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Abstract: The aim of the study was to understand the changes of ultrasound-wave speed (US) and
acoustic emission (AE) as a result of soil loading/unloading. The soil was dune sand, poorly graded,
i.e., “SP” according to the Unified Soil Classification System (USCS). Natural dune sand as well as
its three extracted fractions as follows: 2.36-0.6 mm, 0.6-0.3 mm and 0.3-0.075 mm were studied.
The dried sand samples were studied using oedometer instrument with simultaneous measurement
of load and stain level. The stress range was 0-143.5 kPa. Each sample was loaded and unloaded
while measuring US p-wave speed and AE activity (number of hits) at each loading/unloading
stage. The results portray the difference in the behavior of the two studied phenomena. In the stress
increase branch there is a gradual increase in p-wave speed and sharp excitation of AE activity,
while in the stress relaxation branch there is an abrupt decrease in p-wave speed and minor
excitation of AE signals.

Keywords: sandy soil; acoustic emission; ultrasonic wave speed

1. Introduction

Acoustic emission (AE) is a widely used phenomenon for assessing the degree of failure of
various materials under applied stresses (e.g., [1-6]). Michlmayr et al. [7] in their comprehensive
review of the AE mechanism consider six possible mechanism of AE induced in different materials,
some of which are more or less common for different materials, while others are inherent to some
specific materials and conditions. For example, soil destruction (when it is dry) can be associated with
AE emission due to crack development, grain friction, grain cementation fracture (for cemented soils)
and liquid bridge rupture (when the soil is wet or saturated). The AE phenomenon associated with
the destruction of soil was mainly studied in connection with the slopes’ stability (e.g., [8-11]).
Laboratory AE studies of soil samples are less common. For example, Lin et al. [12] studied sandy
soils subjected to triaxial compression. It has been shown that an increased confining stress or initial
relative density causes more AE. It was also shown that the rate of AE hits number is related with
stress-strain conditions. Naderi-Boldaji et al. [13] studied the AE behavior during confined uniaxial
compression of soil samples. A close correspondence was found between the number of AE hits, their
energy and the soil strain-stress conditions. It was also noted that more researches are necessary
before proposing the AE method as a robust one for soil study.

Ultrasound (US) is the standard method for assessing dynamic properties in various materials
[14]. For example Stephenson [15] studied dynamic Young and shear moduli of soil using the US
method. Zimmer et al. [16] measured the p- and s-wave speeds in the samples of dry and water-
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saturated natural sand samples. The exponential relationships between p-wave and the applied
external load were found. Chen et al. [17] studied the elastic wave velocity of an unsaturated silty
sand.

It is known that the use of only one geophysical method causes ambiguity in the interpretation
of material properties. This article is devoted to an extensive study of the behavior of AE and US
when loading four types of dry sandy soils.

2. Materials and Methods

Dune sand from the Ashdod beach (Southern Israel) was selected for the experiments. Grain
distribution analysis shows that the sand can be categorized as SP based on the Unified Soil
Classification System (USCS). The experiments were carried out using four types of samples as
follows: natural dune sand and its three extracted fractions: 2.36-0.6, 0.6-0.3, 0.3-0.075 mm. Prior to
sample preparation all types of sand were dried for 24 h in an oven at 105 °C. For the experiments
the samples were prepared in the fiberglass load cell (blue ring in Figure 1) with an internal diameter
of 51.6 mm and height of 31.5 mm. The average value of beginning density for all samples was 1.67 +
0.03 gr/cm?.

Figure 1 shows the experimental system using an oedometer instrument (The Matest Inc.) The
used load cell allows vertical deformation of the soil sample, restricting its horizontal extension. The
samples were incrementally loaded via its top end while its bottom end was in fixed position. The
load increment was 5 kg. The maximal load applied to the samples was 30 kg that corresponds to the
maximal applied stress level —143.5 kPa. At each increment of loading the final deformation value
was measured using a displacement gauge (Figure 1). Two ultrasonic sensors were located at both
ends of the soil samples while the AE sensor was located at the bottom (fixed) end of the load cell.
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Figure 1. The setup of the US-AE-odometer experiments.

