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FOREWORD 

The investigation described herein was one phase. of a project, 

"Instrumentation of Embankments and Foundations, 11 sponsored by the 

Office, Chief of Engineers (OGE), under CWIS 31189. The investiga

tion was conducted during the period January 1975 through December 

1975. 

The general objective of this study was to present the theoretical 

considerations for the yield conditions associated with pore pressure 

responses in soft soils un.der surface loading. Work on this project 

was conducted and the report was prepared by Professors R.H. G. Parry, 

Lecturer, University of Cambridge, England, and C. P. Wroth, Reader 

in Soil Mechanics, University of Cambridge, England. 

The contract was monitored by Mr. C. L. McAnear, Chief, Soil 

Mechanics Division, under the general supervision of Mr. J, P. Sale, 

Chief, Soils and Pavements Laboratory. Contracting Officer was 

COL G. H. Hilt, Director of the Waterways Experiment Station. 
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PORE PRESSURES IN SOFT GROUND 

UNDER SURFACE LOADING. 

THEORETICAL CONSIDERATIONS 

1. Natural State of Soft Clays 

The soft clays and silts which are the subject of this report are recent 

alluvial deposits, probably formed within the last 10,000 years. The resulting 

ground surface will be flat and featureless, except where dissected by rivers 

or other erosional channels. In most cases there will have been no material 

eroded from the surface except from such channels. Thus, in a geological sense, 

the bulk of the material may be regarded as normally consolidated, but in fact, 

in its natural state, this soil will usually exhibit the characteristics of a 

lightly overconsolidated clay. 

A number of factors may give rise to some degree of overconsolidation in 

the soil, but the most important ones are probably: 

(a) changes in static ground water level 

(b) secondary or delayed consolidation. 

Strong overconsolidation effects may be introduced by weathering or 

desiccation due to evaporation or extraction of moisture by plant roots, but 

these influences are mostly limited to a thin surface crust a metre or so thick, 

whereas the main interest of this report is below the surface crust. Salts 

in the pore fluid may also cause a form of.apparent overconsolidation through 

the creating of bonds between particles. However the behaviour described in 

this report does not presuppose the existence of such bonding. 

2. Influence of Ground Water Changes 

A simple cycle of events producing overconsolidation in a clay deposit 

is· shown in Fig.l. During deposition under water the soil at a point P in 

Fig.l(a) will follow curve 1 on thee against cr' plot in Fig.l(b). Some time 

after deposition ceases the water will be drawn down to the top surface of the 

soil, but this drawdown does not produce any. change in effective stress at P. 

However, the physiographic or climatic factors producing this drawdown may 

result in the water table being drawn down below the surface of.the soil to 

a depth z • Providing static ground~ater conditions are reached with the level 
m 
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at zm• the soil at P.oint P will follow curve 2 in Fig.l(b) and the vertical 

effective stress will attain a maximum value o' • If the groundwater level vm 
now rises to z0 the soil follows curve 3 and the vertical effective stress at 

point P becomes o' • The overconsolidation ratio (OCR) is then 
VO 

OCR • a' la' 
vm VO 

(1) 

Reai soil will have a much more complex h:fstory than this, but.the 

important points are the maximum past water table depth z and the existing 
m 

depth z • 
0 . 

The value of the greatest effective ver_tical stress o' at any point 
vm 

such as P (below a depth z ) in Fig.l(a) is equal to the total overburden m 
pressure minus the head of water at P, that is 

a' .. yz - y (z - z ) 
vm p w p m 

(2) 

The present value of the effective vertical stress o' is given by 
VO 

(3) 

Thus, the overconsolidation ratio OCR is given by 

where 

3. Delayed Consolidation 

a' y'z + y z 
OCR vm p w m 

. '"O''"y1z ·+y z 
VO p W 0 

(4) 

y • bulk unit weight, assumed here to be constant 

y' • buoyant unit weight 

y • unit weight of water w . 

The quasi-preconsolidation effect introduced by secondary or delayed 

consolidation has been discussed by a number of workers, e.g. Leonards and 

Altschaeffl (1964), Raymond (1966), Bjerrum (1967). Figure 2 is reproduced 

from the paper by'Bj~rrum and shows a system of consolidation curves representing 

different periods of consolidation. Thus, under laboratory conditions for 

thin oedometer specimens the primary consolidation is comparatively fast, being 

complete in a day or so, and corresponds closely to the "instant" curve. If, 

however, the applied stress is held constant for· a long period.of time further 

consolidation will take place at this constant pressure o' and the state of 
VO 

the sample moves from A to B crossing the delayed consolidation lines. 
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~he same behayiour occurs after sedimentation in the field and the soil 

will attain a state such as e , a' after a period of say 1000 years. On 
0 VO 

loading in the laboratory this soil will show ver.y-littie- consolidation until 

the app.li.ed- p1:e-ssure reaches O~ at point C where the curve breaks to join the 
instant consolidation line. In plasticity terms this break point indicates 

