Sampling disturbance evaluation based on the shear wave
velocity measured in laboratory and field tests
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ABSTRACT: The shear wave velocity of soil play an important role in many geotechnical problems such as site
characterization, ground seismic response analysis and liquefaction potential evaluation. Due to sample disturbance, it
is well believed that the results of field measurement and laboratory measurement are different. In this study, the shear
wave velocity of typical soils in Shanghai are measured by field suspension logging method and laboratory resonant
column test. The results are compared and the disturbance of sampling is quantified by the ratio of the shear wave
velocity in the field to that in the laboratory. It is found that the shear wave velocity in the laboratory is significantly
lower than that in the field and such decrease depends on the magnitude of shear wave velocity. It indicates that the
sampling disturbance based on the shear wave velocity is significant and therefore special attention should be paid if the
shear wave velocity is critical in a geotechnical problem.
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1. Introduction
The shear wave velocity of soil play an important
role in many geotechnical problems such as site
characterization, ground seismic response analysis and
liquefaction potential evaluation [1-2]. The shear wave
velocity of the soil is directly related to the soil small
strain shear stiffness, a intrinsic soil property.
The soil shear wave velocity can be measured either
in the laboratory or in the field. In laboratory, the shear
wave velocity can be measured by resonant column
apparatus [3-4], bender element [5-6] or quasi-static
loading with high resolution local strain measurement
[7-8]. In the field, the shear wave velocity can be
measured by cross hole method, down-hole method or
surface wave analyses [9]. In laboratory, the samples are
obtained from the field during site investigation and
consolidated to stresses at the field. Then, the shear
wave velocity was measured and it is generally treated
as the field values. Therefore, the key challenge is the
difference between the laboratory tests and field tests or
the effect of sample disturbance.
The source of sample disturbance can be mainly
divided into two sources: the stress relief and the
mechanical disturbance [10]. The stress relief describe
the total stress applied on the sample become zero
when it was removed from the ground. During this
stress relief, the soil structure may be changed and the
bonding between particles may be damaged, which may
not be fully recovered during the consolidation in
laboratory. The mechanical disturbance refers to the
disturbance caused during the drilling process, the

penetration of sampler, sampler retrieval to the ground,
sample transportation, sample extrusion from the tube,
sample trimming and other processes to prepare the
sample.
Generally, sample disturbance can not be eliminated
and its effect on different soil properties (e.g. density,
compressibility, or shear strength) may be different.
Hence, it is very important to evaluate the effect of
sample disturbance on the soil properties. Lunne et al.
[11] investigated the effect of sampler type on the soil
disturbance and the studied soil properties included soil
compressibility by oedometer, soil undrained shear
strength by triaxial and shear wave velocity by bender
element. Lunne et al. [11] also proposed to a
compressibility index Δe/e0 to quantify the sample
disturbance, where Δe is the change of void ratio when
the specimen is consolidated to the field overburden
stress and e0 is the initial void ratio. It should be noted
that they took the measurements of block sample as the
reference, but the soil compressibility in the field is
unknown. Strictly, the soil properties can be directly
measured in the field should be taken as the reference.
Keeping this in mind, the shear wave velocity should be
an convenient index for sample disturbance evaluation.
Sasitharan et al. [12], Chiara and Stokoe [13], Landon et
al. [14], Ferreira et al. [10] used the shear wave velocity
to quantify the sample disturbance and the results were
compared with those from the compressibility in
oedometer tests. Nevertheless, in majority of these
studies, the shear wave velocity in the laboratory was
measured at unconfined stress states or the field shear
wave velocity was not measured.

In this study, the shear wave velocities Vs of soil
specimens collected in Shanghai during the site
investigation were measured by resonant column tests
and empirical equation for predicting the small strain
shear stiffness was proposed. Meanwhile, the shear
wave velocity measurements by suspension logging in
12 boreholes during the site investigation of three
projects in Shanghai were also analyzed and empirical
equations were also proposed. By comparing the shear
wave velocity or small strain shear stiffness in the
laboratory and in the field, the effect of sampling
disturbance can be evaluated.

