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Study of Shallow Soil Deposit in East 
Coast of India by SPT, MASW, 
and Crosshole Tests 
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Introduction 

Earthquakes cause various hazards such as landslides, liquefaction, ground shaking, 
flooding, and tsunamis. Among these, liquefaction has been known to cause the 
failure of even well-designed and well-built structures as it is entirely a property of 
the subsurface soil. Liquefaction is defined as the transformation of granular material 
from solid to a liquefied state because of increased pore water pressure and reduced 
effective stress under seismic or cyclic loads. 

In-situ seismic testing methods are commonly used for subsurface seismic velocity 
profiling which assists in the determination of low-strain stiffness of geological mate-
rials. With time, there has been an increase in the need for critical infrastructure; 
hence, the need for such tests is also increasing for efficient engineering design. 
With time and experience, in-situ test results have been used to estimate soil resis-
tance against seismic hazards such as liquefaction. In-situ tests help determine the 
soil properties in their natural, undisturbed state. These tests are easy to perform at the 
site and reduce the dependency on laboratory tests which are often time-consuming, 
expensive, and require specific monitoring of the specimen properties [24]. 

The objective of this survey was to obtain the distribution of soil materials and 
S-wave velocities (VS) of the shallow subsurface for the computation of elastic engi-
neering properties of the subsurface strata. Standard penetration test and seismic tests 
of Crosshole Seismic Test (CHT) and MASW test were performed. Hammer energy 
correction was assigned to the equipment based on energy measurements from past 
studies on the same and similar equipment [3]. The velocity profiles obtained from
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MASW were coherent with the borehole records showing the gradual increase in 
the velocity values from gravelly silty sand at the top to the weathered limestone 
zone at the bottom of boreholes. Velocity profiles obtained from CHT showed higher 
velocity values than those obtained from MASW. This difference could have been 
due to the highly localized and confined nature of Crosshole testing between the 
boreholes and dispersed, and broader (global) coverage in the MASW test, where 
velocities measured are averaged out over the travel path length. N-values and VS 

values thus obtained were used to estimate factor of safety against liquefaction (FSL) 
for subsurface silty sand layers submerged under shallow groundwater. 

Site Location and Description 

The investigation was carried out in the coastal city of Tuticorin, located along the 
Eastern coast of Tamil Nadu, India. The testing site is located about 1.5 km west 
of seashore near Southern Petrochemical Industries Corporation (SPIC) Township 
consisting of level to gently sloping ground. The project area is covered with the 
fluvial, fluvio-marine, Aeolian, and unconsolidated marine sediments of the quater-
nary age, which are underlain by medium to coarse-grained tertiary sandstone and 
claystone. The groundwater table is present at 1.65 m depth below ground level. The 
site is in seismic zone II as per the seismic zoning map of India in IS: 1893 (Part 
I)-2016, which is based on past intensity and not based on possible seismic hazard 
parameters in the region [2]. 

Investigation Methods 

This study involved the use of multiple exploration methods like SPT, CHT, 
and MASW. There have been limited studies in the Indian region with multiple 
approaches to determine subsurface properties. Since each method determines VS 

differently and has its own interpretation, using a single method for important analysis 
such as liquefaction evaluation may not give sufficient estimation accuracy. These 
different site characterization tools have complementary roles in most situations and 
are most effectively used in combinations [9]. A brief description of the tests used 
and the profiles generated is presented in the following subsections. 

Standard Penetration Test 

The standard penetration test (SPT) is an in-situ dynamic penetration test designed to 
provide information on the geotechnical engineering properties of soil. This test is the
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Fig. 33.1 Layout of 
boreholes for crosshole tests 
and location of MASW 
survey lines 

most commonly used subsurface exploration method due to its workability and cost-
effectiveness. The test provides samples for identification purposes and measures 
penetration resistance, which can be used for geotechnical design purposes. 

SPT is of great use in cases where it is difficult to obtain undisturbed samples 
for testing, such as gravelly, sandy, silty, sandy clay, or weak rock formations. It 
is often used to approximate the in-situ density and angle of shearing resistance of 
cohesion-less soils and the strength of cohesive soils. Several other dynamic and 
static properties of subsoil layers are well correlated with SPT results [1, 4, 5]. The 
SPT is most widely used for empirical determination of a sand layer’s susceptibility 
to soil liquefaction in India and also other places. 