yielding in the soil. The apparent overconsolidation ratio is given by 

a' la' • 
VDl VO 

4. Comparison of Overconsolidated Conditions 

It has been shown above that the OCR(or apparent OCR)arising from ground 

water changes and delayed consolidation produces a soil which, on loading, shows 

on an e vs log o' plot a break point or yield point. If the soil condition 
v 

resulting from these two influences is identical in all respects it is irrelevant 

which is the true cause as far as calculating pore pressures under additional 

surface loading is concerned. In fact it is not known at the moment if the 

soil conditions are the same or not, but some observations may be made as 

below, 

4.1 Magnitudes of Overconsolidation Ratio 

The magnitudes of OCR produced by the two effects seem_to be much the 

same, Bjerrum (1973) giving values ranging from 1.25 to 1,8 for a number 

. of soils. 

Referring to equation (4) if z • 2 m, z a 0.5 m y • 18 kN/m3 (typical 
m o 

values) then, at a depth zm 

OCR • 8 x 2 + 10 x 2 .. 1.7 
8 x 2 + 10 x o.s 

which is similar to the higher magnitudes given for delayed consolidation. 

Below z a 2 m the values will be less than 1.7 and above this depth 
m 

values will exceed 1.7. This distribution of values with de,p;n is 

discussed below. 

4,2 Variation of OCR with depth 

The variation of OCR with depth is given by Eq. (4) for ground water 

movement. This applies below the past maximum depth of the water table z 

if it is assumed that desiccation effects have not extended below this 
m 

depth,which probably corresponds closely with the level of minimum 

undrained shear strength (Parry 1970), Above depth z desiccation effects 
m 

have probably been.present, producing a variation in OCR as shown in 

Fig.3(d), i.e. higher values than given by Eq. (4). 
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lrt contrast to the decrease in OCR with depth occasioned by 

changes in ground water level, the· apparent OCR due to delayed 

consolidation can be expected to be approximately constant with 

depth, although this may depend to some extent on the age of the 

deposit and its rate of formation. 

Expressed in another wiwihe-value (a' - a•) for ground water 
vm VO. 

chaJ:!8e_will-be constant below z , and increasing in the desiccated 
m 

zone above z , whereas this value should increase below the desiccated 
m 

zone if caused by delayed consolidation,as shown in Fig.3. 

The scatter of experimental data usually masks these differences. 

Cases where (a' - a'.) is virtually constant with depth and cases vm VO 

where (a' - a' ) increases with depth have been published, and it seems vm VO 

likely that in most deposits of soft clay both factors have contributed 

to produce a light degree of overconsolidation. 

4.3 Value of K0 

An important difference between the two primary causes of true or 

apparent overconsolidation may be in the ratio K of horizontal stress 
0 

ah' to vertical stress a' , although insufficient is known at present 
0 · VO 

about delayed consolidation to be sure how great the difference may be. 

Values of K0 due to stress change have been measured on clays 

in the laboratory, and it is known that, for normally consolidated 

soils ("instant" consolidation), the value of K0 (~C) corresponds 

quite closely to 

~c • l-sin<j> 1 (5) 

which is a simplification of an equation suggested by Jaky (1948). 

The values increase with increasing overconsolidation. 

It has been shown (Wroth 1975) that for a lightly overconsolidated 

(OCR < 5) clay the value of K can be reasonably approximated by assuming 
0 

isotropic elastic behaviour for the soil. The expression obtained for 

VI . 

Ko • OCR.~c - 1-v' (OCR-1) (6) 

where v' • Poisson's ratio in terms of effective stress 

Fig.4 shews experimental values of v' plotted against plasticity index 

for a number of different soils (Wroth 1975), 
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A comparison of computed and laboratory measured values of K0 _ 

during one-dimensional swelling from a normally-consolidated state is 

shown for Boston blue~clay-ih Fig.5 (Wroth 1975) and for kaolin in Fig.6. 

For example a soil which has an angle of friction $ 1 • 20°and 

plasticity index of 40% would give 

0.66 for OCR • 1 from Eq.(5) 

Substituting this value into Eq.(6), together with v' • 0.35 

from Fig.4 gives 
K0 • o.54 + 0.12.ocR 

and hence the following tabulated values:-

OCR Ko 
1 0.66 

2 0.78 

3.8 1.0 

5 1.14 

Thus for the soft lightly overconsolidated soils considered here, 

values of K in the field, for which the OCR will be commonly between 
0 

1 and 2.5, may be expected to range from about 0.6 for almost normally 

consolidated soil with low plasticity to nearly unity for soils of high 

plasticity with OCR up to 2,5. Cyclic loading such as alternating 

ground water level will of course influence these values, but the range 

is still probably correct. 

