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CHAPTER 6 

INTERPRETATION OF TEST RESULTS 

6.1 INTRODU CTION 

As mentioned 1.n Section 3.4.1, the use of the end cap axial 

strain measurement was intended to permit the measurement of bedding er-

rors originating at the ends of the spec1.men. These may be caused by a 

lack of flatness of the specimen's end surfaces, non-parallelism of the 

specimen end surfaces, and imperfect contact between the porous stones 

and the end caps. 

Bedding errors can be reduced by careful trimming but cannot be 

·completely eliminated. In view of their largely random nature, their 

magnitude is difficult to predict for a given test specimen. It is to 

94 

be expected tha t they will be more severe 'for stiff clays, which gene rally 

present more difficulties as far as trimming of the ends is concerned, 

than for soft ones. The presence of heterogeneities, such as gravel 

particles left protruding from the end surfaces after trimming, can sig­

nificantly increase the bedding errors. On the other hand it is also 

possible that, especially for softer materials, the application of an 

effective consolidation pressure will reduce the bedding errors during 

shearing significantly. 

Bedding errors are conventionally associated with an initial con­

cave shape of the stress-strain curve. The concave shape tends to dis­

appear with increasing deviator stress and the stress-strain curve 1.S 

generally corrected by extrapolating the more reliable portion backwards 

in order to define a new or1.g1.n. Marsland (197lc) suggested that the 

zero correction in tests on London Clay would be due to the closing up 

of fissures, just as in the testing of rocks there is closure of cracks 
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and joints. However, the Imperial College type of load cell can similarly 

affect the initial portion of a stress-strain curve derived from ex­

ternally measured displacements (Costa Filho, 1980). 

In the remainder of this chapter an attempt is made to explain 

the form of the end cap strain measurements reported in the previous 

chapter and to estim~ate the bedding errors associated with the present 

series of tests. A comparison is also made between results based on the 

local strain measurements and the predictions of a model developed for 

overconsolidated clay by Pender (1978). The stiffness data assembled ~n 

Section 5.4.4 are also compared with the available field data. 

6.2 THE EFFECT OF BEDDING ERRORS ON END CAP AXIAL STRAIN MEASUREMENT 

In order to analyse the bedding errors, it is necessary to make 

simplifying assumptions regarding the form of the irregularities present 

on the end surfaces of the specimen. Consider, first, an extreme simpli-

fication in which the top cap is supported by three identical asperities 

protruding from the specimen and there is perfect contact at the bottom 

end of the speclmen. The asperities are assumed to behave elastically 

and possess a stiffness~. It is assumed that the top cap ~s loaded at 

its centre, 0, by a unit vertical load. Figure 6.1 shows such a situation 

with three alternative sets of asperities (AIBlCl , A2B2C2 and A2Bl Cl ), 

these cases being chosen for the sake of argument. The vertical load 

distribution for each case is found by firstly taking moments along the 

line BC to find the load on A, and then dividing the remaining load 

equally between Band C by reason of symmetry. The reactions may be di­

vided by kb to give the displacements of A, Band C. Points Dl and D~ 

correspond to the end cap strain measurement locations (assumed to be on 

the axis of symmetry and in the plane of the top cap) and their displace­

ments are easily calculated. Figure 6.2 shows the corresponding motions 



of the top cap (line Dl OD 2) as a result of eccentricity of the loading 

position relative to the asperities. It can be seen that a wide range 
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of displacements is possible and that the average displacement (at point 

0) also varies considerably. In reality the contacts would probably num­

ber more than three, would be randomly distributed, and would have differ­

ent stiffnesses. As deformation proceeds new contacts would be made and , 

at a given instant, the displacements would be controlled by the dominant 

set of asperities. It is thus possible for rocking of the top cap to oc-

cur as one set of asperities takes over from another, with obvious ad-

verse consequences for the end cap axial strain measurement. 

During unloading, because different asperities may have different 

rebound characteristics, the dominant set of asperities could be quite 

different from that during the previous loading. This is thought to ac-

count for the complex and erratic pattern of behaviour seen in some of 

the end cap measurements (e.g. Figures 5.28 and 5.30). 

In order to gain a better knowledge of the surface irregularities 

of Cowden Till specimens, five short, 100 mID diameter specimens were 

trimmed from blocks left over from the main tests. The end surfaces 

were trimmed in the usual way and coated with about a 5 mm thickness of 

epoxy reSln. After it had set, the epoxy resin was detached and cut 

along a diameter. The surface profile of the trimmed surface of the 

Cowden Till was thus reflected in the epoxy resin cross-section which 

was then viewed under a stereo comparator of accuracy ±5~m (resolution 

±l~m). Figures 6.3 and 6.4 show the smoothest and roughest profiles so 

obtained. These profiles have been corrected for curvature of the resin 

which occurred as it was cured. By inspection the surface roughnesses 

can perhaps be idealized as a sinusoidal variation with an amplitude, ao ' 

of 0.1 mm and wavelength, A
b

, of 10 mm at one extreme (Figure 6.3) and 

an amplitude of 1.0 rom and wavelength of 50 mm at the other (Figure 6.4). 



The large amplitude of the latter 1S primarily attributed to the presence 

of sand and gravel particles. 

