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Abstract

Soil suction and degree of saturation play an important role in controlling the hydraulic and mechanical
properties of the unsaturated soil in the vadose zone. Due to the sensitivity to inter-particle stress, the velocity
of shear wave (Vs) is expected to sense the suction changes during fluid transportation in an unsaturated soil. In
this study, we investigate the significance of unsaturated soil properties in temporal and spatial Vs changes,
considering water infiltration and drainage in an unsaturated embankment subjected to rainfall. We numerically
model Vs changes, simultaneously considering fluid flow in unsaturated soil and the small-strain shear modulus
as a function of suction and confining stress, and using soil-water characteristics curve. The results show that
the Vschanges are controlled more by suction changes than by density changes. The comparison of the
numerical prediction with the results of a field-scale experiment at an artificial embankment presents clear
indications of water infiltration and drainage. Monitoring Vs changes in unsaturated soils can potentially be used
to estimate fluid distribution and in-situ, dynamic fluid transportation in the vadose zone. This will find many
important applications, e.g., pollution analyses at waste disposal sites, assessment of desertification, water
resources and agricultural sustainability, and estimation of the stability of geoengineering structures, soil
embankments and natural slopes.



1. Introduction

The partially saturated vadose zone, located between the Earth’s surface and the water table, is made of soil
particles, water and air. The water in the vadose zone can be transient percolating water which moves
downward to join the phreatic water below the water table or the capillary water held above the water table by
surface tension (internal pore pressure less than the atmospheric pressure). The distribution and transport of
fluids in the vadose zone have a significant influence on the human life and the environment. For example, the
dynamic transportation of fluids in the vadose zone is an important factor which controls the pollution at a near-
surface, hazardous waste site (Mercer and Cohen, 1990), affects the desertification in arid/semiarid areas
(Scanlon et al., 2003), and determines the sensitivity of water resources to the climate change (Green et al.,
2011). The distribution of water in the vadose zone also affects the microbial processes, e.g., biodegradation,
which is necessary in assessing agricultural sustainability (Holden and Fierer, 2005). Last but not the least, the
dynamic fluid transportation in the vadose zone causes dynamic changes in the yield strength of the
unsaturated soil. Therefore, it is critically important in estimating the stability of earth retaining structures (e.g.,
river dykes and embankment dams) and natural slopes (e.g., Collins and Znidarcic, 2004).

Soil suction (a function of capillary pressure) and the degree of saturation (a function of water content) play an
important role in controlling the hydraulic and mechanical properties of unsaturated soil in the vadose zone.
Depending on the degree of saturation (S), unsaturated soils shows different values of suction (s). The S-S
curve, known as the soil-water characteristics curve (SWCC), is the most important piece of information that
characterizes the unsaturated soils. Figure 1 shows a typical plot of SWCC. While the suction is zero at the fully
saturated condition, it increases as the degree of saturation decreases. Depending on soil texture, SWCC shows
different trends. At the same degree of saturation, clayey soils show larger suction values than sandy soils
(Figure 1). This is because clayey soils represent smaller pore sizes (capillary radii) than sandy soils, thus creating
a larger capillary pressure (Fredlund et al., 2012).

Hydraulic permeability in unsaturated soils depends on suction (Leong and Rahardjo, 1997). SWCC plays a major
role in determining the hydraulic permeability because it is related to the pore-size distributions (Fredlund and
Xing, 1994). Furthermore, suction being an inter-particle force acting on the soil skeleton, the mechanical
properties of the unsaturated soil, e.g., shear strength and elastic moduli are also controlled by this force (Han
and Vanapalli, 2016).

