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ABSTRACT: In India, coal-based thermal power plants are a major source of power generation and by the end of 2020, approximately 82,200 hectares of land will be utilized as ash
lagoons. Once the capacity of lagoons is reached, they are closed in compliance with the statutory regulations. Recent trends suggest that these lands could be reclaimed, and light to heavy
weight structures such as parking lots, gas stations, solar panels for power generation, etc., can
be built over them. In-situ dynamic characterization is essential for such reclaimed sites to
ensure safety of structures built over them. This paper presents the in-situ dynamic characterization, in terms of shear wave velocity (Vs), of two hydraulically deposited coal ash lagoon sites
located in Central India using Multichannel Analysis of Surface Waves (MASW) technique.
Shear wave velocities of deposited ash are found to range from 120 – 170 m/s at different depths
of these ash lagoons, and the sites are classified as per the recommendations of National Earthquake Hazard Reduction Program (NEHRP) and International Building Code (IBC).

1 INTRODUCTION
India is the third largest producer and consumer of electricity in the world with coal-based thermal power plants being the major source of power generation catering to about 60% of total
power generation. Indian coals typically contain large amount of impurities producing ash content of the order of 40% - 50% (Gandhi et al. 1997). The coal based thermal power plants in
India use these coals for operation. Coal ash comprising of fly ash and bottom ash are the waste
products generated by these thermal power plants. The former being collected at electrostatic
precipitators (ESP) of a thermal power plant and generally consist of very fine particles, while
the latter is collected from the bottom of the boiler and are comprised of coarse particles.
The unutilized ash is generally stored in ash ponds or lagoons. Typically, an ash pond
spreads over an area of about 1000 hectares for a 500-MW power plant and is filled with ash
up to a height of 10 m within a period of about five years (Gandhi et al. 1999). Generally, a
wet disposal system is adopted. In this method, the unutilized fly ash and bottom ash are
mixed with large amount of water to form a slurry and the slurry is transported in a closed
conduit to the ash ponds. In due course of time, the ash particles settle down in the ash pond
and the water is collected through decantation wells. This water is pumped back to the plants
where it is again mixed with ash and the process is repeated.
By the end of 2020, approximately 82,200 hectares of land will act as ash lagoons in India.
Once the full capacity of lagoons is reached, these ponds are closed in compliance with the statutory regulations laid by the Government of India. These ash ponds are situated near to the
power plants and are generally constructed over agricultural lands. Recent practices show that
these abandoned fly ash deposits can be reclaimed to accept light weight engineered structures
over them such as parking lots, shopping complexes, gas station, maintenance shed for trucks
and buses, etc., or even factories like pharmaceutical and asbestos industries. Considering the
scarcity of land in urban areas, these abandoned ash ponds can be utilized for low-cost housing
projects as well as setting up of solar power plants. However, in an ash pond, the ash deposits
are in loose state and consists of particles that are predominantly of silt size, non-plastic, and
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are generally less permeable than silt. Hence, these deposits will have problems resulting in poor
bearing capacity, large settlements, and are prone to liquefaction (Gandhi et al. 1999, Jakka
et al. 2011). Shear wave velocity (Vs) is an important parameter to estimate the dynamic properties of fill materials, to perform ground response studies as well as to assess the liquefaction susceptibility. Few researchers have studied on the liquefaction potential assessment of different
types of ash for different applications (Dey & Gandhi 2008, Jakka et al. 2010).
However, there are very limited studies available on in-situ dynamic characterization of existing or abandoned ash ponds. Jakka et al. 2011 had reported shear wave velocity measured at
three hydraulically deposited ash ponds in New Delhi, India, and had classified the ash ponds
based on the recommendations of National Earthquake Hazard Reduction Program (NEHRP).
They have also developed a correlation between shear wave velocity (Vs) and Standard Penetration Test (SPT) N values. The available correlations are site-specific and can be used only as
indicative Vs values of ash deposits. However, for evaluation of ground response analysis, it is
recommended to use Vs values obtained from geophysical tests as these measurements can provide realistic Vs values of the deposits. The shear wave velocity is measured using the Spectral
Analysis of Surface Waves (SASW) method (Nazarian & Stokoe II 1984, Stokoe et al. 1994), a
two-geophone based approach. In the present study, in-situ dynamic characterization of two
hydraulically deposited coal ash lagoons is presented. Field study is conducted to find out the
shear wave velocity of the ash deposits. The ash ponds considered in the study are located in
Sipat and Korba, Chattisgarh State, India. The sites are located in Zone II as per seismic zonation of Indian Standard IS 1893 (Part 1): 2016. The shear wave velocity is measured using
Multichannel Analysis of Surface Waves (MASW) (Foti et al. 2014, Park et al. 1999a) and the
sites are further classified based on the recommendations of National Earthquake Hazard
Reduction Program (NEHRP) for Vs – soil classification of site categories (Martin & Dobry
1994), and International Building Code for site classification (IBC-2006).