The deformation of surface irregularities can be investigated 

uS1ng the methods given by Johnson (1985) f th . or e contact mechan1cs of 

metals. The stress-strain behaviour of the material is assumed to be 

isotropic linear elastic or rigid-perfectly plastic. Consider an elastic 

medium, with Young's modulus E, under plain strain conditions subjected 

to a normal stress with sinusoidal variation, so that 

= (6.1) 

where = normal pressure applied, 

= amplitude of applied pressure, 

= wavelength of applied pressure, and 

x = horizontal distance from an arbitrary chosen or1g1n. 
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It may be shown that the resulting surface profile, u (x), has a sinusoidal 
z 

variation of the same wavelength, 

u (x) 
z = cos a 

o 
cos (6.2) 

where the datum is at the mid-height of the surface variation. Conversely. 

if such a wavy sur£2ce exists initially in the absence of normal stress, 

the pressure required to flatten it 1S given by equation (6.1) with 

= 
TTEa 

o If the surface 1S just brought into contact with a 
(l-v 2 ) Ab 

second elastic body with a smooth flat surface, Figure 6.5(a), the gap 

between the surfaces, hex), may be expressed by.-

hex) = (6.3) 

If, under a mean pressure p, the solids are now pressed into contact, in 

the absence of deformation, their profiles would overlap each other by 

the amount shown by the dotted lines in Figure 6.5(b) with a relative 

displacement of 01 + 02' but due to the contact pressure the surface 

within the contact zone is displaced by an amount uz1 or uz2 such that 



To make further progress it 1.S necessary to f1.·nd a pressure distribution 

satisfying equation (6.4). For t· con 1.nuous contact the pressure distri-

bution may be expressed as:-

p(x) 

For contacting elastic bodies a composite Young's modulus E* may be 

defined by ~-

1 
E* = 

l-v 2 
1 

+ 
l-v 2 

2 

(6.5) 

where El , v2 , E2, v 2 are the Young's moduli 

materials on each side of the contact and p 
o 

and Poisson's ratios of the 

becomes 
rrE*a 

o If p<p 
o 

only partial contact is maintained over parallel strips of width 2w. 

Without proof, Johnson (1985) states that, for equations (6.4) and (6.5) 

to be satisfied, the mean pressure p 1.S g1.ven by :-

rrE*a . 
P = ( 0) S1.· 2 (1TW) 

X n-r-
b b 

The ratio of the real area of contact to the total area, 

therefore be expressed as:-

= 
. -1 

51.n 

2w 
\' b 

can 

Figure 6.6 shows the graphical representation of equation (6.7). 

(6.6) 

(6.7) 

In applying the above analysis to the contact between end caps and 

a soil speC1.men, the Young's modulus of the end caps can be assumed to be 

much higher than that of the soil and consequently E* = _E_ 

l-v 2 
where E 

and v are the soil parameters. The roughness profile of the ends of the 

specimen having been idealized 1.n a sinusoidal form, the compress1.on 

(bedding error) under a mean pressure p can be evaluated approximately 
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from equations (6.7) and (6.2) by neglecting the distortion of the asperity 

outside the contact zone, Figure 6.5(c). The amount of compression 1.5:-

{ 

21TW } ao 1 - cos (~) (6. S) 



The pressure PT' required for comptete flattening (elimination of the bed­

Ab 
ding) is obtained by substituting w . . = 2 1nto equat10n (6.6) so that 

= = 2'ITG 
(I-v) 

(6.9) 

An alternative theoretical approach to the elastic flattening of 

an initially wavy surface was proposed by Davis and Salt (1986). If the 

surface is partially flattened so that its profile is defined by a second 

sinusoid with the same wavelength as the original one but a different 

amplitude aI' it may be shown that the average work per unit area, W, 

needed to cause the partial flattening 1S 
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W = (6.10) 

If the material is assumed to be isotropic and linearly elastic, the 

work done by the mean applied normal pressure, p, is 

W = (6.11) 

By equating equations (6.10) and (6.11), the normal pressure for partial 

flattening 1.S 

'ITE 
p = 2(1 + v) 

and the corresponding pressure, PT' for total flattening 1S 

It 1S interesting 

po rate the ratio 

'ITE 
2(1 + v) 

to note 
a 

0 

Ab 
but 

a 
o 

. --= 

that both 

differ by 

'ITGa 
o 

equations 

a factor 

(6.9) and (6. 13) 

2 
of This (1 - v) • 

(6.12) 

(6.13) 

1ncor-

factor ranges 

from 2 to 4 for materials having a Poisson's ratio ranging from 0 to 0.5. 

The author attributes this difference to a difference in boundary con-

ditions. In Davis and Salt's approach only vertical movement at the 

boundary is allowed and any shear stress present at the boundary does no 

work (see Figure 6.7). In the previous approach, lateral movements occur 

at the boundary which is assumed frictionless. Again no work is done by 

the shear stress but there is a different distribution of strain. 



The above approaches, based on the theory of elasticity, permit a 

prediction of the bedding error to be made if the surface profile, appro­

priate soil properties and applied pressure are known. A third, and con­

trasting, approach is arrived at by considering the plastic deformation 

of a regular serrated surface pressed against a rigid flat surface as 

shown in Figure 6.8. The deformation of a single wedge-shaped asperity 

is shown in Figure 6.9 where ~ is a function of the geometry of the 

asperity. Using the theory of plasticity, Johnson (1985) presented the 

solution for a serrated surface with a semi-angle (;) of 65 0 as shown in 

Figure 6.10 where s is the shear strength of the material and p pare 
a' n 

the asperity pressure and mean pressure applied to the surface respect-

ively. With increasing load, the contact area increases and the zone of 

deformation shown in Figure 6.9 extends until point C reaches the trough 

between two serrations. 2w 
This situation occurs when the ratio ~ reaches 

b 
0.36. Further deformation ~s then constrained by the interference be-

tween adjacent serrations. When preaches 5.l4s overall indentation of 
n 

the material occurs and no further deformation of the asperities will 

take place. For initially pointed asperities with; = 65
0 

the amount of 

compression under a given normal pressure can be evaluated geometrically 

once the value of 

to Figure 6.9, the 

2w 

Ab 
has been found from Figure 6.10. 

