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Time-lapse S-wave tomography at a test dike with changing water levels

Shohei Minato1 and Ranajit Ghose2

ABSTRACT

Although seismic methods using S waves can offer high-res-
olution images of the shallow soil layers, the use of body S-wave
tomography for near-surface water monitoring remains underex-
plored, and the quantitative interpretation of any observed
changes in S-wave velocity (VS) in the field conditions is chal-
lenging. We conduct a time-lapse S-wave tomography experiment
on a field-scale test dike with controlled water levels, allowing for
detailed examination of how VS responds to water infiltration.
Our results demonstrate that VS decreases progressively, starting
from the high-water-side slope and extending across the dike, as
the water level rises, with the most significant changes occurring
in the sand body and not in the clay cover. The maximum
reduction in VS is approximately 40–60 m/s, corresponding to

approximately 25%–30% reduction from the initial condition. We
use the squared velocity ratio to evaluate the relative contributions
of bulk density and shear modulus to VS changes. In the initially
unsaturated zone, both factors contribute significantly to the ob-
served VS changes as the zone becomes fully saturated. In fully
saturated zones, we assess the changes in the effective stress using
the squared VS ratio. Although the low-water side of the dike
shows stress changes that are consistent with numerical modeling,
the high-water side shows larger stress changes than expected,
possibly due to excess pore pressure during the dynamic flow
conditions. These findings highlight the potential of body S-wave
tomography for high-resolution, near-surface hydrologic monitor-
ing, and provide insights into the complex interactions between
physical properties that influence VS changes under varying water
levels in field environments.

INTRODUCTION

Monitoring the distribution of water in the shallow subsurface, up
to a few tens of meters, is crucial for addressing various geophysical,
geotechnical, and geoenvironmental challenges, e.g., assessing the
stability of dikes and slopes, monitoring the hydraulic processes
at waste disposal sites, and managing agricultural irrigation. Geo-
physical approaches offer a cost-effective, in situ, and noninvasive
solution for monitoring the shallow subsurface below relatively large
areas. Robinson et al. (2008) discuss geophysical instrumentation,
measurements, and modeling, especially pertaining to electrical
and magnetic methods that are useful for watershed-scale hydrology.
There have been attempts to invert electrical and electromagnetic
(EM) measurements to obtain the hydrologic parameters (e.g., Herck-
enrath, 2012). A recent review by Whiteley et al. (2018) highlights

the advantage of geophysical methods in monitoring landslides re-
lated to near-surface water distribution. Although electrical and
EM methods are commonly used to investigate near-surface water
distribution, seismic methods are valuable for identifying water table
(WT) fluctuations and the related structural weaknesses, e.g., for geo-
technical remediation of levees (e.g., Lorenzo et al., 2014).

Because the velocity of S waves (VS) in soft soils is generally sig-
nificantly smaller than the velocity of P waves (VP), with the VP/VS
ratio often exceeding 5–7, for similar frequencies, the wavelength of
S waves is much shorter than that of P waves. This results in much
higher resolution using S waves, in case of soft soils. Such high-res-
olution potential of S waves to image the shallow subsoil has been
known for a long time (e.g., Deidda and Balia, 2001; Ghose and
Goudswaard, 2004). In addition, changes in VS due to variations
in water content would reflect changes in density and effective stress.
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The shallow subsurface typically consists of unconsolidated soils
with low confining stresses (generally in the range of hundreds of
kPa at depths of tens of meters). As a result, changes in the effective
stress due to variations in pore pressure or suction can have a signifi-
cant impact on VS. The relationship between VS and water content in
such near-surface environments has been a topic of extensive theo-
retical and experimental research. For example, VS in unconsolidated
soils has been measured in laboratory settings under saturated and
unsaturated conditions to explore its relationship with the applied
stress (e.g., Velea et al., 2000; Cho and Santamarina, 2001;
Zimmer et al., 2007; Sawangsuriya et al., 2009; Ghose, 2010;
Whalley et al., 2011, 2012). Empirical relationships and theoretical
models have also been proposed to describe how VS is influenced by
stress and water content (e.g., Santamarina and Cascante, 1996;
Dvorkin et al., 1999; Avseth et al., 2010; Shen et al., 2016;
Romero-Ruiz et al., 2021; Solazzi et al., 2021). Field experiments
have primarily used VS to estimate saturated areas based on the
VP/VS ratio (Williams et al., 2003; Liberty and Gribler, 2014;
Lorenzo et al., 2014; Pasquet et al., 2015; Konstantaki et al.,
2016). In addition, near-surface VS measurements for monitoring
fluid at depths from a few meters to tens of meters have been reported
in many previous studies (e.g., West and Menke, 2000; Konishi et al.,
2015; Bergamo et al., 2016; Whiteley et al., 2020; Qin et al., 2022).