Hammer energy measurement is an integral part of the SPT procedure. Most of 
the empirical relations of N-value with static or dynamic soil properties are defined 
for a specific energy value [10]. If standard or any random energy value is assumed 
instead of the in-situ measurement, it will lead to erroneous calculations. For the 
same equipment and operator, the hammer energy ratio (measured energy/theoretical 
energy) (ER) values were measured previously in the range of 30–40%. The same 
range is assigned to the equipment, and analysis for liquefaction estimation has 
been carried out considering three ER values 30, 35, and 40%. In the current study, 
five boreholes were drilled in a T-shaped geometry (Fig. 33.1). SPT was performed 
in BH4. The depth profile of N-values with depth is presented in Fig. 33.2a. The 
N-values at refusal were estimated by extrapolation.

Crosshole Test 

Crosshole test involves the determination of the velocity of horizontally travelling 
P-wave and S-wave in subsurface soil and rock strata between two or more boreholes. 
This method provides inputs for static/dynamic analyses as a means for computing
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Fig. 33.2 a SPT N-values and VS profiles at the site from b crosshole and c MASW tests

VS , VP, shear modulus, Young’s modulus, and Poisson’s ratio, or simply for the 
determination of anomalies that might exist between boreholes [22]. Typical test 
applications involve bridge/dam foundation analysis, in-situ materials testing, soil 
and rock mechanics, earthquake engineering, and liquefaction analysis. 

Crosshole survey involves lowering a seismic source in one borehole and a 3 
(or more) component geophone borehole receiver in the adjacent borehole(s) at the 
same depth, and impulses from the source are recorded in the receiver. The velocity 
of seismic waves is calculated by dividing distances between the boreholes by travel 
times of the recorded waveforms as per ASTM D4428-2000 and IS 13372-1992 part 
2. 

In the current study, CHT was conducted in four sets, denoted by CH32, CH34, 
CH41, and CH45, where CHij means the source is lowered in BHi and the receiver 
in BHj. Figure 33.3 shows the field setup for the Crosshole test. BIS-SH sparker 
source and BGK5 borehole receiver (Getomographie GmBH) and Geode seismo-
graph (Geometrics, Inc.) are used for data acquisition. The VS profiles obtained from 
CHT are given in Fig. 33.2b. Although the tests were conducted till 20 m depth, the 
profile is shown only up to 12 m because of the scope of analysis in this study.

MASW Test 

The MASW survey is a seismic method used for evaluating the low-strain properties 
of the subsurface. It utilizes the dispersive nature of the surface waves to determine
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Fig. 33.3 Crosshole test setup in the field

the elastic properties of the half-space inverting the recorded field data [14, 15]. The 
MASW test has become a widely practised technique due to its use of multiple chan-
nels for data acquisition of surface waves. MASW technique offers high resolution 
and high signal-to-noise ratio. The Rayleigh waves offer the mode with the highest 
energy content among different waves produced during impact [23] and hence is 
used for the test. Post data acquisition and conventional signal processing techniques 
could be used for removing the ambient noise from the data and increase signal 
strength. 

MASW system consisting of a 24-channel Geode seismograph with 24 numbers of 
vertical geophones of 4.5 Hz frequency has been used to carry out field experiments. 
MASW tests have been carried out with geophone intervals of 1 m. The source has 
been placed at 6 and 12 m from the nearest geophone to avoid the near-field and far-
field effect [15]. The seismic waves are created by hitting a 17.6 lbs sledgehammer 
on a 300 mm × 300 mm metal plate with five stacks. 

MASW tests were conducted near all five boreholes. Twenty-four geophones were 
used with 1 m receiver spacing and 10 m source distance from the nearest geophone. 
VS profiles upto top 12 m of subsurface obtained from MASW test are presented in 
Fig. 33.2c. The seismic record for a typical MASW test is shown in Fig. 33.4. The  
phase velocity (Vϕ)- frequency dispersion image and VS profile from MASW for 
BH3, is shown in Fig. 33.5.