~ompression is calculated by equating 

Wi th re fe ren ce 

the areas OAB 

and BB'C assuming that B'C is approximately equal to BC (= V2IY). For 

Cowden Till the initial geometry of the serrated surface has been cal-

culated for the two extreme cases mentioned above by equating the area 

beneath the sinusoidal variation to the area beneath wedges having a 

semi-angle (;) of 65 0 . The resulting idealizations for the two extremes 

are shown in Figures 6.3 and 6.4 respectively. 
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As an illustration of what might be possible in applying the three 

analyses outlined above to the problem of bedding errors in triaxial tests 

they have been used, together with the profile idealizations of Figures 

6.3 and 6.4, to predict the end cap axial strain in test T2UH from the 

local measurements in the small strain region. In doing this, the ef-

fects of end restraint and of non-parallelism of the end surfaces have 

been ignored, and the secant Young's modulus obtained from the local 

measurements at 0.1% and 0.4% strain have been arbitrarily chosen to re-

present a linear elastic behaviour of the Cowden material. Since the 

test was terminated prematurely (see Section 5.4.2), for the plastic 

2 wedge approach the undrained shear strength has been taken as 100 kN/m 

from the in~itu plate test results (see Figure 2.15). 

Figures 6.11 to 6.13 show the predicted end cap strains together 

with the actual measurements and the local measurements. In making these 

predictions allowance was made for the deformation of the end surfaces 

due to the application of the isotropic consolidation pressure. The 

amount of bedding eliminated was assUIIEd to be equal at each end of the 

specunen. 

It 1S clear from Figures 6.11 to 6.13 that bedding errors =~y ~ot 

be evident as a reversal of curvature of the stress-strain curve and 

therefore the conventional method of correction may not be applicable. 

The plastic approach shows an inadequate correction for the smoothest 

surface and over-correction for the roughest one. The limited results 

obtained from the elastic approaches suggest that the surface of speci-

men T2UH may have tended towards the roughest extreme, with the lower 

Young's modulus appearing to give more satisfactory results at strains 

approaching 0.1%. 

The difficulties in applying these theoretical approaches, part-

icularly the elastic ones, to the problem of bedding errors are serlOUS. 

, 



Firstly, the wavelength of the surface irregularities (A
b

) must be small 

in comparison with the specimen diameter. Unfortunately, this was not 

the case for the roughest surface discussed above. Secondly, the 

elastic approaches only apply for a material with linear behaviour , 

whereas soil behaviour is generally non-linear. Thirdly, the choice of 

equivalent linear elastic parameters to represent non-linear behaviour 

is arbitrary as the strains associated with the elimination of the bed-

ding are unknown. 

Figure 6.14 shows the pressure required for complete flattening 

of an initially wavy surface as predicted by the two elastic approaches. 

As already mentioned, the pressures predicted by the two approaches for 
a o 

Ab 
a given ratio of differ by a factor of 4. The figure could poten-

tially be used to assess the likelihood of eliminating bedding errors 

during consolidation. For a g~ven mean applied pressure, the corres-

ponding ratio for which total elimination of the bedding error can 

2 
be achieved lS higher for a "soft" material (say G = 5000 kN/m ) than 

for a stiff one (say G = ISOOOkN/m2). Likewise, for any given initial 

roughness of the surface the pressure required for its co~lete 
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flattening is higher for a stiff clay than a soft one. For a given soil, 

localized remoulding of the soil close to the end surfaces during trim-

ming operations may effectively reduce the stiffness and so reduce the 

bedding error following consolidation. 

6.3 COMPARISON WITH MATHEMATICAL MODELS 

Mathematical soil models are needed for the prediction or inter-

pretation of soil deformations. Numerous models have been developed In 

order to represent the widely varying behaviours of natural soils. 

These models have various degrees of generality, simplicity and accuracy, 

as discussed in Section 1.2. It is now well known, from laboratory 



studies of both "undisturbed" and reconstituted soil specimens, that the 

stress-strain behaviour of most soils is non-linear and anisotropic. 

The soil itself is not likely to be homogeneous. 

On the basis of the limited test results presented ~n Chapter 5, 

~n this section the stress-strain behaviour of isotropically consolid-

ated Cowden Till at small strains is compared with the predictions of 

some well known models. One objective of the test programme was to 

examine the anisotropy of the material by testing both vertically and 

horizontally samples. For a cross-anisotropic elastic soil with a verti-

cal axis of symmetry, it can be shown (e.g. Jaeger and Cook, 1976) that 

the material behaviour is governed by five independent elastic constants, 

defined in terms of effective stress as: 

