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Abstract

Laboratory experiments with seismic measurements have the potential to be highly useful for understanding the
physical process of water-induced landslides, and fundamental experiments are helpful for the appropriate interpre-
tation of recorded seismograms. We developed a laboratory measurement system to investigate the relationships
between wave propagation and water saturation in sand. We considered that the wavelength should be comparable
to or sufficiently shorter than the sensing intervals. Furthermore, we embedded a wave source that can repeatedly
emit an arbitrary and identical signal in an octave frequency band under both dry and nearly saturated conditions. We
measured the transmitted waves by embedded accelerometers over 24 h under dry and nearly saturated conditions.
The difference in the slowness between the two conditions was one-thousand-fold larger than the fluctuations in
slowness over 24 h for each condition. Also, the difference in amplitude between the two conditions was about dou-
ble the fluctuations in amplitude over 24 h for each condition. These results suggested that our system can monitor

the water content change in sand via the change in spectral amplitude and phase slowness.
Keywords: Wave propagation, Sand, Fluid saturation, Geohazard, Laboratory experiments, Porous materials

Introduction

Water-induced landslides caused by heavy rain or snow-
melt are a significant geohazard and can cause severe
damage to human society (e.g., Briickl et al. 2013; Wang
et al. 2015; Zhou et al. 2015; Garcia-Delgado et al. 2019).
Water-induced landslides occur when rainwater or snow-
melt infiltrates a potential failure plane and excessive
pore water pressure occurs, which reduces the effective
normal stress and in turn diminishes the available shear
strength, thus resulting in slope failure (e.g., Zhou et al.
2015; Chen et al. 2018a, b; Garcia-Delgado et al. 2019).
The changes in physical properties of slopes due to
water cause not only the decrease in the available shear
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strength, but also change in elastic wave velocity. Main-
sant et al. (2012) measured seismic ambient noises across
a slope by installing two receivers. They observed that the
elastic wave velocity decreased gradually, followed by a
sharp decrease occurring before the initiation of a major
landslide. Laboratory experiments have been also per-
formed to investigate the responses of elastic waves dur-
ing slope failures. Chen et al. (2018a, b, 2019) developed
an experimental slope sand model and measured trans-
mitted waves through the model until a failure occurred.
They observed a decrease in velocity before the main fail-
ure that followed the same trend as the field observation
by Mainsant et al. (2012). This suggests that laboratory
experiments have a high potential for contributing to
the understanding of the physical process of landslides.
However, the recorded elastic waves indicated the slope
responses when many elemental processes interacted in
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a complex fashion that may affect the elastic properties
of the slopes, which makes it difficult to discern how each
process affects the elastic wave velocity. To utilize this
potential, more fundamental experiments should be per-
formed to investigate the responses of the waves in indi-
vidual elemental processes.

One of the most elemental processes is change in the
degree of water saturation in a quasi-static process. Some
previous studies transmitted waves around a specific
frequency by giving a pulsive force and monitored the
waves through sand under various degree of water satu-
ration (Emerson and Foray 2006; George et al. 2009; Bar-
riere et al. 2012; Lorenzo et al. 2013; Taylor et al. 2019).
However, three concerns remain after these studies:
(a) their analyses were performed around a specific fre-
quency (all these studies), (b) the coupling between the
source and the sand may change when a larger amplitude
source causes larger inelastic strain in the vicinity of the
source in wet sand (all these studies), and (c) the impact-
induced source (Emerson and Foray 2006; Barriére et al.
2012) may have difficulty in emitting arbitrary and highly
reproducible signals.

For the first concern (a), we considered the required
conditions for elastic waves in field monitoring. We
adopted two parameters: the wavelength /4 and sensor
intervals x. The parameter space is shown in Fig. 1. The
interval x should be comparable to or one-tenth of the
size of slope failures. The wavelength A should be suffi-
ciently shorter than x and the failure size and be broader
to monitor failures in various sizes. However, 4 in each
previous experimental study was around a specific value.
Although it is impossible to immediately compare labora-
tory experimental results and field observations because
seismic wave attributes (velocity dispersion and attenu-
ation) due to wave-induced fluid flow mechanism may
differ in frequency ranges (ultrasonic, sonic and seismic)
(Pride 2005), expanding the range of 4 can help fill a gap
in understanding the velocity dispersion and the attenua-
tion in unconsolidated and porous media.

