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nstitute of Earth Sciences, University of Lausanne, Lausanne, Switzerland, 2Sorbonne Université, CNRS, EPHE, Paris,
France

Abstract Improving our understanding of the relation between the water content and the seismic signatures
of unconsolidated superficial soils is an important objective in the overall field of hydrogeophysics. Current
approaches to constrain the water content in the vadose zone from seismic data are based on computing the
ratio between compressional and shear wave velocities VP/VS. While this allows for the detection of pronounced
changes in saturation, such as the groundwater table, it is essentially insensitive to variations in the saturation-
depth profile. Conversely, evidence shows that surface waves are sensitive to both the location of the water
table and the saturation-depth profile. Classic rock physics models are unable to explain the corresponding
observations. We propose to estimate surface-wave signatures accounting for capillary suction effects. We
extend the Hertz-Mindlin model using Bishop's effective stress definition, thus accounting for stiffness changes
associated with capillary stresses acting on the soil's frame. We then compute the elastic properties of the
partially saturated medium using the Biot-Gassmann-Wood model. Considering a 1D unconsolidated porous
medium under steady-state saturation conditions, as given by Richards' equation, we simulate body-wave travel
times and surface-wave dispersion characteristics for different water table depths and overlying soil textures.
Our results illustrate that surface-wave phase velocity dispersion curves are remarkably sensitive to capillary
effects in partially saturated soils, exhibiting velocity changes of up to 20% in the 10-100 Hz frequency range.
These effects, which are particularly important in medium-to fine-grained soils, are virtually nonexistent in the
corresponding Vp/VS profiles.

Plain Language Summary Seismic waves are usually employed to study the water content in the
shallow subsurface for environmental purposes. Most studies estimate the water content of the soil at different
depths relating compressional and shear wave velocities, which are estimated by measuring body-wave travel
times. Even though this method permits to locate the depth at which the soil becomes fully water saturated, it
is rather insensitive to changes in the water content of the overlaying portion of the soil, where partial air-water
saturation prevails. Surface waves, however, appear to be significantly sensitive to changes in saturation within
this partially saturated region. Classic rock physics models cannot explain this difference in sensitivity between
surface-wave velocity and body-wave travel times. In this work, we propose to include the effects of capillary
forces, which arise when the soil is partially saturated, in the rock physics models. By doing so, we show that
capillary action, which acts bringing soil particles further together, can explain why surface-wave dispersion
curves are sensitive to saturation variations in the partially saturated zone while body-wave travel times remain
virtually unperturbed. These results may help to better interpret seismic data for environmental studies.

1. Introduction

The critical zone is a region of the shallow subsurface that ranges from the top of the vegetation canopy to
the base of superficial aquifers. It comprises rocks, soils, water, air, and living organisms; contains the vast
majority of life-sustaining resources; and regulates the interaction between the atmosphere and aquifers (e.g.,
Binley et al., 2015; Parsekian et al., 2015). The combined use of geophysical multiscale probing and imaging
techniques along with the integration of hydrological, hydrogeological, and geochemical data is widely practiced
for the observation of the partially saturated region of the critical zone, that is, the vadose zone (e.g., Parsekian
etal., 2015). This approach to geophysical subsurface characterization, referred to as hydrogeophysics (e.g., Hub-
bard & Linde, 2011; Rubin & Hubbard, 2006), is dominated by electrical and electromagnetic methods due to
their strong sensitivity with regard to water content and salinity (e.g., Friedman, 2005). However, given that seis-
mic waves are inherently sensitive to key hydraulic properties of porous media, such as, porosity, permeability,
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and saturation, seismic techniques have the potential to provide valuable complementary information (e.g., Brad-
ford & Sawyer, 2002; Milani et al., 2015; Pride, 2005; Rubin & Hubbard, 2006).

In near-surface applications, P- and S-wave seismic velocities, denoted as Vp and V, respectively, can be esti-
mated through refraction tomography, that is, by analyzing corresponding travel times (e.g., Grelle & Guadag-
no, 2009; Turesson, 2007). In order to avoid difficulties associated with additional horizontal geophone setups and
S-wave sources, V_ characteristics tend to be inferred through the analysis of surface-wave dispersion (e.g., Foti
et al., 2018; Socco & Strobbia, 2004). The combination of refraction tomography and surface-wave dispersion
analysis, enabling the “simultaneous” estimation of 2D v, and V_ sections along coincident profiles, has been ex-
tensively developed in recent studies (e.g., Konstantaki et al., 2013; Pasquet, Bodet, Dhemaied, et al., 2015; Pas-
quet, Bodet, Longuevergne, et al., 2015; Pasquet & Bodet, 2017). In this context, Vp/VS or equivalently, Poisson's
ratios can be estimated and interpreted to delineate the transition between partially saturated (low Vp/ V, ratios)
and fully saturated soils (high Vp/VS ratios) (e.g., Konstantaki et al., 2013; Pasquet, Bodet, Dhemaied, et al., 2015;
Pasquet, Bodet, Longuevergne, et al., 2015). Although this approach enables the distinction between unsaturated
and saturated regions in the shallow subsurface, it inherently suffers from two main drawbacks (Bodet, 2019): (a)
Current inversion techniques are limited to a relatively small number of layers that cannot adequately describe
the continuous variations of the saturation comprised between the water table and the surface; (b) interpretations
are frequently restricted to a binary estimation of saturation, that is, partially versus fully saturated, based on the
Vp/ V, values and hence, do not allow for a detailed assessment of the soil water characteristics. Correspondingly,
the use of Poisson's ratios or Vp/VS estimates for estimating saturation profiles remains largely limited to studies
with strong complementary information from borehole logs, geotechnics, hydrogeology, and alternative geophys-
ical characterizations (e.g., Pasquet, Holbrook, et al., 2016; Pasquet & Bodet, 2017). All this points to the need
for novel techniques to constrain the soil water content in the vadose zone and its evolution from seismic data.