E' = Young's modulus v ~n the vertical direction, 

E' = Young's modulus ~n the horizontal direction, H 

v' = Poisson's ratio for strain ~n any horizontal direction 1 

to a horizontal stress applied at righ tangles, 

v' = Poisson's ratio for strain ~n the horizontal 
3 

to a vertical stress, and 

G' = shear modulus in any vertical plane. 
v 

direction 

due 

due 

Atkinson (1973) proposed the use of such a model to predict the behaviour 

of undisturbed London Clay. The parameters E'v' E'H' v'l and v'3 can be 

obtained from two drained compression tests on vertical and horizontal 

samples, if it assumed 
E' 

that the Poisson's ratios and the degree of aniso-

tropy n (= --,2) remain 
E H 

constant during loading. Atkinson also suggested 

that a distinction between elastic and plastic behaviour could be made 

by observing that in the elastic range the stress path in the undrained 

d cr' 1 
tests should be linear (~ = 

cr 3 

strain path should be linear (1 

constant) and in drained tests the 

_ dEv = constant). The linearity of the 
dEA 

stress or strain path does not depend on the linearity of the stress-



strain curve and therefore the model 1S not l1"~~ted 1" ~ to lnear elastic 

behaviour. For non-linear behaviour tangent moduli are required and 

these have been measured directly from the stress-strain data presented 

1n Chapter 5 (see Table 5.16). 
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For Cowden Till, Figures 5.45 and 5.46 show that v' is essentially 

constant in the small strain range. From the results listed in 

Table 5.16 mean values of n may be evaluated at different strain levels 

for the drained tests including tests TRl and TR2. The mean value of n 

is 0.75 at 0.01% strain, 0.94 at 0.05% strain and 0.76 at 0.1% strain. 

The mean value of n between 0.01 and 0.1% strain is about 0.82, so that 

the material behaviour may be considered as approximately isotropic. 

Since the undrained stress paths in the (p', q) plane (Figure 5.22) 

are approximately linear, the stress paths in the (a'l' a'3) plane 

should also be linear. For four of the drained tests, the Poisson's 

ratio plot from local measurements (see Figures 5.45 and 5.46) was seen 

to be linear; thus the associated strain path should be linear. In 

Figure 6.15 strain paths are shown for the remaining drained tests, in 

which the radial st~airr ~easurements were considered unreliable. The 

externally measured volume changes have been plotted against the locally 

measured axial strains. Again, approximate linearity is evident. Some 

of the data are erratic, but this could be due to non-uniformity of the 

local strain. 

From the evidence reviewed above, it appears that Cowden Till 

could be modelled as a non-linear elastic material. If it is now as-

sumed that the material 1S isotropic, then n = I and v'I = v'3' The 

best estimate of v' may be obtained by taking the mean of the results 

from tests T7DV, T8DV and TR2 in Table 5.16 (the result from test TRl 

being regarded as unrepresentative), so that v' = 0.34. A prediction of 

the undrained modulus at any given strain level may now be made as follows:-



(6.14) 

Table 6.1 shows a comparison of these predictions with values 

measured in tests RT5UV and T2UH. At each strain level the value of 

E'v was taken as the mean value obtained from tests TR2 T3DV T7DVand , , 

T8DV. Clearly, the model appears to be more satisfactory for the speci­

mens in test RT5UV. However, it may be remembered that the results ob-
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tained in test T2UH were questionable at small strains (see Section 5.4.2) 

and this may invalidate the comparison made ~n Table 6.1. 

Since, as noted above, the behaviour of Cowden Till appears to be 

approximately isotropic, the question arises as to whether an interpret-

ation can be based on the critical state soil models mentioned in 

Section 1.2.3. Critical state parameters have been~a1uated by the 

Author on the basis of data from 14 oedometer tests and 8 consolidated 

undrained triaxial compression tests on intact material. These test 

data were reported by Gallagher (1983). The average values of A, M and 

r were 0.071, 1.06 and 1.81 respectively. The value of M corresponds to 

¢' = 26.70 (see Section 2.3.4). The average value of K during unload-

reload cycles ~n the oedometer tests was 0.015. However, at an effect­

ive stress of 90 kN/m2, which is close to the average effective stress 
? 

prior to shearing in the present investigation (p~ = 84 kN/o-), the 

mean values of K during unloading and reloading were 0.017 and 0.009 

respectively. The average of these two values is thus 0.013, slightly 

less than the value quoted above. All the above values may be compared 

with those for the remou1ded material (see Section 2.3.4). 

The plastic deformation of normally consolidated or lightly over­

consolidated clays can be modelled reasonably well by the Cam Clay 

model. However, it is generally accepted that the Cam Clay model is 



less successful in describing the yield behaviour of heavily over­

consolidated clays, for which a different state boundary surface applies 

(Atkinson and Bransby, 1978). Also, the practical importance of the 

small strain range has been discussed in Section 1.1 and it is therefore 

essential to develop models that can predict behaviour well beneath the 

state boundary surface. 

In the critical state theories the soil behaviour beneath the 

state boundary surface is considered to be elastic. It then follows 

that the Young's moduli are given by:-

and 

E' = 3vp' (1 - 2v ') 
K 

_ 9vp I (1 ....; 2v ' ) 
E u - 2K (1 + v') 

(6.l5a) 

(6.l5b) 

Taking the value of K as 0.015 together with the mean value of v = 1.402 

from Table 5.14 and v' = 0.34, at the average effective stress prior to 

Shearing (p' = 84 kN/m2) the initial drained and undrained stiffnesses 

can be calculated as 7.57 MN/m2 and 8.44 MN/m2 respectively. Clearly, 

these are much lower than the stiffnesses observed experimentally (see 

Table 5.16), although if the value of K during reloading (K = 0.009) is 

substi tuted into equation (6.15), the dis crepancy reduces. The values 

of E' and E then beeome 12.61 MN/m2 and 14.10 MN/m2 respectively. 
u 

Nevertheless, this simple approach to the estimation of stiffness is ~n-

adequate. 