2 MULTICHANNEL ANALYSIS OF SURFACE WAVES (MASW)
Multichannel analysis of surface waves is a seismic test, introduced by Park et al. 1999a,
which uses surface waves to estimate shear wave velocity (Vs). It is generally used for near
surface geotechnical characterization of materials (Miller et al. 1999, Park et al. 1999a, Xia
et al. 1999). Many researchers have used MASW for diverse applications, like seismic characterization of pavements (Park et al. 2001, Rydén et al. 2001), seismic investigation of sea
bottom sediments (Ivanov et al. 2000), mapping bedrock surface (Miller et al. 1999), and most
importantly to generate shear wave velocity profiles (Xia et al. 1999).
The standard procedure for MASW involves three major steps, viz., acquisition of experimental data in field, processing of acquired signals to obtain experimental dispersion curves
(phase velocity vs. frequency) and inversion process to estimate site properties (Foti et al.
2014). The acquisition process involves generation and collection of surface wave data from
the ground. The surface waves can be generated actively using an impact source or passively
by recording the ambient noise present at the site. The data is collected with the help of
number of receivers (geophones) arranged on the ground as per the chosen configuration,
which again depends on the nature of the site as well as the source.
MASW data processing involves extraction of accurate dispersion curve from the acquired surface wave data. This is a critical step in MASW method because any error in the process of
extraction of dispersion curve may lead to an inaccurate determination of Vs value. In this process, the recorded data from the field (initially in time vs. space domain) is converted to frequency
vs. phase velocity domain by using a suitable mathematical transformation process like the piomega transform (McMechan & Yedlin 1981) or the phase shift method (Park et al. 1998). More
details on transformation methods and the process involved can be found in Foti et al. 2014.
The final step involves the inversion process that includes obtaining a one dimensional (1-D)
Vs profile by inverting the surface wave dispersion data. The inversion process involves back
calculating Vs variation with depth that yields the best fit between the theoretical and the measured dispersion curves (Xia et al. 2003). However, like any other surface wave measurement
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method, MASW also suffers from uncertainties during data acquisition process and during
inversion process. The former is mainly due to inclined positions of receivers in ground, noises
in the recorded signals and irregular geometrical configurations, and the latter can be accounted
to near field effects or inadequacy of model to show lateral heterogeneities of the deposit (Foti
et al. 2014). Many studies are available in the literature related to influence of uncertainties on
surface wave data (Lai et al. 2005, O’ Neill 2003, Strobbia & Foti 2006).