In the absence of contrary evidence it must be assumed that 

delayed consolidation will not lead to values of K0 in excess of these 

for the normally consolidated soils, and these values will usually be 

between o.5 and o.7. 

Values of K0 in soft clays have been published by a number of 

workers using methods such as hydraulic fracture, total pressure cells 

and the pressuremeter, but the accuracy of some of these is in question. 

However, values generally range from 0.5 to 1.2 (Berre and Bjerrum 1973, 

Wroth and Hughes 1973, Massarsch, Broms and Sundquist 1975, Tavenas, 

Blanchette, Leroveil, Roy and La Rochelle 1975) and are commonly around 

0.8 to 1.0. 

5. Yield in One Dimensional Consolidation 

When a soft clay or silt is consolidated under conditions of zero 

lateral strain the initial compressibility (AB in Fig.7a) is fairly small 
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and largely reversible, until the soil reaches a yield condition at B, 

corresponding to_ the preconsolidation pressure, This portion AB of the 

behaviour may be regarded as non-linear elastic, with a variable elastic 

modulus depending on the mean effective stress p 1 , After the yield point 

greater compressibility is experienced and to a large extent the de£ormation 

is irreversible. In this phase (BC in Fig. •. 1a-) -the soil is undergoing plastic 

strain hardening.during wnich a new yield condition is being continually 

created, 

During the process of normal consolidation from B to C, the ratio 

of principal effective stresses, K , is constant so that the corresponding 
0 

path is a straight line in the plot of deviator stress q • (a~ - a;) against 

p 1 a {<a~ +a~ +a;) in Fig.7(b), 

If at a point such as C the soil is unloaded one dimensionally it 

follows curve CD in Fig.7a and 7b and the state of the soil moves inside the 

new yield locus represented by HCI. Elastic volumetric strains are experienced 

in this phase with essentially the same elastic properties as on first loading AB. 

Thus, in Fig,7a AD represents plastic, irreversible volumetric strain, whereas 

DE represents elastic and reversible volumetric strain. On reloading from 

D, C is the new yield point, 

6, Yield and Failure for Other Stress Paths 

Yielding may be experienced not only during one dimensional con-

so lida ti on but also for other applied stress paths, A lightly overconsolidated 

soil at point A in Fig,8 can be regarded as occupying a position within an 

elastic zone bounded by the failure line q .•Mp', and the yield locus shown, 

Any volumetric deformations within the elastic zone are small and reversible, 

A soil element following a stress path such as AEF will theoretically 

exhibit elastic volumetric strains without yield until it reaches failure at E, 

after which it may soften to F. An element following path ABCD yields at B 

before reaching failure, the sequence of behaviour being 

A-B elastic volumetric strains 

B yield 

B-C plastic, possibly with work hardening 

c failure 

C-D softening, which may occur after failure 
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7. Evidenc~ for Yield Locus from Drained Tests 

The break point or yiel-d- condition for lightly overconsolidated clay 

in one dimensional consolidation is well known and it is not necessary to 

present specific evidence for it here. Evidence of yield for other types 

of loading will now be presented. 

A series of tests on laboratory prepared, lightly overconsolidated 

specimens of kaolin have been reported by Parry and Nadarajah (1973, 1974). All 

samples were consolidated one dimensionally to an OCR of 1·6 at state P in 

Fig.9. The four types of triaxial test carried out were: 

(a) drained compression test PQR, keeping ai constant and reducing a; 

(b) drained compression test PST, keeping a~ constant and increasing a~ 

(c) reconsolidation along the one dimensional swelling line PUVW 

(d) deviator stress removed and sample isotropically consolidated PYZN 

where a; is the axial effective stress and a; the radial effective stress. 

In Fig.10, the volumetric strain € is plotted against q or p 1 for the . v 
four tests and yield points located by simple straight line extrapolations of 

portions of the curves with different slopes. The resulting volumetric yield 

locus ZUSQ is shown in Fig.9. 

Mitchell (1970) conducted a series of drained triaxial tests on un

disturbed specimens*of Leda clay in which the cell pressure and axial load 

changes were applied simultaneously to give a constant ration•. q/p'. The 

resulting plots for vertically trimmed specimens of voids ratio against p', with 

straight line approximations, are shown in Fig.11. Yield points are taken as 

the intersections of the straight lines and are reproduced in Fig.12 in a q vs p 1 

plot, giving a distinct yield locus. 

Further evidence for the existence of the volumetric yield locus has 

been presented for an undisturbed soft silty clay (Pender, Parry and George, 

1975). Specimens*were submitted to various stress paths ·under drained 

conditions. A typical plot of q vs E:v is shown in Fig.13 and the yield point 

indicated. The resulting yield locus is shown in Fig.14 obtained from the 

various stress paths. This was used in making an analysis of the field behaviour, 

which is further discussed in the second of this pair of reports. 