For the second concern (b), we considered the cou-
pling between an elastic wave source and sand should
be independent of dry/wet conditions. In some previous
studies, elastic waves were radiated to sand via a gran-
ite plate (Barriére et al. 2012), a steel tube (Emerson and
Foray 2006) or transducers (George et al. 2009; Taylor
et al. 2019) all of which were attached on drying/wet-
ting sand. Lorenzo et al. (2013) used transducers embed-
ded in drying/wetting sand as an elastic wave source. In
such ways, the coupling between an elastic wave source
and sand may change more in wet sand as elastic waves
with a larger amplitude are radiated. A technique should
be applied which prevents any changes in the coupling
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Fig. 1 Parameter space between wavelength 4 and sensor intervals
x.We used a velocity at a condition of dry or lower degree of water
saturation or velocity profiles in situ (Mainsant et al. 2012) together
with frequency of input signals or analyzed frequency, when we
calculated 4. The velocities by George et al. (2009), Barriere et al.
(2012), Mainsant et al. (2012), Lorenzo et al. (2013), Taylor et al. (2019),
and this study were 250 m/s, 160 m/s, 475 m/s, 170 m/s, 264 m/s,
and 65 m/s (refer to "Monitoring capability for water content change
in our system”section), respectively. The light red solid rectangle
represents our experimental conditions, and the red solid rectangle
represents the range that we analyzed in detail

between the source and sand due to change in the degree
of water saturation.

For the third concern (c), we considered power and
reproducibility of emitted waves. As mentioned in (b),
input signals with as small amplitude in a time series as
possible should be applied not to disturb the vicinity of
the source. Stacking technique is applicable to improve
signal-to-noise (S/N) ratios in case of small source ampli-
tude if source signal is reproducible. Emerson and Foray
(2006) used a steel tube and a steel rod as an elastic wave
source and Barriére et al. (2012) used a granite plate and a
steel ball. Such simple techniques make it difficult to emit
arbitrary and highly reproducible signals. We should use
a source which can repeatedly emit arbitrary and identi-
cal waves with a small amplitude.

In this study, we developed a new wave monitoring
system to investigate relationships between elastic wave
propagation and water saturation in sand with a simpli-
fied experimental setup after addressing the above three
concerns. We applied an internal elastic wave source that
repeatedly emitted arbitrary and identical input signals
with a broader frequency band (light red solid rectangle
in Fig. 1). We measured the transmitted waves through
the sand for 24 h under two static conditions, dry and
nearly saturated, and estimated our system’s capability of
monitoring water content change.
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Methodology

Experimental setup and procedures

We prepared sand in a container (375 mm
L x255 mm W x 235 mm H) as follows. The internal
source’s surroundings need to be protected from water
infiltration. Thus, we separated the sand into a perme-
able part (PP) and an impermeable part (IP) and installed
the source into the latter. We prepared PP so we could
monitor transmitted waves under dry and nearly satu-
rated conditions (Fig. 2). To prevent water infiltration
into IP, we prepared a bentonite layer (BL) to enclose IP.
Furthermore, IP was composed of water-repellent sand,

Page 3 of 12

so it remained dry even if some water passed through BL.
BL except for the top surface was set up in the container
in advance. BL had a thickness of 30 mm and was located
20 mm away from the source. Then, we dropped bare
and water-repellent sand particles into PP and IP, respec-
tively, from the top of the container. During the dropping
process, instruments were placed at the designated posi-
tion (see the following description) and buried. Finally,
BL completely covered IP, and sand of about 100 mm
thickness was produced. PP consisted of silica sand with
particle diameters about 0.2—-0.4 mm, and its dry density
and porosity were 1.2 x 10% kg/m® and 54%, respectively.

a .
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Fig. 2 a Schematic illustration of the sand and b plan view. The scales are in millimeters. ¢ Photo of the apparatus under nearly saturated conditions
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BL consisted of a mixture of sand and bentonite (2602 by
Pepaless Co., Ltd.). IP consisted of sand sprayed with a
water-repellent liquid (Dry Barrier 365 by Nano4life).

