is simply that the latter~ by definition, may be 

(and is) accompanied El lateral ~~o As used in this 

work, the K-values are associated only with the stresses in

duced by the loading of the circular footingp as calculated. 

by elastic theory. The k 0-value is associated only with 

anistropic pr~loadingo 

iii 



Acknowledgments 

I have become indebted to many people for their consid

erable encouragement and aid over the past five years of res

idency and research. Space precludes a like measure of ap

preciation, so I will simply extend a simple thank you: 

To Dr. Jim Parcher, first and foremost, for his extra

ordinary help as chairman of the Advisory Committee, extend

ing over a five year period and a two-inch thick folder of 

correspondenceo 

To Dr. Hady, Dr. Manke, and Dr. Stone, for their benefi

cial suggestions as members of the Advisory Committeeo A 

special thanks also to Dr. Hady for his assistance in long

distance registrationo 

To Professors Robbins and LaLonde, retired chairmen of 

the Civil Engineering Department at Newark College of Engi

neering, for their encouragement and help .. 

To my good friend, Ivan Metzger. 

To Dr. Tony Raamot, my Eastern Adviser., 

To the National Science Foundation for financial support 

during my residency as an NSF Faculty Fellow .. 

To the administration of Newark College of Engineering 

for their support and use of laboratory facilities., 

To the NCE Research Foundation for financial support 

during periods of the research efforto 

To Eldon Hardy for his extra effort in preparing the 

figures for this work .. 

To Mrs. Shirley Cunningham for her excellent typing .. 

iv 



TABLE OF CONTENTS 

Chapter Page 

L. INTRODUCTION • • • • • o • e " 0 0 0 0 Cl O • • 0 1 

II. A STATE OF STRESS ANALYSIS 0 0 • .. • .. 0 0 • 0 • 7 

1. Prior Experimental Work 0 • 0 " • " 0 0 8 
2. Pore Pressure Analysis. 0 0 0 0 0 0 .. 0 9 

(a) The A Pore Pressure Parameter. 10 
(b) The K Parameter 0 0 0 0 • .. • 16 
(c) The Prediction Equation 0 0 0 16 

3. An Important Limitation of the Predicted 
Equation. 0 0 " 0 0 0 0 • 0 0 0 0 .. 0 21 

4 .. Stress Distribution~ b.cr ·1 .. 0 0 0 " 0 0 22 

:III. INSTRUlVIENTATION AND PREPARATION OF THE SOIL 
MODEL. • .. • 0 0 0 • 0 0 0 0 • 0 0 0 0 0 0 0 0 24 

1. The Pore Pressure lVIanometry System: De-· 
sign and Pilot Test 0 0 " 0 • " " .. 0 25 

2. The Pore Pressure Probe 0 0 0 0 0 .. 0 0 34 
(a) Design and Pilot Test of the 

Probe • • .. " 0 • 0 0 0 0 0 34 
(b) Location {Jf the Probes~ Stress 

Distribu·tion,, 0 " 0 0 • 0 0 42 
3. Calibration of All Systems. " 0 0 • • • 50 
4 .. The Preparation of the Soil Illodel 0 0 0 6? 
5. External Instrumentation. • • • 0 " 0 " 69 
6. Additional Preliminary Tests. 0 " 0 " 0 71 

(a) Slurry Proportions .. • " 0 0 0 71 
(b) Bearing Capacity Estimate Q " 74-

IV .. TESTING OF THE SOIL MODEL .. ~~· 76 • 0 0 0 0 .. Q o· 0 0 0 

lo Planning and Conducting the Test. 0 0 Q 76 
(a) Loading 0 0 0 0 0 0 Q .. 0 0 0 76 
(b) Personnel 0 0 0 0 .. 0 () .. 0 0 77 
(c) Pore Pressure Measurement Q .. 79 
( d) Settlement and Heave Measure-

ments 0 .. 0 .. 0 .. 0 .. .. 0 0 80 
2. Compilation of Results .. 0 0 0 .. 0 .. .. 0 80 

v 



Chapter 

TABLE OF CONTENTS (Continued) 

General Evaluation ••• o ••••••• 

(al 
~~ 

Loading ••••••••••• 
Pore Pressure Measurement •• 
Settlement and Heave Measure-

ments ••••••••••• 

Page 

84 
84 
85 

89 

:v. ANALYSIS OF THE MODEL TEST RESULTS. • • • • • • 90 

VI. 

1. State of Stress Analysis: A Comparison 
of Predicted and Measured Pore Pres-

2. 

sures. • • • • • • • • • • • • • • • 90 
(a) A and K for Normally Consoli

dated Clay. • • • • • • • • 91 
(b) A and K for Overconsolidated 

Clay. • • • • • • • • • • • 97 
(c) Distribution of Pore Pres-

sures • • • • • • • • • 
Bearing Capacity Analysis o ••• o 

0 • 

• • 
99 

104 

SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS •• 0 0 

A SELECTED BIBLIOGRAPHY •••••••••••• o • 0 0 

116 

119 

vi 



LIST OF TABLES 

Table Page 

I. Physical Properties of 0.1 Normal Sodium Kao~ 
lini te. • • • • • • •••••••••• o o • • 7 

II. The K-parameter for Two Typical Soils 0 .. • • • • 20 

III. Major Principal Total Stress Increments at Probes 9 

IV. 

v. 

b.cr 1 , in. Hg. • • • • • • • • • • • • • • .. • • • 2 3 

Pilot Tests of the Manometry System 

Pilot Test of the Porous Probe ••• 

.. 0 

.. " 

e O O • e 

0 0 0 0 It 

31 

39 

VI. Influence Values for Stresses Beneath a Circular 
Uniform Load. • .. .. • • • .. • .. • • • • • • .. • 44 

VII. 

VIII. 

IX. 

Vertical Location of Probes .. • 0 0 • 0 0 0 0 

System Pressure Tests •• 0 0 0 • e o o e o 0 0 0 

Compilation of Model Test Data. • • • 0 • 0 0 e ei 

vii 

56 

58 

81 



LIST OF FIGURES 

Figure Page 

1~ Phase Loading of the Soil Model. • • • 0 •.•••• 11 

2. Relationship Between k0 , ¢', and OCR (after Brook-
er) • . . o o • • G • • • o • • • • o • • • o • • 12 

3. Relationship Between k 0 and OCR for 0.1 N Sodium 
Kaolinite. • • • • • • • • • • • • • • • • • • • 13 

4. Relationship Between A and Stress Level for 0.1 N 
Sodium Kaolinite. • • • • • • • • • • • • • • • 15 

5. Pore Pressure Measurement •• e O • 9 0 0 • 0 • • 0 25 

6. Schematic of the Pore Pressure Measuring System. • 27 

7. 

8. 

9. 

10. 

11. 

12. 

13. 

14. 

15. 

16. 

17. 

18. 

Photographs of the Manometry Apparatus 0 0 • • e • 

Pilot Test of the Porous Probe. • • • • 0 • & • • 

Plan of Probe Arrangement .... • • 0 • • • 0 • .. 0 

Mohr Circle of Plane Stress. .. . 0 .. 0 .. 0 0 0 • • 

Cross Section of the Soil Model •• • • 0 • 0 .. • • 

Stress Influence Values: Aplha srz for < vs. R=a .. .. 

Stress Influence Values: Alpha srz for > vs. R=a. • 

Stress Influence Values: Alpha vs. nz 0 Q .. 0 0 0 

Stress Influence Values: Alpha vs. nr 0 .. 0 • • 0 

Schematic of Tank and Preloading Systems. 

Settlement and Heave Measurements. 0 0 0 0 • • 0 

Generalized Failure Mechanisms .... ". • • 0 0 0 0 • 

33 

36 

43 

46 

48 

51 

52 

53 

54 

66 

70 

72 

19. Shear Strength of 0.1 N Sodium Kaolinite by Vane 
Shear Tests. • • • • • • • • • • • • • • • • • • 73 

20. Photographs of the Model Test. • 0 0 0 0 • • 0 . " 92 

viii 



LIST OF FIGURES (Continued) 

Figure Page 

21. A-Value Variation for 0.1 N Sodium Kaolinite Clay. 92 

22. 

23. 

24 .. 

25. 

A-Value Variation for Boston Blue Clay. 

A-Value Variation for Laurentian Clay •• 

Summary of Functional Instrumentation. 

•. 0 • • • 

• • • • 0 

0 • 0 • • • 

Strain Variation Within the Soil Model • • • • • • 

26. Failure Mechanisms for General and Local Shear 
Failure •••••• • • • • • • • • • • • • • • • 

27. Mohr Circle Plots of Compression Tests •• • • • • 

93 

94 

101 

102 

106 

109 

28. Pore Pressure Distribution for Effective Stress 
Bearing Capacity Analysis •••••••••••• 115 

ix 



NOMENCLATURE 

A •••••••••••••• Skempton's pore pressure parame
ter 

Af •••••••••••••• A, at failure 

B •••••••••••••• Skempton's pore pressure parame
ter 

••••••••••••• Pore pressure parameter for the 
case of anisotropic loading 

D • ••••••••••••• Deviator stress in a triaxial 
test 

••••••••••••• Depth of surcharge in Terzaghi 
Bearing Capacity Theory 

••••••••••••• Compressibility of soil str.uc
ture 

CV• • • • o • e • • • •. e ~ • Compressibility of fluid in 
soil voids 

c e • 0 0 0 0 0 0 0- 0 0 0 0 e Cohesion, the shear strength of 
a clay soil for ¢-zero analysis 

c l e e e e e e e • 0 e O e O O Cohesion, effective strength 
parameter 

e •••••••••••••• Void ratio, Vv/V8 

G8 • •••• o o •••• 

K • • • • • • • • • • • 

• • 

• • 

• Specific gravity of solids 

• Ratio of change in minor princ
ipal effective stress to major 
principal effective stressj 
~cr3/~cr1, with lateral strain 

k 0 • • • • • o • • • o • • • • Same as above, except no later= 
al strain (Coefficient~f earih 
pressure at rest) 

Kf. • •.. • • • • • • • • • • • K, at failure 

x 



e O O O • 

NOMENCLATURE (Continued) 

• • • • 0 • Coefficient of active earth 
pressure 

N t' N c, Nq. .. o o .. ., o o .. ., • Terzaghi's bearing capacity 
factors for ~eneral shear fail
ure 

• o ••••••• ., Same as above except reduced 
values for local shear failure 

n@ ••••••••••••• Porosity, VvfV 

OCR 

0 • • • • • .. Influence unit stresses at a 
point in a soil mass due to 
unit uniform pressure on a cir
cular surface load (Jurgensen 
data; See Fig. 12) 

e e O e • e • e O O O e O Overconsolidation ratio, pc/p0 

O e O e • e O O O O • • 0 

e O e O e O e O O O O • 0 

Maximum vertical effective 
pressure to which a soil ele
ment has ever been subjected 

Presently existing vertical ef
fective pressure on a soil ele
ment 

p e • • e O O O O O O O O O O Maximum preload effective pres
sure= p0 for this study 

p,q •• " • 0 0 0 & 0 0 0 0 • Contact pressure 

Q,P. • 0 • • O O • • • • .. ., Total load 

O GI O O O 0 0 ., Load increment 

qf • • o o o o • o e o • o o • Ultimate bearing capacity (f 
for failure) 

0 0 0 0 0 0 0 • Unconfined compression strength 

r .. • • • 0 • ct • • 

R • e e O O O O 0 • 

a . • • • • • • o • 

RMo • o o o o o o o 

0 0 

" . 
0 • 

.. 0 

• 0 • Radial coordinate 

.... ., Radius of footing (Terzaghi 
bearing capacity analysis) 

0 0 0 

0 • • 

Radius of circular loaded area 
(Jurgensen analysis) 

Radius of Mohr's Circle 

xi 



s • • 
5rz. 
s • • 

• • • • 
• • • • 
• • • • • 

• • 

• • 

• • 

NOMENCLATURE (Continued) 

• • • 
• • • 

• • • 

• • 

• • 

• • 

• Maximum .shear stress 
, Shear stress·in radial plane 
• Shear strength of soil 

u ••• • • • • • • • • • • • Pore pressure 

v • • • • • • • • • • • • • • Total volume 

Vv' •• e o ® •••••••• Volume of voids 

V8 •••••••••••••• Volume of solids 

V vv• • • • • • • • • • • • • • Volume of vvater 

• • • • • • • • • • Volume of soil structure 

• • • • • • • • • • Weight of vvater 

Ws •••••••••••••• Weight of solids 

vv • • • • • 

• • • • 

vvp. • • • • 

• • • • • • 

• • • • • • 

• • • • • • 

• 

• 

•• Moisture content, Wv/Ws 

• • Liquid limit 

• • • Plastic limit 

vvn• ••••••••••••• Natural moisture content 

(J • • • • • • • • • • • • 

(J • • • • • • • • • • • • 

• • • • • • • • 

• • • 0 • • • • • 0 

'{, .. , . , • ,•. r. ''. •1. ~. : • , . •l. I. 
i,. • • • • • • • • • • • • 

• • • • • • • • • • • ¢ . 
¢'. .. . • • • • • • • • • 

µ •• • • • • • • • • • • 

• 

• 

• 

• 

• Normal pressure (total stress) 

• Norma], pressure (effective 
stress) 

• Principal stresses (major, in
termediate, minor, respective
ly) 

• Unit normal stress 

• .• Unit vveight 

• • Submerged (effective) unit 
vveight 

• 

• 

• 

• Friction angle of a soil 

• Friction angle, effective
stress parameter 

• Micron 

xii 



,:/\• ...... . 
NOMENCLATURE (Continued) 

• • •· • 0 • Angle between vertical center
line of circular loaded area 
and point in soil beneath the 
load 

~ •••••••••••••• Angle between the horizontal 
and the major principal plane 

xiii 



CHAJ;TER I 

INTRODUCTION 

The shear strength of soils has been recognized to be 

greatly dependent upon the development of effective stress. 

This shear strength is governed by the deceptively simple 

Coulomb Equation: s = c' + a tan¢', wheres is the shear 

strength; c', the true cohesion; cr, the effective normal 

stress; and¢', the true angle of internal friction. From 

Terzaghi's fundamental definition, the effective stress may 

also be designated as cr = (o-u), where a is the total stress, 

and u, the pore pressure. 

In the case of a coarse, granular soil, any pore pres

sure would be hydrostatic for a condition of submergence, or 

zero otherwise, since excess pore pressures could not per

sist in such a porous soil. 

However, in the case of pressure increases on relative-

··ly impervious clay soils, excess pore pressures will develop, 

thus affecting the shear strength. In the simple case of an 

isotropic stress increase on a saturated clay, there is no 

immediate change in shear strength, since the total stress 

increase is reflected in an immediate like increase in pore 

pressure, i.e., 60" = 6U, and the change in effective stress, 

6cr, is zero. As drainage e.nsues as a consequence of the ex-

1 



cess pore pressures, the pore pressure diminishes and, cor-

respondingly, the effective stress increases. It is seen 

that the shear strength of recently loaded (or unloaded) 

saturated clay soils is time-dependent. When the excess 

pore pressure is reduced to zero, the effective shear, 

2 

strength of the soil is realized, and the soil is said to be 

fully consolidated under the stress increment. 

Inspection of the Coulomb Equation shows that the shear 

strength at any instant is governed by the character of the 

pore pressure. A negative sign designates pore water ten

sion, which results in an internal compression of the soil 

structure. A common example of the effects of this internal 

compression is the obvious stability of an unconfi~ed cylin

drical test specimen of silt at a sufficiently low moisture 

content. The effective stress which is responsible for this 

stability is the pore water tension: s = CI + ( cr-u) tan ¢'; 

for silt: s = 0 + [o-(-u)J tan¢' = lu tan ¢ 1 f. 
Recent experimenters ( Skempton, _et _al_o) have shown that 

overconsolidated clays exhibit pore pressure variations un-
,. 

der load unlike those of normally consolidated clayso Spe-

cifically, it has been demonstrated that the A-coefficient, 

Skempton 1 s pore pressure parameter, decreases from a value 

of unity (for normally consolidated clays) as the overcon

solidation ratio (OCR) increases. For highly overconsolida

ted clays, the value of the A...;.coefficient at failure may be 

negative, indicating pore water tension. 

If a clay soil is formed in an environment conducive to 



the development of a honeycombed or flocculent structure, 

and subsequently heavily loaded, the particle configuration 

3 

will become more or less dispersed. For purposes of simplic-

ity, these configurations may be thought of as a "card-house" 

random structure (before loading) and a parallel orientation 

of the "cards" (after loading). 