Generating and receiving US sensors were connected to the pulse generator (TG5011A) and the
digital oscilloscope (GDS1054B), respectively (Figure 1). The resonance frequency of ultrasonic
sensors was 75 kHz. The Open Wave software was used for the data recording to a PC. The US wave
speed was measured using the first arrivals method.

The AE sensor located at the fixed bottom end of the load cell was connected to the “Micro SHM”
monitoring system (Mistras/Physical Acoustic Inc.). The “AE win” for Micro SHM software was used
for data recording to the PC. The AE measurements were performed continuously at each loading
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stage from the moment of load application (US generator in switched off position) till cessation of AE
hits. Just after the AE cessation, the record of AE was stopped and the US generator was switched on
for US measurements. After the completion of US measurements, the US generator was switched off
again and the procedure of sample loading with simultaneous AE measurements was repeated.

3. Results

3.1. The Results of US Measurements

Figure 2a shows a typical example of US measurements by the first arrival method. Figure 2b,c
demonstrate the changes of relative US speed vs. samples strain and applied stress, respectively. The

relative (normalized) values of US wave speed was calculated as follows: V,, = Vvi , where V; and

Vimax are the current (at a specific loading stage/increment) and maximal values of US wave speed,
respectively.

14

GWINSTEK 1008 pts  2MSass

-14.Bus -8.88nA
34.8us -12.8nA
£48.8us A 4.88nA

dl-dt -83.30ss 13

1.2 +

relative P wave speed

11

[ 11.8802kHz | -
ST [} 0.005 0.01 0.015 0.02

[’@Pkfpk 572nA @tax 9.600 ©Anplitude 408nU Ok
strain

=t Dnatural_L == Dnatural_UL e D0.6_2.36L - &= D0.6_2.36UL
00.3_0.6L 00.3_0.6UL =9 D0.075_0.3L =@~ D0.075_0.3UL

(b)

@~ W @i-wm ) hs @) @ T ¢

13

1.2

11

relative P wave speed

stress, kPa

= Dnatural_L == Dnatural_UL ——D0.6_2.36L - @= D0.6_2.36UL
00.3_0.6L 00.3_0.6UL = 00.075_0.3L - @= D0.075_0.3UL

()

Figure 2. The results of US measurements. (a) The example of US measurements by the first arrival
method. The yellow curve and blue curves are the signals from generating and receiving US sensors,
respectively. (b) The changes of relative US wave speed V,, vs. strain variation for four used soil
samples. (c) The changes of relative US wave speed vs. applied stress variation for four used soil
samples. “Dnatural”, “D0.6-2.36”, “D0.3-0.6” and D0.075-0.3 in the (b,c) figures’ key to symbols stand
for natural dune sand, fractions 0.6-2.36 mm, 0.3-0.6 mm and 0.075-0.3 mm, respectively, while 'L’
and “UL’ keys mean the loading (full line) and unloading (dashed line) branches, respectively.

The experimental results (Figure 2c) show that the increase of stress level causes the rise of p-
wave speed in the range of 514630 m/s, 490-624 m/s, 521-637 m/s, 476-563 m/s for natural dune sand
and its fractions of 2.36-0.6 mm, 0.6-0.3 mm, 0.3-0.075 mm, respectively. Analysis of Figure 2b shows
a significant difference between the changes in the US speed during sample loading and unloading.
It is seen that the values of the US wave speed gradually increase with increasing strain and sharply
drops when the strain decrease (unloading branch).
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Analysis of Figure 2c shows the difference between the values of the ultrasound speed during
loading and unloading the samples. It is seen that the maximal difference is for the coarsest fraction.
The difference for the natural dune sample is also essential. The difference in US wave speed values
between loading and unloading branches for two fine fractions is insignificant.