It will be noted that there is similarity in the shape~ of the yield 

loci in Figures 9, 12, 14. 

* The set of specimens was taken from one block sample (at one depth) and 

had identical consolid.ation histories. 
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B. Evidence for Yield Locus from Undrained Tests 

Pore pressures which develop during undrained tests are governed by 

the volumetric strain characteristics of the. soil. Thus, a yield condition 

would be indicated by a sharp increase in pore pressure. Surprisingly 

little work appears to have been done on this aspect of soil behaviour, 

but some confirmation of this-expected behaviour can be seen in results 

for undr-ained triaxial compression tests on lightly overconsolidated laboratory 

prepared kaolin (Parry and Nadarajah (1974)), 

The effective stress paths for three different tests are shown in Fig.15. 

Sample A was consolidated under zero axial strain conditions (by applying a 

predetermined ratio cr;/cr~ = K) to cr~ • 550 kN/m2 , then allowed to swell 
0 

under zero lateral strain conditions to an OCR = l·.25. Samples_ B and C were 

isotropically consolidated to 413 kN/m2 ·and 550, kN/m 2 respectivP.ly then 

allowed to swell iso~ropically to eive-OCR = 1.3 in each case. 

The pore pressure response is plotted against change in deviator stress 

(q - q ) in Fig.16 for samples A and B (response for C was geometrically 
0 

similar to B). A sharp increase in pore pressure response can be seen for 

sample A at (q - q0 ) = 160 kN/m2 indicating a distinct yield condition. 

Sample B does not show such a distinct change but the pore pressure response 

does increase markedly with increasing (q - q ), particularly for (q - q) 
0 0 

greater than 85 kN/m2 which is probably a reasonable approximation to the 

yield point •. The broken line gives the theoretical response for an isotropic 

elastic material as discussed in a later section. It can be seen that the early· 

response for both tests is fairly close to th£ elastic response. 

The approximate yield points are indicated on the stress paths in Fig.15. 

The broken lines show the theoretical isotropic elastic response and again it 

can be seen that the actual response early in each test corresponds approximately 

to elastic behaviour. 

9. General Idealised Undrained Behaviour 

In Fig.17a effective stress and total stress paths are shown for the 

three phases envisaged in the deformation of an element of soft clay, under 

vertical loading and undrained conditions, The initial pore pressure is u0 • 

Having in mind that the horizontal intercept between the totai stress and 

effective stress paths is the pore pressure u, then the pore pressure response 

with applied pressure is of the type given in Fig.17b. 
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The three basic phases are: 

(1). An elastic phase in which pore pressures-are substantially 

recoverable when loading is reversed. 

(2) ·A plastic phase in which some work hardening may occur. 

Either (Ja) A state of contained failure for soil with undrained stress 

strain behaviour as shown in Fig.17c. In this phase additional 

total stress may be applied to the soil providing it is isotropic 

and q is not increased. 

or (Jb) A state of contained failure for soil with undrained stress-

strain behaviour as shown in Fig.17d. In this phase additional total 

stress may be applied to the soil providing q is reduced in 

accordance with the additional strains undergone by the soil. 

9.1 Phase l Elastic Behaviour 

It will be assumed here that the soil is cross anisotropic. Denoting 

for convenience the vertical direction by a suffix a and the horizontal directions 

. by b and c, all these being directions of principal stress and strain, then: 

EI • E' 
a • b 

E1 /E' ., 
c a 

\)I 
be 

n' • 

E1 are the Young's moduli in terms of effective stress, 
c 

ratio of strain in direction c to an applied strain !n direction b 

and vice versa, and 

v' ratio of strain in direction a to an applied strain in direction c. ca 

\1 1 • ratio of strain in direction c to an applied strain in direction a ac 

From superposition 

Linear strains E: a• 

E: a 

E:b 

E: c 

\)I 
ca :-;r- .. 

\) 
ac 

E:b, E:c 
t:.a' a 

E' 
c 

E'" 
a 

are 
\)I 

ca 

• n' • 

given by 

. (t:.a' + t:.cr') E'-E' b c a c· 

t:.a' t:.a' t:.cr' . - v' --! + ___l - v' c 
ac E1 E' be E' a c c 

t:.cr' t:.cr' t:.cr' 
- v' --! - \)' b + c 

ac E' be E' E' a c c 

(7a) 

(7b) 

(7c) 

Under undrained conditions for a saturated soil it can be assumed 

that the volumetric strain c is zero. 
v 
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· Thus • 0 (8) 

The above equations allow pore pressure changes and effective stress -paths 

to be determined for different applied total _stress conditions. Effective 

stress paths will be _def-inetl -in terms of their gradient liq/ li.p', and pore pressure 

