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SYNOPSIS: Surface wave velocity methods arc finding increasing use for determining moduli of the ground in situ at low strain. They can yield shear
m odulus as a function of depth in a variely of materials. New electronics are making the collection of data much easier. Measurements a n made on surface
waves generated in the ground by a vibrator. In these experiments a correlav'r is used to measure the lime delay on passage of the waves between a pair of
geophones. The signal from one of the geophones is filtered to select the frequency required. An accuracy similar to that o f a spectrum analyser is obtained
with a fair resolution at low frequencies. Damping is measured by using the instrument in the auto correlation mode. The combined measurements were used
to calculate settlements for a site on London Clay. For another site also on London Clay, the values obtained in situ, using surface wave techniques were
compared with the values obtained from laboratory samples using the bender elements technique. Provided that the in situ stress state and history are taken
into account, the values o f very small strain stiffness obtained from laboratory tests are within the experimental scatter of measurements from the surface wave
surveys.

IN TR O D U C TIO N

SURFACE WAVE M ETH O D S

Any calculation o f ground movements around an engineering structure
requires an evaluation o f ground stiffness. It is generally recognised that the
stress strain behaviour of soils is highly non linear even at strain levels as low
as 10J (Burland 1989). This implies that soil stiffness depends on strain level
and can change significantly over the range of strains of interest in civil
engineering. Values of stiffness at very small strains, less than 10"5, can be
obtained using dynamic testing techniques, in which the deformation
properties of the soil are related to elastic wave velocities. A whole class of
methods for the determination of in situ stiffness of soil deposits which is
becoming increasingly popular is based on field measurements of the shear
wave velocity. This is directly related to the shear stiffness of the soil at very
small strains, G„,„, by:
G,„„ = pVs:
(1)
Where p is the bulk density and Vs is the shear wave velocity. In situ
dynamic tests generally develop strains in the field of the order of 10'3to 10J
and less. In order for these methods to give values of stiffness relevant to
many engineering calculations a function must be assumed describing the
dependence o f soil stiffness on strain level. Powell and Butcher (1991)
successfully compared the values of stiffness obtained using a number of in
situ loading tests, including prcssuremcter and plate loading tests, with in situ
geophysical measurements, appropriately corrected for strain level, at a
number of clay sites. The underlying assumption of these methods is that the
decay o f stiffness with strain amplitude observed in the laboratory is similar
to that in situ. The laboratory value of stiffness at very small strains may not
be equal to the in situ value so that it must be measured directly on site.
However Burland (1989) reported successful comparisons between shear
moduli obtained from field dynamic surveys (Abbiss.1981) and the initial
values of stiffness obtained from undrained triaxial tests on undisturbed
samples of London clay. An encouraging comparison between values of very
small strain stiffness obtained on a site on London Clay and laboratory data
will also be presented in this paper.

Among dynamic field methods the measurement of Rayleigh or surface wave
velocities is proving to be a valuable method of insitu site investigation
(Powell and Butcher 1991). In the Rayleigh wave experiment seismic waves
arc generated in a continuous form using a vibrator that oscillates vertically
at the surface o f the ground. The propagation of the Rayleigh waves at the
surface is then detected using two receivers placed at a known distance apart
in line with the vibrator. The Rayleigh waves travel with a velocity close to
the velocity of shear waves and an amplitude that decays with depth. Most of
the energy is in a layer about one wavelength deep. Therefore, for a situation
where material properties change with depth, the velocity of Rayleigh waves
changes with the frequency of the input excitation because different
wavelengths sample material with different average properties. Lower
frequencies are associated with deeper data. The surface wave velocity
corresponding to each frequency, VR(f). can be obtained by measuring the
phase shift, <)>(f), between the signals from the two receivers:
VR(f) = d 2 k

f

(2)

$(0
where d is the known distance between the receivers and f is the frequency
in Hertz.
In the method described in the present paper the phase shift between the
signals from the two geophones was measured using a correlator (Roesler
1978). The main reasons why the correlator technique was introduced and
developed were that it used less expensive electronics than the spcctrum
analyser, and that it leads to simpler methods of measurement. This
instrument displays the cross correlation function between the signals from the
two geophones, and incorporates the facility for signal averaging. If the signal
from one channel is filtered then the receiving system can be 'tuned' to the
frequency of the vibrator. Because noise is random in nature and the cross
correlation function detects similarities between signals the instrument can be
used effectively to recover the signal from the second geophonc with a noisy
background, provided that a good quality reference signal from the first
geophone is available for comparison. This results in good accuracies in
measurement o f the phase shift on low frequency signals (f >12 H /) necessary
to obtain deep data.

Combined measurements o f stiffness and damping can be used for the
prediction of settlements within the framework of viscoelasticity (Abbiss
1986). Predictions of settlement against time of a loaded pad on London Clay,
made from shear wave velocities and in situ damping, are compared with the
observed settlement in this paper.
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Fig 1 Rayleigh wave velocity measurement with a correlator and filter
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The general configuration of Ihe source, receivers and recording equipment
used fo r the surface wave experiment is shown in Figure 1. The waves were
generated using a Ling electromagnetic vibrator type 400 connected to a plate
resting on the ground. The vibrator was powered by a Ling TPOIOO
oscillator and power amplifier and was used over Ihe range 8-200 Hz.