In near-surface geophysics, shear-wave velocity (Vs) is an important target in field measurements. This is
because V; directly relates to the in-situ value of the small-strain rigidity of soil, which is important in all dynamic
loading problems in geotechnical engineering. V; is sensitive to the state of the grain-to-grain contact. The
sensitivity of Vs can be utilized to monitor the in-situ stress in soil (Ghose, 2012). Also, Vs is expected to measure
the changes in the inter-particle forces (e.g., suction changes) during fluid movement in the vadose zone.
"Bergamo et al. (2016) report a long-term experiment in which VS at a railway embankment is monitored. The
result shows that measuring VS can be a promising approach to estimate non-invasively the temporal and
spatial changes in the water content in soil."Pasquet et al. (2016) perform physical-model experiments using
glass beads, where they evaluate the sensitivity of compressional (P) wave traveltimes and surface-wave
dispersion curves (linking changes in V;) to changes in water level and the thickness of the capillary fringe. On a
practical front, due to a considerably smaller value of the velocity of shear wave compared to that of P wave in
soft, unconsolidated soils, shear wave generally offers significantly shorter wavelength than P wave, and hence
much higher spatial resolution, for the similar frequencies. This fact, together with the sensitivity of shear-wave
to subtle changes in the soil type, stress and the state of compaction, are attributed to the observed fine-scale
spatial correlation of Vs with the strength-indicators of soil (e.g., Ghose and Goiudswaard, 2004; Ghose, 2012).
Furthermore, Vscan be estimated using cost-effective surface-wave measurements.



The problem of modelling Vschanges in unsaturated soils due to fluid transportation calls for an
interdisciplinary research. Understanding correctly the spatial/temporal Vschanges requires an integral
knowledge linking soil physics, fluid dynamics, geotechnical engineering, and geophysics. Although this problem
has drawn renewed interest recently in the geophysical community due to the development of the
seismoelectric method (Zyserman et al., 2017), there are few studies which investigate the spatial and temporal
Vs changes using approaches from these different disciplines, together with field geophysical measurements.

In this study, we look into the role of unsaturated soil properties in temporal and spatial Vs changes, considering
water infiltration and drainage in an unsaturated soil embankment subjected to rainfall. Seepage failure of such
structures, e.g., river dykes, dams, and natural slopes, due to water infiltration (rising water level and/or heavy
rainfall) has often been a major threat to human life and environment (e.g., Rahardjo et al., 2001; Rico et al.,
2008). In order to discuss the feasibility of in-situ monitoring, the magnitude of Vschanges and the
spatial/temporal distribution of Vs are considered. For this purpose, we use the accumulated knowledge in
geotechnical engineering and geophysics to incorporate the realistic properties/features of the embankment,
i.e., dimension of dyke, SWCC, and water infiltration/drainage due to rainfall. Furthermore, in order to model
realistically the shear modulus as a function of suction, we use existing experimental datasets and the recent
advancements in the effective stress framework in unsaturated soil mechanics (e.g., Han and Vanapalli, 2016).
Because the history of rainfall plays an important role in determining the spatio-temporal distribution of water
(infiltration and drainage processes), we also solve the fluid transportation problem (seepage analysis) in
unsaturated soil (Lam et al., 1987). The calculated Vschanges are then discussed using data from a recent field-
scale experiment conducted on an artificial soil embankment (Konishi et al., 2015).
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Figure 1: The soil-water characteristic curve (SWCC). Red dots show the experimental data for silty sand (Hoyos
et al., 2015). Solid line is the best-fit curve using the model of van Genuchten (1980). Dotted and
dashed lines represent curve for sandy soil and clayey soil, respectively.



2. Linking Vi to unsaturated soil properties: a role of SWCC

The distribution of water in unsaturated soil changes the inter-particle force (suction), which results in changes
in Vs Based on data from geotechnical laboratory experiments, where the small-strain shear modulus Gy is
estimated under controlled net confining stress (¢;) and suction (S), Vscan be expressed in the following form

Go(s,0¢
Vs(s,0,) = /% (1)

The bulk density p is calculated as p(S,) = @S,.p,, + (1 — ¢)py Where @is porosity, g, is density of water, and

(Sawangsuriya et al., 2009):

P, is density of grain.