Pender (1978) has developed a model for overconsolidated clays 

based on critical state concepts which allows for both distortional and 

volumetric plastic strains beneath the state boundary surface. Elastic 

shear strains are assumed to be zero. From the stress-strain data at 

small strain levels presented in Chapter 5, it is evident that plastic 

strains are predominant. 
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The undrained stress path 1S d assume to be parabolic and 1S of 

the form:-

pI 
1 0 

2 I ---

(!l.) p cs pI 
= -- pI 

M pI (6.16) 
1 0 --, 

p cs 

where n is the stress ratio ~I , and pI th 1 p cs e va ue of p' at the criti-

cal state. The plastic shear strain EP , , plastic volumetric strain, VP, 

and elastic volumetric strain, Ve 
are given by :-, 

I 
2K(-¥-) n dn 

dEP = P cs 

M2 (~ - ll{M -(~l n} 
v I p P cs 

(6.l7a) 

p' I 0 
- 1) (~) 2K(~ n dn, 

dVP p cs P cs 
= 

2p' 2 0 
1) M v(-- -

p' 

(6.l7b) 

and dV e = 
Kdp I 

p'v (6.l7c) 

For drained tests both pl and p' vary and are determined by eXam1n1ng 
o cs 

the hypothetical undrained stress path that passes through the current 

stress state. The accumulated strains can therefore be calculated by a 

numerical process, as described by Pender (1978), providing dn is small. 

In order to compare the predictions of Pender's model with the stress-

strain curves presented in Chapter 5, it has to be assumed that the 

difference between the natural (or logarithmic) strain and the linear 

strain is negligible. For drained tests the shear strain calculated from 

the model is converted into axial strain by adding one-third of the total 

volumetric strain onto the plastic shear strain. 

Figures 6.16 and 6.17 show the comparisons between the predicted 

stress-strain curves with the present test results uS1ng the critical 

state parameters for the intact material and the average value of initial 



specific volume, v = 1.402 (Table 5.14). It can be seen that for both 

the drained and undrained tests the d' d pre ~cte stress-strain curves lie 

in the middle of the measured range if the result of test TlUV is re-

jected. Pender's model is therefore reasonably successful in predicting 

the stress-strain response of Cowden Till at small strains. 

6.4 COMPARISON WITH PUBLISHED DATA 

As mentioned in Section 1.3.1, the pr~mary objective of the re-

search was to obtain data on the small strain behaviour of Cowden Till 

in the laboratory and subsequently to compare them with existing field 

data. It was hoped that the discrepancy in stiffness parameters be-

tween the laboratory and field measurements could be minimized. The 

comparison of stiffnesses presented here makes use of data from plate 

loading tests conducted by the BRE with under-plate instrumentation. 

However, as some of the specimens were tested to failure (as defined by 

the control algorithm of Section 4.3) their strength parameters can be 

compared, briefly, with those obtained previously. 

Figure 6.lB shows the present undrained shear strengths in com-

lOB 

parison with those measured in compressive triaxial tests on isotropically 

consolidated specimens from pushed tube samples, Marsland and Powell 

(1985). Unfortunately, one of the three present undrained tests was 

terminated prematurely (see Section 5.4.2), so that only two remaining 

data points can be plotted. It can be seen that the strength of speci-

men TlUV was uncharacteristically low but this specimen was thought to 

have been subjected to significant sampling disturbance, as mentioned in 

S ' 5 4 2 However, the result from test RTSUV was consistent with ectl.on ... 

the previous data, as also shown in Figure 6.19, 

Figure 6.20 compares the effective stresses at failure from t~e 

present research with those published by Marsland and Powell (1985). 



If c' is taken as zero, the mean angle of shearing resistance (¢ ') 

measured in the present tests (five results) is 35.20
. In general the 

present strengths lie at the upper end of the previously observed spec-

trum. In one case (test RT5UV) an anomalously high strength was re-

corded. Mechanical disturbance during sampling can induce a h . c ang.e ~n 

effective stress prior to shearing, as discussed in Section 2.2, and 

hence a change in undrained strength. On the other hand, effective 

strength parameters are relatively insensitive to disturbance unless 

there is loss of cementing or an appreciable change of density. Even so, 

it appears that changes of density have affected the results shown in 

Figure 6.20. In the present tests there was a significant reduction of 

moisture content during consolidation and storage, from 17% in-situ (see 

Figure 2.8) to about 15% (see Table 5.14). A reduction of moisture con-

tent was noted in the previous tests on Vibro spec~mens and must also 
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have occurred when pushed samples were consolidated. Since the effective 

strength would be expected to increase as the moisture content reduces 

(density increase), this probably explains why the present results are 

more consistent with those from the Vibro specimens than the unconsolid-

ated pushed specimens. 

The pre-failure behaviour of a triaxial spec~rnen (i.e. its stiff-

ness) would be expected to be much more susceptible to changes of struc-

ture during sampling (see Section 2.2). The method of sampling for the 

250 mm tube samples, described in Section 3.5.1, can be considered as a 

non-displacement method (i.e. the soil is subjected to negligible shear 

strain as it enters the sampling tube). On the other hand, the pushed 

samples obtained by Marsland and Powell (1985) probably suffered a s~g-

nificant shear strain. Since the diameter to wall thickness ratio was 

60, it can be roughly estimated from Figure 2.1 that a shear strain of 

0.2% occurred during sampling. The secant shear moduli at half of the 



failure stress, (G) so' from the present tests are compared with those 

from Marsland and Powell's pushed samples in Figure 6.21. Only the 

tests reaching failure with the same total stres~ path are included 

(four results). The present shear moduli have been obtained from the 

Young's moduli with 

(G) 50 = (G') 50 = (G) 50 = 
(E J 50 (E ') 50 

= -..,----. 
2(1+vu) 2(1+v') (6.18) 

by assuming that VI and Vu are 0.34 and 0.50 respectively. From 

Figure 6.21 it can be seen that only the result of test T1UV compares 

well with the pushed sample data. In the other tests (G)50 was about 

three times higher. This suggests that the 250 mm tube samples were 

significantly less disturbed than the pushed samples, sample TlUV being 

an exceptio~ as discussed in Section 5.4.2. 

