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ABSTRACT: In-situ measurement of shear wave velocities provides information on soil
stiffness at very low strain, typically less than 10°%. It is now widely recognised that low
strain stiffness should be determined as part of the site investigation for seismic problems.
However depending on the measurement method, there are some differences in the wave
velocities. In-situ measurement of shear wave velocities using the down-hole technique
and continuous surface wave technique were performed at two soft soil sites in
Singapore. In the down-hole technique, a single borehole, a horizontally polarised surface
source and a down-hole geophone were used. The continuous surface wave technique
uses a continuous vibrating source placed on the ground surface. Surface waves of
various frequencies from 5 to 100 Hz were generated and the waves were picked up by a
series of geophones placed collinear with the source. The surface wave test measures the
Rayleigh wave velocities. The down-hole tests were able to provide information to a great
depth whereas the surface wave tests were only able to provide information down to a
depth of about 12 m. The measured shear wave velocities found from the down-hole test
and computed shear wave velacities found in the surface wave tests show differences of
about £10%. The difference is not due to the assumed Poisson’s ratio used in the
computation of the shear wave velocities from the Rayleigh wave velacities alone, but is
also attributed to the differences in wave source

1 INTRODUCTION

The response of soil to strain is highly non-linear. At very low strain levels, less than 10°%, the soil
response is linear which allows the use of elastic theory. At intermediate strain levels, 10°% to 10™'%,
the soil response becomes non-linear. At high strain levels, greater than 10%, the soil response
remains non-linear and will start to experience plastic deformation and may eventualy reach an
unstable condition (Mathews et a. 1996, Luna and Jadi 2000). Geophysical methods are becoming
increasingly popular in site investigation to complement conventional site investigation methods
(McCann and Green 1996). The soil properties determined using geophysical methods correspond to
very small strain levels and these properties are usually termed as dynamic soil properties. The
compression and shear wave velocities of the soil are commonly determined in geophysical
measurements. The bulk modulus, shear modulus, Poisson’sratio and Y oung's modulus of the soil can
be determined from the compression and shear wave velocities. The computed stiffness is an in-situ
measurement and thus avoids the usua problems of laboratory tests such as sampling disturbance,
unrepresentative sampling, sample-size effect and stress condition (Anderson and Woods 1975). For
saturated soils, the compression wave velocity is usually not measured as the compression wave
velocity isthat of water and is not indicative of the stiffness of the soil.

Geophysical methods may be divided into two broad categories: subsurface and surface methods (Ado
and Robertson 1992, Menzies 2000). Examples of subsurface methods are down-hole survey, up-hole
surveys, seismic cone and cross-hole surveys. Examples of surface methods are refraction surveys,
reflection surveys and surface wave methods. The subsurface methods usualy require one or more
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boreholes, whereas surface methods are non-intrusive. The measured shear wave velocities of soils
differ depending on the geophysical investigation method used. In this paper, two geophysical
methods, down-hole and continuous surface wave, were employed at two soft soil sites in Singapore.
The results from these geophysical investigations are presented and compared.

2 DESCRIPTION OF GEOPHYSICAL METHODS

2.1 Down-hole method

In the seismic down-hole test, only one borehole is required (Figure 1). The components in the down-
hole test set-up consist of an impulse source, a down-hole receiver, recorder and trigger. The receiver
(borehole packer with bi-directional geophones) is fixed in the borehole at the required depth. The
impulse source is provided by a hammer blow either directly (P wave) or paralel (S wave) to the
ground surface usualy through a wooden plank weighed down by a set of dead weights. The trigger
consisting of geophones are fixed to the impulse source. The down-hole test can be performed with a
string of receivers or a single receiver at various depths. The down-hole tests reported in this paper
were performed using a single receiver. The test was performed twice at each depth. For the Swave
test, a wooden plank was struck at each end in turn so each S-wave generated is the reverse of the
other. The receiver signals are superimposed and if a discrepancy is found in the arrival times between
the two signals, the test is repeated again. For the Swaves, arrival time is identified as the beginning
of the reversal of the signal. Details of the down-hole test can be found in Hoar and Stokoe (1978).
The corrected arrival time, t, of the P or Swave is computed as
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where L is the distance from the source to the receiver given by +/ x% +d? , x isthe horizontal distance
from the source to the top of the borehole, d is the depth of the receiver and T is the measured first
arrival time. By plotting d versust, the wave velocity is given by the dope of the line.
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Figure 1. Schematic of down-hole method.

2.2 Surface wave method

Surface or Rayleigh waves are generated near the boundary of an elastic half-space. Rayleigh waves
attenuate rapidly with depth, usually within one wavelength. Therefore, Rayleigh waves of different
wavelengths penetrate the ground to different depths. For a uniform, isotropic elastic half-space,
Rayleigh waves travel at a velocity independent of its wavelength. In a layered half-space, the
Rayleigh wave velocity will depend on the wavelength as along wavelength (low frequency) Rayleigh
wave would penetrate the ground deeper and be influenced by the deeper material than a Rayleigh
wave with short wavelength (high frequency). Two types of energy source are used in the surface test:
impact sources such as a hammer or explosion source, or acontinuous source such as mass vibrator.
Impact sources are commonly used with spectral analysis of surface wave (SASW) (Stokoe and
Nazarian 1985) whereas the continuous source gives rise to the continuous surface wave (CSW)
method (Mathews et a. 1996). The test set-ups for both the SASW and CSW methods are similar: an
energy source, geophones and a recorder.