An interesting approach is to consider that changes in the water content due to climate-related hydrological
conditions occur over relatively short timescales, for which, solid frame properties of siliciclastic soils can be
assumed to remain invariant (e.g., Bergamo et al., 2016a, 2016b). In this context, experimental evidence shows
that local saturation changes in the vadose zone influence surface-wave dispersion data. For instance, using
the ~5.5-m-length profiles with an ~2-m maximum exploration depth, Z. Lu (2014) showed that surface-wave
dispersion curves are profoundly affected by seasonal variations in water content. Interestingly, differences in
surface-wave dispersion at various saturation states were also observed at the centimeter scale in laboratory stud-
ies of granular media (Pasquet, Bodet, et al., 2016). The abovementioned studies, together with additional exper-
imental evidence (e.g., Bodet, 2019; West & Menke, 2000), consistently point to the sensitivity of surface-wave
dispersion with regard to saturation changes in the vadose zone. However, even under well-controlled experi-
mental conditions, surface-wave dispersion data remain difficult to interpret based on current models (Blazevic
et al., 2020). A possible reason for this is that most rock physics models have been developed to fit body-wave
travel times, which, in turn, appear to be inexplicably insensitive to the water content in the partially saturated
zone overlying the water table. This illustrates the need for a fundamental revision of forward models, which
could enable process-based imaging and monitoring approaches, such as, for example, passive seismic interfer-
ometry for hydrogeophysical characterization (Fores et al., 2018; Lecocq et al., 2017).

The interpretation of surficial soil mechanical properties and the estimation of the corresponding hydrodynamic
parameters using seismic data are complex tasks. Most related research efforts employ the Hertz-Mindlin (HM)
(Mindlin, 1949) contact theory combined with the Biot-Gassmann (BG; Gassmann, 1951) model (e.g., Dvorkin
et al., 1999). Consequently, the soil is conceptualized as an aggregate of spheroidal particles held together by the
effective stress. In the particular case of partially saturated soils, it is commonly assumed that such a medium
is saturated by an effective fluid, whose properties are given by the weighted average of the properties of the
immiscible pore fluid phases (e.g., Bachrach et al., 1998; Pasquet, Holbrook, et al., 2016; Shen et al., 2016).
However, contrary to the classic HM-BG model, field observations and laboratory experiments show that the
effective stress is not only affected by the overburden and pore pressures, but also and in particular, by capillary
forces (e.g., Cho & Santamarina, 2001; Dong & Lu, 2016; N. Lu & Likos, 2004; Santamarina et al., 2005). Since
the pioneering work of Bishop and Blight (1963), several authors have explored the stiffening effects associated
with capillary suction, which prevail when soil grains are pulled closer together by surface tension acting at the
interfaces between immiscible pore fluid components, such as air and water, and their enclosing grain surfaces
(Cho & Santamarina, 2001; Fratta et al., 2005; Shen et al., 2016). Indeed, there is evidence to suggest that, for
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soils comprising small characteristic grain sizes, capillary forces may have a dominant effect on the effective
elastic moduli and, thus, on Vp and V_ (e.g., Heitor et al., 2012; Sawangsuriya et al., 2009).

Previous studies have proposed to account for capillary suction in their models in order to better represent P- and/
or S-wave characteristics. Shen et al. (2016) proposed an approach to invert the fluid distribution characteristics,
meaning homogeneous or patchy distributions, of a 60-cm-depth sand tank from vV, V, and water saturation
profiles. They found that seismic measurements can be better described by contemplating different pore fluid
distribution patterns, that is, homogeneous or patchy pore fluid distributions, at each particular stage of imbi-
bition or drainage. Suzaki et al. (2017) studied S-wave velocity changes in a partially saturated surficial (6-m
depth) soil embankment. These authors used a combination of empirical relationships to include suction effects
into the shear modulus of the medium. Their results show that V, measurements are affected by the degree of
saturation of the medium. Romero-Ruiz et al. (2021) explored the effects of soil compaction on P-wave velocities
in a first soil layer with an estimated thickness of 20 cm. They proposed a double-porosity soil physics model that
includes the effects of capillary suction in the soil's frame. The abovementioned studies are largely complement-
ed by experimental measurements performed in unsaturated particulate materials, which also evidence that Vp
and V_ are affected by capillary forces for relatively small saturations (e.g., Cho & Santamarina, 2001; Dong &
Lu, 2016; Fratta et al., 2005). To date, capillary suction effects on body-wave velocities have only been observed
at soil probes and at small-scale experimental setups. In this sense, the importance of capillary suction effects on
body-wave travel times and Vp/ V, at large offsets and more importantly, on surface-wave characteristics, remains
largely unexplored.

This work aims to numerically explore the effects of capillary forces on surface-wave dispersion characteristics
in unconsolidated soils. For this, we combine the HM and BG models, including capillary suction effects in
the effective stress of the soil. We show that this approach is valid by comparing the results with laboratory
data of S-wave velocities for different saturations. Then, saturation-depth profiles are obtained by solving Rich-
ards' (1931) equation. Combining the proposed rock physics model with the derived saturation profiles provides
effective elastic moduli and, thus, v, and V, which are depth- and saturation dependent. This information permits
to simulate canonical seismic data sets, that is, body-wave travel times and surface-wave phase velocities, for
different water table depths and soil textures. In order to evaluate the effects of capillary forces on seismic data in
general and on surface-wave signatures in particular, we compare the proposed approach with an alternative mod-
el employed in the literature, which disregards capillary suction effects. We test the sensitivity of surface-wave
dispersion and body-wave travel times to variations in water table depth and saturation profile. Finally, we discuss
how the proposed method may assist the interpretation of surface-wave dispersion in response to variations in the
saturation profile, which cannot be explained through conventional seismic approaches.

2. Methodology
2.1. Background

Let us consider an unconsolidated soil characterized by a 1D variation of the water content with depth z (Fig-
ure la). The soil is assumed (i) to be composed of a granular material and (ii) to present mechanical properties
that depend on gravity and water saturation S, (z) (Figure 1b). We conceptualize this partially to fully saturated
medium as a stack of » homogeneous and isotropic layers of thickness h/., withj =1, .., n, which are characterized
by their water saturation SW., effective bulk density Py and effective bulk K, and shear H; moduli. The P- and
S-wave velocities of the jth layer are thus given by

K: + iﬂ'
Vp./ = %, )
5J
Vv,j = ﬁ, (2)
Pb,j

respectively. The Poisson's ratio of the corresponding layer is (e.g., Mavko et al., 2020)

_ W/Ve)' =2

- . 3)
2[(V,;/ Vi) = 1]

Vj
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Figure 1. Schematic illustration of (a) a saturation-depth profile, which responds to Richards' (1931) equation and the van Genuchten (1980) capillary pressure

saturation relationship of the soil; (b) associated density p,(z, S,), P-wave velocity Vp(z, ), and S-wave velocity V (z, S, ) profiles; and (c) body (P and S) and surface
(PSV) waves propagating in the partially saturated soil.