Figures 6.22 and 6.23 summarize the, effect of depth on the shear 

moduli evaluated by different techniques in previous and present invest-

igations. Two relevant observations were made when reviewing previous 

data in Section 2.3.4. Firstly, there is not much change in stiffness 

with depth. Secondly, unless reference is made to strain levels, a com-

parison of moduli from different tests is difficult. Thus, the only 

directly comparable results are the values of (G)50 from triaxial tests, 

discussed above. In the case of plate loading tests, a meaningful com-

parison with the present work can be made if data is available from 

under-plate instrumentation similar to that used by Marsland and Eason 

(1974). A comparison with such data will be made below. The difficulty 

of strain level may not arise to the same extent when comparing the 

moduli obtained during unloading and reloading, providing reasonably 

linear reversible behaviour is exhibited. In that case the modulus , 

would not depend upon the strain level. Unload-reload shear moduli are 
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compared in Figure 6.23, from which it can be seen that the present test 

results compare more favourably with those from the back analysis of in­

situ model pile tests than with those from plate tests interpreted by 

equation (2.7). However this interpretation of the plate test is still 

being researched (Powell, 1987b) and it is possible that a better inter-

pretation could have been made if under-plate data had been used. 

To permit further comparison between the moduli obtained in the 

laboratory and in the field, the BRE has made available the unpublished 

results of a plate test conducted some years ago (Powell, 1987a). The 

III 

test was conducted in a borehole at 5 m depth using a multi-point measur-

ing system described by Marsland and Eason (1974) to measure displace-

ments beneath the centre-line of the plate. The plate diameter was 

865 mm and the borehole diameter was 900 mm. Table 6.2 lists the data 

supplied by BRE. The ratios of the settlements at the measuring points 

to those measured""at the plate surface are tabulated in Table 6.3 and 

plotted in Figure 6.24 where the finite element prediction from Marsland 

and Eason (1974) is also shown. The interesting feature in Figure 6.24 

is that whereas finite element analysis suggests that only 15% of the 

plate settlement is due to deformation of the clay within a depth of 

about half the plate diameter, the actual measurements indicate that a 

figure of between 25% and 35% is more appropriate. This could be due to 

deficiencies of the analysis or to a zone of disturbed material near the 

base of the borehole prior to installation of the plate. The latter 1S 

probably more likely (see below). 

In order to interpret the data 1n terms of moduli at var10US 

strain levels it is necessary to know the distribution of stress , 

changes beneath the plate as it is loaded. A distribution of horizontal 

and vertical stre~ for this borehole plate test has been recommended by 



Powell (1987b) on the basis of recent analysis conducted on behalf of 

the BRE at the City University. Changes on the centre-line are shown ~n 

Figure 6.25 together with the stress distribution for a plate loaded at 

the ground surface, as obtained by Poulos and Davis (1974). Lopes 

(1979) conducted a finite element analysis of a borehole plate test ~n 

London Clay and the resulting stress distribution is also included in 

Figure 6.25. It can be noted that Ln a borehole plate test, due to the 

restraint of material at the sides of the borehole above plate level, 

both the vertical and horizontal stresses are reduced considerably by 

comparison with those for a surface plate. Figure 6.26 shows the differ-

ence between the vertical and horizontal stresses due to the applied load 

and it is apparent that in Powell's distribution it is considerably less 

than in that of Poulos and Davis. 

The soil between each pair of measurLng points beneath the plate 

can be considered as a triaxial element under the above (axially sym-

metric) stresses and a stress-strain relationship can be derived as fol-

lows. Taking the start of loading of the plate as a datum, at any stage 

of the test the change of axial strain (~EA) is computed from the change 

of relative displacem:nt of the two ends of the element, and the average 

changes of applied stress (~crv and 6crH) over the height of the element 

are estimated by inspection of Figure 6.25. Following the procedure re­

commended by Powell (1987b) and assuming the soil to be undrained, the 

secant Young's modulus for the element at that stage of the test can 

then be calculated as:-

~cr - 2vu~crH 6cr - ~cr 
v v H (6.19) 

E = = 
u ~EA ~EA 

s~nce v = 0.5 under undrained conditions. 
u 
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The results of these calculations for two stages of the test Ln 

question are summarized in Table 6.4 and plotted as deviator stress 

(~av - ~aH) versus axial strain in Figure 6.27. The uncharacteristic 

stress-strain relationship of the uppermost element (0-152 mm) is 

probably the result of disturbance near the base of the borehole. The 

next element may also have been sUbjeeted to a certain degree of dis-

turbance. The lower two elements, appear not to have suffered from dis-

turbance and show almost identical behaviour. Another feature evident 

in Figure 6.27 is the non-linear nature of the behaviour at small strain 

levels, although the number of data is limited. Unfortunately data ob­

tained at plate stresses below 170 kN/m2 are insufficiently accurate to 

be included (Powell, 1987a). 