In the SASW method, the Rayleigh waves are generated by an impact source providing frequencies in
the range of 3 to 200 Hz which are picked up by a pair of geophones and recorded on the recorder
(Mathews et al. 1996, Ganji et al. 1998). The signas then are able to produce the cross power
spectrum, through undergoing Fourier transformation. For each frequency f, the Rayleigh wave
velocity, V,, is computed using the following equation:

2pfDx
=—— 2
Al )
where Dx is the distance between the geophones and Df is the phase difference. A plot of the Rayleigh
wave velocity versus wavelength gives the dispersion curve. The Rayleigh wave velocity-depth profile

is then obtained through inversion of the dispersion curve. From elastic theory, shear wave velocity
and Rayleigh wave velocity is related by

V, =pV, 3
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where p isafunction of Poisson’sratio n.

In the CSW method, the Rayleigh waves are generated by a vibrating mass which cycles through a
range of frequency from afew Hz to few tens of Hz (Mathews et a. 1996, Menzies 2000). The energy
of the Rayleigh waves depends on the size of the vibrating mass. The Rayleigh waves are detected by
a series of geophones and recorded on the recorder. The signals are Fourier transformed and the phase
angle, f, for that frequency, f, is then obtained. By plotting the phase angle against distance of the
geophones from the source, the wavelength | can be determined as:
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where n is the number of Rayleigh waves between the geophones. Usualy, the spacing of the
geophones, D, is less than the wavelength of the Rayleigh wave, |, and therefore, n is zero. The
wavelength is thus given by the slope of the phase angle versus geophones distance plot multiplied by
2p. The Rayleigh wave velocity is then given by:

Vv, =fl )

The dispersion curve is given by aplot of V; versus | . The Rayleigh wave velocity profile is obtained
by inversion of the dispersion curve. In this paper, the CSW method was employed using a CSW
system from GDS Instruments Ltd. A schematic of the CSW test set-up is shown in Figure 2. The
vibrating mass weighing 64 kg applies a regulated and predominantly vertically polarised disturbance



to the ground surface. The vibrating mass, producing Rayleigh waves at frequencies from 5 to 100 Hz,
is controlled by a personal computer through a controller unit and a vibrator drive unit. The surface
waves are detected by six geophones (4.5 Hz or 2 Hz) placed collinear with the vibrating mass.
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Figure 2. Schematic of CSW S test set-up

3 SOFT SOIL SITES

In Singapore, recent sediments occupied about 25% of the total land area (PWD 1976). The recent
sediment deposits typically consist of afill followed by a marine clay deposit of three distinct layers:
an upper marine clay layer which is several metres to several tens of metres, an intermediate clay layer
typically of afew metres and alower marine clay layer that is several metresto several tens of metres.
Geophysical tests were conducted at two sites, denoted as Site B and Site K in this paper, which are
located in areas of the recent sediment deposits. The two sites are about five kilometres apart.
Representative properties of the soil layers at the two sites are summarised in Table 1.

Table 1. Soil gtratification and index properties of soft soil sites.

Soil Strata SiteB SiteK
Hm)* | LL | PL | w(%) | r Mg/m® | H(m) | LL PL | W (%) | r (Mg/m®)

Fill 5.0 - - ~20 ~1.9 6.5 - - 15-21 ~1.95
Upper 11.0 | ~92 | ~24 | 60-70 ~1.65 13.0 | ~90 | ~25 | 55-60 ~1.66
Marine Clay

Intermediate 20 |~59|~34| -~40 ~1.85 20 | ~55 | ~21| -~25 ~1.90
Clay

Lower 135 | ~86 | ~22 | 50-55 ~1.70 9.0 | ~60 | ~22 | 46-52 ~1.69
Marine Clay

* H = Thickness of layer




4 TEST RESULTSAND DISCUSSIONS

4.1 Down-holetests

Down-hol e tests were performed at both Site B and Site K with a single geophone receiver in a cased
borehole. The geophone receiver was lowered at 1 m depth intervals. The plots of depth versus travel
time are shown in Figure 3. With the aid of the borehole logs, best-fit straight lines were fitted to the
various soil strata and the P and S wave velocities were determined from the slopes of the straight
lines. A summary of the P and S wave velocities for the various stratais given in Table 2. The P wave
velocity indicates that the fill is not fully saturated at Site B. For Site K, the P wave velocities are the
same for the fill and upper marine clay. However, the soil layers can be discerned through the S wave
velocities.

Table 2. Summary of P and Swave velocities from down-hole tests.