-changes-in terms of the parameter A Skempton (1954) where 

li.u ~ B{ti.o - A(ti.a - ti.a )} 
c a c 

(9) 

and B is assumed to be unity, 

Consider (a) triaxial conditions and (b) plane strain conditions, 

(a)· Triaxial Conditions 

Under triaxial conditions, assuming direction a to be vertical 

and corresponding to the axis of the cylindrical specimen, 

ti.a'= ti.a' 
b c 

Using this relationship, together with E: = O, it is shown in 
v 

Appendix A(l) that 

li.q/ti.p' ( 
2\1 ' + 4n ' v ' - n' - 2 ) 3 be ac 

= 2 v 1 -n 1 v 1 +n 1 -l 
be ac 

n'(l - 2v' ) ac A • n 1 (1 - 4v 1 ) + 2(1 - v' ) ac be 

Adopting the assumption made by Henkel (1971) that 

(10) 

(11) 

(12) 

v' Hv' + v' ) ! v' (1 + n') (13) be ac ca ac 

and taking "be .. 0,2 gives values of Aq/li.~ and A shown in Table 1. 

The value of vb' does not have a marked effect on li.q/li.p', and A. 
- c 

It will be noted that for n' = l·the familiar value of 

A • j is obtained and the effective stress path is a vertical 

straight line on a q - p 1 plot. 

-(b) Plane strain conditions 

Under plane strain conditions assuming direction a to be vertical 

and zero strain in direction b 

E: - 0 .b 
(14) 



-11-

Using this relationshit> together with e: • O, it is shown in v 
App~dix A2 that: 

3(1 + d - 2rlv 1 - 2nv' v' - rl 2v' 2 - v' 2 ) ac ac be ac be 
(1 - rl + dv 1 - dv 1 + dv 1 v' - v' 2 ) • ac be ac be be 

(15) 

A • 
n'(l-n1v' 2 -v' -v'v') · ac ac ac be 
(1 + n 1 - 2n 1v 1 - 2rlv 1 v 1 - n2v 1 2- v' 2 ) ac ac be ac be 

(16) 

Again adopting the assumption vb' a Jv' (l+n') and taking c ac 
vbc • 0,2, gives values of6q/6p•and A shown in Table 1. It will 

be noted that for n' = 1, A a 0,5 and the effective stress path 

is vertical on a q-p' plot. 

Table 1 

Triaxial Condition Plane Strain 

n' 6q/t:.p' A 6q/6p' A 

0.5 5.4 0.15 6.5 0.3 

1.0 co 0.33 CXI 0,5 

The resulting stress paths and plots of 6u against vertical 

applied stress ticrv are shown in Fig.18, assuming t:.crh = R.1Acrv 

and thus 

In a '.simple undrained triaxial compression test with 

constant cell pressure the relationship 

6u .. ~ 6q 

p1> 

should hold for isotropic elastic soil. This relationship is plotted 

as a broken line in Fig,]6 and it can be seen that it is a fair 

representation of the pore pressure change early in these tests. 

In fact in the initial part of each test the pore pressure response 

is less than the isotropic elastic value, possibly indicating that 

the soil is stiffer vertically than laterally in both samples, 

although one was consolidated isotropically. 
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The presence of decaying organic matter in mariy soft clay 

deposits may lead to small amounts of gas in the pore fluid and 

thus the degree of saturation S < 1. This would cause a decrease 

in the value of A and a tilt of the effective stress path as shown 

in Fig.19. 

9.2 Phase 2 Plastic -deformation 

The pore pressure response during this phase depends on the form of 

the yield locus. A simple picture of the behaviour can be found by assuming 

the soil to ,follow a straight line on the q-p' plot, with a gradient of -m 

as shown in Fig.20, again considering separately the triaxial and plane strain 

conditions.* 

Triaxial 

or, assuming in the field 

(18) 

Hence A • 1 1 
-+-
3 m 

(19) 

If m • 1.5, then A a 1 regardless of the value of 12 

Plane Strain 

In this case the horizontal stress increment in the plane strain 

direction is some value between the major principal stress increment 

~av and the minor principal stress increment ~ah. For the purpose 

of this exercise, this value will be assumed to be 0.5(~v + ~h) 

after Hill 1950, p 129. 

Thus: 

or A • o.s 1 
+

m 

• ~a (0.5(1 + 12) v 
1 - 12 +---

m 

If m • 2, A • 1, regardless of the value of 12. 

The pore pressure responses as functions of a are shown in v 

(20) 

Fig.2la for triaxial conditions and Fig,2lb for plane strain conditions. 

* The· value of m, for a given soil, will not be the same in triaxial and 

plane strain conditions. 
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9.3 Phase 3a Contained failure, no softenin~ 

During this phase an element of soil can continue to take increasing 

total stress, providing no increase in deviator stress q occurs and the 

element is restrained by adjacent soil. Thus, as shown in Fig.22 effective 

stresses remain constant, but p increases with no increase in q 

6q .. 0 and hence 

6u • 6p - 6p' • 6cr • 6cr v h 
(22) 

In Phase 3a the line has a gradient of 1 as shown in Fig.23 and 

would be collinear with the Phase 2 response if: 

m ., 1.5 

m .. 2 

for triaxial conditions 

for plane strain 

In many fieid cases it is likely that the Phase 2 and 3 responses 

would be indistinguishable. 