As indicated by Wroth (1971) the undrained stiffness is dependent 
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on the initial effective mean normal stress (pI) (see also equation~.15b». 
. 0 

To permit a comparison between the moduli obtained in the present tri-

axial tests and those obtained in the plate tests, the moduli have been 

normalized by dividing by this parameter. For the triaxial tests, the 

values of pI were as tabulated in Table 5.14. For the plate test, 
o 

which was conducted at 5 m depth, the effective vertical pressure pI vo 

was 75 kN/m2 (see Figure 2.10) and, since Ko ~ 1, p'o was also taken as 

75 kN/m2 . The normalized laboratory and field moduli at strain levels 

between 0.01% and 1.0% are compared in Figure 6.28 where acceptable 

agreement can be seen. The results for the uppermost element agree 

closely with the results for test TlUV and this supports the argument 

already made that the soil was disturbed in both cases. Consequently, 

these results differ from the rest. Below 0.1% strain the full extent 

of the stiffness variation observed in the tests becomes evident. Some 

of this has been caused by sampling disturbance and testing errors, 

especially in tests TlUV and T2UH. If these tests, and also RT6DH, are 



rejected, the remaining results fall in a relatively narrow band. This 

may be more representative of the variation of stiffness in the field. 

In making the comparison of laboratory and field data in 

11':' 

Figure 6.28 it has been assumed that the soil is being subjected to 

initial loading from a given stress state. However when a borehole ~s 

prepared for a plate load test, the soil at the base of the borehole ~s 

subjected to stress relief. On subsequent loading by the plate, the 

measured deformation may well be influenced by the unload-reload 

characteristics of the soil. This aspect of the interpretation of plate 

load tests is still being investigated (Powell, 1987b) ,and the agreement 

evident in Figure 6.28 may prove to be misleading. (The range of unload­

reload moduli in the triaxial tests ~s also indicated in the figure.) 

Nevertheless, the present evidence suggests that plate tes ts, thQ'ugh con­

siderably more expensive and difficult to perform, would provide no bet­

ter information about the stiffness of Cowden Till than triaxial tests 

of the type described in this thesis. 

Figure 6.29 compares the normalized moduli of London Clay (Canons 

Park) from Jardine et al. (1985) with those obtained from the present 

triaxial tests on Cowden Till. If the results of tests TlUV, T2UH and 

RT6DH are excluded a remarkable degree of similarity is seen. 



Tangent modulus (MN/m2) 

Axial Average tangent 

strain 
effective vertical Vertical specimen (test RT5UV) Horizontal specimen (test T2UH) 

modulus, E' 
(%) (MN/m2) v Predicted Predicted 

Measured Predicted 
Measured 

Measured Predicted 
Measured 

0.01 45.00 66.00 50.40 0.76 235.00 50.40 0.21 

0.05 28.54 38.23 31. 96 0.84 2L~ .00 31. 96 1. 33 

0.10 18.03 25.00 20.19 0.81 11.38 20.19 1. 77 

TABLE 6.1 Comparison of tangent Young's modulus with an anisotropic elastic model (Atkinson, 
1973) 



Depth Settlement (mm) 
beneath 
plate 

At tlq 170 kN/m2 
= 330 kN/m2 (mm) = At 6q P p 

0 1.000 2.200 
152 0.965 2.090 
304 o .S80 1.S20 
456 0.740 1.420 
60S 0.600 1.OSO 

TABLE 6.2 Field measurement of a plate test at 
Cowden (courtesy of Powell, 19S7a) 

Settlement of ground at depth of rreasuring point 
Depth of Settlement of plate at bottom of borehole 

measuring point 
plate diameter At tlq =170kN/m 2 

At 6q 330 kN/m2 = 
p p 

0.176 0.965 0.950 

0.351 o .SSO 0.S27 

0.527 O. ?-40 0.645 

0.703 0.600 0.491 

TABLE 6.3 Ratio of settlement of ground at measur~ng point to the 
settlement of plate 



At L\q = 170 kN/m 
2 

At L\q = 330 kN/m 
2 

p p 
Triaxial specimen 

range beneath 
Vertical Deviator Secant 

Vertical 
Deviator 

plate strain stress Young's strain stress 
(mm) (%) L\o v - £laH modulus (%) L\o v - £loR 

(kN/m2) (MN/m
2

) (kN/m2) 

0-152 0.023 8.33 36.22 0.072 16.17 

152-304 0.056 26.44 47.21 0.178 51.32 

304-456 0.092 39.61 43.05 0.263 76.89 

456-608 0.092 37.15 40.38 0.224 72.11 
-- - - ~ - _._--_. ------

TABLE 6.4 Stress-strain distribution beneath plate in a plate loading test 

(After Powell, 1987a,b) 

Secant 
Young's 
modulus 

(MN/m2) 

22.46 

28.83 

29.24 

32.19 
- - -_. - - ._-
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CHAPTER 7 

CONCLUSIONS AND SUGGESTIONS FOR FURTHER WORK 

This thesis has been d . h concerne W1t the measurement of soil defor-

mation generally and of the deformation of undisturbed Cowden Till at 

small strain levels (0.01 - 0.10%) in particular. In this chapter con-

clusions are drawn and suggest~ons d . L are rna e concern1ng the equipment 

used, the experimental techniques and the results of the tests. 

7.1 MAIN CONCLUSIONS 

7.1.1 Equipment and Experimental Techniques 

(1) It has proved possible to obtain 250mm diameter tube samples of 

Cowden Till, to extrude and store them under isotropic pressure, 

and to subject lOOmm diameter specimens to stress path tests in 

a hydraulically controlled triaxial cell. 