Conventionally, monitoring of near-surface VS has relied on sur-
face-wave analyses, primarily due to the cost considerations. Only a
few examples of near-surface monitoring using body S waves have
been presented to date. For example, Whiteley et al. (2020) explore
the utility of body S-wave tomography for landslide monitoring,
whereas Locci-Lopez and Lorenzo (2023) attempt to estimate pore
pressure changes in levees based on the stacking velocity of re-
flected S waves. However, the capability of S-wave measurements
to delineate in high-resolution the changes in soils due to changing
water conditions remains still poorly understood. Furthermore, the
extent to which the field-observed changes in VS can be quantita-
tively attributed to the changes in the water condition is still unclear.
This is partly due to the mixed effects of natural moisture changes,
such as rainfall and fluctuating water levels, and the uncertainties
related to subsurface heterogeneity.

In this study, we conducted a body S-wave tomography experi-
ment on a field-scale test dike with controlled water levels, to in-
vestigate the impact of changes in density and shear modulus on the
observed VS variations. This investigation approach permits isolat-
ing and examining the various effects of water-level-related changes
in a known structure. By gradually raising the water level on one
side of the dike, we were able to estimate with a high resolution
which parts of the dike were affected. In what follows, we first
briefly review the theoretical background of how VS changes might
be influenced by the presence of water, followed by presentation of
results from the VS monitoring on our test dike.

THEORY REVIEW: VS AND PRESENCE OF WATER

VS as a function of bulk density and stress

In this section, we specifically focus on the effect of water on VS
due to changes in bulk density (�b) and effective stress (� 0). The
term VS is a function of �b and shear modulus (G0) such that

VS ¼

������
G0

�b

s

: (1)

The �b is a function of water saturation (SW):

�b ¼ ð1 � �Þ�g þ SW��w; (2)

where � is porosity, �g is the density of the grain, �w is the density of
water, and the density of air is assumed to be zero. The small-strain
shear modulus G0 can be expressed as a function of � 0 as

G0 ¼ A� 0B; (3)

where A and B are coefficients. Numerous theoretical and experi-
mental studies support this form of the equation. In classical contact
theory (e.g., Hertz-Mindlin theory), the coefficient A is a function of
parameters describing microstructures and mechanical properties of
the material, whereas B is typically 1/3. Primarily based on labo-
ratory experiments, geotechnical engineers were first to propose
various expressions relating the coefficient A to void ratio or poros-
ity (e.g., Hardin and Black, 1966; Ishihara, 1982; Stokoe et al.,
1985; Saxena et al., 1988; Jamiolkowski and Lo Presti, 1994). This
form (equation 3) for G0 was suggested for unconsolidated fully
saturated soils (e.g., Bachrach et al., 1998; Dvorkin et al., 1999;
Ghose, 2010) and for partially saturated soils (e.g., Cho and
Santamarina, 2001; Shen et al., 2016; Romero-Ruiz et al., 2021;
Solazzi et al., 2021). Subsequently, empirical relationships for G0
or VS were found to follow the same form (e.g., Santamarina and
Cascante, 1996; Zimmer et al., 2007; Sawangsuriya et al., 2009),
with A and B as fitting parameters related to soil properties, such
as void ratio and overconsolidation ratio.

We examine changes in VS using equations 1–3 and the Hertz-
Mindlin contact theory, as outlined by Solazzi et al. (2021). It is
important to note that the contact theory is often coupled with Gass-
mann’s fluid substitution equation to account for the presence of
water (e.g., Bachrach et al., 1998; Dvorkin et al., 1999; Shen et al.,
2016; Solazzi et al., 2021). In Gassmann’s equation, the matrix
shear modulus is assumed to remain unchanged between dry and
wet conditions, meaning that the effect of saturation on G0 is con-
sidered solely through changes in � 0. In this context, we have

A ¼
2 þ 3f � ð1 þ 3fÞ�

5ð2 � �Þ

�
3n2ð1 � �Þ2G2

2�2ð1 � �Þ2

�1
3
; (4)

B ¼
1
3

; (5)