3 DETAILS OF THE INVESTIGATION
3.1 Site details
For the present study, two hydraulically deposited ash lagoons were selected. The Sipat Super
Thermal Power Station (SSTPS) is located at Sipat in Bilaspur district, and the Korba Super
Thermal Power Plant (KSTPP) is located in Korba district in the state of Chhattisgarh, India.
With a total installed capacity of 2980 MW and 2600 MW, both these plants are being operated
by National Thermal Power Corporation Limited (NTPC) since 2008 and 1983, respectively.
The ash disposal system in both of these power plants consists of wet disposal system, by
which ash is disposed into three ash lagoons, through multiple inlet points. Decantation wells
are provided in two locations in each lagoon to drain out the water. The total area covered by
the Sipat ash pond is around 392 hectares, from where Lagoon-1 of 145 hectares is chosen for
the present field investigation. The depth of ash in this lagoon ranges from 3 to 4m towards
the extreme northern side, and from 7 to 10m towards the center as well as towards the southern side. At the time of testing, the first raising of this lagoon was under construction and it is
left for decantation of water since last two years. Figure 1(a) shows the layout of Lagoon-1 of
Sipat ash pond. Similarly, the total area covered by Korba ash pond is approximately 328 hectares, from where Lagoon-1 of about 90 hectares is chosen for the study. The Lagoon-1 was
filled recently and the top of sixth raising was at a level of 50 m higher than the surrounding
ground level. The ash deposit was relatively wet as compared to that of NTPC Sipat. The general layout of Lagoon-1 of Korba ash pond is shown in Figure 1 (b).
3.2 Experimental program
The experimental program consisted of carrying out two sets of active MASW testing comprising of two one-dimensional (1-D), and one two-dimensional (2-D) tests in one set, and
four 1-D and one 2-D tests at two different locations in second set at Lagoon-1 of Sipat ash
pond. Similar to that of Sipat ash pond, the experimental program in Korba ash pond also
consisted of two sets of MASW tests. The first set of test consisted of three 1-D tests and one
2-D test; while the second set consisted of four 1-D and one 2-D tests. All these tests were

Figure 1.

Layout of ash Lagoon-1 at (a) NTPC Sipat, and (b) NTPC Korba
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carried out in Lagoon-1 of Korba ash pond. The details of test locations at Sipat and Korba
ash pond are shown in Figures 1 (a) and (b), respectively.
3.3 MASW data acquisition process
A 48-channel engineering seismograph McSEIS-SX 48 from OYO Corporation, Japan, is
used for the MASW survey. Twenty-four geophones of 4.5Hz natural frequency are used to
record the seismic waves generated by an automatic drop hitter of 56kg falling through a
height of 2m on a rectangular base plate of 0.09m2 area. One geophone of 28Hz natural frequency is used as a trigger geophone.
A fixed receiver configuration is used for setting up the geophone spread where the geophones are laid linearly over the ash deposit and the spacing between them is maintained as
2m, thereby making the total spread length as 46m. For all 2-D surveys, the multichannel seismic data is acquired through multiple shot locations along the geophone spread. The first shot
point is taken at a distance of 1m before the first geophone in the spread and multiple shot
gathers (five in numbers) are acquired at that point. Each time the source is shifted by 6m
interval to a new location along the spread line and the process is repeated. The total number
of shot locations are nine in a given spread and the total number of shots fired are forty-five.
Figure 2 shows the geometric configuration of a 2-D test where the blue dots resemble the
shot location and the red dots resembles the geophone position. Similarly, for all the 1-D
tests, multiple shot gathers (five in number) are acquired from the shot points maintained at
5m and 10m on both sides of the geophone spread line. The average method of stacking is
used in order to enhance the signal to noise ratio. The sample interval parameter is selected as
0.5ms and 1-2s of record length, long enough to enclose the surface wave train is selected.
3.4 MASW data processing and inversion
Multichannel analysis of surface waves, a waveform transformation technique, given by Park
et al. (1999b) along with the Common Mid-Point Cross Correlations (CMPCC) introduced by
Hayashi & Suzuki 2004, is used to generate the phase velocity vs. frequency curve or the dispersion curve. In case of MASW method, it is essential to have a longer geophone spread for
a precise and accurate determination of phase velocities in the low frequency region, which
leads to decrease in lateral resolution. Furthermore, CMPCC overcomes this reciprocation
between lateral resolution and accuracy of phase velocity and enables one to calculate phasevelocity in smaller geophone spacing and handle different shot records together (Hayashi
2008). The CMPCC analysis is an extension of MASW method and enable one to calculate
phase-velocity from multiple shot data. The CMPCC along with the generation of dispersion
curve is carried out using the PickWin module of the SeisImager package.
Non-linear least square method (Xia et al. 1999) is used to generate 1-D Vs profile. The
inversion process is an iterative process and it requires dispersion data, estimation of Poisson’s
ratio, and density. The process involves specifying an initial model with velocity (P and S
waves), thickness and density parameter. With each iteration step, Vs is updated with the
other parameters remaining unchanged and the theoretical dispersion curve is matched with
the experimental dispersion curve. Root mean square error (RMSE) generated during this
process helps in quantifying the match between the theoretical and experimental dispersion
curves. The algorithm updates the Vs profiles in each step until the maximum number of iteration is reached and the RMSE value equals to the minimum RMSE specified, thus generating