3.2. The Results of AE Measurements

Figure 3a shows a typical shape of the AE hit caused by the sand loading/unloading. To compare
the results of AE measurements of the four soil types, the relative/normalized strain and applied
stress values were used (the calculation procedure is the same as for relative (normalized) US wave
speed —see Section 3.1). Figure 3b,c show the results of AE measurements vs. normalized strain
(Figure 3b) and normalized stress (Figure 3c) changes, respectively. Analysis of both figures portrays
that an essential increase of the number of AE hits (AE events) begins at the range 0.65-0.7 of
maximum normalized stress/strain level. Maximum measured values of AE hits were measured at
the range 0.8-1 of maximum relative stress/strain. These two observations concern the loading branch
of the samples (full circles in the Figure 3b,c). During the samples unloading (empty circles in Figure
3b,c) only single AE hits were recorded. Summarizing, the analysis of AE behavior indicates gradual
increase of the AE activity with increase of stress and strain levels for all studied samples, while a
minor AE activity during all soil types unloading is observed.
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Figure 3. The results of AE measurements. (a) Typical shape of the AE hit caused by the sand
loading/unloading. (b) The normalized strain value (calculated as the ratio of the value of strain at
loading increment to the maximum strain value) vs. AE hits number per loading (full circles)
/unloading (empty circles) increment stage. (c) The normalized stress value (calculated as the ratio of
the value of stress at loading increment to the maximum stress) vs. AE hits number per loading (full
circles) /unloading (empty circles) increment stage. .

4. Discussion

The results of US and AE measurements demonstrate difference in both phenomena’s behavior
under loading/unloading of sand samples. It can be seen that a gradual increase in the applied load
causes a corresponding increase in the speed of the longitudinal US wave for the two finer sand
samples (fractions 0.6-0.3 mm, 0.3-0.075 mm), which probably reflects homogeneous changes in
grain packing. The situation is most different for the coarsest faction sample. An increase in load first
causes an increase in the speed of ultrasonic waves, after which a stage appears at which the speed
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remains unchanged, and then the value of US wave speed continues to increase uniformly again. The
appearance of the second stage probably means a significant redistribution in the packing of coarse
grains when the load reaches some critical (threshold) value. The appearance of similar phenomena
(while in smaller scale) during loading of natural dune sand indirectly confirms this hypothesis. The
smaller scale of the phenomenon can probably be explained by the filling of the space between coarse
grains with finer ones. This suggestion is consistent with the observation of behavior of the two finer
fractions samples. This hypothesis is also confirmed by the quite “linear” changes in US wave speed
during all samples unloading. Note the high sensitivity of the ultrasonic wave speed to a decrease in
sample strain with a decrease in the external load. The slopes of the curves are very similar for all
tested samples. This phenomenon can be explained by the lack of grain redistribution during sample
unloading (for all tested samples), but by an increase in pore volume.

As we noted above, the mechanism responsible for AE appearance during dry soil deformation
is crack development and grain friction [7]. Analysis of Figure 3b,c shows that AE was registered
after 0.5-0.6 of maximum stress/strain level. This value of stress corresponds to about 70 kPa that is
the stage of grain re-distribution for natural dune and coarse fraction curves (Figure 2b,c). This
observation means that this stress level causes more or less dense packing of the grains and,
consequently, friction between them due to slippage. Since the stress level is low enough, the
initiation of cracking in the sand samples is less likely. Hence, the most probable mechanism
responsible for AE excitation in this condition is grain friction. The minor number of AE hits caused
during samples unloading confirms this hypothesis (Figure 3b,c).

5. Conclusions

One can see the difference in the behavior of the two studied phenomena —ultrasonic wave and

AE:

1. In the stress increase branch: gradual increase in US-wave speed and sharp excitation of AE
activity.

2. In the stress relaxation branch: abrupt decrease in US -wave speed and minor excitation of AE
signals.

The difference appearing in these two phenomena can be used for accurate estimation of
stress/strain changes in sandy environment.
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