We used a general-purpose vibration speaker as an
elastic wave source (referred to as a shaker). We installed
it in IP at a 50 mm height from the bottom of the con-
tainer so that its vibration was parallel to the long axis of
the sand. Five uniaxial accelerometers (S04SG2 by Fuji
Ceramics Corporation) were installed in the sand so that
their faces were oriented toward the shaker (red solid
cubes in Fig. 2). One of them, AC,, was installed a few
centimeters away from the shaker to monitor the stabil-
ity of the wave radiation. The others, AC,, AC,, AC,, and
AC,, were installed into PP and aligned to be at the same
height as the shaker. These accelerometers were spaced at
36 mm with hypocenter distances from 100 to 208 mm.
The accelerometers were 3.5 mm in diameter and 2.5 mm
thick, and the frequency response was within+7 dB
below 50 kHz.

We needed to input a signal with enough spectral
amplitude so that the transmitted waves had high S/N
ratios at the far receivers. However, the signal power must
be small enough to not irreversibly rearrange the sand
particles in the vicinity of the source. Then, we adopted
a linear sweep (chirp) signal, which can reduce the ampli-
tude in a time series far below that of an impulsive or
step-like signal by lengthening the oscillation time. In our
experiments, a linear sweep signal that varied from 1 to
50 kHz and had a voltage of 5 Vpp and a duration of 0.5 s
was repeatedly applied every 1.2 s to the shaker using a
function generator FG (FG3102 by Tektronix, Inc.) and
an amplifier (PS-3238 by EK JAPAN, Co., Ltd.). The out-
put of the FG and the signals received by the accelerom-
eters were simultaneously recorded through a 24-bit A/D
converter (PXIe-4492 by National Instruments) at the
sampling rate of 204.8 ksps.

Four moisture meters (EC-5 by METER Group, Inc.)
were also installed in the sand to measure the volumetric
water content in the sand (blue solid rectangular plates in
Fig. 2). One of them, SM,,;, was installed near the shaker
to check that the water did not infiltrate into IP. The oth-
ers, SM;, SM,, and SM,, were installed in PP at heights
of 35 mm, 50 mm, and 65 mm from the bottom of the
container, respectively. The data were recorded through
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a data logger (Em5b by METER Group, Inc.), and we
obtained hourly averages of the volumetric water content
data.

For the experimental procedures, first, the air-dried
sand was placed in an oven (DH42 by Yamato Scientific
Co., Ltd.) and dried at 40 °C for 24 h. Second, the trans-
mitted waves were recorded for 24 h at the same temper-
ature. Third, we slowly injected tap water (not degassed
water) from inlets attached to the bottom of the con-
tainer until the water level reached over the surface of PP.
This procedure took about two hours. The sand was left
as it was for 24 h at 40 °C so that the water flow during
the injection calmed down. After that, the transmitted
waves were recorded over 24 h at the constant tempera-
ture of 40 °C. We covered the sand with a vinyl sheet to
prevent evaporation from the soil surface during undis-
turbed and monitoring periods. We confirmed that the
water contents remained constant during the measure-
ments of elastic waves, both in the dry and nearly satu-
rated conditions, as determined from the records of the
soil moisture meters.

Data processing procedures

First, we stacked the recorded waveforms as illustrated
in Fig. 3. We extracted 1.2-s waveforms, including 0.5-s
input signals, from the recorded waveforms at an inter-
val of 1.2 s. We stacked the 1.2-s waveforms included in
each 15-min window to improve the S/N ratios (Fig. 4).
A fourth-order Butterworth band-pass filter from 0.1 to
100 kHz was applied to the stacked waveforms. Then,
we extracted 0.6-s waveforms u;(¢,7), including the
0.5-s sweep signals. Here, i,¢,andt denote the channel
labels (ref, 1, 2, 3, and 4), measurement time in hours
(0 <t <24 h), and time in seconds (0 <t <0.6 s),
respectively.