Evaluation of Liquefaction 

In general, it is tedious to re-establish an in-situ stress state in the laboratory, and 
often soil specimens are too disturbed to yield relevant results. Sampling for undis-
turbed samples in granular soils requires specialized techniques, which are costly. 
Hence, field tests have become the state of practice for routine liquefaction investi-
gations. Several methods have been developed to evaluate the safety of soil against 
liquefaction during a seismic event. Several field tests have been found to be helpful 
in evaluating liquefaction resistance, mainly SPT and VS-based methods.
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Fig. 33.4 Seismic record obtained from a typical MASW test at the site

Over the years, the ‘simplified procedure’ has evolved as the primary method for 
evaluating liquefaction resistance of soils. It was first developed by Seed and Idriss 
[18] as a stress-based approach and later improved by several researchers [6, 9, 16, 
24] to enhance the applicability over various regions and improve the accuracy of soil 
behaviour prediction. For estimation of liquefaction resistance, two variables need 
to be calculated (1) seismic demand on the soil layer, also known as cyclic stress 
ratio (CSR) and (2) the capacity of the soil to resist liquefaction, known as cyclic 
resistance ratio (CRR). Evaluation of CSR is simple and needs the information of 
peak ground acceleration (0), total and effective stresses and depth of soil layers. 
The equation to calculate CSR [18] is given by 

CSR =
(

τav 

σ '
v0

)
= 0.65 

amax 

g 

σv0 

σ '
v0 

rd (33.1) 

where amax = PHA at the ground surface due to earthquake, g = acceleration due to 
gravity, σ v0 = total vertical stress, σ '

v0 = effective vertical stress, τav = effective shear 
stress (calculated for the effective number of loading cycles leading to liquefaction),
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Fig. 33.5 a Dispersion image with dispersion curve and b 1D VS profile with dispersion curve

rd = stress reduction factor accounting for flexibility of soil with depth, estimated 
from Idriss [11]. 

For evaluation of CRR, two popular approaches are based on SPT and VS .



398 A. Kumar et al.

SPT-Based Method 

Liquefaction studies played an important role in standardizing the SPT procedure 
by improving SPT corrections such as overburden correction, energy correction, 
and fines content (FC) correction. In this method, the N-values are corrected for 
overburden, rod length, borehole diameter, sampler liner, hammer energy, and FC. 
The final corrected value is represented as (N1)60 cs. The estimation of CRR is adjusted 
to the moment magnitude (MW ) of 7.5  (CRR7.5). A magnitude scaling factor (MSF) is 
used to extend the usage to other magnitudes. Recent improvements in the calculation 
procedure are summarized in Boulanger and Idriss [9], and the same is followed in 
this study. Calculation of CRR7.5 from (N1)60cs is given by Boulanger and Idriss [9]: 

CRR7.5 = exp

.
(N1)60 cs 

14.1 
+

(
(N1)60 cs 

126

)2 

−
(

(N1)60 cs 

23.6

)3 

+
(

(N1)60 cs 

25.4

)4 

− 2.8

.

(33.2) 

VS-based Method 

Small strain VS has emerged as a promising alternative to penetration methods for 
liquefaction resistance evaluation. Based on the observation, both VS and liquefaction 
resistance are similarly influenced by the same factors (e.g. void ratio, stress state and 
history, and geologic age). Some advantages of using VS as a parameter are (1) easy 
in-situ measurement for hard-to-sample soils such as gravels and (2) direct relation 
to low-strain shear modulus Gmax [7, 17, 20] (Andrus and Stokoe 1998), and easy 
procedure of MASW for VS estimation. However, some concerns do exist regarding 
the use of VS , which include (1) no sample collection, (2) possibility of undetected 
thin low VS strata, and (3) confinement of method to the low-strain domain [7, 21]. 

This method relates overburden corrected VS (VS1) with CRR for different 
acceptable contents [7]. VS1 can be estimated using the relation 

Vs1 = Vs ∗
(
Pa 
σ '

v

)0.25 

(33.3) 

Andrus and Stokoe [6] provided an upper limit VS1* to  VS1 for cyclic liquefaction 
occurrence considering different case studies in China, Japan, Taiwan, and USA. 
VS1* can be calculated for different fine content, and CRR can be estimated if VS1 ≤ 
VS1*. CRR7.5 from VS1 can be calculated using the relation Andrus and Stokoe [7] 

CRR =
.
a

(
Vs1 

100

)2 

+ b
(

1 

V ∗s1 − Vs1 
− 

1 

V ∗s1

).
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a = 0.0022, b = 2.8 (33.4) 

where 

V ∗ 
s1 = 215 m/s, for sands with FC ≤ 5% 

V ∗ 
s1 = 215 − 0.5 ∗ (FC − 5)m/s, for sands with 5% < FC < 35% 

V ∗ 
s1 = 200 m/s, for sands and silts with FC ≥ 35% (33.5) 