9.4 Phase 3b Contained failure with softening 

In this case an element of soil can continue to take increasing.total 

stress, providing the deviator stress q decreases commensurately with the 

resulting shear strain. 

6u • 6p - 6p 1 

or; assuming 1 
6p • 3(6crv + 26crh) 

and 6q/ 6p' • g 

1 1 2 1 (23) 6u • 6cr (- - -) + 6cr (- + -) 
v 3 g h 3 g 

If 6cr .. 6crh, 6u .. 6cr which is case 3a ab ove. 
v v 

If 6cr < 6crh, then 6u > 6cr as shown in Fig.23. v v 

10. Conclusions 

Natural soft clay deposits will usually behave as lightly over

consolidated soils, with an overconsolidation ratio commonly between 1.0 

and 2.0, In most soils this small degree of overconsolidation will have 

been caused by ground water movements or delayed consolidation, although 

other factors such as weathering and near surface desiccation' may have 

contributed. Values of K0 commonly range from the value for normally 
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consolidated soil, e.g. 0,S to 0,7 up to values of 1,2 

When a soil is overconsolidated it moves into a region as shown in 

Fig,8 bounded by a failure line and a yield locus. When reloaded the soil 

behaves elastically until it reaches a failure or a yield condition, After 

yielding it continues to deform_plast-i-catly, possibly with work hardening, 

until-it-reaches failure. On reaching failure it can continue to carry 

additional isotropic total stress increments if the soil does not soften, or 

total stress increments with t:.cr less than lah if it does soften, Theoretical v . 
pore pressure responses are shown in Fig.24 where stress path 1 - 2 - 3a or 3b 

passes through all three deformation phases of elastic, pla~tic and failure, 

whereas stress path 4 - Sa or Sb experiences elastic and failure conditions 

only, Paths 1 and 4 are shown vertically in the q, p' plot of Fig.24a, 

but this is only the case if the soil behaves isotropically and is fully 

saturated. 

A summary of the pore pressure response is given below for a soil 

which behaves as a fully saturated, isotropic material in the elastic phase. 

Parameters R.1 and R.2 are the ratios of lah to lav in the elastic and plastic 

phases respectively and ~m is the slope of the assumed linear responses of 

lq vs t.p' during plastic deformation, 

Triaxial Conditions 

Phases l and 4 

Phase 2 

Phases 3a and Sa 

Phases 3b and Sb 

Plane Strain 

Phases l and 4 

Phase 2 

Phases 3a and Sa 

Phases 3b and Sb 

lu 
la v 

lu 
la v 

lu 
ti.av 

lu 
rcr v 

lu 
t:.av 

lu 
t:.av 

Au 
t.a 

v 

lu 
t:.a v 

= 

.. 

> 

l 2 
- + - R.1 3 3 

l 
- (1 + 22.2) + 3 . 

l 

l 

l l 
- + - R.1 2 2 

1 - R.2 
m 

- .!. (1 + R. ) + l - R.2 
2 2 m 

l 

> l 
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The elastic responses for n' • 0.5 are given in the body_~f

the report. 

In certain cases, which may be fairly common, the responses in 

Phases 2 and 3a or 3b may be virtually identical and hence, having in mind 

the scatter of measured pore pressure values, these phases may be 

indistinguishable. 

In this report the pore pressure responses have been expressed as 

functions of the change in vertical total stress Acr on any soil element and v 
the parameters i 1 , t2 which relate lateral total stress increments Acrh to 

vertical total stress increments during elastic and plastic behaviour 

respectively. In most practical cases the pore pressure responses will be 

required in terms of the surface loading Acr, and hence some relationship 

between Acr, Acrv and Acrh will have to be assumed. 

In the second of these two reports several field cases are examined 

in the light of the theories developed herein, and the relationships between 

Acr, Acrv and Acrh have been obtained by assuming the stress distribution in 

the soil to be that for an isotropic elastic half space. This assumption 

appears to be satisfactory even when the soil yields. It is in fact likely 

that the vertical stress Acr at any point within a·deforming soil mass, due v 
to surface loading, is not very sensitive to the state of the soil, but 

other stresses are likely to be affected to a greater extent. 
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APPENDIX A. 

Derivation of Stress Paths and Pore Pressure Parameters 

during Elastic Deformation 

The symbols used below have been defined in the list of symbols. 