When the free surface of such an elastic medium is locally excited by a mechanical pulse source, such as a
hammer blow, the associated perturbation propagates as elastic waves (Figure 1c). The most common paradigm
in seismic applications is to consider the propagation of (a) body waves, that is, P and S waves with particle

displacements describing spherical wavefronts, and (b) surface waves, namely Rayleigh and Love waves, charac-
terized by cylindrical wavefronts.

On the one hand, classic body-wave interpretation mainly consists in analyzing travel times versus offset curves
observed along a receiver array. These arrivals correspond to displacements due to direct waves at near offsets
and to refracted waves (conical wavefronts) further along the line (Figure 1c). Their corresponding travel times
can be easily computed from the stack of layers described above in the framework of ray theory (e.g., Herr-
mann, 2013; Shearer, 2019). This approach has been previously applied to the case of unconsolidated sands
(Bachrach et al., 1998, 2000; Vriend et al., 2007) and more recently to glass bead models (Bergamo et al., 2014;
Bodet et al., 2014; Pasquet, Bodet, et al., 2016). In this context, better travel time estimations are obtained as one
considers a larger number of layers to discretize the probed medium (e.g., Shearer, 2019). As further detailed
in the following sections, we employ a very large number of layers (as compared with the depth of the probed
media) to adequately approximate the continuous variations of the model properties with depth. To reduce the
associated high computational costs, future parametric studies of this kind will require optimization, such as the
use of interpolation functions or nonlinear staircase models (e.g., Bergamo & Socco, 2016).

On the other hand, surface waves arise from constructive interference between body waves in the presence of
a free surface, which acts as a wave guide. Surface waves only propagate along this free surface and their am-
plitudes decay exponentially with depth. As such, they mainly sense the properties of a limited surficial region
whose thickness is related to the corresponding wavelength (Figure 1¢). This implies that, in media presenting
variations in their properties with depth, the phase velocities of surface waves exhibit a pronounced frequen-
cy-dependent behavior or dispersion. In this work, we focus on Rayleigh waves, resulting from constructive
interference between P and vertically polarized S waves (PSV), which tend to be dominant in most experimental
studies when using vertical-component geophones. To simulate Rayleigh-wave dispersion curves, we use the
classical Thomson-Haskell matrix propagator technique (Haskell, 1953; Herrmann, 2013; Thomson, 1950) in a
stack of n — 1 layers over a half-space (layer n). This approach was previously employed to study unconsolidated
granular materials (e.g., Bergamo et al., 2014; Bodet et al., 2014). We analyze the fundamental PSV propagation
mode, as it is empirically known to be representative of the medium structure and frequently more energetic
than the other wave modes (e.g., Foti et al., 2018; Socco & Strobbia, 2004), which, in turn, allows for a reliable
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Dry soil frame: Partially saturated frame Forces acting on the grains
Hertz-Mindlin sphere pack < under partial saturation
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Figure 2. Schematic illustration of (a) a dry soil, which is conceptualized as an arrangement of spherical particles, (b) the
stiffening effect associated with the partially saturated state, and (c) the stresses acting on the grains, which determine the
effective stress P,. We indicate the direction of the stress components associated with the overburden stress o, the air and
water pressures p and p, , respectively, and the capillary tension 7.

W

identification in real data. It is important to remark that, even though not studied here, higher order modes also
contain important information (e.g., Gabriels et al., 1987) and should be included in inversion or interpretation
processes when available.

2.2. Elastic Properties of a Partially Saturated Soil
2.2.1. Elastic Properties of the Soil's Frame

In order to model the behavior of surface waves in partially saturated soils, we need to estimate the effective
elastic properties of the soil's frame, that is, the so-called drained moduli of the porous medium K, and y (Ber-
ryman, 1999). For this, we use the Hertz-Mindlin (HM) model, which has proven its pertinence in a wide variety
of related scenarios (e.g., Bachrach et al., 1998; Pasquet, Holbrook, et al., 2016; Shen et al., 2016). This model
conceptualizes the soil's frame as a pack of spherical particles (Figure 2a) whose effective bulk and shear moduli
are given by (e.g., Mavko et al., 2020)

N*(1-¢)u

Kn(z, Sy) = [—
1872(1 — v,)?

P.(z Sw)] “4)

sin(z, S) = 2+43f =1 +3f)vs [3N (1= ¢)u

P Sw (5)
52— vy) 272(1 — vy)? @ )]

where ¢ is the porosity, P,(z, S, ) is the saturation- and depth-dependent effective stress, N is the average number
of contacts per particle in the sphere pack, and f'is the fraction of nonslipping particles. Based on previous work
(Bachrach & Avseth, 2008; Dvorkin et al., 1999; Garcia & Medina, 2006; Murphy, 1982), we take N and f as
constant parameters. Note that these parameters may indeed present stress-dependent characteristics, which are,
however, beyond the scope of this study. 4 and v denote the effective shear modulus and Poisson's ratio of the
solid grains, respectively, with

3K —2pu;

20K+ 1) ©

Vs =
where K_denotes the effective bulk modulus of the corresponding grains. If the soil is composed of several con-
stituents, the elastic moduli of the grains can be computed from the individual constituent properties using Hill's
averaging formula (e.g., Dvorkin et al., 1999; Hill, 1952)
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where m is the number of constituents, y, is the corresponding volumetric fraction, and K, and u _; are the bulk
and shear moduli of the ith constituent, respectively. Correspondingly, the effective den51ty of the sohd grains is

given by p; = Z,.=l YiPs.i-

Equations 4 and 5 allow us to estimate the elastic moduli of the soil's frame. For this, we first need to analyze the
effects of partial saturation on the effective stress P (z, S,).