Soil Strata SiteB SiteK
Vp (Mls) Vs (m/s) Vp (Mls) Vs (m/s)
Fill 1127 105 1514 133
Upper Marine Clay 1570 131 1514 122
Intermediate Clay 1524 180 1667 207
Lower Marine Clay 1585 159 1561 151
4.2 CSW tests

CSW tests were conducted by placing six 4.5 Hz geophones at 0.5 m intervals collinear with the
vibrating mass which is positioned a& 1 m from the nearest geophone. An initial sweep using
frequency from 5 to 100 Hz at 5 Hz intervals was conducted. As the number of pointsin the dispersion
curve was few and far between in the low frequency range, a more refined run was usually conducted
for the low frequency range at smaller frequency intervals. The 2 Hz geophones were also used to pick
up the lower frequency Rayleigh waves. However, the 2 Hz geophones were found to be very sensitive
to ambient noise even when the tests were performed in the early hours of the morning after midnight.
Only marginal improvement was noticed in the dispersion curve when the 2 Hz geophones were used.
At each site, the line of geophones was rotated about the vibrating mass at angles of 90°. Four tests
were conducted at Site B and three tests were conducted at Site K. The test configurations were
indicated in Figure 4. The dispersion curves for Site B and Site K are shown in Figure 4. At short
wavelengths (< 5 m), Site B shows a noticeable scatter in the dispersion curves. This is due to
refraction and reflection of the Rayleigh wave at the ground surface boundary. Such scatter is also
noticeable at the soil layer boundaries. The dispersion curves of both Site B and Site K show two
different Rayleigh wave velocity layers with the dispersion curves of Site K giving a clearer
distinction of the two layers.

The inversion of the dispersion curve to a shear velocity-depth profile can be done at different levels
of sophistication. At the ssimplest level, the wavelength-depth method can be used to provide a quick
assessment (Mathews et al. 1996, Tokimatsu 1997). In the wavelength-depth method, | /z is assumed
to be constant. Value of | /z = 2 is commonly used (Jones 1958, Heukolom and Foster 1962, Ballard
and McLean 1975, Abbis 1981). Gazetas (1982) recommended that | /z = 4 should be used at sites
where stiffness increases with depth and | /z = 2 should be used at homogeneous sites. An average
value of | /z = 3 was recommended as a suitable compromise (Gazetas 1982). Applying | /z = 2 to the
dispersion curves of Site B and Site K gave good estimate of the thickness of the fill at 5 m and 6 m,
respectively. Based on | /z = 2, the penetration depth of the surface waves was only about 12 m for
Site B and 13 m for Site K. It is aso possible to use linear inversion models (Lai and Rix 1998, Honjo
et a. 1998, Ganji et al. 1998, Xiaet al. 1999) and finite element models (Anand et al. 2001) to obtain a
multi-layered soil that produces a dispersion curve that matches the measured dispersion curves.




However, thisis beyond the scope of the current paper and will not be discussed.

4.3 Comparison of Shear Wave Vel ocities

As the penetration depth of the surface waves was only about 12 m, comparison of the shear wave
velocities can only be made for the fill and the upper marine clay. To compare the wave velocities
measured, the Rayleigh wave velocities are converted to the shear wave velocities using Equation 3.
For both the fill and the upper marine clay, the Poisson’s ratio is taken as 0.5 (i.e. p = 1.047). The
comparison is summarised in Table 3. The difference in shear wave velocity is about +9% for the fill
and -4% for the upper marine clay.
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Figure 3. P and Swaves' travel time versus depth from down-hole tests.

The difference does not decrease much if other values of Poisson’s ratio were used. For the fill, the
difference in shear wave velocity increases if a Poisson's value of less than 0.5 is used. Addo &
Rabertson (1992) showed a greater difference in shear wave velocities measured using seismic CPT
(essentialy a down-hole method) and the SASW method. Addo & Robertson used an average p value
of 1.1 to obtain shear wave velocities from the Rayleigh wave velocities. A likely cause of the
differences is that the disturbance waves were horizontally polarised in the down-hole tests and were
vertically polarised in the surface wave tests.
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Figure 4. Dispersion curvesfor Site B and SiteK from CSW tests.
Table 3. Comparison of shear wave velocities.
Soil strata Site B, Vs (m/s) Site K, Vs (m/s)
Down-hole test CSW test Down-hole test CSW test
Fill 105 117 133 144
Upper Marine Clay 131 128 122 117

5 CONCLUSION

Two geophysical methods, down-hole and CSW, were employed at two soft soil sites in Singapore
and their results were compared. The application of the surface wave method to the soft soil sitesis
straightforward as the site geology is well known and the results can be easily interpreted. The usual
advocate for the use of surface wave method is that it is non-intrusive and thus can be performed more
economically and in less time. However, the surface wave method is limited by the penetration depth
of the Rayleigh wave which was found to be about 12 m for the soft soil sites. Furthermore, an
estimate of the soil Poisson’sratio is required in the determination of shear wave velocities which may
account for a discrepancy of about 5% when compared with shear wave velocities from the down-hole
tests. Nevertheless, some additional differences in the shear wave velocities are still present which
may be attributed to the different wave sources. The difference in shear wave velocities from different
geophysical methods should perhaps be treated as the uncertainty similar to other site investigation
tests.
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