� 0 ¼ �c �
SW � Swr

1 � Swr
uW; (6)

where G and v are the shear modulus and the Poisson’s ratio for the
grain, respectively, n is the average number of contacts per particle
in a spherical packing, f is the fraction of nonslipping particles, �c
is the confining stress, Swr is the residual water saturation, and uW
is the water pressure. In these equations, we assume the air pres-
sure to be zero and the effective stress parameter (Bishop’s param-
eter) controlling the contribution of water pressure to be equal to
the effective saturation (Nuth and Laloui, 2008). Water pressure
uW is typically negative under unsaturated conditions (SW < 1) due
to suction and positive under saturated conditions (SW ¼ 1). When
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direct measurement of �c is unavailable, it can be estimated
from the overburden pressure. For example, under isotropic stress
conditions, �c can be calculated from the �b profile as
�cðzÞ ¼ � z

0�bðhÞgdh. For saturated conditions, equation 6 reduces
to Terzaghi’s effective stress, � 0 = �c � uW . For unsaturated
conditions, uW is a function of SW , described by the soil-water
characteristic curve (SWCC), which depends on the soil type
(e.g., Assouline et al., 1998; Likos et al., 2014).

Numerical examples: Homogeneous soil column with
changing water levels

To develop a procedure to evaluate the value of VS affected by
water, we perform calculations for a homogeneous soil column with
the WT located at 1 m depth (Figure 1a–1f). Two different soil types
are considered: “sand” and “clay.” The necessary parameters for the
SWCC (van Genuchten parameters), porosity, and grain properties
for sand and clay are taken from the “Esperance sand” and the “Mis-
souri clay” models, respectively, as presented in Solazzi et al.
(2021). First, we calculate the saturation profile (Figure 1a) based
on the WT depth and the water pressure profile (Figure 1b), assum-
ing hydrostatic conditions (Solazzi et al., 2021). Under hydrostatic
conditions, water pressure is independent of soil type (Figure 1b).
Below the WT, the soil is fully saturated (SW = 1), whereas above
the WT, the saturation varies with depth (partially saturated condi-
tion). The differences in the saturation profiles for sand and clay (the
red and black lines in Figure 1a) are due to their differing SWCC
properties; clay retains more saturation than sand for the same water
pressure. This results in higher saturation values in the unsaturated
zone for clay. In contrast, the saturation in sand decreases sharply to
the residual saturation (Swr) just above the WT (see red line in Fig-
ure 1a). Using this saturation profile, we calculate the �b profile
(Figure 1c) through equation 2. This �b profile is essential for de-
termining the confining pressure, which then provides � 0 (Figure 1d)
via equation 6. The � 0 profile is used to calculate G0 (Figure 1e)
through equation 3. Finally, we compute the VS (Figure 1f) from G0
and �b using equation 1. Due to changes in saturation regime, the
VS exhibits a discontinuity at 1 m depth (Figure 1f), which is more

pronounced for sand than for clay, primarily due to the sharp change
in �b in sand.

Next, we focus on the changes in �b, G0, and VS at 1 m depth,
when the WT depth is variable (Figure 2a–2c). When the WT is
between 0 and 1 m depth, the 1 m depth level is fully saturated.
Under these conditions, �b remains constant (see the “saturated”
area in Figure 2a), and changes in VS are driven by variations in
G0 due to � 0 (“saturated” area in Figure 2b and 2c).

When the WT is between 1 and 2 m depth, the 1 m depth level is
partially saturated, and �b and G0 affect VS. In the sand model, a
significant velocity change occurs around the 1 m WT (the red line
in Figure 2c), primarily due to a sharp change in �b (the red line in
Figure 2a). In contrast, for the clay model, changes in VS with the
WT are primarily due to variations in G0 (the black line in Fig-
ure 2b). This result highlights the importance of �b, G0, and soil
type to evaluate the changes in VS at a specific depth due to fluc-
tuations in the WT.

DESCRIPTION OF THE EXPERIMENT

A test dike

We performed the experiments on a test dike located in Delft, the
Netherlands. The dike was developed as part of the Flood Proof
Holland project for a piping experiment (Pol et al., 2021). It has
a maximum height of 1.8 m, a minimum base length of 10 m,

Figure 1. Numerical illustrations for a homogeneous soil column.
(a) Saturation profile, (b) water pressure profile, (c) bulk density pro-
file, (d) effective stress profile, (e) shear-modulus profile, and (f) S-
wave velocity profile.

Figure 2. At 1 m depth, the changes in (a) bulk density (�b), (b) shear
modulus (G0), and (c) S-wave velocity (VS) when the depth of the
WT varies. The sharp contrast at WT depth of 1 m is due to the tran-
sition from saturated conditions (when the WT is between 0 and
1 m) to unsaturated conditions (when the WT is below 1 m).
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and an approximate length of 15 m in the longitudinal direction
(Figure 3a). The dike consists of a sand body covered by a clay
layer on the slopes and at the crest (see the cross section in Fig-
ure 3b). On the high-water side, a water reservoir constructed with
concrete slabs allows control of the water level on the slope. An
additional clay layer at the base of the sand body hydraulically sep-
arates the dike body from an artificial aquifer below (Figure 3b).
Furthermore, the entry pipes for water infiltration into the aquifer
(Pol et al., 2021) were sealed during the measurements, allowing
water from the reservoir to preferentially infiltrate into the dike
body and exit at the low-water-side slope. More details on the con-
struction of the test dike can be found in Pol et al. (2021).