Figure 2.

Geometrical conﬁguration adopted for a 2-D test.
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a 1-D Vs profile. A 2-D Vs profile is generated by combining all the 1-D Vs profiles and interpolated through kriging process. In general, the RMSE should be less than 5% for 1-D Vs
profile generation, and it is preferable to have RMSE less than 15% for group dispersion
curve inversion (SeisImager, 2009). The inversion process and the generation of 1-D Vs profile
is carried out using the WaveEq module of the SeisImager package. The GeoPlot module is
used for interpolation and generation of 2-D Vs profiles.
4 RESULTS
At NTPC Sipat ash pond, MASW surveys were carried out in two locations, one near to an
inlet point and the other at the middle of the Lagoon-1 (refer Figure 1(a)). In the first location,
two 1-D tests (T1 and T2 at -5m and 51m offset from first geophone) were conducted along
with a 2-D test. Similarly, in the second location four 1-D tests (T3, T4, T5 and T6 at -10m,
-5m, 51m and 56m offset from first geophone respectively) along with a 2-D test were conducted. Figure 3 (a) shows the dispersion curve corresponding to 1-D Vs profile obtained
from shot location T5 having a RMSE of 5.1% and Figure 3 (b) shows the measured 1-D Vs
profile along the depth at these above-mentioned points.
The general variation of Vs was found to range from 142 to 171m/s at 1m depth to 156 to
165m/s at about 7.5m depth from the surface. Vs increased by about 50m/s at 8m depth across
all the tests, indicating the presence of a material boundary at that particular depth. In other
words, the depth of ash deposit was about 7 to 8m from the top. Figure 4 shows the 2-D Vs
profile obtained across depth near the inlet point at NTPC Sipat ash pond. The 2-D profiles
are also in agreement in delineating the material boundary. The approximate material boundary is shown with dotted lines in the 2-D profile.
Similarly, at NTPC Korba ash pond, Vs measurements were carried out in two sets. The
first set consisted of three 1-D tests (T7, T8 and T9 at -10m, -5m and 51m offset from first
geophone respectively) along with a 2-D test and was conducted near to one of the inlet point

Figure 3. (a) Dispersion curve corresponding to 1-D Vs proﬁle obtained from shot location T5, and (b)
1-D Vs proﬁle of Sipat ash pond (6 locations).

Figure 4.

2-D Vs proﬁle measured at Sipat ash pond (near inlet point).
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Figure 5.

1-D Vs proﬁle of Korba ash pond (7 locations).

Figure 6.

2-D, Vs proﬁle measured at Korba ash pond (near inlet point).