BEFORE LOADING 
(NORlVIALLY CONSOLIDATED) 

- -- ----- -'-.-::---- - -- -=-- ----- ----- - ---- ----- ---
AFTER LOADING 

(HEAVILY OVERCONSOLIDATED) 

Intuitivelyw it would seem that the reactions to subsequent 

loading of two such soils would be markedly differento The 

most obvious difference would be the greater shear strength 

of the preloaded clayo Of import to this studyv however, is 

a more precise consideration of the pore-pressure reaction 

that might be expected in each case, since these reactions, 

as already explained, will greatly influence the shear 

strengtho The subsequent loading could be the deviator 

stress in a triaxial test, the load increment in a consolida

tion test, or, in the field, the loading by the structureo 

For purposes of illustration, consider the latter case, spe-
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cifically as it is represented by a long footingo On the 

left and right are shown schematically the two extreme condi

tions of the soilo Also shown are the incipient surfaces of 

failure (eog .. , after Prandtl). Intuition suggests that the 

dispersed structure of the heavily overconsolidated saturated 

clay would be.conducive to the development of negative pore 

pressures under loading. Such a soil structure would be re-

· sistant to dilatant effects, dilatancy being the tendency of 

a soil to increase. in volume when subjected to shearing 

stresses. Whatever the extent of overconsolidation, it is 

apparent that ~u will be influenced in some way, and that ~cr 
ands must also be affected. A common example of the devel-

. ' 
opment of negative pore pressures, and hence higher transient 

shear strength, is the observed fact that the slopes of an 
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open cut in a saturated impervious soil are most stable ini

tially (excluding, perhaps, highly fissured clays)o As the 

negative pore pressures dissipate, the clay swells (dilates), 

and its'shear strength is reduced. 

The overall purpose of this investigation was to study 

the development of pore pressures in large soil models, which 

were prepared from kaolinite clay. The powdered clay was 

flocculated in a 0.1 Normal Sodium Chloride solution and sed

imented in a 4-ft diameter steel tank. After sedimentation, 

the clay was preloaded as in a consolidation test; the thick

ness of the clay model thus prepared was somewhat in excess 

of 24 inches. 

Pore pressure instrumentation consisted of fourteen 

probes and the associated measuring apparatus. An unusual 

feature of the system was that the probes were installed 

within the tank before the slurry was placed. In spite of 

the rather large size of the soil model, it was felt that 

post-installation of the probes would cause an unacceptable 

amount of disturbance of the model. 

Pore pressures were measured by manometer systems (one 

for each probe), wherein a head of mercury was used as a 

back·pressure to maintain a no-flow condition at the probeo 

All lines were saturated and pressure-tes·ted. to determine 

the expansion characteristics of the systems and. to check 

for deaeration. While details and techniques were consider

ably different, the principles were those usually employed 

in the measurement of pore pressures in triaxial testingo 



Additional instrumentation included provisions for the 

measurement of settlement of the loading plate, and surface 

heave outside the loaded area, the load for testing being 

applied through a concentrically-placed 10-in. diameter 

bearing plate. 

6 

Details ot instrumentation, sample preparation, and the 

conduct of the test, including preliminary pilot tests, are 

described in subsequent chapters. 

The results of the investigation were analyzed on two 

bases: State of Stress, and Bearing Capacity. The State of 

Stress analysis was possible because of earlier research work 

which had been done on samples of Sodium Kaolinite prepared 

in a like manner. Chapter II includes a summary of the re

sults pertinent to the analysis of the experimental work of 

this thesis. 



CHAPTER II 

A STATE OF STRESS ANALYSIS 

As mentioned in Chapter I, this work is a continuation 

of a comprehensive research investigation of the engineering 

properties of sedimented 0.1 N Sodium Kaolinite. The mater

ial (trade name: Hydrite PD-10) was obtained in powdered 

form from the Georgia Kaolin Company of Dry Branch, Georgia. 

Some physical properties of the clay are listed below. 

TABLE I 

PHYSICAL PROPERTIES OF 0.1 N SODIUM KAOLINITE 

Particle Shape Hexagonal flakes Grim, P• 108 
Particle Size: Breadth 0.,3 to 4µ 

Thickness 0.05 to 2.0µ Grim, p .. 108 

Specific Gravity 2.642 Grim, P• 217 
Specific Surface Area 15 m /g Grim, p. 311 
Liquid, Limit 70 percent 
Plastic Limit 33 percent 

7 
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Prior Experimental Work 

The consolidation and shear strength characteristics of 

the sedimented clay were determined by Ratzburg (1964) and 

Leitch (1964). All of their samples were prepared by sedi

mentation and preconsolidation in 2 ft long plastic cylind

ers, the preconsolidation being effected by a loaded porous 

piston. The preconsolidation pressure was, in all cases, 

a.bout 7 psi. 

For purposes of consolidation testing, the samples were 

prepared by direct sedimentation and preconsolidation into a 

standard consolidation ring (2t in. I.D.) which had been fit

ted to the base of a plastic cylinder of slightly larger in

side di ameter. 

For the shear-testing program, the samples were sedi

mented similarly, except that the consolidation ring was 

omi t t ed, and 1t in. LD. cylinders were used. After precon

solidat ion, three-, inch long samples were extruded and mounted 

in a triaxial chamber. Isotropically consolidated undrained 

t riaxi al tests with pore pressure measurements were perforrrBd 

on samples with vari ous overconsolidation r atios. 

An analys i s of t he data of the consolidation tests, 

which was representative of anisotropic loading, and the 

t riaxial t ests , representing isotropic consolidationj indi

cated that for a given average principal stress, the aniso- · 

trop i c condition y i elded lower moisture content (French, 

1967). Si.ne e t he induced pore pressures influenced the 

drainage , i.e., consolidation and hence the resulting mois-



ture content, it was considered necessary to study the pore 

pressure variations in some detail. 

Pore Pressure Analysis 

According to Skempton (1954), the pore pressure change 

in a soil system is given as follows: 

9 

Eq. l~t 

where, 6u = the induced pore pressure 

B = a pore pressure parameter, dependent upon the 

saturation of the system (B = 1 for a fully sat

urated system) 

6cr1 , 6cr 3 = the change in major and minor principal stresses, 

respectivelye 

A= a pore pressure parameter. 

For isotropic consolidation, 6cr1 = 6cr 3, and for a saturated 

soil B = 1. Thus, substituting in the equation: 

6u = 6cr 3 = 6cr1 

For anisotropic consolidation with no lateral strain, which 

is the condition imposed in standard consolidation testing, 

the ratio of the minor to major principal effective stresses 

is designated as the coefficient of earth pressure at rest~ 

k 0 = 6cr3/6cr1 o In the experimental work, the preloading of 

soil model was considered to have produced the k 0 conditiono 

Subsequently, the preload was removed so that the only re

maining effective stresses were due to the weight of the 

soil. The model test consisted of the incremental loading_ 

of a 10-i.n~ diameter surface footing, which had been placed 
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concentrically on the 4-ft. diameter soil model. 

The procedure may be represented on a typical soil ele

ment, as shown in Figure 1. Phases 1, 2, and 3 represent 

the preloading procedure used to prepare the soil model for 

the test. The overconsolidation ratio (OCR) is defined as 

the ratio of the maximum previous vertical effective stress 

to the presently existing vertical effective stress. Thus, 

- -according to the figure, OCR = __ P_ .. = _,E._ , 
p _ Ap o'Z· 

where pis 

is the maximum preload effective pressure,'(', the effective 

(submerged) unit weight of the clay, and Z the depth of over

burden at a point in question. Brooker (1965) has shown 

that the coefficient of earth pressure at rest, k0 , increases 

with the overconsolidation ratio and is a function of the 

effective angle of internal friction¢' (See Figure 2). 

Utilizing Brooker's general relationships of Fig. 2, it was 

possible to construct the k -OCR relationship (Figure 3) for 
0 

the Sodium Kaolinite. This plot is based upon Leitch 1 s de-

termination of c' = 1.3 psi and¢'= 25.9° for the effective-

stress, shear-strength parameters of the clay. 

The A Pore Pressure Parameter 

It has been reported by many investigators that the A

value is not a constant soil property. Lambe (1962) pre

sents a summary of factors affecting A, among which are the 

stress history, including overconsolidation and anisotropy; 

strain, and strain rate. Wu (1966) points out that the A-

value also depends upon the stress level. Values of A at 

failure are consistently reported to be lower in overconsol-
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Figure 1. Phase Loading of the Soil Model 
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idated test specimenso 

In order to predict pore pressure changes prior to fail

ure for a state-of-stress analysis, it is necessary to de

termine A-values for the stress levels and OCR-values of in

·terest.. Such A-values may be determined by running consoli

dated-undrained triaxial shear tests, with pore pressures 

measure during the application of the devi.ator stresseso 

Thus, comparing Eqo l:ol and phase 5 of Figure l:i A= 

6ua_/(6cr1-6o3), where (tio1-6o3) is the deviator stress, and 

6ud is the pore pressure induced by application of the devia

tor stress. 

Figure 4 is a plot of such data obtained.by Leitch 

(1964) on Sodium Kaolinite which was identical to the clay 

used in the model test. As noted, the data are for overcon

solidation ratios of 8 and 12. After initial preparation by 

sedimentation, the samples were mounted in a triaxial cham

ber, and consolidated isotropically in 10 psi increments to 

a predetermined effective stresso To produce a specified 

OCR, the samples were then unloaded (cell pressure reduced) 

in 10 .psi increments'to a final cell pressure of 10 psL 

Thus, for example, the sample with OCR= 12 was fully consol

idated at a maximum cell pressure of 120 psi, with subse

quent unloading to 10 psio Swelling was allowed. under the 

reduced pressure, whereupon the deviator stress was applied 

at a rate of 0.60 inches per houro Pore pressure and deYia

tor stress readings were recorded at pre-selected strain in

·tervals until 20% strain was reached. 
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The K Parameter 

As is suggested by phases 4 and 5 of Figure 1, the pore 

pressures developed during the load test will depend upon 

the K parameter, which is defined as the ratio between the 

effective stress change in a lateral direction and the ef

fective stress change (applied load) in the vertical direc

tion, i.e. K0 = · 603 (Bishop, 1954). For convenience of 
Ecr1 

presentation, it will be temporarily assumed that these di-

rections correspond to those .of the minor and major princi-

pal stresses, respectively. 

In the extreme condition of a soft ~oil, iee., a fluid, 

603 = 601 and K = 1. As the consistency increases, K de

creases, and attains a meaningful value' at K = k 0 which is 

the coefficient of earth pressure at rest. As the consist-

ency is further increased, K will continue to diminish, and 

probably assumes its minimum value at failure of ka' the co

efficient of active earth pressure which, as Bishop (1954) 

points out, corresponds to the stress ratio at failure in 

the triaxial test. It may be noted that the development of 

lateral pressure,changes is known to be dependent upon strain, 

so that the introduction of the K-parameter will reflect the 

effects of strain in addition to those of consistency, 

though certainly these parameters are themselves rel1;1tedo 

The Prediction Equation 

Reference to Figure 1 indiccj,tes that phases 4 and 5 may 

be analyzed separately for pore pressure changes, lrna and 



Aud, respectively, and the results added to yield the pore 

pressure change, L1u (after Skempton, 1954). 

Phase 4: The Isotropic Phase 

The increases in effective stresses, from Terza-

17 

ghi's fundamental relationship for total stresses, 

effective stresses and pore pressures, are: 

D.a1 = L1a 2 = l1a 3 = KD.a1 - L1ua• 

With Cc= the compressibility of the soil struc~ 

ture, the change in volume of the soil structure is 

D.Vc = -Cc V(KL1a1 - D.ua) 

where V = initial volume. 

With Cv = the compressibility of the fluid in the 

voids 

L1Vv = CvnVL1ua 

where n is the porosity, 

and D.Vv is the change i.n volume of the voids. 

Equating volume changesleads to 

D.u 1 a· 
BA KD.a1 

= Cvn = 
1 + a-c 

where BA is a pore pressure parameter for the ani= 

sotropic case (directly analogous to Skempton 1 s 

B-parameter)o For full saturation, the compressi

bility of the voids is negligible as compared to 

that of the soil structure, and BA= lo 

Thus, 
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Phase 5: The Deviator Phase 

The increases in effective stresses are 

60 2 = 603 = [O - 6ud] 

For an elastic material, the change in volume of 

the structure 

6Vc = -CcV l/3[6o1 (1-K) - 6ud + 2 (-6ud)J 

where the bracketed quantities are the changes in 

the 3 principal stresses. For the void space, the 

change in volume 

6Vv = -C~V6ud 

Equating volumes. leads·'.; to 

6ud = ___ 1 __ 
,., n vv 

1 + c
c 

0 1 
3 

or, 6ud =BA. 1 6cr1 (1-K) 
3 

As .Skemptonpoints out, the behavior of soils is 

not elastic, so the equation must be written em-

pirically as 

6ud = A 6o1 (l~k), 

with BA= 1, as before& 

Combining for both phases 

6u = 6u a + 6ud 

6u = K6o1 + A6o1 (1-K) 

6u = 601 [K + A - AK)] 

6u = 601 [K(l-A) + A] 

Equation 2o2 is considered to be 

Eq .. -, 2· .. 2 

the prediction equa-

tion. .:Inserting some typical values of A, at failure ( Skemp-
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ton, 1954) and suggested compatible values of K, affords a 

general analysis of the equation. 

(1) For a normally consolidated clay; A= 1, any Kvalue 

(2) For lightly overconsolidated clays; A= i, K = 0.2 

~ = Acr1[o.2(1-i) + i] ~ 0.6 6u 

(3) For overconsolidated clays; A= o, K = 0.4 

6u = llcr1[0.4(1-0) + o] -- 0.4 6u 

(4) For heavily overconsolidated clays; A= -i, K = Oo2 

~ = Acr1[0.2(1-[-i]) -i] = -0$2 Au 

It may be noted that for a heavily overconsolidated clay (A= 

-i), a K-value of les~ than 1/3 is required for the develop-

ment of negative pressures. 

The suggested K-values are arrived at on the basis that 

these values are deppndent on both consistency and strain. 

Since the K-values would be inversely related to both con-

sistency and strain, it is felt that either very high con-
--

sistency or very high strains would result in lower values 

of K. For soils of intermediate consistencies and corres-

ponding strains, the K-values would be somewhat higher. 

Bishop (1954) prf)sents some data indicating that the K.,.. 

value does diminish in the manner described (See Table II)o 

The soils listed were compacted earth fills for the embank-, 

ment of a dam and thus were not saturated (B = Oo8 for both 

soils). It may be noted that the clay~gravel, having a low-

er A-value, is the more heavily overconsolidated of the two 



TABLE II 

THE K-PARAMETER FOR TWO TYPICAL SOILS 

Soil 

Sandy clay 

Clay-gravel 

0.5 

0.4 

0.3 

0.25 

soils. Of import to this study is the fact that its Kf 

value, the K value at failure, is also lower. 

:20 

A 

It may be noted that the Eq. 2~2 suggests that the in

duced pore pressures will diminish at higher load levels, 

since these load levels will produce greater strains, thus 

reducing K, and hence, ~u. This behavior would be more pro

nounced for soft soils, since the strain increase would be 

greater than for stiffer soils. A further consideration of 

the effects of strain variation suggests that the tendency 

for the development of negative pore pressures in heavily 

overconsolidated soils is most pronounced at shallow depths 

outside of the loaded area. This observation is based upon 

two facts~ First, in such areas the planes of principal 

stresses are rotated such that the minor induced principal 

stresses are almost vertical. Secondly, the only effective 

stress which resists vertical heave is the weight of the 

soil. At shallow depths, then, the strain will be great, K 

will be near minimum, and for a given negative A-value for a 



heavily overconsolidated soil, the nnegative coefficient" of 

6cr1 in the prediction equatipn will be a maximum. An exam

ple of what would probably be the most extreme case would be 

K = 0.15 and A= -0.5. Whence 6u = -0.275 6cr1 • It should 

be noted, however, that 6cr1 would be quite small in relation 

to the contact pressure at the footing. 

An Important Limitation of the Prediction Equation 

The preceding sections imply that the prediction equa

tion is applicable to all soils. While there appears to be 

no theoretical justification for excluding certain soils, it 

seems intuitive that clay soils of low consistency, i.e., 

soft clays, should not be analyzed for pore pressure develop

ment by the use of the prediction equation, at least not 

without modification. 