(2) A computerized control system has been successfully developed 

for compressive stress paths in the (pI, q) plane. Difficulties 

were encountered in controlling the stress path accurately 

because of deficiencies in the design of the stress path cell 

(friction losses ane unfavourable ratio between the upper and 

lower Bellofram sealed areas). These difficulties were most 

acute at small deviator stresses and upon reversal of the loading 
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direction. Certain restrictions were also imposed by the computer 

capacity. For example, it was not possible to display the progress 

of a test graphically. 

(3) Instrumentation has been developed to measure axial and radial 

strains locally in the central region of the triaxial spec~men. 

Proximity transducers permit these local measurements to be made 



within the small strain range with sufficient accuracy. The 

axial strain has also been measured between the specimen end 

caps by submersible displacement transducers (LVDTs). The 

local strain measurements have proved superior to the end cap 
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measurements which have been adversely affected by bedding errors 

and misalignment of the LVDT's. External measurements of axial 

strain were inadequate at small strain levels but proved useful 

at larger strains in corroborating the local measurements. 

(4) Difficulty was experienced in predicting suitable loading rates, 

due in part to uncertainty over the effectiveness of the 

peripheral spiral drainage employed. Consequently, some drained 

tests were carried out too quickly even though deviator stress 
. 2 

was increased at only 0.7 kN/m /hour. 

7.1.2 Results for Cowden Till 

(1) The interpretation of the results has been done ln the knowledge 

that they have been affected by non-homogeneity of the speclmens 

due to the presence of gravel-sized particles. Also, only a 

limited amount of triaxial test data could be produced in the 

time available and data from only one field test could be 

directly compared. 

(2) In the stress path tests on isotropically consolidated speClmens, 

Cowden Till has been shown to exhibit strongly non-linear stress-

strain behaviour, even at small strains, and most of the shear 

strain is irreversible (plastic). The stress-strain character-

istics were ln acceptable agreement with those derived from a 

865mm diameter plate loading test with under-plate instrumentation 

providing the effect of strain level was considered. However, 



some uncertainty remains concerning the interpretation of the 

plate test data, particularly in respect of the influence of 

stress relief during excavation of the borehole. Nevertheless, 

the present evidence suggests that plate tests provide no 

better information about the stiffness of Cowden Till than 

triaxial tests of the type described in this thesis. 

(3) At large strains no development of localized shear zones was 

observed, the tests being terminated before any reduction of 

strength beyond the peak value could take place. The undrained 

strength was found to be close to that determined from plate 

loading tests. In terms of effective stress the strengths were 

higher than most of the previously published data. This is 

probably due to a reduction of moisture content which occurred 

during consolidation and storage. 

117 

(4) Attempts have been made to analyse the compreSSlon which occurs 

at the end of a specimen as the axial stress is increased. This 

compression is part of the bedding error in conventional axial 

strain measurements. A quantification of the compression is 

hindered by the random nature of surface variations and by 

limitations of the presently existing theories. These theories 

apply for surface variations which are small in wavelength by 

comparison with the specimen width and are restricted to 

isotropic, linear elastic or rigid plastic material behaviour. 

The choice of equivalent linear elastic parameters to represent 

non-linear soil behaviour is difficult as the strains associated 

with the compression of the surface variations are unknown. 

(5) The experimental stress-strain behaviour at small strain levels 

has been compared with the predictions of a number of mathematical 



models. The non-linear elastic model of Atkinson (1973) 

appears to be applicable to Cowden Till, for which the 

behaviour is approximately isotropic. Simple stiffness 

predictions on the basis of critical state soil mechanics 

(Atkinson and Bransby, 1978) are inadequate at small strains. 

However, the model of Pender (1978) developed for over­

consolidated soils, gives a reasonable prediction of the 

stress-strain behaviour. 

7.2 SUGGESTIONS FOR FURTHER WORK 

7.2.1 Improvement of Equipment and Experimental Techniques 

(1) The stress cell path could be modified by reducing the lower 

Bellofram sealed area. This would permit a more sensitive 

control of deviator stress. 

(2) The equipment could be developed to permit extension tests 

to be conducted. 

(3) The control system could be improved by installing a more 

powerful computer. This would permit data of local strain 

to be processed immediately and used for control purposes. 

Tests could be conducted under strain control at larger 

strains, as suggested by Atkinson et ale (1985), and the 

loading rate could be adjusted in response to pore pressure 

information fed back from a central pore pressure transducer. 

A graphical display of the test's progress would also be 

desirable. 

(4) The mountings of the proximity transducers used for local 

strain measurement could be made adjustable, so that target 

distances could be optimized initially and maintained within 
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range throughout a test 

7.2.2 Research on Cowden Till 

(1) Block samples could be taken, as originally intended, In order 

that mechanical disturbance is kept to a mlnlmum. If similar 

triaxial tests were performed as on the 250mm diameter tube 

samples, the sensitivity of the results to sampling technique 

could be assessed. 
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(2) Following the work undertaken by Powell (1987b), further analysis 

could be made of the plate loading test to clarify the stress 

changes taking place beneath the plate. It is particularly 

important to establish the extent to which the soil is being 

reloaded following construction of the borehole. Triaxial 

samples could be subjected to stress paths similar to those 

occurring beneath the plate. 

(3) Additional existing plate test data could be processed by the 

BRE to reinforce the conclusions drawn in this thesis. 
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