The small-strain shear modulus of dry or saturated soils is generally expressed as:
n\n
G, =A(d"), (2)

where 0’ is the mean effective stress and A is a coefficient representing material parameter associated with soil
microstructure (fabric), void ratio and/or over-consolidation ratio (e.g., Hardin and Blandford, 1989). Contrary to
the case of dry or saturated soils, a consistent model to represent G, in unsaturated soil does not exist yet
(Sawangsuriya et a., 2009). In this study, we consider the following empirical model:

Gy(50c) = k(o) +Tx Sx 4 3)

where ki, k, and I™ are fitting parameters. Han and Vanapalli (2016), among others, propose equation (3) and
show that this equation is a fairly accurate representation for low suction (high saturation) values and for
cohesionless soils with little-to-no clay content. Equation (3) presents Gg as a sum of two terms: the first term
represents the stress-dependence in the saturated condition where suction is zero, i.e., A(6-)", and the second
term shows the effect of suction and degree of saturation. Therefore, the effect of SWCC (s-S relation) is
evident in Gy (equation (3)). Selection of this form of equation is inspired by the independent stress state
variable approach for deriving shear strength of unsaturated soils (Fredlund et al., 1996; Sawangsuriya et al.,
2009), where two chosen independent stress state variables are the net stress and the suction. Sawangsuriya et
al. (2009) propose also an alternative model based on the Bishop-type effective stress ¢’ (Bishop, 1960):

og'=0.+xXxs, (4)

where y is the Bishop’s parameter which is considered to be related to the volume fraction of fluids occupying
the pore space, or the degree of saturation (Nuth and Laloui, 2008), i.e., y= x(S). Substituting this form for the
effective stress to the general representation of Gy shown in equation (2) gives

Gy(so:)= A(Jc+ Sx $n’ (5)

where we assume y=S;. Sawangsuriya et al. (2009) point out using experimental data that Gy predicted from
these two models (equations (3) and (5)) show similar values in the low-suction range. Note that, considering
the Bishop-type effective stress, Shen et al. (2016) propose a theoretical model to predict G, using the Hertz-
Mindlin theory. The review of other various effective stress models in unsaturated soil is found in Nuth and
Laloui (2008).



Once we obtain SWCC, equation (3) enables us to interpolate/extrapolate G, measured in the laboratory,
leading to prediction of Vgvalues at various saturation conditions (equation (1)). We use the laboratory dataset
for silty sand (Hoyos et al., 2015). The measured SWCC is first interpolated (Figure 1) by fitting the data using
van Genuchten (1980) model, and then Gyis obtained by surface-fitting using equation (3). Figure 2(a), 2(b) and
2(c) show the fitted Gy surface (k; =2644, k, =0.568 and ['=185). One can see that Gyincreases as the confining
stress and/or the suction values increase. Equation (3) explains the observed data quite well.
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Figure 2: (a, b) The relationship between the small-strain shear modulus and the suction at different confining
stress values: coloured dots/circles show the experimental data (Hoyos et al., 2015) and the
continuous lines represent our best-fit estimates (equation 3). (c) The small-strain shear modulus
interpolated using equation (3). This surface plot enables us to see Gy as a continuous function of both
variables (suction and confining stress), which is not possible from (a) or (b). Black dots show the
experimental data (Hoyos et al., 2015).