Data acquisition

In this study, we perform first-arrival tomography on four time-
lapse seismic data sets corresponding to four different water levels
(Figure 4). Data were collected once a day over four consecutive
days, with no recorded precipitation during the measurement cam-
paign. On day 1, the measurements were taken under initial con-
ditions, with no water in the reservoir. Twenty-one sources at 50 cm
interval and 42 receivers at 25 cm interval were installed along
the dike. We used an SH (shear-horizontal) portable vibrator
(Ghose et al., 1996; Ghose, 2012) with a sweep frequency range of
30–450 Hz and horizontal component geophones as receivers. An
auger was used to locate the WT in the dike but none was found
under the initial conditions, at least until 1 m from the surface.

After the first day’s measurement, we increased the water level on
the high-water-side slope by filling the reservoir. The infilling was
stopped when the water level reached 60 cm from the bottom of the
slope. The dike was then left undisturbed for at least 12 h to allow

water infiltration into the dike, before acquiring seismic data for
tomography on day 2. By the time the data were collected, the water
level on the slope had decreased to 49 cm due to infiltration, repre-
senting a significant decrease over the 12 h span. This corresponds to
approximately 20% of the initial water volume infiltrating into the
dike, calculated using the size of the water reservoir as presented
in Yagisawa et al. (2019) and the average slope angle of our survey
line (21°). The receiver positions remained the same as on day 1 but
the number of sources was reduced on day 2 because part of the slope
became inaccessible due to the rising water (see Figure 4b). The
water level was detected through augering at two locations within
the dike (the blue dots in Figure 4b). The WTwhere the pore pressure
equals atmospheric pressure (the dashed blue line in Figure 4b) was
calculated through numerical modeling, assuming a stationary flow
(see Appendix A). This procedure was repeated with water levels
increased to 1 m for day 3 (Figure 4c) and to 1.5 m for day 4 (Fig-
ure 4d). The water levels on the slope immediately before measure-
ments were 92 cm on day 3 and 125 cm on day 4. Importantly, during
the approximately 1.5 h data acquisition periods on each day, the
water level decreased by only a few centimeters. Thus, we assume
that during these relatively short measurement windows, any changes
in the water distribution are negligible.

Figure 5 shows an example of the measured data at various water
levels. Data from a source located near the crest on the high-water-
side slope of the dike (see Figure 5a) are plotted here for different

Figure 3. Test dike geometry. (a) The elevation map of the test dike
from global navigation satellite system measurement and (b) the
schematic cross section at the survey line.

Figure 4. The source-receiver configuration (source = red circle,
receiver = white circle) and the water levels at the slope as detected
by auger (blue dots). (a) Initial condition (day 1), (b) WT on the
high-water side slope at 0.5 m from the bottom of the slope
(day 2), (c) WT at 0.9 m (day 3), and (d) WT at 1.25 m (day 4).
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WT depths. The waveform data (Figure 5b), obtained after cross-
correlation of the raw vibrograms with a reference signal, show
clear first-arriving SH waves. Four shot gathers are stacked at each
location. Careful forward modeling established that these first arriv-
als are of S waves traveling through the dike body and they are not
surface waves. This will be illustrated subsequently in greater de-
tails while discussing the results. The measured waveforms remain
coherent across different water levels data sets, indicating a high
signal-to-noise ratio. The picked traveltimes (Figure 5c) show a no-
ticeable increase as the water level rises, suggesting a velocity de-
crease due to water infiltration into the dike.

Inversion method

The picked traveltime data for all source-receiver pairs are used
in first-arrival tomography. The tomography solves the following
optimization problem using an iterative least-squares inversion:

EðmÞ ¼ kfðmÞ � dk2
2 þ �kLmk2

2 � min; (7)

where m is the velocity model, d is the traveltime data, f is the for-
ward-modeling operator, L is the operator that calculates the rough-
ness of the model m, and k · k2

2 represents the squared l2 norm. The
regularization parameter � controls the balance between the model
misfit (the first term in equation 7) and the model roughness (the
second term in equation 7).

We used the open-source code pyGIMLi (Rücker et al., 2017) to
solve the optimization problem. The code uses Dijkstra’s algorithm
for forward modeling and the conjugate gradient least-squares
method for updating the velocity model.