2.2.2. Capillary Effects on Effective Stress

The mechanical properties of unconsolidated soils do not behave as those of consolidated rocks with varying sat-
uration. When studying consolidated rocks, the frame moduli K and y, depend on the solid grain properties K
and p, the porosity ¢, and on the degree of consolidation (e.g., Pride, 2005). A classic, and rather simple, proce-
dure to estimate the moduli K and u of a consolidated rock sample is to measure its dry (air-saturated) response
(Mavko et al., 2020). Notably, the frame moduli K, and p,, of a consolidated rock are independent of the degree
of saturation, as they are essentially matrix properties. However, evidence shows that unconsolidated soils do not
behave as consolidated rocks in this regard, as soil frame properties are highly sensitive to the saturation S . An
illustrative example of this characteristic is the stability of sandcastles (Figure 2b). When water is added to the
unconsolidated soil, air and water pore fluid pressures, p, and p, , respectively, oppose the lithostatic overburden
stress o (Figure 2c). On top of that, capillary tension T, pulls soil particles together (Figure 2c). As a result of this
effect, usually referred to as capillary suction, the shear strength of unconsolidated porous media may increase
(e.g., Hornbaker et al., 1997; Z.; Lu & Sabatier, 2009).

Bishop and Blight (1963) proposed an approach to empirically account for the above-described effects in Ter-
zaghi's (1923) classic effective stress definition, which yields (e.g., N. Lu et al., 2010; Romero-Ruiz et al., 2021;
Shen et al., 2015)

PE(SI,C) O-(Su') - pa[l - X(Slb)] - pu',{’(Su')’
6(Sw) = pa + X (Sw)pc(Sw), (8

6(Sw) = pa + 05(Sw),

Il

where 6 = p, (S, )gz is the overburden stress and p = P82, with { = a, w, are the air and water pore fluid pressures,
respectively, with p; being the fluid density, and g = 9.806 ms~2 the Earth's gravitational acceleration. Note that
p(S,) =p, — p, denotes the capillary pressure, which is commonly related to the degree of saturation through
suitable constitutive models (e.g., van Genuchten, 1980). The term 6, = ¥(S, )p (S, ) is usually referred to as capil-
lary suction stress. The effective stress parameter 0 < y(S, ) < 1 is a function of the local saturation of the soil that
allows to integrate capillary effects into macroscopic behavior. Many authors argue that it can be approximated
by the effective saturation of the medium y = Sy = (Sw — Swr)/(1 = Swr), With S denoting the residual water
saturation (N. Lu & Likos, 2006; Nuth & Laloui, 2008; Shen et al., 2016). This implies that, for fully water-sat-
urated soil, we have y = 1 and thus, Equation 8 becomes equivalent to Terzaghi's classic effective stress relation
for fully saturated media, that is, P, = 6 — p, . Note that the Biot-Willis coefficient is assumed to be close to unity,
as is indeed a common practice when dealing with unconsolidated materials (e.g., Bachrach & Avseth, 2008).

When including Equation 8 in Equations 4 and 5, we retrieve the effective moduli of the soil's frame K and u ,
which, as described above, depend on the water content. To obtain the overall bulk K and shear  moduli of the
partially saturated medium, involved in Equations 1 and 2, we use Gassmann's (1951) equations.

2.2.3. Biot-Gassmann Equations

The Biot-Gassmann low-frequency relationships are classically used to account for the effects of a saturating
fluid on the elastic moduli of porous materials. They are given by Gassmann (1951)
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2
1 - Ko (2.5,)
K

K(2.50) = Koz S+ —p— . ©)
KySw) K, K}
M(Z, Sw) = ﬂm(z, Sw)a (10)

where K e is the fluid bulk modulus and K and p,, are the drained moduli of the porous medium. Equations 9
and 10 assume that all pores are connected and that pore fluid pressures are able to equilibrate throughout the
porous medium. Given that Gassmann's equations were derived for monosaturated porous media, we use, from
now on, effective moduli to account for the effects of partial saturation on K , u_, and K - We thus follow the
common assumption that the functional form of Equations 9 and 10 is maintained.

On the one hand, we use effective values for K (z, S, ) and u (z, S, ), derived from Equations 4 and 5, respectively.
This allows to account for the effects of overburden and capillary suction on the frame elastic moduli of uncon-
solidated soils. On the other hand, we use an effective fluid bulk modulus K/.(SW). For this, we consider that, for
sufficiently low frequencies, internal pore fluid pressure gradients generated by a passing seismic wave have time
to equilibrate during a half-cycle and thus, the elastic properties of the pore fluid components can be approximat-
ed by (e.g., Bachrach et al., 1998; Shen et al., 2016)

+
Kw Ka

K(Sw) =

-1
S 1‘5“’] , an

with K, and K denoting the bulk moduli of water and air, respectively. The combination of Equations 11 and 9
results in the so-called Biot-Gassmann-Wood approximation for partially saturated porous media (e.g., Mavko
et al., 2020). Similarly, the bulk density is given by

pb(Sw) = (1 - ¢)pt + ¢[Supu + (1 - Sw)ﬂa]- (12)
where p_and p_denote the density of air and of the solid grains, respectively.

In order to reconcile Equations 9—12 with Equations 1 and 2, expressing the variation of v, and V_with depth,
we need the corresponding saturation profile S, (z), which, as shown below, is associated with the hydraulic
properties of the soil.

2.3. Saturation Profile

Once again, let us assume that the soil is a homogeneous and isotropic 1D porous medium, for which water flow
obeys Richards' equation (Richards, 1931)

9
0z

9Sw(h) _

0, 13
o 13)

(k2 +2) -

0z
where K is the hydraulic conductivity and h = —p /p, g is the hydraulic pressure head. Both K and S, are functions
of the pressure head h. Equation 13 is a classical model in hydrology that assumes that the non-wetting phase (air)
is infinitely mobile and, thus, p  variations in the subsurface are negligible. Consequently, the hydraulic pressure
head can be approximated by & ~ p, /p, g. In Equation 13, Darcy's flow is deemed valid for the wetting phase
for the entire saturation range. This assumption implies that a continuous, interconnected, and potentially very
tortuous wetting fluid phase exists throughout the porous medium. This state is usually referred to as capillary or
funicular regime. For sufficiently small saturations, the soil approaches the residual saturation state S, . Beyond
this point, that is, for §, < S_, the medium is in the so-called pendular regime, where isolated water droplets pre-
vail surrounding grains and thus, Equation 13 is no longer valid. Note that reaching the pendular regime requires
evaporation processes, which are beyond the scope of this work.