2. Laboratory resonant column tests
2.1. Resonant column apparatus
The resonant column (RC) apparatus used in this
study is of a Stokoe type with bottom-fixed and top-free
configuration, as schematically shown in Fig. 1. It is
equipped with an electromagnetic driving head with
precision wound coils and internally mounted, counter
balanced accelerometers. The dimensions of tested
specimen are 50 mm in diameter and 100 mm in height,
respectively. The confining pressure is applied by
compressed air and water bath is adopted to ensure the
saturation. The cell pressure capacity is 1.0 MPa. The
axial deformation of the specimen during consolidation
is measured by an internal high-resolution LVDT.
Furthermore, bender elements (BE) and slow rate
torsional shear (TS) functions are also incorporated in
this RC apparatus.

silt samples are in the range of 21.1-36.2% and 0.5950.988, respectively. The 40 sand specimens include
medium sand, fine sand and silty sand and the sampling
depth is in the range of 32.0-99.0m. The water content
and void ratio of these sand samples are in the range of
10.5-27.7% and 0.379-0.870, respectively.
The specimen was trimmed into the tested
dimensions first and the was consolidated to the field
vertical effective stress. After consolidation, resonant
column tests were carried out to measure the dynamic
shear modulus at different shear strain levels. In a RC
test , the shear wave velocity Vs and the associated
dynamic shear modulus G can be calculated by [9]
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where ft is the resonant frequency in torsional excitation,
ρ is the mass density involving in the wave propagation,
L is the specimen length, and β is a parameter that can
be determined by
I
(3)
 tan  
I0
where I is the mass polar moment of inertia of the
specimen and I0 is the mass polar moment of inertia of
the components above the specimen.
In RC tests, the modulus reduction curve (i.e. the
decrease of dynamic shear modulus with increasing
shear strain) can be obtained. When the input excitation
voltage and therefore the resulted shear strain is small
(i.e. less than 5×10-6), the shear modulus is termed as
the small strain or the maximum shear modulus G0. In
this study, we focus on the small strain shear modulus
G0 and the results of modulus reduction curves can be
found in Gu et al. [15].

2.3. RC test results
Both theoretical considerations and experimental
results have showed that the small strain shear modulus
of soils mainly depends on void ratio e (or soil density)
and effective confining pressure σ′, and can be
expressed by the following general form [3]:
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Figure 1. Schematic illustration and picture of the resonant column
apparatus with bender elements.

2.2. Tested soil samples
The tested intact samples were collected during the
site investigations of 10 projects in Shanghai, which is
located in the east coastal line of China. Shanghai is
covered by deep depositional materials up to 300-400m.
The number of tested samples is 83 in total and the soil
type include clay, slit and sand. The 38 clay samples
were collected from the depth of 1.0-91.0m. The water
content, void ratio and plasticity index of these clay
specimens are in the range of 22.5-47.8%, 0.641-1.319
and 11.9-19.7, respectively. The number of silt
specimens is 15 and the sampling depth is in the range
of 2.0-67.6m. The water content and void ratio of these
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where A is a constant reflecting soil type, grain
properties and fabric, pa is a reference stress, n is the
stress exponent reflecting the effect of the confining
pressure and F(e) is a void ratio function reflecting the
effect of soil density. Here, a void ratio function F(e) =
e-x [16] is used.
Figs. 2-4 show the G0 values of clay, silt and sand
obtained in RC tests, together with the fitting results,
respectively. As seen in these figures, the G0 value of
each soil increases with increasing effective stress and
decreasing void ratio as expected. The G0 value can be
well fitted by Eq. (4) and generally the difference
between the measurement and prediction of the G0
values does not exceed 15%. The stress exponent n is
somewhat higher than the commonly used 0.5, which is
obtained based on the clean sand, especially for the clay
and sand. Moreover, the sand is less sensitive to the

void ratio compared to the clay and silt. Generally, for
the same void ratio and effective confining pressure, the
G0 value of sand is higher than that of clay, and the silt
is in the middle.

(a)

(a)

(b)
Figure 4. The G0 of sand obtained by laboratory resonant column.

(b)
Figure 2. The G0 of clay obtained by laboratory resonant column.

3. Field suspension logging tests
3.1. Test sites and equipment

(a)

The shear wave velocity measurements were carried
out during the site investigation of three important
projects in Shanghai, including the 632m-high Shanghai
Tower (ST), the Suzhou river deep sewage tunnel (DST)
and the hard X-ray tunnel (HXT). Shear wave
measurements were carried out in two boreholes up to
185 in ST, in two boreholes up to 150m in DST, and in
8 boreholes up to 125m in HXT, respectively. The shear
wave velocity was measured by suspension logging
with a interval of 1.0m, as shown in Fig. 5. At each
depth, the shear wave velocity was measured, while the
soil type and the physical properties (e.g. water content,
unit weight and void ratio) can be determined according
to the borehole sampling. The coefficient of lateral earth
pressure at rest K0 of the soil was measured and the
mean effective stress was used to analyze the shear
wave velocity in Eq. (4).