Results and Discussion 

The Factor of Safety Against Liquefaction 

Using SPT N-value data 
Table 33.1 gives a sample calculation for correction of measured N-values at 35% 
ER and estimation of (N1)60cs. Sampler correction and borehole diameter correc-
tion are considered as unity as per standard recommendations [10]. Hammer energy 
corrections were taken from previously available measurements on the same equip-
ment and operator. ER was found to be in the range of 30–40%, which concurs with 
previous measurements in India by Selvam et al. (2020), Anbazhagan and Sagar [3], 
and Anbazhagan et al. [4]. Hence, three different energy corrections for 30, 35, and 
40% ER were applied, and changes in FSL values were studied. It is to be noted 
that the Indian code for earthquake resistance design IS 1893 (Part 1) [13] suggests 
single standard correction values for different types of equipment. This could lead to 
incorrect estimation of FSL as the exact hammer energy delivered remains unknown. 
Thus, (N1)60cs remains ambiguous in such cases.

Based on FC data obtained from particle size classification, the procedure 
suggested by Boulanger and Idriss [9] has been utilized. The lowest FSL was esti-
mated at 3 m depth, where FSL is calculated as 1.1 at 30% ER, and 1.21 at 35% ER, 
which can be considered potentially liquefiable. If the ER value, which was unmea-
sured but estimated using previous studies, could have been lower, this layer would 
show a drop in liquefaction resistance. Figure 33.6 shows FSL values from SPT-
based method for different ER values considered. For comparison with the Indian 
code provisions, ER = 80% for Donut hammer with trip/auto and ER = 45% for 
Donut hammer with rope and pulley [13] are also considered in the analysis. 45% 
ER value gives very high CRR and FSL at and beyond 7 m (CRR, FSL approaching 
infinity). 80% ER leads to very high CRR and FSL beyond 3 m (CRR = 13.99 and 
FSL = 76.31 at 4 m). Hence, those values are not plotted in Fig. 33.6. In general 
overview, the site seems safe when analysed using SPT-based method as per IS1893 
[13] ER assumption. To check how the factor of safety against liquefaction varies 
when VS based method is used, further analysis is presented in the next section.
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Table 33.1 N-value correction for ER 35% 

Depth (m) N-value ER % Energy correction Rod length 
correction 

(N1)60 FC % (N1)60cs 

1 13 35 0.58 0.75 9.66 24 14.65 

2 13 35 0.58 0.75 9.66 32 15.10 

3 13 35 0.58 0.75 9.27 32 14.71 

4 25 35 0.58 0.85 17.53 26 22.67 

5 25 35 0.58 0.85 16.58 26 21.72 

6 38 35 0.58 0.95 26.13 8 26.49 

7 38 35 0.58 0.95 24.16 8 24.53 

8 125 35 0.58 0.95 71.15 25 76.22 

10 150 35 0.58 1 87.70 40 93.27 

12 107 35 0.58 1 61.47 54 67.08

Fig. 33.6 Factor of safety 
against liquefaction 
estimated using N-values for 
ER values of 30, 35, 40, and 
45% 

Using VS profiles 
VS from CHT 
VS profiles from CHT are shown in Fig. 33.2b. The liquefaction analysis results are 
summarized in Table 33.2. VS profiles from all the CHT are considered separately, 
and then the average and minimum VS values at all depths are considered. It can 
be observed that based on CHT data, some layers do show a prominent liquefiable 
tendency contrary to what was observed from the SPT data. Only the layers 1–2 m 
and 3–4 m have FSL values close to 1 or ≤ 1, which can be a concern and need further 
investigation. For the layers with VS1 > VS1*, CRR could not be calculated as these
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Table 33.2 Summary of FSL calculated from CHT data 

Depth (m) CH_32 CH_34 CH_41 CH_45 Average Minimum 

FSL FSL FSL FSL FSL FSL 

0–1 1.14 2.27 3.59 0.92 1.51 0.92 

1–2 VS1 > VS1* VS1 > VS1* 1.74 VS1 > VS1* VS1 > VS1* 1.74 

2–3 VS1 > VS1* VS1 > VS1* VS1 > VS1* VS1 > VS1* VS1 > VS1* VS1 > VS1* 

3–4 0.95 10.5 1.11 1.06 1.29 0.95 

4–5 3.89 VS1 > VS1* VS1 > VS1* VS1 > VS1* VS1 > VS1* 3.89 

5–6 VS1 > VS1* VS1 > VS1* VS1 > VS1* VS1 > VS1* VS1 > VS1* VS1 > VS1* 

Table 33.3 Summary of FSL calculated from MASW data 

Depth 
(m) 

