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Deformation properties of soil from in situ and laboratory tests 
Déformabilités sol de in situ et essais en laboratoire

A.(Tony) P.Butcher & John J.M.Powell, BRE Ltd, Watford, Herts, UK

ABSTRACT: The design of geotechnical structures requires an assessment of the displacements during the life o f a structure and 
hence a knowledge of the ground stiffness and its variation with stress and strain. It is well known that in order to successfully predict 
movements the anisotropy of stiffness and stress are the most important properties to quantify. This paper compares the data from 
various test methods and shows that G0 can vary in any one deposit depending on the test method. The reasons for this are investi
gated and discussed and the need to combine the data from both seismic and other in situ tests to define the non-linear shear modulus / 
strain relationship is highlighted.

RÉSUMÉ: La conception géotechniques derrière les des des moulues des structures exige une évaluation les déplacements pendant la 
vie derrière une d'd'une d'une structure et ainsi une connaissance par rapport de la rigidité et sa variation l'effort et la contrainte. Il est 
bien connu qu'afin de prévoir avec succès des mouvements l'anisotropie de la rigidité et l’effort soient les propriétés les plus impor
tantes à mesurer. Cet article compare les données de diverses méthodes d'essai et prouve que G0 peut changer dans n'importe quel un 
dépôt selon la méthode d'essai. Les raisons de ceci sont étudiées et discuté et la nécessité de combiner les données du séismique et 
d'autre les essais in situ pour définir le rapport non linéaire de module / contrainte de cisaillement est mise en valeur.

1 INTRODUCTION

The design of geotechnical structures requires an assessment of 
the likely displacements during the life o f the structure and 
hence knowledge of the ground stiffness and its variations with 
stress and strain are crucially important. It has been shown by 
Simpson et al (1996) that in order to successfully predict lateral 
and vertical movements around excavations and tunnels in over- 
consolidated soils the anisotropy of stiffness and stress are the 
most important properties to quantify.

Stiffness is determined either at very small strain (<0.0001 %) 
using shear wave measurements or using resonant column or 
hollow cylinder at 0.001% to 0.05%, or at large strains (>0.1%) 
using direct (triaxial, pressuremeter, plate test) methods. Alter
natively indirect empirically derived relationships (from CPT, 
SPT etc) are possible. Stiffhess in much of the working range 
(0.01 -  0.1%) may be obtained by using shear modulus -  shear 
strain degradation curves. Various forms for these curves have 
been developed, two examples are Hardin & Dmevich (1972) 
and Vucetic & Dobry (1991).

This paper compares the data from various test methods and 
shows that G0, the shear modulus at very small strain, can vary 
in any one deposit depending on the test method. The reasons for 
this are discussed and the need to combine data from both the 
seismic and other in situ tests to define the non-linear shear 
modulus/strain relationship is highlighted. The variation of the 
shape of shear modulus/strain relationship with index parameters 
is illustrated and compared with other models.

2 BACKGROUND

Over a number o f years the BRE has been carrying out static and 
dynamic testing of soils and soft rocks in both the field and the 
laboratory for the determination of ground properties, including 
stiffness. This paper uses data from five test sites on a range of 
soils from stiff heavily overconsolidated aged clays (Gault and 
London), through stiff glacial clay till (Cowden) to soft alluvial 
silty clays (Bothkennar and Pentre). The basic soil properties at 
each site are given in Table 1. The London clay (Chattenden)

Table 1 : Sites, soil types and basic soil properties

Site Soil Cu (kPa) I» OCR Reference

Chattenden London 6 0 -1 4 0 5 2 -6 7 16-40 Hope (1993),

clay Crilly et al (1992)

Madingley Gault 9 0 -1 6 0 5 0 -5 5 20-50 Butcher & Lord

clay (1993)

Cowden Glacial 1 0 5 -2 7 0 14 -2 0 1.5-5 Marsland & Pow

till ell (1985)

Pentre Soft silty 3 0 -4 5 1 3 -2 0 1.5-2.5 Lambson et al

clay (1993)

Bothkennar Soft silty 2 0 -6 0 3 4 -5 0 1.2-1.3 Hight et al (1992)

clay

and Gault clay (Madingley) sites comprise stiff, fissured, heavily 
over consolidated, aged clays whereas the Cowden site com
prises a largely unstructured ‘clay sized’ rock flour matrix con
taining rock fragments. The soft alluvial silty clays at the Pentre 
and Bothkennar sites both have microstructures of thin lamina
tions with some cementation.

3 LABORATORY AND FIELD MEASUREMENTS

The methods used in this paper to determine stiffness were:
•  Laboratory:

resonant column tests for small strain stiffness and pie- 
zoceramic bender element tests for very small strain 
stiffness.