In order to solve Equation 13, initial and boundary conditions as well as suitable constitutive relationships for
S, (h) and KC(h) must be defined. In particular, we employ van Genuchten's (1980) constitutive model to relate S, ,
and A, which responds to
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[14 (agh)™]™e, for h<0,
Swe(h) = (14)
L for h>0,

where a, [m~!] denotes the inverse of the entry pressure, a value related to the air pressure needed to displace
water from the larger pore sizes, and n[-] and m, = 1- I/nVg are parameters related to the pore size distribution
(Carsel & Parrish, 1988; Guarracino, 2007). Given that h = —p /p, g, we can use Equation 14 in Equation 8 to
relate S to the capillary suction stress o,.

For simplicity, let us consider that the vadose zone is in equilibrium, that is, that the water is immobile. In this
context, S, does not vary with time and thus, Equation 13 reduces to

P d ~
= (IC(h)a(h + z)) =0. (15)

In addition, Darcy's flow is null, that is, IC(h)ai(h + z) = 0. Consequently, the result of Equation 15 is given by
z

h + z = c with ¢ being an integration constant. If we take z = 0 at the Earth's surface, 7 = 0 at the water table, and

employ Equation 14, we get (e.g., Zyserman et al., 2017)

{1+ [ag(wWt —2)]"=} ™, for z<wt,
Suwe(z) = (16)

1, for z > wt,

where wt denotes the depth of the water table. An illustration of a typical saturation profile obtained using this
procedure is given in Figure 1a.

3. Results

In this section, we numerically analyze the effects of capillary suction on surface waves in unconsolidated soils.
First, we describe the effects of capillary suction on P- and S-wave velocities as functions of saturation. Then, we
analyze the capillary effects on Poisson's ratios, body-wave travel times, and surface-wave dispersion in a partial-
ly saturated soil for different saturation-depth characteristics. Finally, we study the behavior and the dispersion
characteristics of surface waves in response to variations in the saturation profile.

3.1. Capillary Effects on Vp and V|

In the following, we briefly illustrate how capillary suction influences v, and V, curves for different saturations
and soil textures comparing the proposed model with laboratory measurements. In order to discern capillary
suction effects on body-wave velocities from those related to changes in bulk density p,(S, ) and/or effective fluid
bulk modulus K (S,)s which are also affected by saturation, we compare the proposed approach with an alterna-
tive model, present in the literature, which assumes that the effective stress depends solely on the net overburden
stress P, = o (e.g., Bachrach et al., 1998; Pasquet, Holbrook, et al., 2016).

Figure 3 shows a comparison of the proposed model with experimental data retrieved by Dong and Lu (2016),
who studied S-wave velocities in different soil samples for varying saturations. We focus here on two soils with
different characteristics: Missouri clay (¢ = 0.49) and Esperance sand (¢p = 0.419). We consider measurements
during drying for which the saturation lies in the funicular (capillary) regime, that is, we disregard measurements

for which saturations are below S, as they cannot be achieved by fluid flow techniques. K and p_ are derived by

assuming the soils are composed of a mixture of kaolinite (Ka) and quartz (Qz) grains. For the Missouri clay, we
consider the proportions 7, = 0.9 and Y. =01 (Equation 7). Conversely, for the Esperance sand, we consider
Yk, = 0.3 and Yo.=0.7. Given that, in all cases, Dong and Lu's (2016) measurements were performed in soil

samples of approximately 20-mm thickness, we assume that the overburden is ¢ = p,(S, )gz*, with z* = 10 mm
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Table 1

Mechanic and Hydraulic Properties of Soils Employed in the Numerical

Experiments

b) 140

a) 1000 ‘ ‘
——Pe =0 —pa+ XPe
—=P, =0
E;perarlce sand data ,
taken from Dong & Lu (2016)

— P =0—pitXxp
R
Missouri clay data | 120 +
taken from Dong & Lu (2016)

800 |
@ 6001
£

N 400 |

200 f

0.2 0.4 0.6 0.8 1 0.2 0.4 0.6 0.8 1
Su' Sw

Pe =0 —pa+ xpe P. =0 —pa+ xpe
-—P =0 350 1 ——fh=o

e

0.2 0.4 0.6 0.8 1 0.2 0.4 0.6 0.8 1
Sw Sur

Figure 3. (a and b) S- and (c and d) P-wave velocities as functions of saturation for Missouri clay (left column) and
Esperance sand (right column). S-wave velocity measurements taken by Dong and Lu (2016) in the funicular (capillary)
regime are represented using circles. We illustrate the fitted behavior of the proposed model (blue solid lines), which includes
capillary suction effects, and the behavior of the associated net overburden stress model (red-dashed lines), which disregards
capillary suction effects.

being an effective depth. The properties of the van Genuchten (1980) model (Equation 14) that best fit the data
with respect to the L, norm are summarized in Table 1. The properties of the components as well as those of the
pore fluids (water and air) are summarized in Table 2.

Figure 3 shows V_and v, variations with saturation for the proposed model (blue solid lines), the associated net
overburden stress model (red-dashed lines), and the laboratory measurements of S-wave velocities of Dong and
Lu (2016) (circles). In Figure 3a, we observe that the model that accounts for capillary suction effects is able to
correctly represent the V_ increase with decreasing saturations S, in the Missouri clay, which is associated with
the stiffening effect of capillary forces. The associated relative error with respect to the L, norm is e = 0.083.
However, the corresponding net overburden stress model cannot correctly describe the behavior of V_ for this soil
texture, showing a relative error of e = 0.82. This evidences that bulk density variations alone cannot explain the
S-wave velocity change with S , thus making the incorporation of capillary
suction effects a key aspect for modeling the seismic response of the soil. In
the case of the Esperance sand (Figure 3b), once again the model comprising
capillary effects is better suited for representing the V_data. However, in this
case, the differences between the proposed approach and the net overburden

Soil Type 17/ S

wr

n a [em!] f stress approach are smaller than those observed for the Missouri clay, as they
vg vg

0.419 0.15
0.49 0.23
0.38 0.26

Esperance sand
Missouri clay

Sandy clay

present relative errors of e = 0.023 and e = 0.07, respectively. Figures 3c
and 3d show v, variations with S for the Missouri clay and the Esperance
sand, respectively. By comparing the proposed approach and the net overbur-
0.3 den stress model, we observe that capillarity is a preeminent cause for P-wave

1.28 0.0013

N

2.36 0.67 6 0.1
8

1.23 0.027 8

Note. Esperance sand and Missouri clay properties, aside from the porosity
(Dong & Lu, 2016), are fitted using the model proposed in Section 2.2. Water

velocity increases at relatively low saturations in the Missouri clay. However,
the corresponding difference is relatively small for the Esperance sand.

retention parameters for Sandy Clay are taken from Carsel and Parrish (1988).