Perhaps a distinction should also be made between a 

clay with a high overconsolidation ratio and a firm, stiff, 

or hard clay; the two are not necessarily synonymous. That 

is to say, a clay with a very high overconsolidation ratio 

may be quii'e soft, even though a high OCR is generally sug

gestive of higher consistency. The ;_ seeming · anomaly is ex

plained on the basis of the definition of OCR= pc/p0 • As 

in the model tested in this study, Pc may be quite low, at 

least with respect to effecting a consolidation to the higber 

ratings of consistency or shear strength. With Pc almost 

totally removed, the remaining effective pressure may be 

minute. The result would be a soft clay with a high over-
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consolidation ratio. It is further thought that the undis

persed structure of such a soft clay would not tend to favor 

the development of negative pore pressures, which are usually 

-as"s-offiaj;ed with stiff er clays of dispersed structure. 

Thus, it is suggested that the prediction equation be 

limited to the analysis of clays of relatively high consist

ency. It is likely that softer clays would react essentially 

like a normally consolidated clay, irrespective of the magni

tude of overconsolidation ratio. 

Stress Distribution: 6cr1 

The stresses induced in the soil model by the loading 

of the 10-in. diameter loading block were calculated for 

eleven probe locations within the soil model, using stress 

distribution theory and the published data of Jurgensen 

(1934). .. ,,_ The.,. v.ertical'. positioning 6:£' - the. probes 

was largely based upon this analysis. The theoretical de

tails, including the preparation of special graphs, are in

cluded in Chapter III: Instrumentation and Preparation of 

the Soil Model. The results are shown in Table III. 



TABLE III 

MAJOR PRINCIPAL TOTAL STRESS INCREMENTS AT PROBES, aal, IN. HG • 

Influence value aai • 0103 ~0299 00427 02005 01687 .1245 .6715 .2780 .1423 .0835 .0695 

Load Contact PROBES 
Increment Pre£sure, p Al A2 A3 Bl B2 B3 C2 C4 C5 c6 Dl 

-
(psi)(in. Hg.) aal' inches of mercury 

1 1.76 J.61 .04 .11 .15 .72 .61 .45 2.4 1.00 e O 51 • 30 • 25 
2 4.45 9.13 .09 .27 .39 1.83 1.54 1.._14 6.1 2.54 1..30 .76 .63 

3 6.45 13.2 .14 .40 .56 2.65 2 .. 23 1.65 8.9 3.67 1.80 1.10 .92 
4 8.45 17.3 .18 .52 .74 3 .. 47 2.92 2.16 11.6 4.81 2.46 1.44 1.20 

5 10.4 21.3 • 22 .64 .91 4.27 3.60 2.65 14.3 5. 9 2 . .3. 03 1. 78 1.48 
6 12 .. 4 25.4 • 26 .76 1.08 5.10 4.30 3.17 17.1 1.06 -.3.62 2.12 1.76 

7 14.5 29.8 .31 .89 1.27 5.98 5.03 3.72 20.0 8.29 4.25 2.49 2.07 
8 16.5 33.8 .35 1.01 1.44 6077 5.70 4.21 22.7 9.40 4.82 2.83 2.35 
9 18.5 37.9 .,39 1.13 1.62 7.60 6.40 4.72 25.4 10.5 5.40 3.17 2.63 

-
(~a1 = p xaai), where pis the contact pressure, aai is the influence value from stress 

distribution theory (after Jurgensen). 

!\) 

\..0 



CHAPTER III 

INSTRUlVIENTATION AND PREPARATION OF THE 

SOIL MODEL 

Since the measurement of pore pressure was to be the 

most important aspect of the experimental work, it was par

ticularly necessary to design a probe and the associated in

strumentation which would respond accurately to pore pres

sures developed within the soil model. Because of· the l.arge 

size of the model and the extensive instrumentation, it was 

considered prudent to test all critical equipment on a small

scale, pilot basis before proceedin~ with the construction 

of the model. 

As with most laboratory pore pressure measurementsll 

e.g., in triaxial testing, it was required that some type of 

no-flow system be employed in order to minimize time lag ana. 

pressure drop across the probe. Since the probes were to be 

pre-installed, with subsequent sedimentation and pre-consol

idation of the clay, a very critical and practical require

ment was that the probes would function as intended. Thus 9 

the possibility of clogging had to be investigated .. 

24 
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The Pore Pressure Manometry System: 

Design and Pilot Test 

The basic requirements of a pore pressure measuring sys= 

tem may be best illustrated by a simple schematic (Figure 5) 0 

SATURATED CLAY { PORE PRESSURE= u) 

POROUS PROBE 
BOURDON GAUGE 

. WATER THROUGH SYSTEM 

MERCURY -- -1\IULL LEVEL 

Figure 5. Pore Pressure Measurement 

BACK 
PRESSURE 
DEVICE 

If a load increment is applied to the satu.rated clay il e o go~ 

the deviator stress in a triaxial test, and the entire sys-

·tem .shown is filled with deaired watert then. the response 

in the mercury-filled U-tube would be reflected. in a rise of 

the mercury above the null level .. If a back pressure is ap-

plied to maintain null, i.e .. , to prevent volume change or 

maintain a no-flow condition, then the reading of the pore 

·pressure can be taken at the Bourdon gauge. 

While simple in principle, the problems attendant to 

the development of such a system were manifold and complexo 
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Principal among these problems were (a) the preparation and 

introduction of deaired water throughout the system, (b) the 

selection of fittings and valves to insure the reliability 

of the system under the range of anticipated pressures, (c) 

the determination of the expansion characteristics of the 

system under these pressures, (d) the design of a probe which 

would function properly, and (e) the precise method of mea

surement (Bourdon gauge?) and method of supplying back pres-

sure to maintain null. 

Consideration of all of these problems led to the devel-

opment, after considerable revision, of the system shown 

schematically in Figure 6. The system is composed of the 

following lines and components: 

OM -

HL -

LF -

1 . 
4 in. O.D. copper tubing. The water in the high 

head tank is brought to a vigorous boil to drive 

off all gases. The top of the tank is equipped 

with a loosely-fitting cap to contain saturated 

steam above the boiling water, thus effectively 

preventing reabsorption of gases into the watero 

After approximately one hour of boiling~ a connec

tion is made with a flexible plastic tube between 

points M and H, the valve in the OM line is opened~ 

and flushing of the entire system commenceso 

1 . 
4 in. 

at K. 

1 • 
4 ino 

O.D. copper tubing, with a high-duty valve 

O.C. rigid plastic tubing with a serrated 

plastic tee-connection at F. To insure the rigid= 



High head tank with loosely-fitting cap to contain saturated steam 
during boiling and flushing. 

Hot plate 

Copper tubing 

Cooling tank 

( Connect to H with 
plastic tubing for 
flushing of the system} 

Mercury 

H 

K 
L 

4 1 high plywood manometer board, ruled 
every l/2 inch. 

D 

-N 
E 

~F 

4 1 diameter steel tank 

Tailwater 

Soil Model 

A (Probe. One of fourteen.) 

· Deaired water 
Copper 

Figure 6. Sohemati:c of the P@re Pressure Measuring System 

I\.) 

-..'.! 



ity of this connection, the splices were reinforced 

by an epoxy bond. This section was curved upward 

and partially filled with mercury in order to pro

vide a seal against hydraulic instability at the 

tee-connection. 

G - Mercury pot, the back pressure source. The height 

of the pot was adjustable via a pulley arrangemento 

GE - i in. O.D. flexible plastic tubingo 

ED - The null section, a 3/4 in. O.D., 1/16 in. I.D. 

rigid plastic cylinder; length, approximately 6 in. 

DC - 1/8 in. O.D. copper tubing. 

C - High-duty valve. 

CB - i in. OoD. copper tubingv wi·th a compression nut 

straight-through connection at B, the bottom of 

the tank. 

A - The pore pressure probe, one of fourteen. 

After initial flushing had filled the entire system with 

deaired water 9 mercury was inserted into the pot 9 with valves 

Kand C closed.. The mercury was stirred gently to insure 

separation of any entrapped water, whereupon Valve K was 

cracked to allow the mercury to flow into line GF to a point 

somewhat below the tee-connection at Fo Flushing was then 

resumed. During this phase of the flushing, the inverted-U 

section of the manometry system, i.e., F to C9 was temporar

ily removed from the board, and all trouble spo·ts were manip

ulated to effect the dislo!iging of air bubbles. Trouble 

spots were, in general, all valves and connections, and the 
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high spot of the inverted u, where any air tended to accumu

late. The most troublesome points were the threaded plastic 

connections of the null section (at D and E). Since these 

points were readily visible, it was a simple matter to con

tinue the manipulation until all bubbles were dislodged and 

flushed out of the lines. When all visible air had been ex

cluded., the apparatus was remounted on the board as shown in 

Figure 6, fmd additional flushing was allowed; Valves Kand 

C were alternately opened and closed to clear any remanent 

air. Valves Kand C were then closed. The mercury pot was 

adjusted to what would later become the static level 1 that 

is, a level such that the subsequent opening of Valve C 

would bring the mercury level to some point within the null 

section, designated as Non the figure. To attain this con

dition, Valve K was cracked to allow the mercury to flow in

to the branch section; FL. Valve K was closed and valve C 

was then opened to allow the mercury to flow up to the null 

level, No When the mercury had thus stabilized at this 

point, valve C was closed. The system was th.en ready for 

pressure testi.ngo 

The pressure test of the system was accomplished as 

follows: The mercury pot was raised to its maximum. level 9 

corresponding to about 11 psi 9 with valve C closed. The ex

pansion of the system, and the extent to which the water in 

the system had been deaired, was reflected in the rise of 

the mercury at the null level. No movement indicated a n:per

fect" system. If the change of the null level proved to be 



relatively small, calibration data could be obtained for 

later use for the testing of the modelo 

The results of two such pilot tests of the system are 

shown in Table IVo Explanatory comments are as follows: 

System JUL 

30 

(1) Reading noo 1 is the static condition, as described 

previously .. 

(2) Reading noo 2 reflects the response of the system 

to the raising of the mercury pot to its maximum height of 

47 inches; this corresponds to a line pressure of about 11 

psi (47-25.2 = 2108 in .. Hg)e Note that the immediate re

sponse of the null level was only 0.2 ino (24025-24.05)@ 

This small volume change of approximately 000006 cue i.no was 

considered to be due largely to the expansion of the system 

under pressureo 

( 3) The subsequent st;ability of the null level~ with 

only relatively minor fluctuations (Readings 3-18), indicated 

that the system was tight, with no leaks at valves or oon

nectionsv and that the flushing techniques employed had been 

effact~ve in saturating the system with deaired wa~er. 

(4) Subsequent testing (data not included) involved 

the incremental unloading of the system to 8, 59 and O psi~ 

respectively, with a set of null readings being taken for 

each reduced pressure. The en.ti.re loading and re-loading 

cycle was then repeated for purposes of checki.ng replication 

performance. The entire test extended over a period of about 
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TABLE IV 

PILOT TESTS OF THE MANOMETRY SYSTEM 

sistem A1L 
~ 

Reading No. Time Null Reading, In. Pot Setting, In. 

1 1424:30 24.05 25.2 (Static condition) 
2 1425 24~25 47 
3 1427 24.2 II 

4 1428 24.15 JI 

5 1430 24.1 II 

6 1435 24.05 II 

7 1440 24.0 fl 

8 1445 24.0 II 

9 1455 24.0 II 

10 1500 24.0 II 

11 1515 24.0 II 

12 1530 23.95(+) II 

13 1545 23.95 fl 

14 1600 23.95 " 
15 1615 23.95 II 

16 1630 23.95 II 

17 1645 23.95 II 

18 1700 23.95 II 

System B1L 

19 1520 22.95 24.15 ($ta.tic c o~di-tio.n) 
20 25.3 35 

NO GOOD - Repeat flushing and maniiulation. 
21 1553 22 .. 25 23.5 (Static condition) 
22 1555. 22.8 47.2 
23 1600 22.9 Ii 

24 1606 22.9 II 

25 1610 II II 

26 1620 II ll 

27 1630 II II 

28 1640 II II 

29 1650 JI .. 
30 1700 " II 

31 1720 II II 

32 1740 22.9(+) fl 

33 1800 22.95 II 

34 1920 22.95 fl 

35 2205 23.15 II 

36 2207 22.8 23.5 (Static condition1 
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two days. The results were quite satisfactory. 

System B1L 

(1) Readings 19 and 20 represent what may be termed a 

false start. As the pot was raised from the static condi

tion, it was noted that the mercury climbed rapidly in the 

null section from 22.95 to 25.3; this occurred with a pot 

setting of 35. It was concluded that the line still con

tained appreciable amounts of entrapped air, assuming there 

were no leaks. Thus,· as noted in the interruption of the 

data, the system was re-flushed, and the pressure-test re

sumed (Reading no. 21). 

(2) As can be seen by subsequent readings, the second 

flushing was effective. Although the immediate response at 

the null (Readings 21 and 22) was in excess of that for Sys

tem A1L (0,55 in. as compared to 0.2 in.), the fact that the 

system stabilized was considered most significant to the 

test. 

It was concluded from the results of these final pilot 

tests that the pore pressure measurement system, as shown in 

its final design in Figure 6, would be acceptable for its 

intended purpose. The design and procedures for flushing 

and pressure testing were duplicated for all systems. Pres

sure-test data for the systems are shown in a succeeding sec

tion of this chapter: Calibration of All Systems .. Photo

graphs of the apparatus are shown in Figure 7. 



Upper left: 
Upper r ight: 

Lower lef t: 

Lower r ight: 

F i gure 7 . 

General v i ew of th~ l e f t manometer board . 
Flush i ng procedure. ( Mer cury is be low 
tee-connection). 

Pressure test . Null level a nd mercury pot 
are cir cled . 
Close-up of null level dur i ng pressure tes t. 

Photographs of the Manometr y Appar atus . 
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The Pore Pressure Probe 

Of parallel importance to the investigation was the de

velopment of a reliable probe for the measurement of pore 

pressure. Since the probes were to be pre-installed, it was 

considered necessary-to design and test a probe on a small.;..• 

scale, pilot basis to insure, (1) that the sedimentation of 

the clay would not clog the probe, and (2) that the response 

of the entire measuring system would be acceptableo 

Design ~ Pilot ~ _.£!. .the Probe 

A search of the literature revealed that there did not 

seem to be any rational basis upon which to choose a probe 

for a given application, nor could any experimental data be 

found which might be of some aid to such a choiceo 

Various types of probes were considered and rejected 

for one reason or anothero It had been hoped, for examplev 

to use ceramic probes, since it has been reported, most not

ably in Bureau of Reclamation publ.icationsp that these types 

of probes were generally superior to porous-stone typesv par·= 

ticularly in their response to negative pore pressureso With 

this in mi.nd 9 ceramic probes of four different porosities 

were obtained for the purpose of pi.lot-testing0 However 9 be .. -

fore any ·testing was done, it was decided that their use 

would not be feasible. The commercially available probes 

were larger than was considered desirable •. The principal 

reason for their rejection, however 9 was that they were 

rather fragile and could not readily be connected firmly to 

the copper lines of the system. In view of these defici.en-
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cies, it was decided to fabricate a smaller, more substan-

tial probe and test it on a pilot basis i.n conjunction with 

the proven manometry systemo 

The probe finally adopted consisted of 1/8-ino O.Do 

brass tubej li in. long, with 3/4 in. longitudinal slots cut 

on both sides. Inserted in the tube was tightly-rolled #325 

stainless steel mesh (wire cloth) o The portion of the ex=, 

posed mesh at the slots served as the porous element of the 

probeo It was found by trial that a 3/4 ino wide~ lino 

long piece of mesh could be rolled into a tight cylinder 

which would fit snugly into the brass tube sleeveo One end 

of the tube was then closed by silver soldering; the other 

end was silver soldered to the end of the i in" copper tu.be 

at the predetermined location within the steel tank (See 

Figure 6,, point A). 

The method used to test the probe was identical in all 

respects to that planned for the final model test~ with the 

exception that the soil was prepared in a 6 ino diameter 

plastic tube" The system is shown in Figure 8. The signif-

i.oant steps in the test were as follows: 

(1) All lines, including the probe, were installed and 

connected to the manometer systemy as shown on the 

schematic. 