Second, we extracted only the response of the fun-
damental tone components of the stacked waveforms
u;(t, 7). Figure 4a shows a typical spectrogram of the
stacked waveform for the input signal. We observed some
overtones in addition to the fundamental tones, which
were probably caused by the FG. Therefore, we extracted
the spectra of the stacked waveforms U; (¢, /) only for the
fundamental tone components using the following:
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(1)
where H is a Heaviside step function; « = 0.01s; » = 0.1
s; Ty is the time when the signal was designed to have
power, in the frequency range 2000 Hz < f < 49000 Hz;
and fp and fj represent the sweep signal’s starting and
ending frequencies, i.e., fo = 1000 Hz and f; = 50000
Hz. It should be noted that the spectra U; (t, f) may
include effects of reflected and/or refracted waves from
the free surface of the sand, the container’s walls and the
interfaces of bentonite layer; in the following, we inves-
tigated the stability of the transmitted waves including
these phases.

Third, we extracted only the propagation characteris-
tics of the medium from the recorded waves to examine
their stability. The recorded waves u;(t, T) were repre-
sented by a convolution of the characteristics of a source,
propagation of waves through a medium, and a measure-
ment instrument. The source characteristics are inde-
pendent of channel label i, since the source was common
to all channels. In addition, the source characteristics
are almost independent of the measurement time ¢ and
almost identical to each other for both dry and nearly
saturated conditions, as described in “Stability of the
transmitted waves in our system” and “Monitoring capa-
bility for water content change in our system” section.
The characteristics of the measurement instrument are
independent of the measurement time. We removed the
source and the instrument terms and extracted only the
propagation characteristics as follows. In the frequency
domain, U; (t, f ) can be represented by a multiplication:

Ui(t.f) = S(f)Gi(t.f)1:(f) (2)
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where S (f), G,'(t, f), and Ii(f) represent the Fourier
transform for the characteristics for the source, propa-
gation, and measurement instrument, respectively. We
can remove the source effects by normalizing L[i(t, f ) by

Uret (t’f):

Uit.f) _ S(6.f)Gi(6.1) L) _ G (6.1)Li ()
Uset (trf) S(t’f) Gref (t’f)lref (f) Gref (t)f)lref (f) '
®3)

Furthermore, we can extract only the propagation
characteristics:

Uit.f)) , W) _ GitN)L() , G()L()
Uret (4f) " Uret () Gret (6 ) ret (F) " Greg (F ) Iret (f)
_ Gi(t:f)/Gref(t»f)

Gi(f)  Gret(f)

where the overline denotes the average over 24 h.
Finally, we separated the calculated spectrum in

Eq. (4), ie., LZ;(E{})/ %, into amplitude and phase

components. We defined the normalized spectral

)

(4)

amplitude propagator and normalized phase propaga-
tor as follows:

. _ | Uikf) , Uil)
Al (t,f) T Uret (8) Uyet (f) (5)
Uj (t,f U;(f
Agi(t.f) = arg(Uref(Et}) /5 (i)) + 2my(t, )7,

i(tf i(f :
where — < arg(%/&;(;)) < 7 and mi(t,f) is an

integer. Note that A; (t, f ) and A¢; (t, f ) were smoothed in
the frequency domain by calculating moving means with
a 2 kHz wide window.

Results and discussion

Improvement of S/N ratios of the stacked waveforms

We examined whether the stacking process improved the
S/N ratios. Figure 4b shows typical spectrograms of the
raw waveform (left) and the stacked waveform (right) for
the most distant accelerometer, AC,, under the dry con-
dition. With the stacking, the amplitude of the fundamen-
tal tones was maintained, whereas that of the background
noise was reduced. The resulting S/N ratios exceeded ten
almost everywhere under both dry and nearly saturated
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conditions. If there were non-negligible phase variations
in the raw waveforms, they would be incoherent and can-
cel each other out when they were stacked, which would
fail to improve the S/N ratio. Thus, the improvement in
S/N ratios suggested that phase variations within 15 min
for the raw waveforms were negligible.