SOLAZZIET AL.

9of 18



A7t |

ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Solid Earth

10.1029/2021JB022074

Table 2

Properties of Mineral Components and Pore Fluids Used in This Work,

Taken From Mavko et al. (2020)

Dong and Lu's (2016) observations, together with other studies in the lit-
erature (e.g., Cho & Santamarina, 2001; Fratta et al., 2005), evidence that
capillary suction effects on Vp and V_ decrease as soil textures become coars-

er. In the following, we thus concentrate the analysis of capillary effects on

K, [GPa] 4, [GPal
surface-wave dispersion using properties of medium-to fine-grained soils, for
45 36 which capillary suction effects are expected to be predominant. However, it
15 14 is important to remark here that the relative contribution of capillary suction
7 25 to the effective stress (Equation 8) is maximal at low overburden stresses.
K,  [GPa] Conversely, the effects of capillary suction on the effective stress and thus,
23 on the seismic velocities, are expected to decrease with increasing depth ir-

1 x 104 respective of the soil texture.

3.2. Capillary Effects on Surface-Wave Dispersion

Let us now analyze the effects of capillary suction on surface-wave dispersion

curves. For this, we consider a numerical model consisting of a 192-m-long,
2-m-spaced, linear geophone array, emulating a typical field setup. As previously mentioned, in all numerical ex-
amples and for both travel time and velocity dispersion computations, we use a very fine discretization of the 1D
models, consisting of 12,000 layers to represent the saturation profile in the vadose zone (z < 25 m). We consider
that the vadose zone is composed of a Sandy clay soil (Table 1), whose constituents are Gulf clays (y,. = 0.43)
and Quartz (7o, =0.57) grains (Table 2). The saturation profile is obtained by solving Equation 16 assuming that
the water table is located at 25-m depth (Figure 4a). Recall that the soil's bulk density p,(z), given by Equation 12,
changes with the saturation (Figure 4b). Again, we consider the models analyzed in Figure 3: (i) overburden stress
P, = o only (red-dashed lines) and (ii) the effective stress proposed in this study accounting for capillary suction
effects P, = 6 — p, + xp, (blue solid lines).

Given that surface waves arise from the constructive interference of body waves, let us first analyze the effects
of capillary suction on P- and S-wave profiles and Poisson's ratios in depth. We note that both Vp(z) and V (2)
obtained from the proposed model present larger values than the net overburden model for z < 10 m (Figures 4c
and 4d). This is expected as capillary suction forces tend to increase the velocities of body waves in soils for
relatively low saturations (Figure 3), which, for the considered saturation profile, are located near the surface. We
observe that, while the two models present different characteristics for the Vp(z) and V (z) curves, both of them
predict a small inflection, with reduced local velocities, just above the water table, which results from the effect
of the increasing density on velocities right before full saturation. Furthermore, for both models, Vp naturally
increases as soon as the water table is reached (Figure 4c), mainly as a consequence of a strong increase of the
effective fluid bulk modulus K f(Sw). On the other hand, V_ naturally decreases for both models as soon as the water
table is reached (Figure 4d), which is a consequence of an increase in the bulk density. It is also interesting to
note that, even though Vp(z) and V (z) for these models present notable differences, the corresponding Poisson's
ratio profiles are remarkably similar (Figure 4e). This characteristic implies that Poisson's ratios and thus, the
associated Vp/VS ratios are largely insensitive to pore-scale rock physics. Since Poisson's ratios remain almost
constant in the unsaturated part, this attribute only allows for discerning fully saturated regions from partially
saturated regions of the soil.

As previously mentioned, P and S waves are not expected to be particularly sensitive to capillary suction effects
in coarse-grained soils. However, even in medium-to fine-grained soils, such as sandy clay, it is still not clear how
strong these effects are on body-wave travel times and whether they can be discernible in seismic recordings. By
analyzing synthetic P- and S-wave travel times computed from the velocity structures shown in Figures 4a—4d, we
note that the two P, models result in remarkably similar estimates (Figures 4f and 4g). P-wave travel times cor-
responding to the refraction from the water table (Figure 4f) naturally show similar slopes (apparent velocities).
Yet, the intercept times are different, as the unsaturated zones of the two models do not present the same gradients
(Figure 4f). This difference can actually also be anticipated from slopes of travel time curves at short offsets.
For the S-wave travel times (Figure 4g), the two models show a slight nonlinear increase with offset. Because
of the low-velocity zone, S-wave travel times neither inform about the water table depth nor about velocities in

Minerals p, [kg/m?]
Quartz (Qz) 2,600
Kaolinite (Ka) 1,580
Gulf clay (Gc) 2,550
Fluids P, [kg/m*]
Water 1,000
Air 1
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Figure 4. Sandy clay-type soil model with the water table at z = 25 m. (a) Water saturation; (b) bulk density; (c) P-wave velocity; (c) S-wave velocity; and (e) Poisson's
ratio. The bottom row illustrates the corresponding (d) P- and (e) S-wave travel times and the (f) surface-wave phase velocity as a function of frequency. Red-dashed
lines represent net overburden stress; blue solid lines represent proposed model accounting for suction effects.

the saturated layers. Note that, in a field case scenario, where measuring errors and noise are present, the two P,
models could be equally employed to interpret the travel times of P and S waves.

Conversely, the synthetic surface-wave dispersion curves show remarkably different characteristics for the two
P, models (Figure 4h). The dispersion curves are consistent with a positive rigidity gradient, that is, they show
increasing velocities for decreasing frequencies. The important feature here is the difference between these two
models with increasing frequency, which is related to the differences in V_ at shallow depth (z < 10m). These
observations imply that, while different physical models of the same soil type may result in similar P- and S-wave
travel times and Poisson's ratio profiles, the phase velocity dispersion of surface waves is strongly affected by
capillary forces acting in the partially saturated zone.