The correlator technique was extensively tested on the North Field test site at
the BRE, Garslon, on boulder clay overlying chalk (Abbiss, 1981). The types
o f soil at ihe North field site, obtained from a borehole close lo the area
where the surveys look place, is shown in figure 3. Several surface wave
surveys were carried out in the North Field site to assess the influence of
various parameters on the observed values of Rayleigh wave velocities. In
particular in this work, tests were carried out to define the optimum number
o f averages to be taken with the instrument to find a compromise between the
stability o f the readings and the speed of the survey. Also different spacings
o f the receivers were used.

The waves were detected by a pair of Sensor Mk 6 geophones placed in line
with the vibrator and separated by a measured distance, d. The signal from the
geophone nearest to the vibrator was fed through an instrument amplifier.
Analogue Device Type AD 524 wilh a gain of 1000. to a Barr and Stroud
filter. This consisted o f a high pass and a low pass filter cascaded to act
together like a bandpass filter. The tightness or sharpness of filtering was not
too great and thus did not blur the time information in Ihe signals. If it had
been too sharp there would have been a tendency for the filter lo ’ring’
independently of Ihe signal that was being filtered (Abbiss 1983). After
filtering the signal was led to one of the input channels of a Hewlett Packard
3721A correlator. The other geophone signal was similarly amplified and fed
without filtering to the other input of the correlator.

The results obtained from these surveys are shown in figure 4 in terms of
Rayleigh wave velocity versus depth. The Rayleigh wave velocity was found
to increase approximately linearly with depth, similar to that found in
previous experiments (Abbiss 1981). This, wilh an assumption of constant
density, leads to a profile of shear modulus which increases quadratically wilh
depth from a value o f about 25 MPa at the surface to about 500 MPa at a
depth o f 15m. Even if with hindsight it is possible lo detect a greater scatter
of the data points at critical depths, see figure 3, the lest results did not
provide enough evidence to locate ihe change of strata. This may be because
in a silualion where softer layers arc underlain by stiffer layers the Rayleigh
wave averages out the properties.

In operation the same frequency was dialled up on the oscillator as on ihe
filter. As discussed above this resulted in a good quality signal from the first
geophone against which the output from the other geophone could be
compared. The cross correlation function was calculated twice for each
frequency used; the first time wilh Ihe two geophones side by side (no phase
shift, reference reading) and a second time at a distance d apart (phase shift
equal to $). To check visually the quality of the waveforms generated by (he
vibrator the signals were monitored at the inputs to ihe correlator by a dual
beam oscilloscope, as shown in figure 1.

The results obtained using the correlator and the filter were compared with
those obtained using the standard technique where a spectrum analyser is used
to measure the phase shift between the signals from the two geophones, sec
figure 5. The spectrum analyser allows very accurate measurements o f the
phase shift of the main Fourier component of the signal to be made even at
low frequencies where the quality of the signal deteriorates. The lowest value
o f frequency at which measurements could be made satisfactorily using the
spectrum analyser was about 8 Hz, corresponding lo a depth of 20 m.

The Rayleigh wave velocity as a function of frequency was convened into
profiles of Rayleigh wave velocity as a function of depth. The depth was
taken as a fraction of the wavelength as described in the literature, either one
half where the modulus was effectively constant wilh depth, or one third if
there was a strong increase. (Abbiss 1981, Gazetas 1982). Rayleigh wave
velocities were converted into shear wave velocities using the relationship
between V /V R and Vj/V, (White 1965) where Vp is compression wave
velocity, and then into moduli using equation 1.

v e lo c ity

(m /s )

Damping from sinusoidal decay
Damping, was measured in situ by Ihe same apparatus as shown in Figure 1
but without the vibrator. The filtered channel only was used with the
instrument operating in the autocorrelation mode. If (he ground was struck a
blow at the start o f a scan, a sinusoidal decay was observed, see Figure 2.
This was of excellent quality due to the averaging effect o f the
autocorrelation. The frequency was determined by the setting of the filter.
The damping D was then calculated from the successive amplitude of peaks
in the decay curve A, and A2. D is given by (Abbiss 1986) as:

D = -L ln <

2n

4A i, )

Fig 3 Soils and Rayleigh wave

Fig 4 Rayleigh wave velocities,

velocities, North Field

North Field
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Fig 5 Comparison o f correlator and
spectrum analyser (Rayleigh waves)
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Fig

6 Rayleigh wave velocity

against depth, Canons Park
Fig 7 Calculated and observed settlement o f the pad, Canons Park

The data obtained using the correlator are generally more dispersed and tend
to give lower values of velocity near the surface and higher values al depth,
if compared lo the values obtained using ihe spectrum analyser. Also Ihe
lowest value of frequency al which measurements could be made satisfactorily
using the correlalor was about 12 Hz corresponding lo a penetration of about
15 m. The overall agreement between the results from the two techniques
was considered satisfactory as indicated by ihe data in figure 5.