RESULTS

First-arrival tomography

We performed tomographic inversion on four data sets corre-
sponding to four different water levels. The initial model for the
inversion was the same for all data sets, with the velocity linearly
increasing with depth from the surface (Figure 6). The regulariza-
tion parameter � was determined based on the discrepancy principle,
using data errors estimated from the L-curve analysis (Appendix B).
The traveltimes for all source-receiver pairs were inverted and
compared with those calculated using the tomographic VS model
(Figure 7). As explained previously, a part of the source locations
was missing when the water levels were high (Figure 7). The esti-
mated traveltimes accurately represent the observed data, as con-
firmed by the final data-misfit distribution (the difference between the
observed and modeled traveltimes, Figure 8). The errors followed a
Gaussian distribution estimated using the L-curve (Figure B-1) and
also as assumed in the inversion, indicating that the inversion was
successfully performed.

The inverted tomography models are shown in Figure 9. Due to
variations in source locations, the ray coverage differs at different
water levels (the area with low ray coverage is shown as a gray-
shaded region in Figure 9). Some data (shot gathers) show a clear
reflection signal at the zero-offset trace (e.g., Figure 5b) at approx-
imately 0.025 s, which we interpret as that originating from the
boundary between the clay cover and the sand body. These reflec-
tions are converted to depth using the tomographic velocity models
(the white dots in Figure 9). The interpreted boundary between the
clay cover and the sand body (the dashed white line in Figure 9) is
based on these reflection depths, the inverted velocity structure, and
the known geometries from the previous studies (Pol et al., 2021).

Under the initial condition (day 1), the clay cover has a VS of ap-
proximately 60 m/s, and the sand body a VS of 160 m/s (Figure 9a).
When the water level on the slope increases to 0.5 m (day 2), the VS
on the high-water side slightly decreases (Figure 9b). As the water
level further rises (day 3–day 4), the VS throughout the entire struc-
ture decreases (Figure 9c and 9d). The reflection depth remains stable
throughout the measurements (white dots in Figure 9).

Figure 5. Data example at different water levels at the slope.
(a) Source-receiver configuration and water levels, (b) waveform
data at each water level, and (c) comparison of the picked first-ar-
riving traveltimes in (b). Figure 6. Initial model for the tomographic inversion.
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Time-lapse VS changes

The VS changes from the initial condition to those corresponding
to different water levels are shown in Figure 10. As previously dis-
cussed, the VS begins to decrease on the high-water side by day 2
(Figure 10a), with a negligible change occurring on the low-water
side. However, from day 3, the VS decreases across the entire dike
(Figure 10b), and at the highest water level (Figure 10c), the maxi-
mum VS decrease reaches approximately 60 m/s, corresponding to a
reduction of approximately 30% of the initial velocity. The VS
change is more pronounced in the sand body than in the clay cover.
Note that a slight velocity increase at approximately X = 8–8.5 m in
Figure 10b is likely an artifact caused by the acquisition footprint
near the source at a very shallow depth.

DISCUSSION

Effect of �b and G0 in time-lapse change of VS

We observed the change in VS at different water levels (Fig-
ure 10). As shown in equation 1, VS is a function of �b and G0.
In our experiment, it can be interpreted that the initially unsaturated
zone becomes fully saturated during water infiltration, particularly
on the high-water-side slope. In this zone, the observed VS change
reflects a combined effect of changes in �b and G0.

Previous studies have discussed the correlation between VS
changes and variations in the WT and/or in the precipitation history
(e.g., West and Menke, 2000; Qin et al., 2022), concluding that the
VS changes are primarily due to water, particularly in the fully sa-
turated zones. In such cases, changes in �b are negligible, and the
VS change is primarily attributed to variations in the G0. However,
limited research has addressed the extent to which field data reflect
changes in �b and G0.

To discuss the interplay between �b and G0, we evaluate the
squared velocity ratio:

�
VDay3

S

VDay1
S

�
2

¼
�Day1

�Day3 ×
GDay3

0

GDay1
0

: (8)

This ratio represents the product of changes in �b and G0 from day 1
(initial conditions) to day 3 (with the water level at 0.9 m). The ratio
(Figure 11a) shows values smaller than one throughout most of the

Figure 7. Observed and estimated traveltimes from the inversion.
(a) Initial condition (day 1), (b) WT at 0.5 m (day 2), (c) WT at
0.9 m (day 3), and (d) WT at 1.25 m (day 4).

Figure 8. Final data-misfit distribution (blue box) and the distribu-
tion assumed in the inversion (red line) for each data set.
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