of Lagoon-1 (refer to Figure 1(b)). The second set consisted of four 1-D tests (T10, T11, T12
and T13 at -10m, -5m, 51m and 56m offset from first geophone respectively) along with a 2-D
test and was conducted near to the divide bund in Lagoon-1. The variation of Vs along the
depth of the ash pond in NTPC Korba is shown in Figure 5. At the first location (T7, T8 and
T9), Vs was about 140 m/s at 1m depth from the surface, while the same was about 144 m/s to
152 m/s at 23m depth from the surface. This shows not much variation in the depth direction,
indicating ash deposit was up to a depth of 23m. Similar inference can also be deduced from
Figure 6 which shows 2-D Vs profile measured near to the inlet point. Additionally, near to
the divide bund, not much variation of Vs along depth was observed (T10, T11 & T12). The
variation of Vs observed in case of T13 can be attributed to the presence of divide bund,
which is constructed with compacted ash material.
However, unlike NTPC Sipat ash pond, it can be observed that there were some variations
in Vs profiles obtained at these two locations. The higher values of Vs obtained near to the
inlet point (T7, T8 & T9) can be attributed to the presence of coarser fraction of coal ash
deposited near the inlet points. When ash slurry is discharged into a lagoon, the coarser ash
particles (bottom ash along with unburnt coal clinkers) gets deposited near to the inlet point,
while the fine ash particles flows along with the slurry and eventually get settled near to the
decantation point. The deposition of ash slurry in Lagoon-1 of NTPC Korba ash pond is relatively recent as compared to that of NTPC Sipat ash pond, which is left for decantation of
water since the last two years. This could be the reason for variation of Vs at these two sites.
Furthermore, the range of RMSE during generation of 1-D and 2-D Vs profiles was found to
be between 3.8% to 6.1% and 14.8% to 17.2%, respectively.

5 SITE CLASSIFICATION BASED ON AVERAGE VS,30
Based on the Vs obtained from MASW testing, the ash deposits were further classified on the
basis of recommendations from National Earthquake Hazard Research Program (NEHRP)
for Vs – soil classification of site categories (Martin & Dobry 1994), International Building
Code for site classification (IBC 2006). Table 1 presents the summary of recommended
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Table 1. Site classes for average shear wave velocity
Site class

Particulars/Description

Range of harmonic average shear wave velocity (Vs) in m/s

A
B
C
D
E

Hard Rock
Rock
Very Dense Soil and Soft Rock
Stiff Soil, SPT-N < 50
Soft Soil, SPT-N < 15

1500 < Vs,30
760 < Vs,30 ≤ 1500
360 < Vs,30 ≤ 760
180 < Vs,30 ≤ 360
Vs,30 < 180

average values of Vs,30 (Harmonic average Vs up to 30 m depth) to classify a site as per these
organizations.
Vs,30 was calculated using the following equation:
Vs;30 ¼

30
N  
P
di

i¼1

ð1Þ

vi

where, Vs,30 = harmonic average shear wave velocity up to 30 m depth, di and vi denote the
thickness (in meters) and Vs (in m/s) of the ith formation layer, in a total of N layers. It is a
general thumb rule that the Vs profile data is reliable up to a depth equals to half of the geophone spread, which again depends on the experimental wavelength in the dispersion curve
(Foti et al. 2014). Therefore, all the Vs profiles presented were curtailed at 23m. However, the
Vs,30 (Equation 1) for both these ash ponds were calculated based on the Vs values obtained
up to 30 m. The Vs,30 values obtained at Sipat ash pond site (considering the soil layers
beneath the ash deposit also) were found to be 170 m/s and 233 m/s at Location-1 and Location-2, respectively. Thus, Location-1 falls under site class E and Location-2 falls under site
class D. Similarly, Vs,30 obtained at two locations at Korba ash pond site were 160 m/s and
126 m/s, thereby indicating that both the locations falls under site class E. These Vs,30 values
indicate that both these sites have significant amplification problems associated with them
6 CONCLUSIONS
In this present study, an attempt had been made to measure Vs of two hydraulically deposited
coal ash ponds located in Central India using MASW. Furthermore, based on the Vs,30 of both
ash and underlying soils, these sites are classified as site class D and E as per the guidelines of
NEHRP and IBC-2006 which indicates significant amplification problems associated with
them. The Vs values of coal ash deposits are found to be in the range of 120 - 170m/s at 1m
depth and 118 - 150m/s at 23m depth for the ash ponds sites tested in the study. The measured
shear wave velocities of ash deposits can be used to estimate the stiffness of coal ash deposits
required to estimate settlement of footings of structures constructed on such ash ponds. In addition, these Vs values can be used to estimate the liquefaction potential. However, one should
take care and minimize the uncertainties involved during each process of MASW testing.
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