(2) The plastic tu.be was mounted and firmly bolted·to 
' 

the plastic base, the tube was filled with tap 

waterj and the periphery at the bottom checked :for 

leakso 



Porous piston 

Valve 

Plastic base 
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Loading platform 

Saturated clay 

Probe 

Valve C 

Water line · to 
~"-===. ====U=~~= manometer system 

Return flow line Base drainage valve 

Figure 8. Pilot Test of the Porous Probe 
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(3) The entire system was flushed with deaired water, 

Valves Band Copen. (Valve C is identical to 

that shown i;n Fig. 6.) 

(4) Valves Band C were closed, and the system was 
". "~: ' . 

pressure-tested betwee,n, Valve -c and the null sec-

tion; steps 3 and, 4',were r'epeated until the pres-
. '--(. \ ·:..,i~· ~- ·.. t. . 

sure test indicate/! l;3u'ccessful deaeration. Data 
• "'"~? • 

for this test are shoffll in Table V. 

(5) Water was removed from the tube to a level some .... 

what above the probe; sufficient NaCl was added to 

attain a 0.1 N salt concentration. 

(6) The tube was filled with a clay slurry consisting 

of 0.1 N salt solution and sufficient clay solids 

to yield a final height of consolidated clay above 

the level of the probe and the associated tubing, 

(7) 

as shown in the schematic. The moisture content 

of the slurry was 409%. 

Sedimentation was allowed, with base drainage, for 

approximately one week, whereupon a graded sand 

filter was added by sedimentation. The purpose of 

this sand filter was two-fold. First, it provided 

a very light pressure to initiate the consolidation 

of the sedimented slurry, which was of a very soft 

consistency. Secondly, the filter acted subse

quently as a fairly effective means of preventing 

excessive extrusion of the clay between the piston 

and the walls of the tube. The initial loading of 

<' 



the sedimented slurry was, in general, a very del

icate operationo In fact, in the very early re

search work on this clay, one investigator had the 

frustrating experience of observing the loading 

piston sink virtually to the bottom of the contain

er, as the clay was squeezed upward around the pis

tono For this test, the piston was introduced to 

the tube by means of a counter-weighted pulley 

arrangement, wherein the counter-weights were suc

cessively removed periodically so as to give ade

quate control of extrusion du.ring the initial con

solidation. Once the piston was seated successful

ly it was found that loading could safely continue 

by adding five-pound weights (about 1/6 psi on the 

30 sqo ino area) and then doubling subsequent loads~ 

with sufficient tiL1e intervals for at least par

tial. consolidation under the given incremento In 

this manner, the clay was loaded to approximately 

3 psi. 

(8) The pilot test results are given in Table Vo The 

first set of data (Readings 1-7, inclo) represents 

a successful pressure test of the system under a 

pressure of approximately 7 psi (3704-2300 = 14o4 

ino Hg), as indicated by the stability of the null 

section. At 1431 (Reading 7), the pot was lowered 

to 2307, and slurry was added~ as notedo Subse

quently, the clay was sedimented and consolidated 
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TABLE V 

PILOT TEST OF THE POROUS PROBE 

Reading Time Pot Null Comments 
Setting, in. 

2/18/67 23.0 24.4 Static condition 
1 1315 37.4 24.5 Pressure 
2 1.316 II 24.35 test 

3 1320 It 24.35 of 

4 1330 " 24.3 system 

5 1400 II 24.3 
6 1430 "24.3 
7 1431 23.7 24.3 Slurry added 

Sedimentation and cansoliaation to 3 psi, Valve A closed 

3/1/67 
8 1600 23.6 2308 Settlement~ inn 

9 1620-1625 25-28 23.8 3 psi added at 
10 1633 28.6 23.8 1620 hours; 

Valve A opened. 
11 1959 28.5 23.8 4/32 
12 1900 27.8 23.8 11/32 

13 2100 26.8 23.8 17/32 
3/2/67 

14 1000 22.7 23.8 31/32 
1135 22.7 23.8 21/32(+) 

---
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under a pressure of 3 psi. Reading 8 was taken 

after settlement readings indicated that consoli

dation was virtually complete; the 0.6 in. Hg pres

sure (23.6-23.0) being a slight residual pore pres

sure caused by the 3 psi loading. At this point, 

the test of the probe was initia~edo At 1620 

(Reading 9), a load representing an increment of 3 

psi was added. The response of the system, parti-. 

cularly as represented by the data of Reading 9, 

is e;x:plained as follows: In the time interval, 

l620-1625, the pot had to be slowly and continu

ously adjusted upward (25-28) to maintain the null 

level at 23.8. This reaction was apparently 

caused by the effects of side friction in the tube, 

particrQarly the friction developed between the pis

ton and the walls of the tube th1~ough the mixture 

of slurry and sand. which had been unavoidably ex

truded during the initial loadingo Thus, the test

load increment of 3 psi (approximately 6 11 of Hg) 

was,. ini ti.ally, partially resisted by wall friction 

rather than the pore water in the saturated clayo 

Immediately/after loading, during the time interval 

1620-1625, the friction dissipated, with the pres

sure being transferred to the saturated clay. 

This type of reaction was anticipated. That is to 

say, if the system was frictionless, one would ex

pect an immediate reading of 29.6 for the pot set~ 
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ting (,23.6 + 6.0) to balance null. Since some un

known amount of side friction would, in fact, be 

developed, it follows that the immediate reaction 

should indicate some pore pressure less than 611 of 

Hg. Also, the subsequent maximum reading, as rep

resented by Reading 10, should be somewhat less 

than 29.6, since some consolidation would already 

have occurred, and there would still exist some 

lesser amount of side friction. In summary, it 

was anticipated that no precise, quantitative check 

of the performance of the probe would be possible 

with the equipment employed. However 9 the quali

tative or semi-quantitative results were interpre

ted as being quite favorable. Of considerable im

portance is the fact that side friction in the 

final model would not be an inhibiting factor in 

the proper quantitative interpretation of the re

sults, since the loading would be concentrically 

applied via a 10 in. diameter block on a 4 ft. di= 

ameter soil model. 

One of the most significant aspects of this 

pilot test was the fact that no flushing was em

ployed after preconsolidation of the sample •. On 

the basis of this determination, the decision was 

made to eliminate the return flow lines in the 

final test model. If the response in the pi.lot 

test had been unfavorable, the probe would have 



42 

been flushed using the return flow line, and then 

re-tested with another load increment. Had flush

ing been required, the undesirable effects of the 

use of return flow lines would have included, (a) 

twice as many copper lines in the soil model, and 

(b) the possible serious disturbance by flushing 

of the very quantity to be subsequently measured, 

the pore pressureo 

Location~~ Probes: Stress Distribution 

The arrangement of the probes in plan was decided on 

the basis of attaining symmetry of the overall design. Since 

the tank is circular in cross section, it was logical to em

ploy a circular footi~g for loading purposes and to arrange 

the probes in a similar manner, Figure 9 illustrates the 

plan. 

The vertical location of the probes was based upon a 

s h·ess distribution analysis employing the published data of 

J\.1..rgensen (1934). These data are reproduced as Table VIo 

The data shown are influence values for stresses beneath a 

circular loaded area, and are interpreted as indicated in 

the sketch of Figure 12. The data may be used for a three

dimensiona1 stress analysis .. However, as is pointed out by 

Jurgensen~ the maximum shear stress acts in a radial plane. 

Thus, for purposes of simplicity, the analysis was treated 

as a planar (z, r) problem. 

The Mohr Circle of plane stress is as shown in Figure 

10.· Additional nomenclature, other than Jurgensen 1 s data 9 
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TABLE VI 

INFLUENCE VALUES FOR STRESSES BENEATH A CIRCULAR 
UNIFORM LOAD (AFTER JURGENSEN AND CAROTHERS) 

~ nr ne nz 8rz 

R=O. -.9500 -.9500 -1.0000 0 

R=2/3a 

00 -.2310 -.2310 -.7904 0 
30 -.2548 -.2625 .... 8376 -.0637 
45 -.3344 -.3243 -.8585 -.0529 
60 -.4129 -.4252 -.9062 -.0500 
80 -.6910 -.7213 -.9910 -.0270 
85 -.8134 -.8324 -.9991 -.0071 
90 -.9500 -.9500 -1.0000 0 

R::a 

0 - .. 1016 -.1016 .... 6466 0 
30 -·.1406 -.1121 - .. 6283 -.1364 
45 -.1903 -.1409 -.6064 -.1980 
60 - .. 2607 -.1879 -.5769 -.2533 
75 -03516 -.2676 - .. 5406 -.2996 
80 -.3852 -.3201 - .. 5272 -.3075 
85 ..... 4194 -~3935 - .. 5127 - .. 3136 
90 :...,.4500 -.5000 -.5000 -.3162 

R= \[2.'a 

0 -.0265 -.0265 - .. 4810 0 
30 -.0944 -.0430 -.3979 -.1306 
45 - .. 1337 -.0470 - .. .3442 - .. 1599 
60 -. 2144 - .. 0533 - .. 2117 -.1906 
75 - .. 2138 -.0498 -.0694 -.1112 
80 - .. 1564 -.0435 -.0384 -.0579 
85 -.0732 -.0348 - .. 0164 -.0160 
90 +.0250 -·· 0250 0 0 

R=2a 

0 -.0119 -.0113 -.2825 0 
30 -.0538 -.0118 -.2234 -.1015 
45 -.0904 -.0128 -.1583 -.1200 
75 - .. 0932 -.0133 -00200 - .. 0373 
80 -.0660 -.0129 - .. 0037 -.0181 
85 - .. 0257 -.0186 -.0013 -.0047 
90 +.0125 -.0125 0 0 
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s 

-.280 
-.298 
-.267 
-.252 
-.,152 
-.093 
- .. 025 

-.273 
-.280 
- .. 287 
-.,287 
-.314 
-0316 
-.317 
-.317 

- .. 227 
-.200 
- .. 192 
- .. 191 
- .. 133 
-.,083 
- .. 03.3 
- .. 013 

- .. 135 
-0132 
- .. 125 
- .. 052 
- .. 035 
- .. 012 
..... 006 



00 
30 
45 
60 
75 
80 
85 
90 

0 
30 
45 
60 
75 
80 
85 
90 

R=3a 

R=4a 

-.0013 
-.0273 
-.0482 
-.0575 
- .. 0361 
- .. 0241 
-.0090 
+.0055 

- .. 0008 
-~0160 
-.0317 
-.0327 
-.0203 
-.0136 
-00052 
+.0031 

TABLE VI (Continued) 

-.0013 
-.0013 
-.0024 
-.0031 
-.0044 
-.0046 
-.0051 
-.0055 

0 
-.0002 
-.0005 
-.0011 
-.0020 
-.0023 
-.0027 
.... 0031 

-.1463 
-.1052 
-.0643 
-.0256 
.;..0038 
-.0018 

0 
0 

-.0863 
-.0603 
-.0313 
-.0192 · 
-.0017 
-.0002 
-.0001 

0 

0 
-.0534 
-.0560 
-.0388 
-.0128 
-.0065 
-.0015 

0 

0 
-.0325 
-.0324 
-.0202 
- .. 0067 
-.0031 
-.0008 

0 

45 

- .. 073 
- .. 066 
-.057 
-.043 
-.022 
-.012 
-.005 
-.003 

- .. 043 
-.040 
-.032 
-.021 
-.011 
-.007 
-.003 
-.002 

Note: The signs shown herein were taken from the orig-
. inal paper, cited by Jurgensen: Carothers, s. D., Elastic 
Equivalence of Staticall¥ Equipollent Loads, Proceedings of 
the International Mathematical Congress, Vol. 11, Toronto 
Unive:siti Press,.p. 518. (The negative signs indicate com-
pression.) . 
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-- Plane CE (plane of 
maximum shear stress) 

{ Plane AB (see 
element below) 
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'-Plane CD ( major 
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Figure 10 .. Mohr Circle of Plane Stress 
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is as follows: 

C'l' the major principal stress 

C13' the minor principal stress 

S, the ma;x:imum shear stress 

np, the normal stress on the plane of maximum shear 

stress 

13, the angle between the horizontal and the major. 

principal plane 

RM, the radius of Mohr's Circle 

From the geometry of the circle, 

Tan 213 = 2 srz 
n -n z r 

RM :;: 8rz 
Sin 213 

C'l = nz + nr + 
2 

(j3 =n ·z + nr -
2 

RlVl 

RM 

Eq. 3 .. 1 

Eq. 3. 2 

Eq. 3.3 

The application of the foregoing analysis can best be 

explained by reference to a cross section of the soil model, 

Figure 11. Shown on the figure, which is drawn to scale, is 

the lower 3 foot section of the tank containing the soil 

modelo Elevation zero is taken as the top of the tank. As 

can be seen, the plan was to prepare a soil model 27 inches 

thick (after sedimentation and preconsolidation) with the 

top of the model at elevation -9; shown also at this level 

i.s the 10 inch diameter footing. Within the cross section 

of the soil are plotted semi-circles of radii which are func-



0 

-5 

-10 

I I 
Cl) 

.:!:: u, 
-15 

c G) 

0 .c 
u D .E .:JC. 

.5 
.,, 
Cl) 

-20 -D c .,, 
0 

0 .:: 
D u, 
> c 
Q) 0 w -25 u 

Q) 
~ c. .,, 
Cl) --301-
D 
~ 
:::, -c 

en 

I I 
-35 

El.o = Top edge of tank 

El. -9 = Top of soil 
model • 20 = 10" Loading_ block • 20 = 10" 

A D B 
L _ •1• a= 5 11 .lsee note 2 below 

I. • Designates pore pressure probes. 

El. -36 = Top of Ottawa sand base 

2. Circles designated thus (--) are repor
ted failure surfaces, by Meyerhof. 

Figure 11. Cross Section of the Soil M0del 
~ 
co 



49 

tions of the radius of the loaded area (R = 2/3 a, a, ••• 

4a). The eccentric semi-circles emanating· fromthe right and 

left edges of the footing (shown dotted) designate the ap

proximate failure surface of such a footing, af;l reported by 

Meyerhof (1950-51). 

The vertical locations of the probes were decided on 

the basis of these criteria. A comparison of the figure 

with Jurgensen's data (Table VI) illustrates the reasoning 

b$hind the plotting of the series of concentric semi-circles. 

This procedure enabled some of the probes to be located at 

points which would eliminate interpolation of the tabulated 

data, e.g., the locations of Probes C2 to C6. Cl was elim

inated as being too close to the bottom of the footing. 

Other probes were eliminated on the basis of their being so 

far removed from the location of the footing that the stress

es imposed would be negligible. Jurgensen's data indicate 

that all stresses of any significant magnitude occur within 

a radius of R = 4a. Thus, with additional reference to Fig

ure 9, Probes A4, A5p A6, B5, and B6 were eliminated. With 

Cl also eliminated, the number of probes remaining in the 

design was fourteen. Of these, some were plotted along the 

Meyerhof semi-circle, notably D2, B2, and C4, as shown. 

Since it was not possible to position all probes at 

points corresponding to Jurgensen•s tabulated data, and since 

the precise elevation of the top of the soil model could 

probably not be attained, it was recognized that some inter

polation of the data would be necessary. The error involved 
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in linear interpolation was investigated cursorily by plotting 

some of the data. ';rhe' conclusion.was th.at the' amount of 

error could be considerable, depending upon the specific area 

of interpolation. Thus, a full plot was made of the data. 

Inspection of Equation 3.1 through 3.4, and the soil cross 

section, Figure 11, indicated that the most useful plots 

would beOl.ve~sus, respectively, the three stress influence 

values, Srz' nz, and nr. To achieve this, it was necessary 

to construct intermediate plots of R(a) versus the influence 

values directly from Jurgensen•s data. With these graphs it 

was then possible to construct the more useful sets of 

curves, presented as Figures 12, 13, 14, and 15. From these 

curves and Equations 3.1 through 3.4, the comple~e state of 

total stress could then be determined in a straightforward 

·manner for any point. That is, summarizing, the angle Cl('.. 

could be determined from the actual position of any probe 

(See Figure 11), the stress influence values could then be 

read from the curves, and, finally, the complete state of 

stress could be calculated by the use of Equations 3.1 

through 3o4. 