3. Seepage analysis

In order to estimate the fluid flow in unsaturated soil, we consider a partially saturated porous medium where
the flow obeys the Richards’ equation (Richards, 1931; Lam et al., 1987). It is written in two dimensions as:

0 oh d oh 00

(K5 + 5, (K5) =% ©)
where K is the hydraulic conductivity or the coefficient of permeability (m/s), hthe total head (m) which is the
sum of pressure (suction) head and elevation head, and 8 the volumetric water content. Unlike some earlier
studies (e.g., Steenpass et al., 2010) focused on soil-surface temperature (at relatively shallower depth), we
consider in this study only liquid water, as in common in geotechnical investigation. Note that the hydraulic
conductivity K (m/s) is related to the permeability k (m?) as K = kprg/u, where gis the acceleration due to
gravity, o the density of the fluid, and g/the dynamic viscosity of the fluid. The hydraulic conductivity is a
function of suction: K(s) = K4 X K,-(s), where Kgais the conductivity at the saturated condition; the relative

conductivity K; (S) can be calculated from SWCC (van Genuchten, 1980). We solve equation (6) using the finite
element method (FEM).

4. Water infiltration in an unsaturated embankment and Vschanges due to rainfall

Hydraulic properties of unsaturated soil depend on the suction. Therefore, when we consider water infiltration
in an unsaturated embankment (river dykes, dams and natural slopes) due to rainfall, the history of rainfall
(precipitation) plays an important role in determining the dynamic distribution of water content. In this section,
we consider a realistic embankment model under a constant precipitation, in order to discuss the significance of
suction and fluid flow in Vschanges in unsaturated embankments.

We consider a two dimensional problem using the embankment model shown in Figure 3(a). This model is
inspired by the field-scale experiments of Konishi et al. (2015) where time-lapse Vs measurements, through
surface wave dispersion monitoring, were performed on an artificial embankment under controlled rainfall. We
assume that the embankment consists of silty sand characterized by SWCC and Gy, as shown in Figure 1 and
Figure 2, respectively. The hydraulic conductivity in saturated condition (Ksa) is assumed to be 8.3 >XX10™ m/s,
which is in the typical range between clean sand and silty sand (Bear, 1972). The water table, which determines
initial saturation/suction distribution under hydrostatic condition, is assumed to be at -2 m. Finally, the porosity
(9= 0.46) is known (measured) for this experiment, and the water density (0,) and the grain density (,9,) are
assumed to be 1000 kg/m3 and 2600 kg/m3, respectively. Here, we assume that the initial saturation distribution
is controlled by the water table located at -2m, in order to discuss the primary effects of water infiltration from
the surface due to rainfall. When we consider river dykes, however, the presence of river water at one side of
the embankment also contributes to water infiltration and drainage processes, which can be modelled by
seepage analysis using appropriate initial and boundary conditions. This is not attempted at present.

We perform the seepage analysis under a constant precipitation rate of 100 mm/h for 180 minutes (Figure 3(b)).
The water drainage is then followed until t = 270 min. Figure 4 shows the spatial distribution of suction (Figure
4(a)), saturation (Figure 4(b)), and total head (Figure 4(c)) at each lapse time during water infiltration (t =0, 70,
105 and 180 min) and water drainage (t = 210 and 270 min). Note that Figure 4 illustrates the results around the
right-side slope of the embankment above the ground surface. However, we, in fact, calculate a larger area (80
m in width and 30 m in height) in order to minimize the boundary effects due to the finite dimension of the
model. At t = 0 min, the suction, saturation and total head are in hydrostatic condition. Water infiltrates from
the surface of the embankment, which decreases the suction and increases the saturation near the surface. The



unsaturated zone around the center of the embankment becomes narrow as time progresses (t = 0—180 min),
because water flows towards the center of the embankment, which can also be distinguished by the flow vector
(gradient of total head) shown in Figure 4(c). Once the rain stops at t = 180 min, the water in the embankment
gets diffused, recovering with time toward the initial hydrostatic condition (water drainage stages, see t = 210
and 270 in Figure 4).