Stability of the transmitted waves in our system
We examined the stability of the transmitted waves over
24 h under dry and nearly saturated conditions to esti-
mate the capability of monitoring the water content
change. First, we checked the stability of the shaker’s out-
fut. The amplitude and phase for AC,,

Uset (t.f)/Uret )| and. arg (Uret (t,£)/Uper (D)), were sta-
ble between 23 and 49 kHz, and their standard deviations
were within£0.8% and=+0.03 rad, respectively, under

both conditions (Fig. 5). Note that |Uyef (¢, 1)/ Uyef (f)‘ and
arg (Uref(t, f) /Uref(f)> were smoothed in the frequency

domain by calculating moving means with a 2 kHz wide
window. Their standard deviations below 23 kHz were
larger, so we limited the frequency band between 23 and
49 kHz thereafter.

Next, we investigated the stability of the transmit-
ted waves. Figure 6 shows time histories of the normal-
ized amplitude propagator, A;(¢,f), and the normalized
phase propagator, A¢; (t, f ), every 5 kHz. Beforehand, we
considered the ambiguity of the cycle of phase change,
ie., mi(t, f ) in Eq. (5). We confirmed that the phase

ie,
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variations within 15 min were negligible, as discussed in
“Improvement of S/N ratios of the stacked waveforms”
section. The small phase variations in the stacked wave-
forms (Fig. 6) mean that m; (t, f) should be constant.
Considering that the expected value of A¢; (t, f ) is zero,
m; (t, f ) = 0. The standard deviations of A;(¢,f) and
A; (t, f ) were within+3% and£0.03 rad (equivalent to
the changes in travel time from 0.2 ps at 49 kHz to 0.4 ps
at 23 kHz), respectively.

Monitoring capability for water content change in our
system

We estimated the capability of monitoring the water con-
tent change in our system. The maximum change in the
equivalent travel time was 0.4 us. In other words, the fluc-
tuation in the slowness (i.e., inverse velocity) was 4 ps/m,
which is the resolution of the change in slowness in our
system (refer to Additional file 1 for an explanation of the
use of slowness instead of velocity). By visually estimating
the travel times of the stacked waveforms, we estimated
that the velocities under dry and nearly saturated condi-
tions were 65 m/s and 120 m/s, respectively (Fig. 7). This
lower velocity under the nearly saturated condition than
that predicted by Gassmann’s fluid substitution equations
in consolidated and unconsolidated material (Berryman
1999) may be because of the air in the tap water and/or
due to the imperfect imbibition method. The expected
difference in slowness between the two conditions was
7 ms/m. This difference was one-thousand-fold greater

b 120 m/s
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Fig. 7 The record sections of stacked waveforms at the initial measurements under a dry and b nearly saturated conditions. A fourth-order
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ref \
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than the resolution of the change in slowness in our sys-
tem. Therefore, we may be able to monitor the water con-
tent change via changes in slowness.

We also compared the amplitudes between dry and
nearly saturated conditions. When the amplitude differ-
ences between the two conditions for the receivers were
larger than those for the shaker, then the water content
can also be monitored from the amplitude. Figure 8a
shows the averages and all the data over 24 h of the
amplitude ratios between both conditions for AC

Uet (tf)
usY wf)
dry and nearly saturated conditions, respectively. Note
that | Heet &)

dry
ref \"2

calculating the moving means with a 2 kHz wide window.
The standard deviations of the ratios for 24 h were within
1%, and the ratios ranged from 0.95 to 1 for all the
frequencies.

Under nearly saturated conditions, the bentonite
layer (BL) may reflect the waves unexpectedly. There-
fore, we needed to compare the amplitude between the
two conditions after removing the effects of the reflec-
tion boundary. Then, we normalized the spectra of
stacked waveforms for each channel by those for AC,
installed in the permeable part (PP). We calculated
the amplitude ratios between the two conditions and
extracted only the propagation characteristics:

ref?