Calibration of All Systems 

After the successful completion of the pilot tests on 

both the manometry system and the response of the pore pres

sure probe, the other systems were constructed and pressure 

tested. The first step in this sequence of operations was 

·to cut the i in. copper tubes within the tank to elevations 
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such that the center of the subsequently mounted probes 

would be properly located, as in Figure 11. These locations 

are surrunarized in Table VII. After this was done, the 

probes were mounted and soldered in place. All lines were 

then flushed to insure that the soldering operations had not 

sealed the line, either by a complete blockage or by fusing 

the mesh within the J;lrobe. This precaution proved to be im

portant as three of the probes had been completely blocked 

by the flowing solder. These were removed and replaced suc

cessfully. Finally, all lines within the tank were careful]y 

plumbed into the horizontal positions shown in Figure g. 

A 0.1 N NaCl solution was then introduced into the tank 

to Elevation -9, the planned surface of the soil model. This 

solution and all subsequent slurry solutions were mixed in a 

55 gal. drum and fed into the. tank by gravity flow. Thus, 

all probes were submerged beneq1,th a tailwater elevation 

which would exist at the conclusion of the preparation of 

the soil model .. 

The next major step was the flushing and pressure-test

ing of all systems preparatory to the construction of the 

soil model itself. Before proceeding with final calibration 

tests 9 all systems were invest1gated as follows: The: J.,ines 

were quickly flushed with tap water, with no particular at

tention being paid to complete deaeration. All systems were 

then pressure-tested for the purpose of discovering leaks at 

the various connections between Valves Kand C (See Figure 

6). Many problems were encountered during this phase: loose 
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TABLE VII'. 

VERTICAL LOCATION OF PROBES 

Probe Elevation of Probe Cut-off of Copper 
Center, as scaled Tubing (approx .. 
from Figure 11. 7/8 11 below El. of 

(in.) Probe Center). 

Al -11.0 -11.88 

A2 -14.0 -14.88 

A3 -17.6 -18.88 

Dl -12 .. 0 -12.88 

D2 -16.0 -16.88 

Bl -13.2 .... 14.08 

B2 -18.0 -18 .. 88 

B3 -21.0 -21.88 

B4 -27.0 -27.88 

C2 -13.0 -13 .. 88 

C3 -15 .. 4 -16 .. 38 

C4 -18.5 -19.38 

C5 -23.7 -24. 58 

C6 -28.8 -29.68 

Note: Elevation O is taken as the top of the lower 3 
ft tank section, see Figure 11. 
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connections; a few bad valves; small cracks in the ends of 

the plastic null section which caused leaking under pressure; 

partial clogging of several lines, apparently caused by cos

moline packing grease in the valves; etc. The problems were 

all eventually corrected before proceeding with careful de

aeration aJ;1d pressure-testing. 

The flushing and testing procedures were described in 

detail in a preceding section and will not be repeated ex

cept .for the description of two modificat"ions which proved 

to be very effective., First, the high-head tank for boiling 

water was installed in the room above (See Figure 6). A 

small hole in the floor permitted the flushing to be accom

plished through a plastic line (M to H, Figure 6). The sec

ond modification was the provision of an ice bath in the 

cooling tank. It was realized that cold water would be the

oretically more effective in the dissolution of any air in 

the water and also in dislodging any small bubbles that might 

be trapped in the threads of the various connections. The 

results of the pressure tests subsequent to the provision of 

this ice bath confirmed the efficacy of the procedure. These 

results ar,e shown in Table VIII" The first two readings for 

each system are an indication of the success of the deaera-

.tion .. For example, in System C2L (the L refers simply to 

the left manometer board), the Readings 23.8 and 23 .. 4(-) re

fer, as noted, to the pot setting and corresponding null 

level~ respectively, for the static condition with Valve C 

open. When the null level had apparently stabilized, Valve 



System Time 

021 4/1/67 

1425 
1450 
1452 
1520 
1522 
1522 
1522 

B21 4/4/67 

1058 
1147 
1147 
1220 
12~~1 
1221 
1221 

A1L 4/4/67 

1207 
1245 
1246 
1246 
1246 

BlL 4/4/67 

1332 
1350 
1353 
1353 
1353 

D45L 4/4/67 

1552 
1703 
1703 
170.3 
1703 

TABLE VIIl 

SYSTEM PRESSURE TESTS 

Poii(in.) Null( in.) 
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Comments 

23.8 23.4(-) Static condition, Valve C 
open (1) 

47 23.75 Valve C closed (2) 
47 23065 II 

35 23.45 II 

35 23.35 II 

23.9 23.15 Valve C.closed 
23.9 23.45 Valve c opened ( 3) 
23.9 23.45 Valve C closed 

23o5 23.0 (1) 
47 23.0 ( 2) No change 
47 22085 " 
34.8 22085 II 

34 .. 8 22085(-) " 23.,6 22085(-) II 

2306 23ol. ~ 3) 2306 23 .. 1 2) 

23.6 23.,15 (1) 
47 23.15 (2) No change 
47 23 .. 0 II 

2306 23 .. 0(-) (3) 
2306 23 .. 25 ( 3) 
23 .. 6 2.3.25 (2) 

23.,65 23.25 ~t~ 47 2304(+) 
47 23.25 II 

23.65 23.,0 II 

23.65 23.4 (3) 
23065 -- 23.4 (2) 

2.3.,95 23.65 (1) 
47 23.65 ( 2) No change 
47 2304(+) II 

23.,95 23.,4(+) II 

23.95 23.7 ~ 3) 23.,95 2Jol_ 2) -
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TABLE VIII ( Continued) 

A2L 4/5/67 
23.75 23.35 (1) 

1141 47 23.35 (2) No change 
1225 47 23.25 II 

1226 23.85 23.25 II 

1226 23 .. 85 23.50 (3) 
1226 23.85 23.50 (2) 

B3L 4/5/67 
23.5 23.0 (1) 

1729 47 23.5 (2) Maximum change 
1815 47 23.4 II 

1816 23.5 22.9 ti 

1816 23.5 23.0 ( 3) 
1816 23.5 23.0 ( 2) 

031 4/6/67 
22.75(+) 22.3 (1) 

1202 47 22.4(-) ( 2) 
1214 47 22.3 II 

1215 22.8 22.2 II 

1215 22 .. 8 22.4(+) ~ 3) 
1215 22.,8 22.4(+) 2) 

B4R 4/6/67 
23.0 22.5 fl) 

1753 47 22.8 2) 
1812 47 22 .. 75(-) II 

1813 23.0 22.4(-·) 11 

181.3 2.3.0 22.55 ( .3) 
1813 23.0 22.55 ( 2) 

D23R 4/7/67 
22 .. 8 22 .. 4 (1) 

1245 47.6 22.7 ( 2) 
1315 47.6 22.7(-) " 1316 23.0 22.4 II 

1316 23.0 22.5 ( 3) 
1316 23.0 22 .. 5 ( 2) 

C4R 4/8/67 
23.0 22.55 (1~ 1158 47 22.8 (2 

1217 47 22.4 If 

1218 23.0(+) 22.15 II 

1218 23.0(+) 22.6 ( 3) 
1218 2J.0~+2 22.6~+2 ( 2) 
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TABLE VII1 ( Continued) 

C6R 4/8/67 
23.0 22.6(+) (1) 

1558 47 22.65 (2) No change 
1605 47 22.6(+) II 

1606 23.0(+~ 22.65 II 

1606 23.0~+ ~2.65 ( 3) 
1606 23.0 +L 22.65 ( 2) 

A3L 4/8/67 
23.2 22.75 ~l) 1302 47 22.75 2) No change 

1400 47 22.2 11 

1401 23.25 22.15 II 

1401 23.25 22.8(+) (3) 
1401 23.25 22.8(+) ( 2) 

C5R 4/8/67 
22.8 22.4(-) (1) 

1532 47 22.4 ( 2) No change 
1546 47 22.35 II 

1550 22.8 22.3 II 

1550 22.8 22.5 (3) 
1550 22.8 22.5 (2) 
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C was closed and the pot was r~ised to its maximum level of 

47 inches, thus creating a pressure in the closed system of 

about 11.5 psi. The immediate rise of the null level was, 

for this sytem, about 0.35 in., which represents a volume 

change of about 0.0011 cu. in. (0.015 cc, or about 0.005 cc 

per 1/10 th inch). It is seen that the next reading listed ......... 

reflects a 0.1 inch depression of the null level. This be

havior was found to b.e ty:p;i.cal of all systems, and its oc

currence ~ed to two conclusions: (a) the systems were tight, 

and (b) there was some sli&ht bydraulic instability in the 

Hg columns. The explanation of the latter conclusion is 

that the small amounts of water that had been unavoidably 

trapped in the Hg columns within the null section slowly 

moved upward and eventually created additional pressure 

above th~ null l,evel, thus depres'i$.ing the mercury. This up.-

ward movement of water was observable in many cases and in 

fact, the accompanying vertical drag forces split the mer-

cury column on several occasions. 1:he last thl;'ee sets of 

readings for each system tend to verify these observations. 

These readings were taken with the pot returned to the static 
· · nd 

level. When the C-Valve was opened (2- from the last read-

ing of any system), the.null lev:el immediately returned up-..... 
,· 

ward an amount equal to the original depression. The addi-

tional pressure caused by the unstable action had been re-

lieved by flow through the probe. 

A generai inspection of the data of Table VIII illus-
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trates the success of the flushing for deaerationo As noted 

in the commentsj seven of the fourteen systems were comple t e

ly deaired, and the maximum null change was 0.5 inches. It 

should be noted that the use of the ice bath in the cooling 

tank appeared to make a substantial difference. Before its 

adoption, extensive flushing and manipulation procedures did 

not produce results as consistently good as were finally at

tained. In fac t , it had appeared that movements at null lev

el of up to one inch might have to be accepted. 

The Preparation of the Soil Model 

As in the pilot test of the probe and in other prelimi-

nary tests, the preparation of the soil model was accom

plished in two phasesg sedimentation and preconsolidationo 

Of course the scale of operations and the quantities in

volved were cons i derably larger. The total amount of slurry 

ne.cessary tc yield a sedimented, preconsolidated specimen 

approximately 27 i nches thick had been estimated from the 

pilot t estso Simple weight-volume relationships were used 

in conjunction wi t h t he pilot test data for t he determina

tion of the quant ities for preparation of the slurryo De

t ail s of t hese est i.mates are not included, but a brief list

:i.ng of some of the results ser\J"€:S to illus t rate the magni tu.de 

of the operat ions . 

(1) Total volume of slurry, at a mo isture content of 

400%: 149.4 ft\ 

( 2) To t al weight of clay solids: 2130 lbs. 



63 

(3) Total weight of salt (for Q.l N solution): 50 lbs. 

(4) Total volume of tank with extensions (h = 7.5 ft.): 

3 94.) ft. 

As can be seen by items (1) and (4), it was necessary 

to sediment the clay in stages. That is, the tank was first 

filled with slurry and sedimentation was allowed until the 

surface of the clay was such as to allow decanting (by si

phoning) of some of the excess water. The removal of this 

water allowed additional slurry to be added. Four slurry ad

ditions were employed to fill the tank. To accelerate the 

sedimentation rate between decanting operations, the drainage 

hose at the bottom of the tank was connected to.a large glass 

bottle which, in turn, was connected to a vacuum pump. This 

arrangement provided additional drainage pressure to effect 

a greater sed~mentation rate. It was recognized that this 

procedure would tend to cause non-uniform consolidation, in 

that the drainage pressure would vary linearly with depth. 

However 9 it was felt that this effect would be largely negat

ed by the subsequent much heavier preconsolidation which was 

planned. Also, as a practical matter, it. was evident that 

simple sedimentation, i.e., without base drainage, would 

have required a very long waiting period of perhaps many 

months. A definite additional advantage accruing from this 

procedure was a lessening of the subsequent problem of the 

very delicate initial loading for preconsolidation, as de

scribed previously for pilot testing. The sedimentation 

phase was accomplished in about three months. 
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The initial preloading was done oy gravity loading 

which could be readily controlled so as to minimize the dan-

ger of extrusion. The piston used to transmit the load was 

made entirely of 3/4 in. plywood so that initially it would . . 

float in the water above the clay. The clay surface at this 

stage w~s at about El. +15 in. as a result of sedimentation 

with dr~inagE;J pressure ... The lower platform of the piston 

was perforated with drill holes and encased, by stapling, 

with a cotton cloth to allow egress of water during the l~ad

ing of the clay. The upper and lower platforms were s:eparat

ed by six 6 ~n. X 3/4 in. plywood joists, arranged symmetri

cally in 60° E)egments. No permanent connections were used 

in the fabrication of the piston. The joists were attached 

to the bottom platform by the use of wood cleats, one on 

each side of the joists, so that the joists could later be 

pulled out of the slots thus formed. The top platform rested 

on top of the 3/4 in. joist$, witn no connection whatever. 

Thus, it would later be possible to remove all or any part 

of the piston without signi;ficant disturbance to the clay. 

The initial loading of the piston was accomplished with 

some difficulty. The extrusion was kept. within tolerable 

limits, but because of some unavoidable load eccentricity, 

the piston started to tip. However, with some judicious 

shifting of thi;3 loading weigh"!;s, the piston was righted to 

an approximately level and stable orientation. Increments 

of load were on the order of 0.2 psi or less and the total 

load added was about 1500 lbs. or approximately 0.8 psi~ 
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This initial preloading resulted in a settlement of 

about nine inches to El. +6 in. The next phase was a contin

uation of the preloading, but with conversion to a jacking 

system for load application. The jacking scheme was as 

shown in Figure 16. In order to provide for a more rigid 

piston for the heavier loads and also to allow clearance for 

the jacks, the joists of the piston were removed, and the 

exterior joist system of steel plates and I-beams installed. 

as shown. in the figure. The 8 VF 28 reaction-beam and its 

bolted connections were designed to allow about 18 tons total 

jacking load, corresponding to about 20 psi maximum on the 

4 ft. diameter area. 

The soil model for the test was preloaded to a pressure 

of 15 psi (13.6 tons total load on the 4 ft. diameter area)o 

Because of many problems which developed, including extru

sion of soil and binding of the piston, this preloading oper

ation took approximately four ~onths to complete. To insure 

reasonably uniform preconsoli~ation, the last preload incre

ment was made as small as was considered reasonable, 0.8 

tons, and it was repeated fifteen times for approximately 

one-hour durations. It should be noted that the principal 

disadvantage of using hydraulic jacks was that load levels 

could not be maintained to very small fluctuations without 

the use of some type of servomechanical device. As a new 

load increment was applied, it would immediately diminish as 

consolidation ensued. Thus, as a reasonable compromise~ the 

last increment employed in the loading schedule was regulated 
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·~ 
i~::-=~~--S-l-ur_r_y_h_o_s_e_t_o_r_o_o_m __ a_bo_v_e _ __lj--.1 P~------------------,. 

2 

4 

,------- --, 
I Tank section A, 1

1 · I removed after 
I sedimentation period I 
I I 
I 8 W:-28, bolted to flange I 

of tank section B 

Section A 31 - 0 11 

Section B I 1- 6 11 

Elev. 0 

_____ ._ ...... __ 
I) Hydraulic jacks, with gauges. 

2) Piston assembly (2in. plywood, 
with steel plate and I - beam 
reinforcing). 

3) The clay model. 

4) Remaining preconsolidation. 

Section C 3 1- 0 11 

27 11 

Figure 16 .. Schematic of Tank and Preloading Systems 



67 

by hand from about 13.5 to 14.3 tons (average value= 13.9 T, 

as planned). As noted this fluctuation occurred within about 

one hour, whereupon the load was adjusted upward to the high

er value. With fifteen repetitions of this loading process 

completed, it was assu.med that the model vvas finally and uni

formly ·preconsolidated to an average pressure of 15 psi. The 

time for 90 percent consolidation had been estimated to be 

approximately 12 hours. As a consequence of the preloading 

operation, the model attained a grade level of El. -9 inches, 

as planned, indicating that the preliminary pilot-test data, 

as they pertained to preparation of the model, were quite 

.reliable. 