3.3. Effects of the Saturation Profile on Surface-Wave Dispersion

Models employed to interpret surface-wave dispersion characteristics should be capable of accounting for the
observed variations associated with changes in the saturation profile (Bodet, 2019; Dangeard et al., 2018; Z.;
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Figure 5. Sandy clay-type soil model for three different water table depths: 5 m (black lines), 15 m (brown lines), and 25 m (light brown lines). (a) Water saturation;
(b) bulk density; (c and f) P-wave velocity; (d and g) S-wave velocity; and (e and h) Poisson's ratio. The second and third rows illustrate the behavior considering net
overburden stress P, = ¢ only (dashed lines) and the proposed approach P, = ¢ — p_+ yp_ (solid lines), respectively.

Lu, 2014; Pasquet, Bodet, et al., 2016; West & Menke, 2000), as, failing to do so, results in an erroneous charac-
terization of the medium. In the following, we illustrate that capillary suction must be accounted for in the under-
lying effective stress to allow for a correct interpretation of the observed surface-wave dispersion characteristics.
For this purpose, we again consider a sandy clay-type soil model (Tables 1 and 2) and the same source-geophone
array as in the previous section. We explore three different saturation profiles, obtained by assuming that the
water table depth is static and located at depths of 5, 15, and 25 m (Figure 5a). Note that the corresponding sat-
urations, which are obtained by solving Equation 16 using the properties given in Table 1, greatly differ. With
regard to the effective soil stress, we again consider the two models analyzed previously, that is: (a) overburden
stress P, = o only and (b) effective stress accounting for capillary suction effects P, =0 —p_+ yp..

The Vp(z) profiles resulting from the model accounting for capillary suction effects present some small differ-
ences for z < 5 m when compared to the net overburden stress model when the water table and the respective
saturation profile change (Figures 5c and 5f). Conversely, V (z) profiles obtained by considering suction effects
present more significant discrepancies with regard to the net overburden model (Figures 5d and 5g). The interest-
ing feature here is the slight increase of V_ for z < 20 m when saturation decreases in the vadose zone due to the
greater depth of the water table. As previously observed in Figure 4, Poisson's ratios for the two models are re-
markably similar when changing the water table depth (Figures 5e and 5h). This result provides further evidence
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Figure 6. (a, d, g) P-wave and (b, e, h) S-wave travel times, and (c, f, i) the surface-wave phase velocity as a function of frequency for a sandy clay-type soil. We
consider three different water table depths: 5 m (black lines), 15 m (brown lines), and 25 m (light brown lines). The first and second rows illustrate the behavior
considering net overburden stresses P, = ¢ only (dashed lines) and of the proposed model P, = 6 — p + yp, (solid lines), respectively.

that Poisson's ratios and, thus, V,,/V_V estimates permit to discern the location of the water table, irrespective of
the employed rock physics model, while they do not allow to discern the characteristics of the saturation profile.

When analyzing the P-wave (Figures 6a and 6d) and S-wave (Figures 6b and 6e) travel times, it transpires that
the two models result in similar data, which exhibit comparable features. The variation of these curves is mainly
driven by changes in the water table depth, which is more evident in P-wave data. The related changes in the sat-
uration profiles of course do have effects at short offsets and on the S-wave travel times, but again, as explained
in the previous section, variations in observed travel time data are small compared to absolute values, indicating
once again that capillary suction effects do not seem to have a large effect on body-wave travel times even in
medium-to fine-grained soils where capillary suction effects are expected to be important.

Interestingly, when considering net overburden stresses as the sole cause of the effective pressure (Figure 6¢), sur-
face-wave dispersion curves show a slight decrease in velocities with increasing water table depth in the 0-20 Hz
frequency range with relative velocity changes of up to —6.88%. A similar behavior was observed by West and
Menke (2000) at frequencies below 40 Hz at a sandy beach undergoing variations in the water table depth. Aside
from this, dispersion curves do not appear to be significantly affected by the water table depth or the associated
partially saturated zone. However, the proposed model, involving suction effects, results in surface-wave disper-
sion curves, which show a strong dependency on the water table depth and on the overlaying partially saturated
zone (Figure 6f). The downward shift observed previously in Figure 6c is also present in Figure 6f, yet it is shifted
toward a lower frequency. We also observe that dispersion curves show an upward shift in the 10-100 Hz fre-
quency range with a maximum relative velocity change of 20.75%, which is indicated by the corresponding arrow
in Figure 6f. This trend is associated with increasing capillary suction effects in the vadose zone when the water
table descends. A similar behavior was observed, for instance, by Z. Lu (2014) during extended dry periods in a
sandy soil for frequencies ranging from 40 to 400 Hz.

4. Discussion

Field measurements indicate that surface-wave dispersion in unconsolidated granular media is sensitive to chang-
es in the saturation profile (e.g., Bodet, 2019; Dangeard et al., 2018; Z.; Lu, 2014; Pasquet, Bodet, et al., 2016;
West & Menke, 2000). However, the interpretation of such changes is not an easy task, mainly because most
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Figure 7. Surface-wave phase velocity as a function of frequency for different values of the van Genuchten (1980) parameters S

wr B and . We vary (a) S, (b) Ay

and (c) n,, parameters between maximum and minimum characteristic values provided by Carsel and Parrish (1988) for typical soil textures.

rock physics models are developed to fit body-wave travel times, which in turn, appear to be rather insensitive to
changes in the saturation profile in the vadose zone. Our results show that this apparent difference in sensitivity
can be explained by the fundamental physical characteristics of body and surface waves.

Body waves are influenced by material property variations along their path, which in turn, are largely dominated
by the velocity gradients with depth. As such, they sense the medium's properties between the source and a given
receiver up to a maximum penetration depth, which, in the given context, essentially depends on the offset. The
longer the offset, the greater the depth of investigation. Only strong contrasts in the material properties generate
discernible changes in the slopes of the travel time versus offset curves. Correspondingly, P- and S-wave data are
mainly sensitive to water table depth variations. This also explains why Vp/ V_and Poisson's ratio attributes are
robust to detect water table depth (e.g., Konstantaki et al., 2013; Pasquet, Bodet, Dhemaied, et al., 2015; Pasquet,
Bodet, Longuevergne, et al., 2015) but generally do not allow to quantify changes in saturation in the overlying
vadose zone (e.g., Blazevic et al., 2020; Dangeard et al., 2018).