‘. The suffixes “dry” and “sat” denote values under

was smoothed in the frequency domain by
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where we assume that /;/I; is independent of these condi-
tions, and the source terms were removed as in Eq. (3).
R;(t,f) represents the amplitude ratios between both dry
and nearly saturated conditions for G;(t,f) normalized
by G1 (¢, f). Figure 8b shows the averages and all the data
over 24 h of the ratios R;(¢,f) for each receiver. Note that
R;(t,f) was smoothed in the frequency domain by calcu-
lating moving means with a 2 kHz wide window. The
standard deviations over 24 h were within 11%, and
R;(t,f) was larger than 1.2 for all the frequencies. There-
fore, the magnitude of R;(¢,f), the difference in the prop-
agation characteristics between the dry and nearly
saturated conditions, was about double the value of its
fluctuations. Also, the amplitude change may enable us to
monitor the water content change. The frequency
dependence of R4 (¢,f) differs from Ry(¢,f) and R3(z,f),

dry
which might be explained by each behavior of ‘ Z’detjf(; or

1 £,
Llisat(t,f)‘ . u wf) ‘U?at“f)
’ T (refer to Additional file 2). U ) U (2f)

seems to include two propagation effects; one is a nega-
tively frequency-dependent effect by a normal type of
attenuation and the other is an unknown positively fre-
quency-dependent effect. The negative effect tends to be
dominant at far field. For the unknown positive effect, it
is necessary to investigate whether the effect is real or
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artificial due to the configuration of our experiment, for
example.

Applicability of our system

In the following, we discuss the applicability of our sys-
tem in fields, such as geohazard risk reduction and
geophysics. First, our system can be used to help with
monitoring in field observations of slopes. We succeeded
in developing a measurement system that allows us to
observe the transmitted waves with a broader and higher
frequency band, i.e., we expanded the range of the wave-
length /1 relative to the sensor intervals x. Although it is
impossible to immediately compare laboratory experi-
mental results and field observations as described in
“Introduction” section, expanding the range of 4 can
help fill a gap in understanding in velocity dispersion
and attenuation of transmitted waves. If the transmitted
waves change in amplitude and velocity at frequencies
depending on the characteristic sizes of the fluid distri-
bution within slopes, then broadband monitoring like
our system could help us understand spatiotemporal var-
iations in the characteristic sizes of the fluid distribution
in detail.

Second, our system may help in the theoretical under-
standing of wave attenuation and velocity dispersion due
to pore fluids in unconsolidated and porous media. In
rock physics, theoretical and experimental works have
revealed that the amount of pore fluids in porous rocks
affects velocity dispersion and attenuation of transmit-
ted elastic waves as reviewed by Miiller et al. (2010). On
the other hand, for unconsolidated and porous materials,
George et al. (2009) observed that the velocity reached
its maximum at full saturation and quickly decreased
when air was introduced into the samples, then it slightly
recovered at a lower water saturation level. They men-
tioned that the trend of the change in velocity in their
narrow frequency range was consistent with the theo-
retical model of Lo et al. (2007). Barriére et al. (2012)
observed that the velocity gradually decreased during the
imbibition and increased during the drainage. The atten-
uation strengthened around the middle saturation degree
during the imbibition and slightly weakened during the
drainage. They checked that the experimental results
in their narrow frequency range were consistent with a
model established for partially saturated unconsolidated
and porous materials based on Biot’s theory, a framework
for velocity dispersion and attenuation in fully saturated
porous rocks. Our system with waves in a broader fre-
quency range may help extend their attempt to a wide
frequency range in the future. For example, it is possible
to perform post-processing for the responses to sweep
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source signals with an analogy of processing for vibroseis
to estimate velocity dispersion and attenuation (e.g., Sun
et al. 2009).

Conclusion

We developed a measurement system that enables us to
investigate relationships between elastic wave propa-
gation transmitted through sand and water saturation.
We installed a shaker to repeatedly emit arbitrary and
identical signals with a broader and higher frequency
band and proposed a technique that prevents any
changes in the coupling between the shaker and the
sand due to changes in the degree of water saturation.
We measured the transmitted waves through the sand
over 24 h under two static conditions: dry and nearly
saturated. Then, we estimated the capability of moni-
toring the water content change in our system by com-
paring the fluctuations in slowness and amplitude with
the differences in slowness and amplitude between
the two conditions. The differences were more signifi-
cant than the fluctuations, which suggested that we
succeeded in transmitting waves with a broader and
higher frequency band, and our system can monitor the
water content change in sand via the change in spec-
tral amplitude and phase slowness. The monitoring of
velocity dispersion and attenuation in a broader fre-
quency range under various water content levels may
help integrate experimental/field results and theoreti-
cal studies in a wide frequency range.
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