During the period of soil model preparation, an unex

pected problem developed with respect to the stability of 

the null level. As noted previously, all systems had been 

flushed and successfully pressure-tested prior to the place

ment of the clay slurry. In succeeding weeks, it was ob

served that all null levels were slowly rising and gave no 

appearance of stabilizing. At first it was thought that dif

ferential temperature expansion was the cause, but this was 

ruled out as a major factor because of the randomness of the 

amount of rise among the essentially identical fourteen sys

tems. In fact, one system (C3L) had a null rise much greater 

than any of the others. Eventually the mercury in this sys

tem had climbed out of the 1/16 in. bore of the null section 

and into the threaded sectton of the top connection, a dis

tance of about~ inches. The only plausible explanation was 
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evaporation of water from the (ostensibly) closed systamo 

Since this system would have been useless if left un

touched: it was dec ided to investigate the effect of the 

evaporation on the deaeration of the system by rerunning the 

pressure testo In order to do this, the static null level 

was re-established by opening the valve leading to the probe 

with.in the "tanko At this stage of model preparation, the 

level of t he clay was at about Elo +15 in. This excess tail

water, as compared to that corresponding to the static null 

level~ caused a backflow through the probe and depressed the 

mercury column. With the static null level regained, the 

pressure test was repeated. This test was apparently unsuc

cessful in that the mercury column rose steadily under pres

sure o Upon close inspectionjl however, it was found that a 

very small crackj indiscernable to the eye, had somehow de

veloped in the top of t he plasti c null section. Water was 

slowly leak::.:ng through t his crack under the induced pressure 

o.f the testo Because this system had exhibited no such leak 

in the earlier pressure test, ioeo, before the start of the 

m:)del preparatlon, it was concluded that som,; .:.nternal forces 

must have developP.d to cause the cracko A rat j.onal explana

tion ii=, tb.a";~ ( a) the evaporation of water created a vacuum 9 

Lh:us effectively placing the plastic null section in comprea

sion9 and (b) the copper connection at the top of the null 

seci:i0.11. expande d relative to the plastic as- a c onsequenc e of 

a gen9ral ~.ncrease in the ambient temperature ( April. to 

July) 9 result i ng in outward radial forces at the top of the 
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null sectione The effect of these opposing forces was the 

development of the crack in the plastic null section, result

ing in the observed fluid leak in the July pressure test. 

Because of the fact that the pressure test on this sys

tem was inconclusive with respect to evaporation effects on 

deaeration, it was decided to check all other systems in an 

identical mannero The results were positive in that all 

pressure tests were ·successful. No other disqualifying leaks 

were found and it was shown that the probes had not become 

clogged. The effect of disturbance of the clay around the 

probes caused by the induced flow in re-establishing null 

levels was not considered significant because the clay had 

to be compressed another two feet before the final load test~ 

In an attempt to prevent the same behavior from reoccur

ring, all connections were wrapped with absorbent strips of 

cloth and saturated twice per day. The null levels contin

ued to rise in spite of this effort. 

Because the evaporation could not be prevented, it was 

decided to make a mathematical correction for the creep 

which would develop during the remaining period of the pre

loading phase. To prevent physical damage to the null sec

tion apparatuses, all mercury pots could be raised to create 

a small positive pressure in the lines. 

External Instrumentation 

Instrumentation for settlement and surface heave mea

surements was as shown in Figure 17. As is typical for fieJ..d 
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(a> SCHEMATIC PLAN 

45• Dia. tank 

.. ----· 1011 Dia. plastic 
bearing plate, 
1'12 • thick 

70 

• 3 Settlement dials 

® 18 Heave dials 

(b) SCHEMATIC SECTION (HL R) 

Figure l7. Settlement and·Heave Measurements 



plate bearing tests, settlement was measured at the 3rd 

points of the circular footing. 
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The major purpose of the heave measurements was to de

termine, indirectly and in a general way, the configuration 

of the failure mechan;i,sm,s. It was thought·that a local 

shear failure (soft clays) would result in a concave-upward 

radial profile, and that a general shear failure (firm or 

stiff clays) would produce a more-or-less concave-down pro

file, with the maxim.um heave value corresponding approximate

ly to the terminus of the failure surface, i.e., the ''lVIeyer

hof Circleu in Figure 11. Figure 18 illustrates the general

ized profiles described and the corresponding settlement 

curves. 

Additional Preliminary Tests 

The shear strength of the clay, as governed by its co

hesion values, was determined by a series of vane shear 

tests. The results are shown in.Figure 19. This graph was 

used as a basis for estimating the proportions for the slurry 

preparation and, subsequently, for an estimate of the ulti

mate 'bearing capacity of the circular footing. 

Slurr1 R_roportions 

Since it was decided to preload the first model to a 

pressure of the order of 15-20 psi, a representative moisture 

content, w, of about 45~, was chosen. On this basis the 

·total volume of sample, 27" preloaded thickness was: 

v = 0.785 X 42 X 2.25 = 28.3 ft3 
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a) LOCAL SHEAR FAILURE PROFILE 
(SOFT CLAYS) 

bl GENERAL SHEAR FAILURE PROFILE 
(STIFF CLAYS) 

Load, P 

Settlement, A 

General shear failure 
(stiff clays) 

Local shear failure 
(soft clays) 

c) GENERALIZED LOAD .. SETTLEMENT .CURVES 

Figure 18. Generalized. Failure Mechanisms 
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For a fully saturated sample, the void ratio, 

The total volume, 

V:::: Vv + Vs; 

Thus, 

V 28.3 
s = 2.187 = 

The total weight of solids 

and 

3 12.93 ft 

was: 

- V - V' . S. 

Wra = V" 8 G8Y~1,.,= :i:·~·~3 x 2.64,.JC 62.4,;:: 21)0 lb. 
'"'----.. ~·-·.-·~~-. 

Adopting a slurry moisture content of 400~, the weight of 

water, 

WW= 4 X 2130 = 8520 lb. 

Volume of water, 

vw ~ 8520/62.4 = 136~5 ft3 

Volume of solids, 

v = s = 2130 
2.64 X 62.4 

= 12.9 ft3 
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Thus the total volume of slurry to produce the model was es

timated. to be 149.4 ft3. Using a standard 55 gal drum (V = 
7o38 ft3) 11 the number of barrels required was 149.4/7.38 = 
20.3. Similar weight-volume relationships produced the fol

lowing proportions for one barrel of slurry: 105 lb .. clayi 

50o3 gal. water; 2.46 lb. salt. 

Bearing Capacity Estimate 

Using Terzaghi's bearing capacity formula for a circu-
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lar footing, for the ¢-zero condition, the ultimate bearing 

capac;i.ty, 

From Fige 19 1 at a preload pressure of 15 psi, 

c ~ 350 psf 

qf ~ 7.4(350) ~ 2590 psf. 

For a lO~in. diameter footing, the ultimate load, 
2 

P ~ (2590)(.785)(i~). ~ 1410 lb. 



CHAPTER IV 

TESTING OF THE SOIL MODEL 

The preload pressure of 15 psi. produced a grade level 

of -9.0 inches, corresponding to a model thickness of 27 

inches, which was as planned. The preload apparatus was dis

mantled, the piston was removed, and the 10-inch diameter 

loading plate was centered and leveled. 

Planning and.Conducting the Test 

Loading 

The method of loading was chosen.on the basis of the es

timated ultimate b~aring capacity of Q ·;:: 1410 lbs. Static 

loading was considered to be. preferable to the use of hydrau

lic jacks, since the former method would be more representa

tive of construction conditions. Load increments were s,e~·-· .• 

lected as one-ninth of the ultimate load, in order that the 

addition of the third increment would result in a load level 

approximately that of a typical allowable bearing pressure 1 

i.eo, with a safety factor of 3. Thapore pressures devel

oped at this level would be considered as most pertinent to 

the state-of-stress analysis. Thus, Q. = 1410/9 = 157 lb. 
J. 

The rate of loading was to be as fast as possible, con.:-

sistent with obtaining what would appear to be reliable pore 
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pressure readings at all probes, and at each load level. The 

rapid lo~ding rate was considered necessary to minimize the 

effects of consolidation. 

In order to prevent significant initial load eccentric

ity, the loading was to be started simply by adding water to 

a 2-ft. diameter barrel, which had been carefully placed con

centrically on a staok of 6-in diameter steel plates. The 

plates were necessary to allow cleara:nce for the settlement 

.dials at the 3rd points of the bearing plate and to provide 

a platform for the barrel. Successive increments were to be 

placed with additional water, sand, and steel weights, in 

that order. During the test loading, the barrel was to be 

restrained from tipping by a steel tripod-hoop device. The 

legs of the tripod were bolted to the flange of the tank. 

The initial clearance between the barrel and the hoop was 

about one inch. Figure 20 shows photographs taken during 

and shortly after the test. 

Personnel 

Twenty-two people were involved with the final loading 

test: twelve $taff members.of the Department of Civil Engi-

nearing, nine undergraduate students, and one graduate stud

ent, all of the Newark College of Engineering. The rather 

high personnel requirements was occasioned largely by the 

decision to balance continuously all null pressure devices 

(for pore pressure measurements) throughout the test. Job 

assignments were made as follows: seven two-man teams for 

pore pressure measurements, two men for settlement measure-
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left: 
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Pore pr essure measurement during test. 
Loading opera t ion . Settlement and heave 
observations . 
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General view of loading barrel and restraint . 
General v i e w of loaded area af t er test. 

Figure 20 , Photographs of the Model Test . 
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surements ? t wo men f or heave measurement s , three men for 

loading (and s t and-by) 1 and one man (the writer) for control 

of operations. 

Pore Pressure Measurement 

Each team was assigned to one, or, in some cases, two 

manometry systems. The teams consisted of an operator and a 

recor der. The operator 0 s job was to bal anc e null cont i nuous

ly by adjusting the po t (or two pots) to whatever level was 

necessary t o accomplish the balancing. The recorder's func

ti on. was to r ead the pot setting at frequent intervals, at 

the command of t he operatoro All teams were requested to 

take readings as often as comfortably possible. 

In addition to the randomly-spaced readings of each 

teamp i t wa s decided to a oquire s i multaneous s sts of read

i ngs per i.odi eally .. These readings were to be accomplished by 

the announcement to everyone: "Get ready to read all pots" 

-·-, ( long paus e t o allow all operators t o balance null) -

"Read o" A simpl e numbering system was adopted for these 

re a dings; Smn , where S was to designate a simul t aneous read

i ng )) m t h e l oad i nc r ement number, and n the number of the 

reading during t ha t particular load increment . 

Becaus e of the extreme importance of obt aining reliable 

pore pr essur e readings, all reasonable precautions were taken 

to i nsure this end o First, the most experi enced people were 

chosen as operators . (Two of the operator s had had consid

erabl e expe ri. ence with pore pressure measurement in triaxial 

shear test i ng of soilso) Secondly, all operators and record-
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ers were individually instructed on the procedures, includ

ing "hands-on" experience. This precau,tion was considered 

important enough to use one of the actual systems for this 

purpose. Thus, each of the fourte;en people to be involved 

in the pore pressure measurements was given the opportunity 

to balance null at a no-load condition so as to develop some 

feel for the operation prior to the test. The recorders 

were also instructed on the pot-balancing (operator) job so 

that relief would be possible from the tedium of continuous 

balancing. 

Settlement and Heave Measurements 

The instrumentation for settlement and heave (Chapter 

III) is indicative of the manner in which data were takeno 

Two men were as~igned to the settlement readings, one to 

read the three dials and the other to record. Two men were 

assigned to read the eighteen heave di.also The basic purpose 

of the heave measurements was to obtain some idea of the 

failure mechanism of the clay (See Fig. 18, Chapter III)o 

Thus~ it was deemed necessary only to determine where and 

when the heave developed, and where the maximum.heave devel

oped subseqw~ntly o Also, it was anticipated that the magni

tude of the heave would not be appreciable at the lower load 

levelso All of these factors suggested that two men could 

reasonably handle the heave readings. 

Compilation of Results 

Table IX is a summary of all data taken during the load 
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test, including representative values of induced pore pres-
1 

sures at eleven probe locations, settlement readings of the 

loading plate, and significant heave readings and their ap

proximate locations. 

Since the data presented is a digest of a rather complex 

operation, some general explanation of the entries and nota

t;Lons in Table IX. is .1b. order. The subsequent section of 

this chapter deals with a qualitative analysis of each aspect 

of the test. Chapter V contains a more detailed, quantita~ 

tive analysis of the data. 

Five load increments were found to produce failureo In-

crement 4a represents approximately two-thirds of the planned 

load increment. Thus, Load Increment 4a = 107#, and Incre

ment 4b = 50#0 As can be seen in Table IX, , the settlement 

increased rapidly at this failure point. 

The listed readings were all simultaneous readings, as 

previously described. Since approximately one thousand pore 

pressure readings were taken during the test, including in-

termediate readings by individual operators, it was not con-

sidered necessary to include all readings in the comJ?ilationo 

Thus, as the numbers of the readings indicate at load levels 

4a and 4b 9 some readings were omitted. 

The total time for the test was about one and one-half 

hours, from 1008 to 1135. 

The contact pr,essures listed are in inches of mercury .. 

Settlement values are the average of 3rd point reading~ 

as taken from Ames Dials during the first three load levels. 



1:he settlement values during the failure stage ( 4a and 4b) 

are single-reading values, as determ:i..ned by the use of an 

engineeras levelo 
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Heave data are indicated only where relatively high 

values were notedo Locations are designated by a letter

number system~ The letter designates one of six radial lines 

(H, I, J, P, Q, R - see Fig. 17, Chapter III). Numbers des

ignate the location of an Ames dial along the radial line~ 

with the numbers (1, 2, 3) increasing toward the central 

loading plate. 

Stresses and pore pressures are designated at ten probe 

locations. Units are in inches of mercury heado The three 

columns under each probe location list tcr 1, the total princi= 

pal stress increment caused by the contact pressure, the ob

served pore pressure, and the predicted pore pressure. Ger= 

tain symbol designations were adopted to facilitate the 

presentation of the pore pressure data, and their meanings 

are a$ followso The designation(*) under a column of ob

served pore pressures means that all readings in that column 

a.re questionableo This notation. was made on those systems 

where a vacuum collapse was observed at the null.level be

fore the start of the test, this collapse indicating the 

possibility of the existence of a disql,.l.alifying leak in the 

systemo The character (,6) indicates that a visible leak was 

observed at the threaded connection between the copper line 

and the plastic null sectiono The designation (OK) means 

that the vacuum held steady before the start of the testv 
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ina_i.cating that the system was pressure-tight when the test 

began. 

Letter designations, which are placed in the ~o 1 column 

for convenience, are self-imposed "grades" on the adjacent 

observed pore pressure; the o~erators had been asked to do 

this so as to provide some additional reliance on later in-

terpretation of the data. The grades A, B, C, D have the 

usual connotation of decreasing reliability. All un-marked 

data were rated either A or B. The E and S notations (cir-

cled$ System C2) mean "erratic fluctuation," and "steady." 

The underlined predicted pore pressure values (all negative) 

which are l:i,sted for Load Increment 4b, are based upon an 

alternate interpretation of the prediction equation~ Details 

are explained in Chapter V., :Analysis of the Model )~es.:L.:Re,sultso 

General Evaluation 

Loading 
.. s: ...,.,. 

As is suggested by the fact that nine loading increments 

were planned, and. ,somewhat more than three were required to 

induce a bearing failure, the ultimate bearing capacity was 

not estimated accurately. First, the use of Terzaghi's 

bearing capacity formula (q = 7.4c, Chapter III) should have 

been modified for the more probable eventuality of a local 

shear faill1.re.. Terzaghi (1943) recommends for such a case 

0 1 = 2/3 Co An additional factor which contributed to the 

over-estimation of the undrained shear strength was the 

choice of c = 350 psf (Fig. 19, Chapter III). This value 
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was chosen from the curve on the basis of the nominal pre

load of 15 psi. It is probable that the actual preload ·· 

pressure was somewhat less because of wall friction. Mois

ture content data, taken after the test, tends to substanti

ate this supposition. An average moisture content of about 

52%(nine values) gives a c-value from the curve of about 275 

psf. Thus, the ultimate bearing capacity, with the modifica

tions for local shear and wall friction, computes as qf = 
~ (275)(7.4) == 1360 psf. For the 10-in footing, Q == (1360) 

(.785)(~) 2 == 740 ib, which is comparable to the observed 

failure load of about 630 lb. (As noted in Chapter III, the 

original estimate was 1410 lb.) 

The method of loading was adequate, but barely so. Much 

of the difficulty stemmed simply from physical restrictions 

such as space limitations and handling of the sand loadso 

Pore Pressure Measurement 

Because of the over-estimation of the bearing capacity, 

there are not sufficient data to enable a thorough analysis 

of pore pressure build-up, i.e., through nine load levels. 