MASW_1 MASW_2 MASW_3 MASW_4 MASW_5 Average Minimum 

FSL FSL FSL FSL FSL FSL FSL 

0–1 VS1 > VS1* VS1 > VS1* VS1 > VS1* VS1 > VS1* VS1 > VS1* VS1 > VS1* VS1 > VS1* 

1–2 1.37 1.21 VS1 > VS1* VS1 > VS1* VS1 > VS1* VS1 > VS1* 1.21 

2–3 0.94 0.83 1.06 1.04 VS1 > VS1* 1.32 0.83 

3–4 VS1 > VS1* VS1 > VS1* 0.82 VS1 > VS1* VS1 > VS1* VS1 > VS1* 0.82 

4–5 VS1 > VS1* VS1 > VS1* VS1 > VS1* VS1 > VS1* VS1 > VS1* VS1 > VS1* VS1 > VS1* 

5–6 VS1 > VS1* VS1 > VS1* VS1 > VS1* VS1 > VS1* VS1 > VS1* VS1 > VS1* VS1 > VS1* 

are not considered liquefiable [7]. FSL values that can be critical are highlighted in 
bold. 

VS from MASW 

VS profiles from MASW are shown in Fig. 33.2c. The liquefaction analysis results 
are summarized in Table 33.3. It can be observed that based on MASW data, some 
layers do seem to be liquefaction susceptible, much like the CHT data. Layers 2– 
3 m and 3–4 m have FSL values close to or ≤ 1. FSL values that can be critical are 
highlighted in bold. 

Differences in Results from Different Analyses 

The difference in the results from analysis by different methods is quite visible. FSL 
obtained from SPT shows higher values than the Vs-based method. To some extent, 
FSL from the Vs-based methods does compare well with SPT for 3 m depth when 
ER is considered as actual without assumption as per IS1893 [13], resulting in a 
minimum FSL. Moreover, for depths with VS1 exceeding VS1*, comparison with 
SPT is not possible. Although the measured ER values help find the layer with the 
least FSL, energy measurement should be an integral part of SPT and recommended 
standard values should not be used blindly, as evident from Fig. 33.6 and already
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discussed in the previous section. The FSL obtained from two VS-based methods 
also vary. The primary reason for variation between the two Vs-based calculations 
is the difference in the VS profiles. The observed discrepancies between CHT and 
MASW could be attributed to the picking of the arrival time of the S-wave, as small 
changes in picked arrival times can lead to significant changes in the estimated VS . 
Moreover, water in the borehole casing during the survey may generate tube waves 
that act as a secondary source of seismic waves inside the borehole. Tube waves are 
pressure pulses that propagate nearly unattenuated down (and up) the fluid column. 
These make picking of arrival times difficult. 

Conclusion 

This study highlights the importance of carrying out multiple geophysical tests to 
better interpret geotechnical site conditions, which is not possible to obtain using 
a single type of test. SPT, CHT, and MASW were performed at the same site to 
determine topographic layers and develop shallow subsurface VS profile. The two 
seismic methods delivered different VS profiles, with CHT giving higher velocities, 
although the nature of the profiles matched well with the soil profile from borelog, 
which showed a gradual increase in the stiffness values with depth till the weathered 
rock layer. N-values and VS profiles are used to estimate liquefaction resistance 
using a simplified procedure. The SPT-based method resulted in higher FSL values 
in the shallow depth than the Vs-based methods, which showed that the top and 
subsurface layers at the depth 2–4 m are liquefiable. These differences between 
different investigation methods are not well understood in the current state of the art 
and need to be further investigated. This study also highlighted the importance of 
hammer energy measurement during SPT, as for the same N-value, assuming high 
ER values (as per IS1893, 2016) would lead to higher FSL, thus making the results 
unconservative. It also stresses the need to conduct multiple testing and confirm 
liquefaction potential to clear the ambiguity introduced because of uncertainty in ER 
values assumption. 
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