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Determining the modulus of the ground from in-situ geophysical testing 
La determination du module de cisaillement de la terre des essais geophysiques en place

A. P. Butcher & John J. M. Powell -  B u ild in g  R e se a rch  E sta b lishm e nt, G a rston, W a tford, U K

ABSTRACT: The small strain stiffness o f the soil is best measured in situ and seismic wave geophysics has the potential to measure not only 

stiffness but also stiffness anisotropy. Different shear wave techniques are shown to give different wave velocities and thereby different 

stiffnesses. The results from six clay test sites show that the differences are related to the in situ effective stresses and factors such as fabric 

and scale effects. A direct proportionality between field measurements o f and o ^ is  inferred.

RESUME: La rigidite du sol a petites deformations est measure le mieux in situ et la geophysique avec ondes seismiques offre le potentiel 

d’evaluer non settlement la rigidite mais aussi son anisotropie. Cet article montre que les techniques differentes pour les ondes de cisaillement 

donnent des vitesses de propagation differentes et de 14 des rigidites differentes. Les resultats de six sites d’argile montrent que les differences 

sont liees 4 les contraintes effectives in situ et d’autres facteurs comme les effets de structure et d ’echelle. Une proportionnalite directe entre 

les mesures in situ de G^ et o^0 est inferee.

1 INTRODUCTION

The safe and economic design of many structures relies heavily on 

the assessment o f the ground stiffness. Successful numerical 

modelling of the behaviour o f heavily overconsolidated clays 

subjected to excavation and construction depends on high quality 

shear modulus values in both the vertical and horizontal planes over 

a range o f strains. The modulus o f the ground is determined from 

the results o f laboratory and field testing. The laboratory tests 

generally give a compression modulus rather than the more 

commonly required shear modulus. The laboratory samples used for 

such determinations will have undergone stress and strain changes 

during sampling, extruding and preparation, the effects o f which are 

difficult to quantify.

In situ geophysical testing techniques can measure the shear 

modulus of larger, more representative, volumes of soil with very 

little or no disturbance to the soil. Further, some in situ test 

methods have the potential to measure the shear modulus in both 

the horizontal and vertical planes which is particularly important in 

overconsolidated deposits.

Much attention has been given recently to very small strain 

dynamic measurements o f shear modulus and using these values to 

predict shear modulus values at larger working strain levels. These 

very small strain measurements o f shear modulus, usually termed 

G0, have often been assumed to be independent o f  the test method 

for a given stress level, implying a uniqueness in G„.

A programme of research is underway at the Building Research 

Establishment (BRE) to study the factors affecting the dynamic 

shear modulus o f soils obtained from the measurement o f shear 

wave velocities in both the laboratory and the field. These factors 

include stress and fabric anisotropy as well as scale effects related 

to sample size, source frequency and wavelength.

2 BACKGROUND

Work at BRE on the assessment of elastic properties o f the ground 

using field geophysics was begun over twenty years ago and 

subsequent research established the techniques (Abbiss, 1981) and 

used extensive field data to demonstrate the links between the shear 

modulus at geophysical strain levels and stiffness at working strain 

levels (Powell & Butcher, 1991). This work highlighted that in 

heavily overconsolidated clays the measured shear wave velocity 

varied with the technique used. Subsequent research was therefore 

aimed at investigating the reasons for these differences (Butcher &

Powell, 1995a). The work included the development of the BRE 

shear wave source, which produced horizontally polarised, 

horizontally propagating shear waves (V ^ , and showed that in two 

heavily overconsolidated clays the in situ effective stresses in the 

directions o f propagation and polarisation of shear waves 

controlled, to a significant degree, the propagation velocity 

(Butcher & Powell, 1995b). It was evident from this work that in 

heavily overconsolidated clays significant anisotropy of shear 

modulus existed.

This paper extends the work by including a further heavily over 

consolidated clay site, an overconsolidated clay till and two 

normally consolidated silty clays. It assesses and develops the 

relationships between propagation velocity and the in situ effective 

stresses and thereby shear modulus and the in situ effective stresses 

to cover a broad range o f soils.

3 FIELD SEISMIC WAVE MEASUREMENT

The determination of engineering properties from measurements of 

seism ic waves is best achieved using distortional stress waves 

which are waves where the direction of induced particle movement 

is perpendicular to the direction of propagation of the wave. The 

best known distortional stress waves are shear waves. In this study 

the down-hole and two types o f crosshole field shear wave 

measurement techniques were used. Table 1 gives the techniques 

used and the directions o f polarisation and propagation of the 

waves. The directions o f propagation and polarisation of each shear 

wave are shown by the indices, ie Vhv is a horizontally propagating 

vertically polarised shear wave. The two techniques are briefly 

described below. Details o f  the downhole and crosshole 

measurement procedures used by the BRE are given in Butcher and 

Powell (1995a).

Table 1: Direction o f propagation and polarisation of shear waves 

produced for different seismic wave techniques.