Next, we estimate the spatial and temporal changes in Vsfrom the calculated values of suction (s) and
saturation (§), using equation (1) and (3). Here, we calculate the confining stress distribution (g;) from the
vertical distribution of grain density. Figure 5 shows the calculated values of g, G,, and Vsat three different
spatial locations within the embankment, shown by small circles in Figure 3(a). The plots of temporal changes
(Figure 5) show that the water infiltrates from the surface to a deeper level, and that pincreases and G,
decreases as the infiltration progresses (Figure 5(a) and 5(b)). The shallowest point (Y = 4.5 m) shows the largest
changes in Gq (Figure 5(b)). This is because the confining stress is small at this point and the relative effect of
suction is large on G, (see equation 3). In the water drainage stage (after t = 180 min), Vsstarts recovering
towards the initial values. Finally, our calculation (Figure 5(c)) shows that the temporal changes in Vsare
controlled more by the changes in G, than those in g, which indicates that the effect of suction dominates Vs
changes.
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Figure 3: (a) Embankment model used in numerical modelling. Small open circles are the spatial locations where
the temporal change of elastic properties are calculated and shown in Figure 5. (b) The time series of
precipitation used in the numerical modelling. Open circles at the lower margin show times when the



spatial distribution of the unsaturated soil properties are investigated (Figure 4), corresponding to the
field-scale experiments of Konishi et al. (2015).
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3(b)). (b) Same as (a) but for the degree of saturation. (c) Same as (a) but for the total head. Contour
lines and fluid flow vectors (gradient of the total head) are shown in (c).
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line marks the time when the rain stops (t = 180).



5. Vschanges monitored in a field-scale experiment

Konishi et al. (2015) perform time-lapse Vs measurements at an artificial, field-scale embankment subjected to
controlled rainfall. The dimensions of the soil embankment are almost identical to that shown in Figure 3(a). The
test embankment mainly consists of sandy soil mixed with silt and clay (Takakura et al., 2012; Yoshioka et al.,
2015). Konishi et al. (2015) use a rainfall simulator to realize a temporally varying precipitation (Figure 6(b)).
They measure seismic surface waves (Rayleigh wave) in order to estimate the spatial distribution of Vgat the
slope of the embankment. Figure 6(a) shows the fixed receiver array (24 geophones) positioned on the
embankment slope. A vertical P-wave source (hammer impact) is used to generate the Rayleigh waves. The
receivers are planted at 0.5 m interval along the slope. The source moves also by 0.5 m along the line. The time-
lapse measurements comprise of an initial/base condition (t = 0 shown as “1st” in Figure 6(b)), the water
infiltration stages (t = 70, 105 and 180 min, shown as “2nd”,”3rd” and “4th”), and the water drainage stages (t =
210 and 270 min, shown as “5th” and “6th”).
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Figure 6: (a) Cross-section of the field-scale test embankment and the location of the fixed geophone array.
Small open circle are the locations where the temporal changes are monitored (from time-lapse
surface wave dispersion data) and shown in Figure 8(a). Dashed rectangle shows the spatial range of
the V, distribution shown in Figure 8(b). (b) The time series of rainfall in this field-scale measurement.
Seismic surface wave measurements are made at the time shown by open circles in (b).
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Figure 7: (a) Representative waveforms (shot gather) of 1st, 4th, and 6th measurements, when the source is
located at the top of the embankment. (b) Dispersion images (MASW) using the data (shot gather)
shown in (a). (c) Typical time-lapse dispersion curves picked for all 6 measurements, derived from a
shot gather - in this case the source being located at the toe of the embankment (modified after
Konishi et al., 2015).

Figure 7(a) shows an example of the observed surface (Rayleigh) waves due to the source located at the top of
the embankment. We show three different waveforms: 1st measurement (black lines), 4th measurement (red
lines), and 6th measurement (green lines). One can clearly see that the surface waves in the 4th measurement
(red lines) arrive later than those in the 1st measurement (black lines), and those in the 6th measurement
(green lines) arrive earlier than those in the 4th measurement (red lines). This indicates that at the 4th

measurement (red lines), Vsdecreases from the initial values due to water infiltration in the embankment (see
Figure 6(b) after the rainfall, and that at the 6th measurement (green lines) Vsrecovers towards the initial
values due to water drainage from the embankment. This is confirmed also in the dispersion curves of the

surface waves, which is estimated through multichannel analysis of surface waves (MASW , Park et al, 1999).