•  Field:
cross-hole, down hole and seismic cone shear wave for 
very small strain stiffness and cone pressuremeter tests 
(CPM) for large strain stiffness.

The laboratory tests were carried out by the Norwegian Geo
technical Institute (NGI) on samples taken by BRE. The stiff 
overconsolidated clays were sampled using a pushed thin walled 
tube sampler, the soft clay at Pentre was sampled using a pushed 
thin walled tube piston sampler and the specimens from Both
kennar were prepared from blocks cut with a Sherbrooke sam
pler.

The samples for resonant column testing also had piezo-
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Figure 1: Comparison o f  stiffness derived from field and laboratory 
shear wave measurements
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Figure 2: Comparison o f stiffness from field shear wave m easurements 
and laboratory resonant column tests.

ceramic bender elements installed in their top and base to meas
ure vertically propagating horizontally polarised (Vvh) shear 
waves. (N.B. The notation used in this paper for shear wave ve
locity (Vs) and Shear Modulus (G) includes subscripts to denote 
the directions of propagation and polarisation. For example Vhv 
is the velocity o f a horizontally propagating, vertically polarised 
shear wave and the shear modulus derived from this shear wave 
velocity, G=* .Vs2 where • is the bulk density, will also use the 
notation Ghv).

The samples in the laboratory were reconsolidated to their 
assumed in situ effective stress by setting the cell pressure to the 
in situ lateral stress and then slowly changing the vertical effec
tive stress until the in situ stress state was reached. Shear wave 
measurements were then made using the piezo-ceramic bender 
elements and the shear strain cycled with increasing strain as in a 
standard resonant column test.

The resonant column test shears the specimen horizontally in 
a vertical cylinder and could be taken as equivalent to the 
mechanism for the transmission of a horizontally polarised verti
cally propagating shear wave. The stiffness (Go) from the reso
nant column test can therefore be taken to be comparable to the 
stiffness, Gvh (calculated from the vertically propagating, hori
zontally polarised shear wave velocity VVh) though the strain rate 
and amplitude are greater than for either the laboratory or field 
shear wave measurements. The resonant column test can how
ever change the shear strain (over a limited range) at which the 
measurements are made so allowing stiffness values at up to
0.1% shear strain to be determined. In this case the values will 
be termed GRC.

The field measurements o f shear wave velocities were made 
using BRE equipment and techniques (Butcher & Powell, 1996). 
The cross-hole measurements were all made between three co- 
linear lined boreholes with known verticality and the down-hole 
measurements from a surface source to either a seismic cone or 
receivers in a lined borehole.

The direct in situ field measurements o f shear modulus pre
sented here were made with the CPM using the testing proce
dures detailed in Powell & Shields (1995). Each test contained 
between one and three unload-reload loops. Unload-reload stiff
nesses were calculated from the loops as secant values over the 
whole loop or as secants at various strains up or down the loop. 
When converting the cavity strains from the CPM tests to 
equivalent triaxial shear strains the method of Jardine (1991) was 
adopted.

4 COMPARISON OF LABORATORY AND FIELD 
MEASUREMENTS AT THE SAME STRAIN LEVEL

The field downhole shear wave measurements and those made 
using the piezo-ceramic bender elements in the laboratory 
specimens both use vertically propagating horizontally polarised 
shear waves. The difference between the field and laboratory 
measurements is their frequency and amplitude, the laboratory 
shear waves having frequencies two orders o f magnitude greater 
than those used in the field and with significandy lower ampli
tudes.

Figure 1 shows Gvh field against Gvh laboratory (piezo
bender) for all the sites and shows that the normally consolidated 
soils give laboratory values slightly lower than the field derived 
values whereas the heavily over consolidated soils gave labora
tory values higher than the field values. This Figure includes 
three data points from earlier piezo-bender tests in consolidated 
drained triaxial tests. Cowden data fall between these two groups 
with the field and laboratory generally agreeing.

The lower laboratory Gvh values for the normally consoli
dated soils may be due to sample disturbance whereas the higher 
values for the stiff fissured overconsolidated clays maybe related 
to the scale effects of the macro structure as the laboratory sam
ples are less likely to include a representative macro structure. 
The macro structure o f the overconsolidated glacial till at Cow
den does not include the well defined fissures found in the Gault 
and London clays and may explain why the field and laboratory 
values agree. The changing levels o f OCR may also be a factor.