If a, b, c are principal directions in stress and strain, then 
elastic strains for a cross anisotropic material in which E' ~ E' are 

b c 
given by: 

1 
\)I \)I 

t.a' _ ca t.a' ca t.a' e: i• -E' a a E' b c a c c 
\)I 

+ i• t.a;, "' e:b . _ ac !J.cr' _ be !J.cr' 
E' a E' c a r. c 
\I I "' . 1 

e: • _ ac t.a' -~a' + i' t.a' c E' a EC b c a c 

Triaxial Conditions 

Under triaxial conditions • t.cr' c 
• e: 

c 

Thus 2\1 I 
e: - .!. t.cr' -~ t.cr' .a E1 a E1 c a c 

\)I 
1 - "' 

E:c - ac t.a' + 
be 

e:b . -E' E' a 

Volumetric strain E: is given by v 

Thus 

+ 2£ 
c 

a 
c 

t.a' c 

1 ((1-\lb ) ) 
e:v • -E, {llcr' .(l-2v' ) + 26cr' , c - v' } a ac c n ac a 

(A-la) 

(A-lb) 

(A-le) 

(A-2a) 

(A-2b) 

(A-Ja) 

(A-Jb) 

· (A-4) 

(A-5) 

In a saturated soil, if the·water in the voids is assumed to 
be incompressible compared with the soil skeleton, then during 

undrained deformation 



0 • 
l - v' 

Acr' (1 - 2v' ) + 2Acr' ( be 
a ac c n' 

- VI ) 
ac (A-6) 

The effective stress path can be defined by ~q/Ap' if the 

initial point on the stress path is known, 

3(00 1 - Aa' ) a c 

where 

From _(A..,.6) -ana (A-7) 

(2v' + 4n 'v' - n' - 2) 3 be ac 
- 2 cv' -n'v' +n 1 -l) be ac 

(A-7) 

(A-8) 

For an isotropic material n' •land v~c •,vbc' giving, from Eq(A-S) 

and thus the stress path in effective stress space on a q vs p' 

plot is a vertical straight line. 

The pore pressure parameter A is given by 

Au • Aa + A(Acr - Aa ) c a c 

where B = 1.0 for a saturated clay. 

Thus 
Au • (Aa' + Au) + A(Acr' + Au - Acr' - Au) c a c 

Aa' c A • (Acr 1 - Acr 1) a c 

From (A-6) and (A-10) 

A • 
n' (1 - 2v' ) ac 

(2 + n 1 - 2v 1 - 4n 1v' ) be ac 

For an isotropic material, Eq. (A-11) gives: 

Plane Strain Conditions 

A • .!. 
3 

For plane strain conditions, Eb • 0 and Eq (A-lb) gives: 

(A-9) 

(A-10) 

(A-11) 

v' v' 
Aa' • E' ( ac Acr' + be Acr' ) (A-12) 

b c'E' a E' c a c 

Substituting Eq (A-12) into (A-la), (A-lb) gives: 

(1 - n'v' 2 ) v' (l+v') ac Acr' ca be Aa' (A-13a) E E E a a c a 
(1 - v'r) V'(l+V') be E • ac be Acr' + E' Acr• (A-13b) c 

E' a c c 
a 



Volumetric·strain is given by 

(A-14) 

and thus: 

l:il:J I 
£ • lla! (1 - n'v' 2 - v' - v' v' ) + c (1 - v' 2- v' - v! v' ) v -.;-r ac ac ac be i" be ca ac be E c a 

(A-15) 

or, for undrained deformation putting £ • 0 and for cross anisotropic v 
material 

v' • n'v' ca ac 

E' • n 'E 1 
c a· 

gives, from Eq. (A-15) 

l:ia' 
o • lla8' (1 - n'v' 2 - v' - v' v' ) + __....!:. (1 - v' 2 - n'v' - n'v' v' ) ac ac ac be n' be ac ac be 

. It can be shown from Eq. (A-16) that 

3(1 + n' - 2nv' - 2n'v' v' - v' 2 - n2v' 2 ) ac ac be be ac 

(1 - n' + n'v' - n'v' + n'v' v' - v' 2 ) ac be ac be be 

For an isotropic material n' • 1, VJ. • VI "' VI 
ac be · 

and 

which is a vertical straight line on a q vs p' plot. 

Substituting Eq (A-16) into Eq (A-10) gives: 

n'(l - n'v' 2 - v' - v' v' ) 
A • --~~~~-a~c.;;......~~a_c~~-a_c_;;b~c~~~~~~~...;..... 