C O M PA RISO N O F FIELD AND LABORATORY DATA
A third silc investigated was on London clay at Chattenden. Kent, about 45
km easl of central London. From one borehole close to the area where the
dynamic surveys took place, the London clay was found to extend from the
surface lo depths larger than 30 m. Two surface wave surveys were carried
out at Chattenden and the results are summarised in figure 8. The profile of
shear wave velocity versus depth is characteristic of an overconsolidated clay,
with the stiffness practically constant with depth afler stiff superficial values.
The 1990 data is higher and may have been affected by the stiff upper layer
of dry clay.

SET TL EM EN TS O F A TEST PAD ON LON D O N CLAY
Data were taken at Ihe BRE lest site at Canons Park where the subsoil
consists o f London clay almost to the surface. The profile of shear wave
velocity versus depth resulting from these surveys is shown in figure 6. Here
the distribution o f shear wave velocity with depth is quite different from the
North field site, with a stiffer layer at the surface and relatively constant
values beneath. The transition between shallow stiffer layers and deeper
softer layers is clearly indicated. At Canons Park this transition seems lo
correspond to that between a superficial layer of gravel and the top o f the
London Clay which at these shallow depths is reworked.

Parallel to the field surveys dynamic measurements of very small strain
stiffness were carried out on samples of London clay from Chattenden in Ihe
laboratory using piezoceramic bender elements of the type developed at the
Norwegian Geotechnical Institute (Dyvick and Madshus. 1985). These are
electromechanical transducers that can be located at each end of a triaxial
specimen which transmit and receive shear pulses ihrough the specimen. The
tests result consists essentially of the iravel lime for the shear wave to
propagate along the length of the specimen. From ihis travel time the shear
wave velocity, Vs, can be calculated and in turn the shear modulus obtained
using equation 1. The shear wave amplitude is not constani along the sample
due to bolh geomechanical and material damping. The maximum shear strain
near the transmitter is estimated to be about 10'5(Dyvick and Madshus,
1986).

Damping was measured as described previously. A range of frequencies was
chosen with an average of 40 Hz. No trend with frequency was observed. A
value o f D o f 4±1% was obtained. On the basis of the damping and stiffness
measurements described above a class B prediction, carried out al the same
time as the observations, was made for a 2 m x 2 m concrete pad, cast 0.150
m below the surface. The four comers of the pad were provided with
levelling studs and the levels measured relative to a datum ten metres away.
Readings were taken with a high precision level fitted a parallel plate
m icrometer and using an invar staff. The pad was loaded with a standard
refuse skip loaded wilh sand to a pressure of 24.5 kPa and the resulting
settlements measured over suitable intervals of time. The settlement of the
centre of ihe pad at these limes is shown in figure 7. After 2 weeks the pad
had settled 2 mm.

Based on the results of bender element tests on both reconstituted and
undisturbed samples of London clay retrieved from the site at Chattenden the
relationship found to describe the dependence of the very small strain stiffness
o f the soil on state is given by:

The method used for the prediction of the settlements of the pad is based on
the generalised theory of viscoelasticity and has been successfully used to
predict setllemenls o f foundations on stiff clays and weak rocks, for
conditions far from failure (Abbiss, 1986). The elastic modulus obtained from
the surface wave surveys is used in the chan from Brown and Gibson (1972)
to find the elastic settlement plotted at the start al log(l) = -2. the approximate
period of the surface wave. The slope of the settlement line al the initial
poinl on the lime plot is then found from d(lne)/dln(l) = 4D/2it (Abbiss and
Lewin 1990). The appropriate value o f D, for the strain under ihe pad, was
obtained from the ’s ’ curve o f damping filled to the measured D of 4% at
known strain (Abbiss 1986). A linear plot was drawn from the initial point,
with Ihis slope on the graph of settlement against log(l). As can be seen in
figure 7 ihe prediction is close to Ihe observed settlement after Iwo weeks.
The error bars shown are largely due to uncertainties in ihe values of D and
so this measurement is where ihe improvement in accuracy is needed.

where p, is a reference pressure of lkPa. introduced to render the relationship
between shear modulus and mean effective stress p' non dimensional. A, n
and m are non dimensional constants. R,, is the ratio p'm„ /p ' with p'm„ the
maximum previous mean effective stress. For the London clay at Chattenden
A = 407, n = 0.76 and m = 0.25. (Viggiani 1992)
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CO N CLU SIO N S
Accurate phase shift measurements are possible with a correlator and a filter
in the determination o f surface wave velocities with a vibrator. The standard
deviation is nearly as good as that with a spectrum analyser with a potential
saving in cost and is a step towards using simpler methods. It has the
additional advantage o f being capable of measuring the damping in situ, thus
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state and history, Ihe small strain moduli obtained in the laboratory using the
bender elements technique are within the experimental scatter of
measurements made by this method.
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