Seismic wave technique Propagation Polarisation

direction direction

Downhole Vvh (including seismic cone) vertical I horizontal ~

Crosshole Vhv (vertical hammer) horizontal** vertical I

Crosshole (rotary hammer) horizontal** horizontal**
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4 TEST SITES

The geophysical data presented in this paper are from 6 sites, five 

well documented clay test bed sites, Madingley, Chattenden, 

Cowden, Bothkennar and Pentre (see Table 2 for some soil 

properties and references) and a London clay site with similar 

properties to Chattenden.

Table 2: Test bed sites, soil type and properties

Site Soil Density

Mg/mJ

K. OCR Reference

Madingley Gault clay 1.95 2 - 4 18+ Butcher & Lord (1993)

Chaitenden London clay 1.98 2 - 3 25+ Hope (1993), Crilly et al (1992)

Cowden Glacial dll 2.20 0 .7 -  1.2 1 .5 -7 .2 Maryland & Powell (1985)

Bothkennar Soft silty clay 1.61 0.5 - 0.6 1 .2- 1.3 Hight ei al (1993)

Pentre Soft silty clay 1.97 0.5 - 0.7 1.5 - 2.5 Lambson et al (1993)

5 RESULTS

Figures la  & lb  show the shear wave velocities from both 

downhole and crosshole techniques plotted against in situ effective 

stress from the additional London clay (stiff heavily 

overconsolidated clay) and the Bothkennar (soft normally 

consolidated silty clay) sites. These data are given as typical 

examples (see Butcher & Powell, 1995b for data from other sites). 

Horizontal effective stresses (o^) were calculated using K„ values 

obtained from Marchetti dilatometer tests using the correlations 

suggested by Powell & Uglow (1988).

The field measurements in Figure 1 show essentially parallel 

relationships between each type o f shear wave velocity and in situ 
effective stress for both sites. The heavily overconsolidated London 

clay, Figure la, shows that at any one effective stress (or depth) V^, 

is greater than Vhv which is greater than Vvh. This is consistent with 

earlier work (Butcher & Powell 1995b). In contrast the Bothkennar 

data in Figure lb  show little effect o f the type of shear wave on the 

relationship with the in situ effective stresses. Figure 1 suggests that 

there are relationships between the shear wave velocities and the in 
situ effective stresses.

6 DISCUSSION

6.1 Shear wave velocity

Roesler(1979) found a relationship between the shear wave velocity 

and the effective stresses in the directions of propagation and 

polarisation from laboratory calibration tests on sands and showed 

that the out o f plane stress did not influence the velocity. In other 

calibration chamber work Lo Presti and O'Neill (1991) showed that 

inherent anisotropy, induced in a sand sample by the deposition

In situ effective stress (kPa)

Figure la: London clay site: Shear wave velocity against in situ 
effective stresses.

technique, can affect the shear wave velocities. This work gives a 

valuable pointer to field behaviour in relation to the stress and 

fabric anisotropy, however the effects o f the differences in 

frequency and wavelength used in field and laboratory work have 

yet to be established.

Their work showed that the shear wave velocity in a deposit is 

controlled by the stresses acting in the directions o f propagation (o )̂ 

and in the direction of polarisation (o j  as well as some effect from 

the fabric. Considering only the stress effects the expression given 

by Roesler (1979) for the shear wave velocity becomes:

v s = c o  ;Mo;-b (i)
where

Vs = shear wave velocity

oj = principal effective stress parallel to the direction o f wave 

propagation

Ob = principal effective stress parallel to the direction o f wave 

polarisation

and C, na, and nb are constants related to the soil properties.

To make use o f equation 1, C, na and nb need to be found. In 

calibration chamber work it is possible to evaluate na and nb by 

holding two of the three orthogonal stresses constant and changing 

the third. In field geophysical testing using a single technique it 

would not be possible to evaluate na and nb. However, in this study 

the fact that the data are available from a range o f techniques 

presents the opportunity to determine na and nb.
For the case o f crosshole measurements o f the velocity of 

horizontally propagating and horizontally polarised shear waves 

(V^J, and assuming isotropy in the horizontal plane, both oj and 

can be taken equal to o^. Using this in equation 1 gives:

Vhh = C o J “ +“b> (2)

If is plotted against ô 0 on a log-log plot then the slope o f the 

line through the data is the value o f (na+nb).

In Figure 2 the data from all the test sites are plotted against 

and the consistency is remarkable considering the range of soil 

properties at the test bed sites (see table 2). The slope o f a line 

drawn through the data gives a value o f (na+nb)=0.42 which is in 

contrast to the value obtained by Roesler (1979) from calibration 

chamber work on sands o f close to 0.25. On closer examination it 

is clear that a particular value o f (na+nb) could be evaluated for 

each site. Figure 3 shows only the data from Bothkennar, 

Madingley and the London clay site and shows clearly that for each 

individual site the slope of the line is close to 0.5: the value o f C is 

different for each site.

It is necessary to know the relative values o f  na and nb. The field 

data cannot yield this information directly. However, calibration 

chamber work on granular soils (Roesler, 1979) suggested a 

relationship between na and nb (in equation 1) o f 3:2 which 

indicates a greater influence o f oj“  on the shear wave velocity. 