The observed sensitivity of surface-wave phase velocity dispersion to changes in the saturation profile can be
explained by the way Rayleigh waves illuminate the medium. Shorter wavelengths are mainly influenced by the
surficial partially saturated zone, where capillary suction plays a major role, while longer wavelengths spread
most of their energy into deeper saturated regions. This is why surface-wave dispersion curves computed from the
proposed model, which accounts for capillary suction effects, can be sensitive to remarkably small variations in
water saturation. This characteristic makes the proposed model particularly interesting for extracting hydraulic in-
formation from passive seismic interferometry (e.g., Fores et al., 2018; Lecocq et al., 2017; Mordret et al., 2020),
which is a newly emerging and promising field in hydrogeophysics. It is worth noting that interferometry stud-
ies generally do not consider ballistic waves (P, S, and surface waves as presented in this work) but use coda
waves, which arise from locally scattered energy (Snieder, 2006). Saturation changes in the shallow subsurface
would lead to velocity perturbations and as coda waves are primarily sensitive to the S-wave velocity (Aki &
Chouet, 1975), models accounting for capillary suction effects might help to better characterize the vadose zone
surrounding the recording stations. In addition, recent developments also suggest to exploit ballistic waves in
seismic noise monitoring experiments, for instance, to track local water table variations (Garambois et al., 2019)
or to perform seismic monitoring of very shallow infiltration tests (Hanafy et al., 2021) by combining active
and passive methods. The model proposed here is of interest to such studies since it may help to better interpret
observed velocity variations.

It is important to remark that the capillary-pressure-saturation relationship (Equation 14) constitutes a key ele-
ment of the proposed model for exploring the vadose zone. The van Genuchten (1980) parameters, that is, S_,
Ay and n,,, are associated with specific values for each soil texture and also determine the impact that capillary
suction effects have on the mechanical properties of the soil.

We can illustrate the effects of the van Genuchten (1980) parameters by varying each one of these parameters,
within the proposed model, between maximum and minimum characteristic values provided by Carsel and Par-
rish (1988) for typical soil textures (Figure 7). The remaining parameter values are identical to the case studied in
Figure 4. Interestingly, surface waves are not equally sensitive to the variations in S

a., and . Surface-wave

wr? g’
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dispersion curves display a low sensitivity to changes in S of the medium, showing maximum relative velocity
variations of 1% for frequencies below 100 Hz and for residual saturation changing between S™" = 0.07 and

Shax = (.26 (Figure 7a). On the other hand, for the same frequencies, we observe that the effects of varying a,
have a relatively small impact on the surface-wave dispersion curves, showing maximum relative velocity var-
"and @™ = 10 m~' (Figure 7b). Finally, the effects of

varying the pore size distribution index n, between n{‘,g“ = 1.1and @™ = 2.5, for which relative variations of up

iations of —6% for values ranging between a™" = 1 m-~

to —37% prevail (Figure 7c). By comparing Figure 7c with Figure 4h, we note that when N, approaches nj™ (Fig-
ure 7c¢), dispersion curves approach the shape depicted by the rock physics model disregarding capillary suction
(see red-dashed line in Figure 4h). This is an interesting feature, which further indicates that surface-wave disper-
sion curves in coarse-grained soil textures, which are associated with relatively large N, values, are not expected
to be as sensitive to capillary effects as fine-grained soils, which, in turn, depict small n, values. Furthermore,
this analysis shows that the proposed model has potential to provide valuable information, as far as static condi-

tions are considered, with regard to a__and n__, while it appears relatively insensitive to S_ .
vg vg wr

Several key issues have yet to be resolved, both theoretically and numerically, to successfully invert surface-wave
dispersion data using the proposed approach. First, the influence of the HM parameters such as N or f on materi-
als and saturations has to be explored. As previously mentioned, these parameters may be stress dependent (e.g.,
Makse et al., 1999). Moreover, the influence of possible wave-induced fluid flow (WIFF) processes has to be
addressed as soon as real data applications will be targeted (e.g., Milani et al., 2015), as the Biot-Gassmann-Wood
low-frequency approximation may indeed fail, for instance, in the presence of patchy saturation (e.g., Solazzi
et al., 2019). In this sense, the relative importance of different sources of attenuation and velocity dispersion
in the data needs to be assessed, which is not a simple task. Future studies should also complement the current
study by using the dynamic Richards (1931) equation to explore drainage-imbibition processes, accounting for
the corresponding hysteresis in time-lapse measurements. In this context, it is important to recall that our cal-
culations do not account for evapotranspiration processes and the presence of roots, which might induce strong
water content variations in the vadose zone (e.g., Fisher, 2014). In addition, evapotranspiration processes can
make the state of saturation diverge from the funicular regime toward the pendular regime. Water flow induced by
evapotranspiration processes can be accounted for when solving the Richards equation (e.g., Voytek et al., 2019).
Finally, analyzing surface-wave dispersion characteristics for higher modes as well as considering more complex
layered media, involving vertical variations in texture and hydraulic properties, should provide further insights
with regard to the nature and importance of capillary effects.

5. Conclusions

In this work, we study the effects of capillary suction on surface-wave dispersion curves. For this, we employ (a)
a model describing both P- and S-wave velocities in unconsolidated and partially saturated granular media, which
accounts for capillary effects and is consistent with experimental data; (b) saturation-depth profiles obtained by
solving the static Richards equation describing two-phase flow; and (c) numerical algorithms that allow us to ob-
tain surface-wave velocity dispersion and body-wave travel times in layered media. The numerical analyses shows
that, for homogeneous granular media affected by overburden stress and the presence of a water table, body-wave
travel times and Poisson's ratios computed using the proposed model show negligible differences when compared
to models that disregard capillary suction effects. Conversely, when the water content in the vadose zone changes,
accounting for capillary suction effects is necessary to explain the observed variations surface-wave dispersion.
The general characteristics predicted by the proposed model in surface-wave dispersion curves when considering
capillary effects were previously observed by other researchers in field measurements. Our results illustrate that
these surface-wave velocity variations with the saturation-depth profile are predominant for medium-to fine-
grained soils, which points to the importance of the soil texture on the water content in the vadose zone. In par-
ticular, the pore size distribution index plays a predominant role in this regard. The results of this study indicate
that capillary suction should be considered to allow for an adequate interpretation of surface waves, offering a
novel geophysical perspective for constraining soil water characteristics through seismic measurements.
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