However, the limited data do appear to be in reasonable ac-

cord with the theory developed in Chapter IIo 

The prediction equation, Au= Aa 1 [K(l-A) + A], asap

plied to the relatively low stress levels of this test, 

yielded an approximation of predicted pore pressures before 

failure of Au ~ 0.6 Aap with Kand A being estimated as 0 .. 3 

and 0.4 1 respectively. For failure conditions, values of K 

= 0.15 and A= 0.4 were chosen as representative, yielding 
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predicted failure pore pressures ~uf ~ 0.5 ~a 1• An alternate 

interpretation of failure conditions (K = 0.15 and A= -0.5) 

resulted i:h negative values of predicted pore pressures, as 

cited in Table IX,. Load Level 4b. The reasoning employed 

in estimating A and K values has been described in Chapter 

II$ Specific details and data supporting the choice of the 

numerical values of the parameters are described in Chapter 

V. For this general qualitative analysis, it may just be 

noted that the pore pressures almost consistently diminished 

upon the application of Load Increment 4. In fact, most of 

the systems indicated the development of negative pore pres

sures during failure. This behavior is contrary to what was 

expected for such a soft clay, which suggests that the im

portant limitation described in Chapter II is not correct, 

and hence the prediction equation may be applicable to all 

soils on the basis of the overconsolidation ratio, irrespec

tive of consistency. 

One of the important problems concerning the pore pres

sure instrumentation and consequent behavior was associated 

with the collapse of the vacuum in five of twelve systems. 

Four of these systems (Bl, C4, C5, and Dl) are listed in 

Table IX. The fifth system, A2, leaked badly from the 

start of the test, so that system could not be usedo Any 

attempt to raise the pot to balance null resulted in an im

mediate leak at the top connection, which in turn resulted 

in the mercury rising in the null secti·on to replace the es

caping water. Though seemingly i.rhp1ausible, ., it is a matter 



record that the five systems exhibited this vacuum col

lapse almost simultaneously just before the start of the 
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est, and before anything had been touched. Valve C (Figo 6, 

Chapter III) had not yet been opened, which was to have been 

the first step in the testing procedure. It should be em

phasized that the vacuums had been developing and had per

sisted over a period of nine months. The probability that 

five systems would collapse simultaneously just prior to 

testing, as a matter of chance, is remote. The only causa

tive agent that can be surmised is differential expansion at 

the null section connection (brass to plastic) as a result 

of an increase in ambient temperature. The only source of a 

relatively sudden temperature rise at the precise moment of 

the simultaneous collapse of the vacuums in the systems was 

the body heat of the twenty-two people surrounding the appa

ratus. It is believed that possibly daily and seasonal temp

erature fluctuations may have weakened the connection (of 

dissimilar materials) by cyclic stressing, so that the sudden 

temperature increase on the morning of the testj though prob

ably small~ caused the final damage to the systems. It 

should be added that there was specific evidence of structur= 

al damage., Two of the plastic null sections developed myri

ads of cracks throughout their length, the cracts having 

developed slowly during the nine-month period between cali

bration and the model test. 

The technique of having operators appraise their own 

readings by a grading system was quite beneficial, especially 
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in that one of the operators devised an excellent method of 

balancing pore pressures, and graded acco~dingly. It will 

be noted that Readings 4-12j 15, and 19, System B2, are 

graded "·A+". This was partially facetious braggadocio on 

the part of the operator, but when queried about the high 

grade, the explanation was that the balance point had been 

determined by a "trapping'' method, which is accomplished by 

intentionally overbalancing (first) and then underbalancing. 

In both cases the mercury would creep slowly upward and then 

downward, respectively.. By timing the rate of movement, it 

is a relatively simple matter to interpolate for (or "trap") 

the balance point. Such a method is quite commonly used to 

determine ground water levels in bore holes in relatively 

impervious soils. The extension of the method to the pore 

pressure readings of.this test is significant for any fu~ure 

testing, in that the sensitivity of measurement is greatly 

increased .. Because of the low permeability of the clay, 

11 ha:phazard11 balancing of the null section, especially by an 

inexperienced operator, will (and undoubtedly did) produce 

less precise results. One operator reported on his data 

sheet that he estimated the sensitivity at about ±002 incheso 

The operator who extended the trapping method (on System B2) 

was Dr. Tonis Raamot, then of the Department of Civil Engi

neering of Newark College of Engineering. Dro Raamot had 

had considerable experience in pore pressure measurement in 

triaxial testing. 
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Settlement and Heave Measurement 
= - - --- ------

The experience of this test indicated that the use of 

Ames Dials for settlement and heave determinations was not 

the best alternative. During the first two load increments, 

no problems were encountered, but midway through the third 

increment, it became apparent that the dial ranges would be 

insufficient due to impending large and rapid settlement and 

heave. Upon the application of Load Increment 4a, which was 

applied at about 10:35 A.M., the rate of settlement increased 

greatly, whereupon an engineer's level was quickly set up. 

A ruler was taped to the barrel and readings of settlement 

were resumed at 11 A.M. (Settlement estimate= 2.2 inches.) 

Because of the spinning of the Ames dials, no heave measure

ments of any validity were posstble after Load 4a was ap-

pliedo The heave data listed for Increment 4b were taken at 

the conclusion of the test as part of a determination of the 

final surface profile. 

It is probable that the use of a battery of engineer's 

levels throughout the test would have been preferable to the 

use of Ames dials. Such a technique would also have elimi-

nated the rather delicate nature of instrumentation with 

dials. Also, congestion around the soil model would have 

been avoided. 



CHAPTER V 

ANALYSIS OF THE MODEL TEST RESULTS 

As has been demonstrated by the results of this investi

gation, and as has been reported by many investigators, pore 

pressures generally diminish with increasing loads for over

consolidated soils (cf. Fig. 4, Chapter II). It is postulated 

that the development of these excess pore pressures is gov

erned by the following prediction equation. 

Au= Aa 1 [K(l-A) + A] 

State of Stress Analysis: A Comparison of Predicted 

and Measured Pore Pressures 

In Chapter II, where the prediction equation is derived, 

it is suggested that the equation is applicable only to soils 

which have both a high overconsolidation ratio and a reason

ably high consistency. It was further suggested that soft 

soils, such as the model tested in this study, be analyzed 

as if normally consolidated, irrespective of the OCR. The 

limitation was proposed largely on the basis of intuition, 

it being assu.med that in such soft clays negative pore pres

sures would not develop. 

The limited amount of data afforded by the single test 

associated with this thesis, however,·tend to contradict the 
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assertion of a limitatio~, in that negative pore pressures 

were measured at failure at nearly all probe locations desig

nated as 11 0K 11 • (See Chapter IV for explanation of the desig

nation.) In Table I, Chapter IV, there are listed two alter

nate predicted pore pressures at failure (Load Increment 4b)o 

The values listed first in the column (eg.,Probe B2, 1.5 in. 

Hg) are based upon an analysis of the soil as if it were 

normally consolidated, consistent with the suggested limita

tion described. Upon comparison of these value~, all posi

tive, with the generally negative values which were observed, 

it was decided to reconsider the validity of the limitation. 

The second set of values which are listed (underlined), all 

negative, are a result of the reevaluation described in the 

following section. It may be observed that, in general, 

these values are in fairly good agreement with observed pore 

pressures. 

The details of the analyses are concerned with the 

specific choices of numerical values for the pore pressure 

parameters, A and K, for use in the prediction equation. 

A §E2; ! !.£.£ Normally Consolidated Clay 

No data are available for the very low stress levels of 

the load test. However, representative A-values may be in

ferred by a study of the general variation of A with devia

tor stress levels. The graphs in Figures 21, 22, and 23 may 

be used for such a study. Figure 21 illustrates the results 

of consolidated~undrained triaxial tests (with pore pressure 

measurements) on the sodium kaolinite used in this study 
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(Leitch, 1964). Figures 22 and 23 are from tests performed 

by Parcher (1957) at Harvard University. 

From these plots, some general observations may be made: 

First, fo~ OCR values of 1, i.e. normally consolidated clays, 

all curves have positive slopes with increasing m~gnitudes. 

The initial flatness of these curves, particularly as shown 

by Parcher's data, indicate that A does not vary greatly 

with D, the deviator stress, at lower stress levels. Second

ly, the initial values of A all lie within a rather small 

range of values, regardless of the mag:p.itude of the overcon

solidation ratio. For example, for 17 tests, eleven at OCR 

= 1, and six at OCR values between 1 and 12, the range of 

initial values of A was 0.28 and 0.55 (except for a single 

questionable value of 0.72 for test JL-12, Figure 21). The 

average of the initial values of A for 17 tests is 0.45. 

The average for the eleven tests at OCR= 1 is 0.41. For 

the six overoonsolidated specimens, the average is 0.52. 

From this analysis, it can be seen that a ;r-epresentative A

value at low stress levels may be taken as 0.4. 

The curves show that values of A at failure are general

ly lower at lower chamber consolidation pressures. The low

est failure value observed was for Test JL-13 (Figure 21) in 

which the chamber pressure, 10 psi, before shear was also 

lowest. The Af-value recorded was 0.62. From these observa

tions it is reasonable to surmise that the failure A-value 

for the very low stress levels for the soft clay of the model 

test will not differ considerably from the average value of 
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0.4 given above. 

The choice of representative K-values for use in the 

prediction equation is based largely upon general considera

tions of strain and the-relative consistency of the clay. 

As described in Chapter II, K is inversely related to both 

factors .. Because of the relatively high strains that develop 

in the loading of a soft clay as in the model test, repre

sentative values of K would be about 0.3 for stress levels 

before failure, and 0.15 at failure. The choice of these 

values is somewhat arbitrary. It may be noted, however, 

that the range of possible K-values is rather small, as con

trasted to the range of A-values. It is believed that K 

has a maximum value before loading of perhaps 0.60 Upon 

loading, rather high strains would develop, even at lower 

levels, for such a soft clay. Hence, the K-value would be 

reduced to, perhaps, 0.3. For the very high strains at fail

ure, the proposed minimum value of 0.15 is chosen as repre

sen·tative. Bishop's data, cited previously (Table II, Chap

ter I:C)' support these estimates. 

The choice of these value$ as constants implies that at 

any given load level, the strain i$ independent of positiono 

Since the induced .total stress increments, .!::.a, vary with 

position, and boundary restraints are also dependent upon 

position, it follows that strain and hence K-values also 

vary with position. It is for this reason that the values 

proposed for Kare designated as "representative." The gen

eral effects of strain variation with position will be dis-



cussed further in a subsequent section describing the pore 

pressures observed at specific probe locations. 

Consonant with the preceding· analysis, the predicted 

pore pressures may be computed as follows: 

At levels prior to failure (Load increments+, 2, 3) 

At failure 

Au= Ao 1 [K (1-A) + A] 

= Ao 1 [0.3 (1-0.4) + 0.4] 

= 0.58 Ao 1 (say 0.6 Aa 1) 

Auf = Ao 1 [0.15 (1-0.4) + 0.4] 

= 0.49 Ao 1 (say 0.5 Ao 1) 
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These equations were used for the calculation of the 

predicted pore pres~mres iri Table ·.IX,, Chapter IV o For ex

ample, for Probe B2, Load Level 3, Au= 0.6 Ao 1 = 0.6 (2.23) 

= 1.3 in ijg. For Load Level 4b, Auf = 0.5 Ao 1 = 0.5 (2.92) 

= 1.5 in Hg. 

It should be emphasized that these values are based upon 

the important initial assumption that the soil reacts as if 

it were normally consolidated. This assumption had been 

made on the basis of the soft consistency of the clay. 

A and K for Overconsolidated Clay -~----- . -
According to the standard definition of overconsolida

tion ratio, OCR = i\/:fi O , the clay model tested may be said 

to have been highly overconsolidated, even though of soft 

consistency. The Pc value for the clay is 15 psi, and was 

applied by hydraulic jacks through a piston fitted in the 4-
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ft., diameter tank. Since the entire l)iston load was removed 

subsequently, the only remaining vertical effective pressure 

was caused by the submerged unit weight of the clay. Thus, 

an average OCR value, based upon p0 at the mid-depth of the 

27-in. thick model is calculated to be 43 (p0 = 0.35 psi, 

and Pc/p0 = 15/0.35 = 43). 

Figures 21, 22, and 23 may be studied once again to ar-

rive at representative A-values for overconsolidated soils. 

It may be observed that the slopes of the curves for all 

overconsolidated clays are negative, and that the slopes in

crease at higher overconsolidation ratios. Failure values 

of A, as anticipated and reported by others, diminish with 

increasing OCR, The minimum value of Af, from the available 

data, is for OCR= 12, and is +0.14 (Test JL-12, Figure l)o 

(Tests.JL-10 and JL-12 are the same tests illustrated in 

Figure 4, Chapter II.) 

If the very high OCR of the clay model test is consid-

ered, it can be inferred from the analysis in the preceding 

paragraph that the A-values will diminish with increasing 

load, and that the failure value of A will be negative. Con

sistent with failure values which have been reported (Skemp

ton, 1954), a representative value would be -0.5. The K

value, as before, would be 0.15. 

Thus, at failure, the predicted pore pressures are: 

Auf = Aa 1 [Kf(l-Af) + Af] 

= Aa 1 [0.15(1+0.5) - 0.5] 
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This equation was used for the calculation of the alter-

nate entries of predicted pore pressures listed in Table 

IXi, . Chapter IV. For example, for Probe B2, Load Level 4b 

(failure), 6uf = -! ~a 1 = -0.25(2.92) = -0.7 in. Hg. 

No alternate values are listed in Tablo ·. ~X .. for load 

levels prior to failure, but it follows from the analysis 

that the predicted pore pressures would be lower than those 

predicted on the basis of normal consolidation. 

It may be noted that in .the more typical case of natu

ral soils, a more detailed and complete analysis could be 

made, since presumably a specific curve of A vs. D (the de

viator stress) would have been obtained by conducting a con-

solidated-undrained triaxial test, with pore pressure mea-

surements, for the soil in question. In such a case, specif

ic values of A cou+d be ascertained.for any and all stress 

levels. Representative values could be used, as was neces-

sary here, if warranted or desirable. 

Distribution of Pore Pressures -- ----- ~~--~-
The fact that negative pore pressures developed at five 

of the six probe locations where instrumentation systems 

were not suspect makes it relevant to consider the mechanism 

which might be associated with such behavior. 

It is apparent from the form of Skempton•s pore pressure 

. equation 

that the induced shear stress, (tcr1 6cr 3), has a marked in-

fluence on the development of pore pressure. 
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Thus, the manner in which shear strains developed dur

ing the loading of the model influenced the distribution of 

pore pressures. The value of K is also affected by strain, 

as previously explained. 

Figure 24 is a plan view of the 4-ft. diameter soil 

model, in which the layout of probes, heave measurement lo

cations, and the loaded area are shown. As.suggested by the 

letter designation~ for the six probes on the A-circle, the 

probes on each of the four concentric circles (A, D, B, C-C 

representing the central circle beneath the loaded area) are 

installed in a spiral fashion, with the lower numbers repre

senting the shallower depths within the soil, and conversely. 

Figure 25 is a cross-section of the soil model, with 

probes represented as if in a radial plane. For clarity, 

only the ten functional probes are shown. (Ten probes had 

been eliminated prior to the test because of their remote 

locations with respect to the loading plate, of for system 

malfunction before the date of the load test, as explained 

previously.) The intent of the figure is to suggest in a 

general way the shear strain variation within the soil model, 

as caused by loading of the 10-in. diameter circular loading 

plate. The "R = 4a - circle", within which all stresses of 

significance occur, is shown in the figure. The arrows are 

meant to represent the direction of "flow" of the soft clay. 

Such a movement would be representative of what Terzaghi 

(1943) describes as a local shear failure; the shear strains 

would probably be different for a clay of substantial con-
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sistency. The len,.gths of the arrows are intended to represent 

the magnitude of shear strain at the particular location. 