Figure 7(b) shows the dispersion images of the waveforms in Figure 7(a) where the phase velocities of coherent

surface waves are distinguished in yellow colour. The fundamental mode shows phase velocities ranging from
60 m/s to 180 m/s in the frequency range of 10--60 Hz. Although higher-order surface waves are present in the



4th and 6th measurements, the fundamental mode shows that the phase velocity at 10—60Hz decreases in the
4th measurement. Furthermore, the phase velocity in the 6th measurement increases from the 4th
measurement, especially at the lower frequency range (10—30Hz). Figure 7(c) shows typical time-lapse
dispersion curves (Konishi et al., 2015). The detected dispersion curves show that the phase velocity decreases
in water infiltration stages (1st—4th measurements) and then slightly increases in water drainage stages (5-6th
measurements) especially in 15—35 Hz range. These results suggest that the velocity starts recovering from the
deeper part of the embankment.

In order to improve the lateral resolution of the V; field, we next use a common-midpoint cross-correlation
(CMPCC) analysis approach (Hayashi and Suzuki, 2004), where cross-correlation traces of surface waves
measured using multiple source locations are sorted into CMP gathers. The estimated dispersion curves
(fundamental mode) are then inverted to obtain an one-dimensional Vgstructure at every CMP position, using a
nonlinear least-squares inversion approach (Hayashi and Suzuki, 2004). Figure 8(a) shows the temporal Vg
changes at three different spatial locations in the embankment, marked by circles in Figure 6(a). Similar to
Figure 7, the estimated Vsdecreases until t = 180 min, and then increases until the end of the measurements (t =
270 min). We also calculate the Vsreduction rate (R) from the initial values, which is defined as,

Vs(t=0)-Vs(t)
Vs(t=0)

R(%) = X 100. (7)

Figure 8(b) shows the spatial distribution of R. Note that Figure 8(b) is shown in the slope-oriented coordinate
(see the dashed rectangle in Figure 6(a)) and Y’ = O corresponds to the surface of the slope. The maximum
magnitude of the estimated Vs reduction rate is 15% at Y’ = -1.5m at t = 180 min; also fine-scale alterations are
observed at the shallow part of the slope. Here, however, we concentrate on the spatial boundary showing a
sharp change in the Vsreduction rate (white dashed lines in Figure 8(b)), which represents the first-order effect
of the water infiltration/drainage processes. The results show that the Vsreduction starts from the shallow part
of the slope (t = 70 and 105 min), it progresses to a deeper level (t = 180 and 210 min), and then it recovers
starting from the deeper part of the slope (t = 270 min).
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Figure 8: (a) Observed temporal changes of Vsin the field-scale experiment (modified after Konishi et al., 2015).
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the Vsreduction rate R (equation 7) at each measurement (modified after Konishi et al., 2015).
Positive values of Rindicate a decrease of Vsfrom the initial values. White dashed lines mark the
position of the boundary representing sharp changes in the Vsreduction rate, which is interpreted as
to be indicating water infiltration and drainage.

Next, we perform the numerical modelling to estimate the Vschanges considering the same temporally varying
precipitation as that shown in Figure 6(b). We use also the same embankment model as in the previous section.
The obtained temporal changes of V; at the three different locations (Figure 9(a)) and the spatial distribution of
Vsreduction rate (Figure 9(b)) are shown. Comparison between Figure 8(a) and Figure 9(a) shows that the initial
Vsvalues are different, probably because of the differences in SWCC and G, functions between numerical
modelling and field-scale experiment. Nevertheless, the temporal changes of Vgshow that Vsdecreases during
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the water infiltration stages (t = 0—180 min) and increases during the water drainage stages (t = 180—270 min),
similar to the observation in the field-scale experiment.