For an anisotropic linear elastic soil, which most soils can be 

approximated to at very low strains and ignoring the effects of 

fabric, the shear wave velocities Vvh and Vhv should, at the same 

effective stress, be equal. In order to evaluate na and nb it would 

seem  reasonable, therefore, to adjust the ratio o f  na:nb until 

agreement is found between Vvh and V hvat the same effective stress.

Figure lb: Bothkennar: Shear wave velocity against in situ 
effective stresses.
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Butcher & Powell (1995b) found that the spread of data from 

heavily overconsolidated soils was reduced if the ratio o f 3:1 was 

used. However looking at the new data from normally consolidated 

soils it appears that the ratio suggested by Roesler (1979) gives 

good agreement for some of those soils but in most cases a ratio o f  

1:1 gave a better agreement. Figure 4a shows the data from Cowden 

and Bothkennar for na. nb and Figure 4b for na:3nb. It is clear that 

the ratio na.nb gives the better agreement between Vhvand Vvh data 

for these sites.

The current investigation o f both heavily overconsolidated and 

normally consolidated soils has therefore indicated that ratio o f  

na. nb is not only related to stresses but also to other factors such as 

the fabric o f the soils.

The fabric features that might affect the propagation o f shear 

waves are on both a micro and macro scale and the effect is 

probably controlled by the relative dimensions of the wavelength of 

the shear wave and the spacing of the fabric features. In the current 

field work the shear wave sources produce shear waves with a 

wavelength in the range 1 to 2m. This wavelength is o f  the same 

order as the macro fabric features in both the London (Marsland 

1971) and Gault clays (Butcher & Lord, 1993). In general the stiff 

overconsolidated soils have significant macro fabric features in the 

form o f fissures whereas the normally consolidated soils have 

relatively few such features. The fabric effect is also likely to be 

less in the generally isotropic horizontal plane than the anisotropic 

vertical plane.

Figures 5a, 5b and 5c show the measured shear wave velocities 

V^, Vhv and Vvh plotted against the in situ effective stress product 

using a ratio o f na = nb for the normally consolidatedsoils and a 

ratio o f na=3nb for the overconsolidated soils.
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The Vy, against o “  gives a tight grouping of data, around the 

line drawn for later comparison, up to a shear wave velocity o f  

about 200m/s with some spread of the data at velocities greater than 

about 240m/s. Figure 5b, with the V ,̂ line included for comparative 

purposes, shows the Vhv data generally sitting below line and also 

diverging from the line with increasing shear wave velocity. The 

V vh data in Figure 5c shows a similar picture o f divergence with 

increasing shear wave velocity but offset from the line which 

forms the upper bound of data up to 200m/s shear wave velocity. 

The divergence from the V^, line in Figures 5b and 5c is most 

marked for data from the overconsolidated soils whereas the 

normally consolidated soil data still lie close to the line. This 

pattern o f divergence probably highlights the much more variable 

effects o f fabric in the stiffer, overconsolidated clays where stress 

history has produced fabric features, such as bedding planes and 

Assuring, which are more likely to affect the propagation o f shear 

waves.

6.2 Shear modulus

The small strain dynamic shear modulus (G0) for an isotropic 

material can be calculated as follows:

G0= p(VJ2 (3)

where p is the mass density o f the material and 

Vs is the shear wave velocity in the material.

Combining equations 2 and 3 gives

G ^ p k K y ^  (4)

where k = C2

The values o f G^ calculated from the shear wave measurements 

are plotted against o ,̂ in Figure 6 and show a pattern similar to the 

V * - plot. A lso plotted in Figure 6 are parallel lines which help 

to show the site specific relationships between G^ and q,„. The 

equation of the lines is G^ = Ko^ implying direct proportionality 

between G^ and and a value o f 2na+2nb =1 in equation 4. This 

relationship is remarkable considering the inclusion of soil density 

in the calculation and the range of densities o f the soils tested. 

Laboratory work on sands (Roesler, 1979) and on clays 

(Jamiolkowski et al, 1995) found G0 to be a function o f (o ')05 

though part o f a more complex relationship. The simplified 

relationship given here is based on field data but further work is 

needed to understand the effects o f  the other parameters in the more 

complex relationship for the field case.

7 CONCLUSIONS

Shear wave velocity measurements, both downhole and crosshole, 

have been made on six clay soils with significantly different 

engineering properties and in situ stress histories.

The data from the BRE shear wave source have enabled the
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determination of the controlling indices o f the stresses (na and nb) 
in the directions o f propagation and polarisation for a range of clay 

soils. The ratio o f the stress indices is affected by the stress history 

induced fabric properties.

The horizontal shear modulus values (G^), derived from the 

measurements, are directly related to the in situ horizontal stress for 

all six clay soils tested.

The propagation velocities o f different type of shear waves in clay 

soils are clearly affected by factors other than in situ effective stress 

which has been noted as the effects of fabric and which needs to be 

quantified.

The data establish the effect o f stress and fabric on shear modulus 

and indicate a general relationship for a range of clay soils with 

significantly different stress histories, age and engineering 

properties.
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