Forty-five degree lines, as sh-own in Fig. 25, were chosen 

somewhat arbitrarily as a locus of points along which the 

shear strain on a given "flow path" is a minimum. It may be 

noted that the use of 45° lines to approximate the average 

normal stress on a horizontal plane at some level beneath 

the loaded area is common (Wu, 1966), so the choice of these 

lines is not totally arbitrary. The increase in shear strain 

above these lines is explained on the basis of diminishing 

vertical restraint to dilation. Basically, this behavior is 

governed mathematically by the K-parameter. As noted prev

iously, the principal stresses will have rotated nearly 90° 

in these areas, so that the minor principal stresses will be 

nearly vertical and the major principal stresses nearly hor

izontal. As a result of the low restraining effective pres

sure, i.e., the submerged weight of the soil, the K-value 

will approach a minimum. A typical soil element at a shallow 

depth outside the loaded area would tend to elongate in the 

vertical direction. Conversely, an element beneath the 

loaded area (~o 1 vertical, tcr 3 horizontal) would tend to 

elongate horizontally. It follows that at some intermediate 

point 9 the strain tends to be isotropic, which is to say that 

the differences in principal stress increments are small 

(i.e., K ~ 1), and hence shear stresses and strains are cor

respondingly low. The 45° lines are suggested as the locus 

of such poiniis. 
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Figure 25 also shows the average of the recorded pore 

pressure readings for the failure load level (4b, Table IX) o .. 

These values are shown in parentheses beneath each probe lo

catione (No value is listed for Probe C4 because visible 

leaking was observed, see Table IX.) 1 It may be noted that 

there is reasonably consistent correlation between the char-

acter (positive or negative) and magnitude of failure pore 

pressures and the suggested strain variation. Note, for ex-

ample, that positive pore pressures were recorded only at 

probes remote from the load where shear strains are small 
~ 

(Probes A3, B3, C5, and Q6). Conversely, the higher nega-
. ..., 

tive pore pressures are associated with areas of higher 

shear strain (Probes Al, Dl, Bl, and C2). 

Bearing Capacity Analysis 

In the most general sense, the allowable bearing pres

sure of a soil is taken as the lesser of two values: that 

pressure which results in an ultimate differential settleme1$ 

no greater than a specified allowable value, or that pres-

sure corresponding to a specified factor of safety, commonly 

3 .. 0, against shear failure~ 

For most foundations on cohesionless, free-draining 

soils, the settlement is immediate, since pore pressures 

cannot persisto As Skempton (1951) points out • • • "except 

for footings or piers with a breadth of only a few feet, the 

settlement criterion controls the allowable pressures on 

sands and gravelso Consequently, methods for estimating the 
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timate bearing capacity of cohesionless soils have a some-

what restricted value. In contrast, the possibility of a 

complete shear failure in clay is a very real one ••• 11 

Terzaghi (1943) presents an analysis of the bearing ca

pacity for shallow continuous footings in which the ultimate 

bearing capacity consists of three parts whose values depend 

upon the cohesion c, the depth of foundation surcharge Df, 

and the unit weight of the soil O. The analysis is based 

upon the assumption of i general shear failure (Figure 26) 
t 

in which the curved poftion of the surface of sliding is ap-

proximated by either a log spiral or a circle. Terzaghi 1 s 

analysis leads to the following expression for the ultimate 

bearing capacity: 

q:f ::::: }B!Nt + cNc + (DfNq Eq. 5.1 
~ 

... j 
1 

where qf is the ultimate bearing capacity, 

B is the width of the continuous footing, 

and Nt, Nc,Nq are Terzaghi 1 s bearing capacity factors, which 

are dependent only on the value of¢, the fric

tion angle of the soil. 

For loose or compressible soils, Terzaghi recommends that 

the soil strength parameters, c and tan¢, be reduced to 2/3 

c and 2/3 tan¢. These modifications would be applicable to 

the case of local shear failureo The failure mechanism in 

such a case differs from that of general shear failure (See 

Figure 26). 

Yong, et al. (1963) present a bearing capacity analysis 

involving local shear failure, wherein a trapezoidal_ fail-



(a) GENERAL SHEAR (after Terza.ghi) 

E · (TOTAL SETTLEMENT) 
y --r-, 

h 

(b) LOCAL SHEAR ( CLfter Yong) 

Figure 26~ Failure Mechanisms for General and Local Shear Failure 
I-' 
0 

°' 
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ure mechanism is proposed. Figure 26 (b) shows the geometry 

of the soil:which is postulated to be involved in the failur~ 

The geometry uppn which Terzaghi's analysis is based is shom 

on the same figure in order to illustrate the contrast be

tween general shear fail.ure and local shear failure. (See 

also Fig. 18, Chapter III, for contrasting loa~-settlement 

curves and surface heave.) In what Yong and his associates 

refer to as "quasi-elastic deformation theory", a represen

tative modulus of deformation is defined as E = (Q/A)/(d6/ 

o.y). The solution of the differential equation yields an ex

pression for the ultimate load of 

Q. _ 2ErL C E 5 2 - 2 h q. • 
ln (14) 

The .nomenclature ;Ls designated in Figure 26 (b). The para

meters which must be determined exper:i,mentally are E, r, and 

h. For E Yong used the secant modulus from unconf;Lned com

pression tests. The values of rand h were determined by 

inspection of the deformed. soil "immediately before failure"o 

rn contrast to Yong's theoretical analysis, Terzaghi 

treated local shear failure by means of a simple empirical 

adjustment of his general equation, previously described. 

No specific geometry Y"as proposed~ 

Terzaghi also gave the follo_wing approximate solution 

for a circular footing: 

Eq. 5. 3 

where R is the radius of the footing. 

Terzaghi describes this equation as an analog of his general 
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bearing capacity formula, Eq. 5.1. The values of the coef

ficients which are applicable to circular footings were based 

upon the results of model tests. 

Equation 5.3 may be used to estimate the bearing capac

ity of the circular footing used in this study. For a surf

ace footing, Df = O. For rapid loading,¢= O, so Nt = 0 

and Nc = 5.7. (The values of N are taken from a set of 

curves relating N(, Nc, and Nq to the friction angle ¢., 

These curves, which were first presented by Terzaghi, are 

published in most books dealing with soil mechanics.) Sub

stituting in the equation, and adopting the reduction factor 

for a soft clay (local shear failure) yields 

qf ~ 1.3(~c)(5.7) 

qf::: 4.95 c. 

It will be noted that the preceding analysis involves 

no consideration of pore pressures. The friction angle¢ 

is assumed to be zero because the rapid loading does not per

mit the development of additional shear strength by consoli

dation. That is, s = c, and the failure envelope on a Mohr 

circle plot is a horizontal line (Figure 27). The plot is 

the common representation of the results of an unconfined 

compression test, where qu is the unconfinued compression 

strength, and o = quf2 = the shear strength of the soil. The 

total principal stresses on an element of soil at failure 

are a 1 = qu and a3 = O. 

As the pore pressures diminish dur;i.ng the consolidation 
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s=c 

NORMAL STRESS 

(a) UN CON FINED COMPRESSION TEST 

s = c' + 

,. Uf -~ -1 
NORMAL STRESS 

(b) CONSOLIDATED- UNDRAINED TEST 

Figure 27. Mohr Circle Plots of Compression Tests 
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process, the effective normal pressures in the soil changeQ 

The frictional shear strength, as , g,::rv~rne.d' by the second 

· component of Coulomb I s equation, changes accordingly.. After 

consolidation is complete, the shear strength of the soil is 

represented by the effective strength parameters in the Cou

lomb equation: s = c 1 + a tan f0 1 o As cited earlier, Leitch 

(1964) determined these parameters to be c 1 = 1.3 psi and 

¢1 = 25.9° for the Sodium Kaolinite. The plot is shown in 

Figure 27 (b) o In this case, the circles shown are eff.ective-:

stress plots. In the laboratory, the data can be obtained 

by performing.two (or more) consolidated-undrained triaxial 

tests with pore pressure measurements. With the pore pres

sures at failure known, the major principal effective stress

es may be readily determined t?Y a shift of the total stress 

circleso The friction angle ¢1 may then be determined 

graphically by constructing a line which is tangent to both 

effective stress circles. For example, Circle noo 1 in Fig

ure 27 (b) represents the effective stress equivalent of the 

Mohr Circle of Figure 27 (a)o This comparison illustrates 

that negative pore pressures develop in the unconfined com-

pression testo 

The bearing capacity of the circular footing of the 

model test 9 based upon effective stress parameters, may be 

computed from Terzaghi 1 s equation, as follows: 

qf = 0 • 6 ~ 1 RN f + 1 o 3 ( j c u ) N ~ 

Using Terzaghi 's reduction factor for soft clays, ·from pub

lished charts 9 Nj ~ 3, N~ ~ 150 Also~ 1 =0 0026 lb/in3 and 
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R = 5 in. Thus, 

qf = 0.6(.026)(5}(3) + 1.3(~)(1.3)(15) 

qf = 0.234 + 16.9 

qf = 17.l psi 

Effective stress analysis; fully consolidated 

For comparison, the ¢-zero ultimate bearing capacity is 

qf = 4.95 c 

From shear vane tests (Fig. 19, Chapter III), c=l.91 psi 

so, qf = 4.95(l.91}. 

qf = 9.5 psi 

¢-zero analysis; no consolidation 

Failure of the model was observed at about 806 psio 

(See Table IX, Chapter IV, Load level 4a; Contact pressure -

17o3 ino Hg~ 806 psio) 

The two calculated values for the ultimate bearing ca-

pacity presumably represent the upper·and lower limits of 

the strength of the soil. The ¢-zero analysis is usually 

conservative because any consolidation which occurs during 

the loading period will increase the strength of the soilo 

Since foundation design must be based upon the minimum 

strength that the soil is ever likely to have, the .¢-zero 

analysis is most commonly used in practice, usually with the 

employment of a safety factor of J.Q. In the case of the 

model of this study, the allowable soil pressure would have 

been about 3 psi, assuming that such a value would not cause 

unacceptable settlemento 
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The .¢-zero analysis is appropriate theoretically only 

when the period of loading is so short that there is no ap

preciable consolidation of the soil during that interval. 

The factor of safety is at a minimum immediately upon comple

tion of loading, and tends generally to increase with timeG 

It may be noted that the increase in strength during the 

longer construction periods of large projects is often con

sidered in design (cf., Lumb, 1965). In some cases, construc

tion procedures are altered in order to take advantage of 

the effects of the increase in strength caused by consolida

tion of the soil. An example of this procedure is the stage 

construction of highway fills. In ve,ry i;3oft soils, sand 

drains are frequently used to reduce the time required for 

oonsolidationo Ivlany sections of the New Jersey Turnpike 

which cross the pluvial lakes of the "Meadows Area" were pre

pared for construction in this manner. 

As was mentioned with reference to Figure 27(a), the 

¢-zero approach to design is based upon a total-stress analy

siso No pore pressures are considered. Contrasted to this 

approach is the effective-stress analysis, in which, as the 

name indicates, effective stresses are consideredo For such 

an analysis, the pore pressures must be known. Where possi

bley foundation engineers often employ a total-stress analy

sis and an effective-stress analysis. It is probable that a 

majority of such engineers have more confidence in the lat

ter~ since the analysis considers effective stresses explic

itly. As has been reiterated throughout this work, the shear 
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stre~gth is greatly dependent upon the development of effec

tive stress. T. w. Lambe (1967) emphasized the importance 

of such analyses by the following coJ:Pments: 

11 There are a number of field cases involving 
bearing capacity failure (e.g., Szechy, 
1960) described in the literature. For ob
vious reasons, these cases involving failure 
were seldom ones with good field instrumen
tation. There are practically no cases 
where undrained stability failure has oc
curred in clay in which pore pressures were 
measured on the failure zone during failure. 

hCritically needed are more thoroughly 
instrumented tests and actual cases in which 
the components of field performance are com
pared with the results of theoretical pre
dictions based on carefully run laboratory 
tests on good samples.\\ · 

Figure 28 illustrates the manner in which an effective

stress analysis can be made for the model of this study. 

Shown in the figure is the distribution of pore pressures 

along a hypothetical slip surface. The analysis would be 

based upon the effective strength parameters, c 1 = 1.3 psi 

and¢'= 25.9° (Leitch, 1964). The shear strength would be 

given by Coulomb's equation, s = c' + a tan¢', where a 
represents the effective stresses which are developed along 

the failure z.one (Meyerhof' s Circle, ABC, Fig. 28). The ef-

fective normal stress at any point on this surface is the 

resultant of the pore pressure and the total pressure due to 

the weight of the soil. The pore pressure distribution 

shown in the figure is as suggested PY the results of the 

model test:: positive (neutral) pore pressures directly under 

the loaded area (A to B) and negative pore pressures general

ly outside of the loaded area (B to C). 
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Because of the local shear failure which occurred in 

the soft clay of the model. test, the failure surface shown 

in Figure 28 ·most proba1:>ly did not develop. Hence, a numeri

cal analysis of the bearing capacity of the footing is not 

warranted. For similar tests on clays of firm to stiff con

sistency, the failure mechanism woµld be appropriate (Meyer

hof, 1950-51), The analysis could then be completed by the 

Method of Slices (Taylor, 1948) or by the "Krey ¢-circle" 

method. The total-stress, . or .¢-zero, analysis would be based 

on a soil strength of c = qu(2, as previously described. 

Finally, it should be noted that the change in soil 

strength with time would depend upon the net effect of pore 

pressure dissipation. As represented in Figure 28, the soil 

along the segment A to B would gain strength by consolida

tion and the soil from B to C would lose strength, in a 

transient fashion, as the negative pore pressures diminish. 



POSITIVE PORE 
PRESSURE DISTRIBUTION 
ON ·FAILURE SURFACE 

FOOTING 

MEYERHOF CIRCLE 
( INCIPIENJ FAILURE 

SURFACE) 

1011 

J 
I 

I 
I 

I 
./ 

---------· / 
8 .,..........KNEGATIVE PORE 
~ .,,,/ . PRESSURE DISTRIBUTION 

8----- ON FAILURE SURFACE 

Figure 28. Pore Pressure Distribution for Effective Stress Bearing Capacity Analysis . . 

I-' 
I-' 
\Jl 



CHAPTER VI 

SUlVIIVIARY, CONCLUSIONS AND RECOMIVIENDATIONS 

';J:'his study was concerned with, (a) the development of 

techniques and equipment for the preparation of large-scale 

clay models for the purpose of performing laboratory bearing 

capacity tests with pore pressure measurements, (b) the ex

tension of Skempton•s general pore pref;lsure equation to the 

case of anisotropic overconsolidated clays, incorporating 

the theory Qf elasticity as an analytical tool for predicting 

pore pressures, and (c) the application of the theory which 

is developed in the study to an effective-stress analysis of 

bearing capacity for comparison to t:P,at of the more common 

total-stress, ¢-zero analysis. 

Conclusions 

1) The techniques which were used in this investigation 

for the preparation of a sedimented, preconsolidated clay 

are sound. 

2) The pore pressure probe which was developed for the 
···-· 

study is reliable. The tecbnique of sedimenting the clay 

around the pre--installed probe is workable. 

3)· The method used for measuring.pore pressures is ad

equate but quite awkward because of the large number of 

116 
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people required for obtaining data. 

4) The pore pressures induced by a footing load on an 

anisotropic clay are given by 6u = 6cr 1[K(l-A) + A]. Reason

ably good agreement between predicted and measured pore pres

sures was observedo The limited amount of data available 

tends to support the contention that the prediction equation 

is generally applicable to clay soils on the basis of over

consolidation ratio, irrespective of consistency. 

5) Shea r deformations must be such as to produce a K

value of less than 1/3 in order that negative pore pressures 

develop9 Because of this fact, indications are that the de

velopment of negative pore pressures is least likely in 

soils of intermediate consistency. 

6) The theory, techniques, and equipment developed in 

thi s work cont ribute to the effective-stress approa.ch to 

bearing capa cit y analysis~ 

Recommendations 

1) Test s similar to that described in this study should 

be conducted using clay models of greater consistency so 

that : 

a) effective-stress analyses may be performed and 

compared to corresponding %-zero analyses, and 

b) a more definitiv e te3t of the validity of the 

pr edict ion equation can be ac c omplished. 

2) Separate t esting techniques should be devised and 

employed to measure K directly. 
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3) Instrumentation for the measurement of pore pres

sures should be changed in order to eliminate the necessity 

tor large numbers of people for the conduct of the test. 

Membrane-type pressure transducers are recommended for con

sideration. 

4) With the instrumentation recommended above, some 

bearing capacity tests should be performed over an extended 

period in order to determine the rate and manner of pore 

pressure dissipation along a potential failure surface. 

This knowledge would be valuable in establishing the nature 

of the benefits to be derived from the use of controlled 

rates of loading in the field. 

5) Sorely needed are more model, tests designed for the 

purpose of determining the geometry of failure over a wide 

range of soil consistencies. 
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