The spatial distribution of the numerically predicted Vsreduction rate (Figure 9(b)) shows a similar trend as that
of the field-scale experiment: the Vsreduction starts from the shallow part of the slope (t = 70 and 105 min),
and it progresses to a deeper level (t = 180 and 210 min). The result at t = 270 indicates that the drainage of
water at the deeper part of the slope does not cause sufficiently the Vsrecovery that is observed in the field-
scale measurement (Figure 8(b)). However, we can see that the Vsrecovery starts from the deep part of the
slope (see contour plots in the result at t = 270 min, Figure 9(b)). Here, we notice that the homogeneous
embankment model that we consider, and which consists of a single body of silty sand, does not show the Vs
recovery boundary running parallel to the slope (white dashed line in Figure 8(b) at t = 270 min). However, the
permeability distribution can play a major role in determining the spatial distribution of the Vs reduction rate.
Therefore, we introduce a second layer in the embankment (core of the embankment) whose boundary runs
parallel to the slope (Figure 9(c)). We calculate the Vsreduction rate again. Here we assume that the second
layer has a larger permeability than the first layer (approximately 100 times larger than the initial value).
Introducing the second layer drastically changes the results, especially at the drainage stages (t > 180 min). The
result at t = 270 min (Figure 9(c)) shows that the boundary of the Vsrecovery appears, and that the part of this
boundary runs approximately parallel to the slope (white dashed line in Figure 9(c)), which is similar to the
observation in the field-scale experiment. This finding indicates the presence of heterogeneity in the test
embankment.

Finally, we investigate the need of the inclusion of the suction effect in explaining the Vs changes. Our results in
Figure 9(b) shows that the maximum Vsreduction rate at Y’=-1.5 m is about 10 %, which is close to that
obtained in the field-scale experiment (15%). When we ignore the effect of the suction changes in calculating Vs

i.e., assuming Vg = /Gé/p(Sr) where Gé is the small-strain shear modulus at the initial condition, the result

shows that the maximum Vsreduction rate at the same location is about 6 %. This suggests that the density
change due to water infiltration does not explain sufficiently the observed magnitude of the Vsreduction, and
that it is necessary to consider unsaturated soil properties, i.e., the effect of the suction. This observation
corresponds very well to the discussion provided in the previous section.
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Figure 9: (a) Numerically predicted temporal changes of Vsat three spatial locations shown in Figure 6(a). (b)
Numerically predicted spatial distribution of Vsreduction rate R (equation 7). White dashed lines show
the spatial boundary corresponding to sharp changes in R. (c) The heterogeneous model containing a
core of the embankment and the calculated Vsreduction rate at t = 270 min. The position of the



boundary between the layers is marked by red dashed line. Note the difference from the
homogeneous model (t = 270 min in (b)) and the similarity with the results obtained in field-scale
experiments (t = 270 min in Figure 8(b)).

17



6. Conclusion

The unsaturated soil properties, e.g., suction and degree of saturation have a significant influence on the Vg
changes due to water infiltration and drainage at an embankment. In order to correctly interpret the measured
spatial and temporal Vschanges, a multidisciplinary integrated knowledge of the unsaturated soil is necessary.

We numerically model Vs changes, simultaneously considering fluid transportation in unsaturated soil (seepage
analysis) and the small-strain shear modulus as a function of suction and confining stress, using realistic
parameters of an embankment (dimension of the embankment, SWCC and rainfall). The results of constant
precipitation show clear Vschanges due to water infiltration and drainage. The Vschanges are dictated more by
suction changes than by density changes. The field-scale experiment at an artificial embankment with controlled
rainfall shows clear indication that water infiltration progresses to a deeper level from the surface and drainage
is then followed. Our results of numerical modelling suggest the presence of heterogeneity in the embankment.