(1 + n' - 2n'v' - 2n'v' v' - v' 2 - n2v' 2 ) ac ac be be ac 

For an isotropic material, Eq (A-18) gives 

1 
A • 2 

(A-16) 

(A-18) 



A, B 

K nc 

OCR 

z 
m 

z 
p 

e 

n' 

p' 

q 

u 

y 

0a• 0 b• 0c 

a~• a;, • a~ 

LIST OF SYMBOLS 

pore pressure parameters after Skempton (1954) 

effective stress Young's moduli in three principal directions 

plasticity index 

011!/a~ 

C1' ' · h/ a~for normally consolidated soil 

overconsolidation ratio 

past maximum water table depth 

present water table depth 

voids ratio 

initial voids ratio 

60h/6a during elastic deformation 
v 

60h/6a during plastic deformation 
v 

E' E' 
b c 

ET • ET 
a a 

6q/6p' during plastic deformation 

mean total principal stress j.<a1+a2+as) 

1 ' ' ' mean effective principal stress 3(C11+0'2+0'3) 

deviator stress (C11-C13) 

initial deviator stress 

pore pressure 

initial pore pressure 

bulk unit weight of soil 

bulk unit weight of water 

submerged bulk unit weight of soil 

total stresses in three principal directions 

effective stresses in three principal directions 

vertical total stress 

vertical effective stress 



ah 

a' h 

a' 
'\ll!I 

a' 
VO 

Ea' ~, 

E v 

v' 

v' be 

v' ac 

v' ca 

6 

~· 

E 
c 

horizontal total stress 

horizontal effective stress 

-}last maximum vertical effective stress 

present vertical effective stress 

linear strains in three principal directions 

volumetric strain 

Poisson's ratio in isotropic material 

Poisson's ratio for strain in direction c due to applied 
strain in direction b (and vice versa where Eb ~ E~) 

Poisson's ratio for strain in direction c due to applied 
strain in direction a 

Poisson's ratio for strain in direction a due to applied 
strain in direction c 

denotes incremental change 

effective stress angle of shearing resistance 
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(after Bjerrum 1967). · 



..c .... 
a. 
~ 

0 

..c .... 
a. 
ti.I 

0 

Stress O.C.R. 
2 - . 

3 

""' . 
I Desiccation 

I 

i---Constant 
with depth 

o:' , 
_Y..!!L = const. 
a~o 

Fig. 3 

(a) (b) 

Delayed . Consolidation 

Stress 

,.- Present-!
/ 
f Past ...L 

lowest -=-

(c) 

Q.C.R. 
2 

(d) 

Changes in G.W.L. 

3 

Variations of a' and OCR with depth from delayed vm 
consolidation and ground water movements. 



~· ' 0·4 

0·2 

0 

Fi.g 4 

l·O 
Ko 

0·5• 

01 
1 · 

20 40 60 80 JpO/o 

Variation of effective stress Poisson's ratio with plasticity 
index (after Wroth 1975). · 

Boston Blue Clay 

I I I I 
2 3 4 5 6 

O.C.R. 

Fig. 5 Theoretical and observed relationships between K and OCR 
for Boston Blue Clay (after Wroth 1975). 0 

1·5 

• 

O·St Kaolin 

0 I I I I . .__ __ ......__ __ ..__ __ .__ __ ....._ _ ___, 

I 2 3 4 5 6 
O.C.R. 

Fig. 6 Theoretical and observed relationships between K and OCR 
for kaolin, 0 



e 

I 
I 
I 
I 
I 
I 
I 
I 
IG 

D 

'p' I . 
I (a) 

I 
I 
I 
I 
I 

Fig, 7 Consolidation curves, stress paths and yield 'in one 
dimensional consolidation. 



q 

' 

Yield 
locus 

p' 
Fig. 8 Possible stress paths, yield locus and failure line for a 

200 
q 

kN/m2 

soft clay. 

o INITIAL POINT 
• YIELD POINT 
x FAILURE POINT 

LOCUS 

0 100 200 

(d_) 

400 

p1 kN/m2 

Fig. 9 Stress paths, volumetric yield locus and failure points 
for draine~ tests on kaolin. 

N 



t 
0 

q kN/m2· 
50 100 

p 

Test (a) Test (b) 
0·8 

T 
0·4 

p 
0 50 100 150 

q kN/m2 

E:y 
0 

E:y O/o 
O/o 

5 
5 Test (c) Test (d) 

N 

200 300 400 500 P. 200 400 600 

p' kN/m2 p' kN/m2 

Fig. 10 Yield points in drained tests on kaolin. 



1·65 

N 1•6 
E 
~ 1·2 
oi 

..lit: 

O' 0·8 

0•4 

0 0·4 0·8 1•2 1·6 2·0 2·4 2·8 

p1 kg/cm2 

NOTE: 11 = -9._ 
P' 1·60..___..___. _ _. _ __. _ _.. __ 

0·8 1·2 1·6 2·0 2·4 2·8. 

p1 kg/cm2 '• 

Fig. 11 Yield points in drained tests on Leda Fig. 12 Volumetric yield locus for Leda 
clay (after Mitchell 1970). ; clay (after Mitchell 1970) 

Fig, 13 Typical yield point in drained test on 
Canvey Island clay 
(after Pender, Parry and George 1975). 

I 

Fig. 14 Yield locus for Canvey Islanc 
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and George 1975). 
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