3.2. Results of field suspension logging tests

(b)
Figure 3. The G0 of slit obtained by laboratory resonant column.

Figs. 6-8 show the G0 values of clay, silt and sand
obtained in field suspension logging tests as well as the
fitting results by Eq. (4), respectively. As seen in these
figures, the G0 value of each soil increases with
increasing effective stress and decreasing void ratio as
expected. However, the stress component for each soil
in the field is somewhat higher than that in the

laboratory. Similarly as the results in laboratory, the G0
value of sand in the field is also less sensitive to the
void ratio compared to the clay and silt. Meanwhile,
compared to the results in laboratory, the G0 values are
much scattered, especially for the clay. Generally, for
the same void ratio and effective confining pressure, the
G0 value of sand is also much higher than that of clay,
and the silt is in the middle. Moreover, for the same
void ratio and effective confining pressure, the G0 value
in the field is much higher than those in the laboratory,
indicating that the sample disturbance reduce the small
strain shear stiffness.
(a)

(b)
Figure 7. The G0 of silt obtained by field suspension logging test.

Figure 5. The schematic of suspension logging test.

(a)

(a)

(b)
Figure 8. The G0 of sand obtained by field suspension logging test.

4. Sampling disturbance evaluation
(b)
Figure 6. The G0 of clay obtained by field suspension logging test.

Fig. 9 compared the small strain shear modulus from
the laboratory resonant column tests and from the field
suspension logging. In Fig. 9, G0F is the direct

measurement in the field, while G0L is the G0 calculated
based on the fitting results in laboratory according to the
void ratio and mean effective stress of the specimen. As
seen in Fig. 9, G0F is much higher than the G0L,
indicating the sampling disturbance. The average value
of G0F about 1.78 times of G0L.
To quantify the sampling disturbance on the small
strain shear stiffness, the ratio of the G0 in laboratory
G0L to that in the field G0F was plotted against the G0F in
Fig. 10, together with the results by Kokusho [17]. As
seen in Fig. 10, the ratio G0L/G0F generally is smaller
than one, indicating that the sampling disturbance
reduces the small strain shear stiffness. Meanwhile, the
ratio G0L/G0F decreases as G0F increases, which means
that the sampling disturbance is more significant when
G0F is larger. This phenomenon is expected since G0F is
usually larger at deeper depth, which corresponds to a
stronger stress relief effect and therefore larger
sampling disturbance. It is interesting to note that the
ratio G0L/G0F in this study is quite close to the average
value in Kokusho [17]. The average value of G0L/G0F
of typical Shanghai soil approximately decreases from
0.75 to 0.40 when G0F increases from 20MPa to
600MPa. The results indicate that special attention
should be paid to the sampling disturbance on the soil
shear wave velocity or small strain shear stiffness,
especially the small strain shear stiffness is crucial in
the project.

5. Conclusions
In this study, the shear wave velocities and the
associated small strain shear modulus of typical
Shanghai soils were measured by resonant column tests
in the laboratory and suspension logging tests in the
field. The small strain shear modulus of the soils
obtained in the laboratory and in the field are analyzed
and compared to each other. The major findings in the
paper can be summarized as follows:
a) The soil small strain shear stiffness increases with
increasing mean effective stress and decreasing void
ratio both in the laboratory and in the field. The stress
component of the natural soils as well as the scattering
of the data in the field is higher than that in the
laboratory. For the same effective stress and void ratio,
the shear modulus of sand is higher than that of clay,
while the silt is in the middle.
b) The small strain shear modulus in the laboratory is
considerably smaller than those in the field, indicating
the effect of sampling disturbance. The degree of
sampling disturbance can be evaluated by the stiffness
ratio G0L/G0F. For typical Shanghai soils, the average
value of G0L/G0F approximately decreases from 0.75 to
0.40 when G0F increases from 20MPa to 600MPa. The
results reveal that special attention should be paid to the
sampling disturbance on the soil shear wave velocity or
small strain shear stiffness, especially when the small
strain shear stiffness is crucial in the project.
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