Monitoring Vschanges in unsaturated soils can potentially be used to estimate fluid distribution and in-situ,
dynamic fluid transportation at the vadose zone. This has many important applications, e.g., in controlling
pollution at waste disposal sites, in understanding desertification, in assessing water resources and agricultural
sustainability, and in estimating the stability of geoengineering structures and natural slopes.
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List of figure captions

Figure 1: The soil-water characteristic curve (SWCC). Red dots show the experimental data for silty sand (Hoyos
et al., 2015). Solid line is the best-fit curve using the model of van Genuchten (1980). Dotted and
dashed lines represent curve for sandy soil and clayey soil, respectively.

Figure 2: (a, b) The relationship between the small-strain shear modulus and the suction at different confining
stress values: coloured dots/circles show the experimental data (Hoyos et al., 2015) and the
continuous lines represent our best-fit estimates (equation 3). (c) The small-strain shear modulus
interpolated using equation (3). This surface plot enables us to see Gy as a continuous function of both
variables (suction and confining stress), which is not possible from (a) or (b). Black dots show the
experimental data (Hoyos et al., 2015).

Figure 3: (a) Embankment model used in numerical modelling. Small open circles are the spatial locations where
the temporal change of elastic properties are calculated and shown in Figure 5. (b) The time series of
precipitation used in the numerical modelling. Open circles at the lower margin show times when the
spatial distribution of the unsaturated soil properties are investigated (Figure 4), corresponding to the
field-scale experiments of Konishi et al. (2015).

Figure 4 (a) Spatial distribution of the estimated suction at each lapse time. t =0, 70, 105 and 180 min are in
water infiltration stage, and t = 210 and 270 min are in water drainage stage (see open circles in Figure
3(b)). (b) Same as (a) but for the degree of saturation. (c) Same as (a) but for the total head. Contour
lines and fluid flow vectors (gradient of the total head) are shown in (c).

Figure 5: Temporal change of (a) o, (b) Gp and (c) Vsat three locations shown in Figure 3(a). The vertical dashed
line marks the time when the rain stops (t = 180).

Figure 6: (a) Cross-section of the field-scale test embankment and the location of the fixed geophone array.
Small open circle are the locations where the temporal changes are monitored (from time-lapse
surface wave dispersion data) and shown in Figure 8(a). Dashed rectangle shows the spatial range of
the V; distribution shown in Figure 8(b). (b) The time series of rainfall in this field-scale measurement.
Seismic surface wave measurements are made at the time shown by open circles in (b).

Figure 7: (a) Representative waveforms (shot gather) of 1st, 4th, and 6th measurements, when the source is
located at the top of the embankment. (b) Dispersion images (MASW) using the data (shot gather)
shown in (a). (c) Typical time-lapse dispersion curves picked for all 6 measurements, derived from a
shot gather - in this case the source being located at the toe of the embankment (modified after
Konishi et al., 2015).

Figure 8: (a) Observed temporal changes of Vsin the field-scale experiment (modified after Konishi et al., 2015).
Values at three spatial locations (small open circles in Figure 6(a)) are shown. (b) Spatial distribution of
the Vsreduction rate R (equation 7) at each measurement (modified after Konishi et al., 2015).
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Positive values of Rindicate a decrease of Vsfrom the initial values. White dashed lines mark the
position of the boundary representing sharp changes in the Vsreduction rate, which is interpreted as
to be indicating water infiltration and drainage.

Figure 9: (a) Numerically predicted temporal changes of Vsat three spatial locations shown in Figure 6(a). (b)
Numerically predicted spatial distribution of Vsreduction rate R (equation 7). White dashed lines show
the spatial boundary corresponding to sharp changes in R. (c) The heterogeneous model containing a
core of the embankment and the calculated Vsreduction rate at t = 270 min. The position of the
boundary between the layers is marked by red dashed line. Note the difference from the
homogeneous model (t = 270 min in (b)) and the similarity with the results obtained in field-scale
experiments (t = 270 min in Figure 8(b)).

22