Figure 2 compares the resonant column G0 with the fieid Gvh 
and shows that the values from the resonant column test in
creasingly under estimate the field stiffness as stiffness in
creases. This data shows a more consistent relationship (the line 
shown is a least squares fit) than that from the piezo-bender 
measurements (Figure 1) but with the Madingley data points 
above the best fit line and close to parity. The difference is pos
sibly a strain rate effect but the pattern of data is significantly 
different from that in Figure 1 except for the soft normally con
solidated soils which gave laboratory modulus values lower than 
the field values.

Figure 3 compares the stiffnessess from resonant column and 
piezobender tests on the same specimens. For the soft normally 
consolidated soils the Figure shows good agreement between the 
two laboratory methods and is also in agreement with findings 
reported by Dyvik & Madshus (1985). However, the resonant
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Figure 3: Comparison o f  G  from laboratory tests

column gave consistently lower values than the piezo-benders in 
the stiff overconsolidated soils.

These differences between the measured stiffnesses in the 
laboratory are, probably related to strain rate; the strain rate 
having a less significant effect in the soft normally consolidated 
soils.

5 SHEAR MODULUS/STRAIN RELATIONSHIPS

Shear modulus -  shear strain relationships are used to estimate 
the behaviour o f soils at working strain levels when the meas
urements have been made either at very small strain levels or at 
relatively large strain levels. The most popular relationship for 
clay soils is that developed by Hardin & Dmevich (1972); it uses 
an empirical relationship controlled by G0 and the undrained 
shear strength. The shape of the degradation of G/G0 uses a hy
perbolic relationship obtained from the analysis o f a large data
base o f soil properties. A second model by Vucetic & Dobry 
(1991) investigated the effect o f plasticity index (Ip) on the rate 
of degradation o f modulus with increasing strain.

Figure 4 shows the laboratory data from the five sites plotted 
on the Vucetic & Dobry curves; the values of Ip in the legend are 
those of the particular specimens tested. The plot shows that the 
measured values fall essentially in two groups with the higher Ip 
soils falling in one group above the lower Ip soils. However, they
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all fall below the corresponding Vucetic & Dobry curves espe
cially at shear strains o f 0.01% and greater. In practice, there
fore, direct use of the Vucetic & Dobry curves would tend to 
over estimate the G/G0 values and resultant stiffness.

6 COMPARISON OF LABORATORY AND FIELD 
MEASUREMENTS AT DIFFERENT STRAIN LEVELS.

Figure 5 shows resonant column data, over a range of strains, 
from the (normally consolidated) Pentre site. Also included are 
lines for Vucetic & Dobry (1991), using an Ip of 15, and Hardin 
& Dmevich (1972), using Gvh from the in situ geophysics tests 
and shear strength from laboratory tests by Lambson et al 
(1993). At Pentre the field measurements o f shear wave veloci
ties gave values of GVh and Ghhthat were equal at most depths.

The CPM gives shear modulus values that would be expected 
to be Ghi,. The shear modulus values calculated from the CPM 
have been normalised by both Gvh and G ^  from the in situ geo
physics tests whilst the resonant column data have been normal
ised by the initial very small strain resonant column measure
ments.

Figure 5 shows that both the shear strain/shear modulus mod
els appear to over estimate the G/G0 values at any but the small
est strain. However, the resonant column and the CPM data de
scribe a curve indicating a faster rate o f degradation of shear 
modulus with increasing strain than either o f the models would 
predict. The CPM data, while giving lower modulus ratios than 
the models suggest, does give data that follows on from the 
modulus degradation of the resonant column data.

Figure 6 shows the same sets o f data for the (heavily over- 
consolidated) clay at Madingley. In this case the in situ Gm, val
ues are significantly higher than the Gvtl values (see Butcher & 
Powell 1995) and so Hardin & Dmevich curves using both are 
included. It can be seen that the normalisation in the Hardin & 
Dmevich model has a significant effect on the rate o f degrada
tion of the curve, the predicted rate being much quicker for the 
Ghh than the GVh- The Vucetic and Dobry model makes no such 
distinction. In Figure 6 the modulus ratio values from the CPM 
form two distinct bands both with significantly lower values than 
the corresponding Hardin & Dmevich and Vucetic & Dobry 
curves. The CPM G/Gy, values give a much greater shear 
modulus degradation with increasing shear strain than the G/Ghv 
which in turn are steeper than Hardin & Dmevich might suggest. 
Again the predicted stiffnesses from the models would be higher 
than those measured.

It should be noted that the position o f the CPM data would be 
affected by the correctness o f the model for converting cavity 
strain to equivalent shear strain.
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Figure 4: Resonant column data with Vucetic & Dobry (1991) curves
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Figure 5: Resonant column and CPM data from  Pentre site
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Figure 6: Resonant column data from the Madingley site

modulus-shear strain models particularly when normalised by

Ghh-
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