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Abstract: When the confining pressure is sufficiently
large, soil grain breakage can occur and this can have
a significant influence on the performance of a wide
range of geotechnical systems such as shallow

foundations, embankments and dams, railway
substructures. However, the mechanics of particle
crushing still remains one of the most difficult

problems in geomechanics, while the link between the
breakage of particles and the mechanical response of
the soil through adequate continuum constitutive
models has not been solved satisfactorily. This study
investigates the possibility of using Acoustic Emission
(AE) technique to predict the extent of soil particle
breakage and its evolution under loading. Insight
into the use of AE to characterize the breakage
signature of particles is gained through testing of
individual glass spherical particles of different sizes. It
is shown that the frequency content of the AE
breakage signals does not appear to be affected by the
particle size and that suggests that the AE can be
directly linked to a typical particle breakage
mechanism. At the breakage point all the glass
particles disintegrate instantly into small pieces.

I.  INTRODUCTION

Design of geotechnical systems require continuum
models for soils whose response is the result of the fabric
and individual particle interactions. Fabric includes all
aspects of average particle arrangement and sizes
(grading). When the confining pressure is sufficiently
large, grain breakage can occur and this can have a
significant influence on the performance of a wide range
of geotechnical structures such as shallow foundations,
embankments and dams, railway substructures [1,2].
However, the mechanics of particle crushing still remains
one of the most difficult problems in geosciences. The
link between the breakage of particles and the mechanical
response of the soil through adequate continuum
constitutive models has not been solved entirely
satisfactorily.

Acoustic Emission (AE) monitoring technique has been
used in various engineering applications. The acoustic
emissions are microseismic events that occur on materials
- at small sample scale or large structural scale - during
loading. The AE evens are recorded by a transducer or an
array of transducers and the data can complement other
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mechanical measurements of stress or strain by providing
insight into various internal material phenomena and
mechanical interactions. The AE technique is widely used
for the assessment of damage and failure of brittle
materials [3], evaluation of the response of retrofitted
reinforced concrete elements [4], detection of the onset
and position of failure in fiber reinforced composite
materials [5-8], monitoring of large bridge structures [9].
In geomechanics, pioneering work of Koerner and co-
workers [10-13] and more recently [14-17] used the AE
technique to assess the stability of soil slopes.
Correlations between the characteristics of the acoustic
emission in soils subjected to oedometric compression,
triaxial testing, cone penetrometer tests, direct shear and
deformation properties, including particle crushing have
been conducted by [18-23].

This study explores the possibility of using Acoustic
Emission (AE) as a passive technique to characterize the
extent of soil particle breakage and predict its particle
size evolution under loading. For this purpose, insight
into the breakage mechanisms of individual particles is
gained through mechanical testing under uniaxial
compression, while AE particle crushing is systematically
recorded. This work presents preliminary experimental
results obtained on spherical glass particles of different
sizes.

Il. MATERIALS

Five different borosilicate glass spherical particle size
groups with diameters ranging from 1mm to 6mm
supplied by Sigmund Lindner Gmbh and described as
SiLibeads type M had been tested (Fig.2.1). While a
number of approaches to shape description have been
proposed in the literature, based on previous QicPic
measurements [24] and optical 2D microscope analysis,
the particles’ aspect ratio, sphericity and convexity
parameters [25,26] have been evaluated. The size of the
particles has been defined in terms of the equivalent area
diameter da [27]. da is the diameter of the circle which
has the same area with the projection area of the particle
outlet in the optical microscope. The shape descriptors
and the equivalent area diameter are measured on 2D
projections of the real 3D particles. These can only be
statistically representative if these 2D projections are
obtained from particle orientations that are random in 3D
[28]. While recognising that such data is not normally
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attainable using microscopy, in this study, the shape
descriptors and d, for an individual particle have been
evaluated based on three microscope images of the
particle placed in different positions on the microscope
set up. The values of each of the shape descriptors were
consistently larger than 0.95, i.e. the particles were very
close to being perfect spheres. The individual average
values of da for each tested particle, and the resulted
averages for each group size are presented in table 2.1. A
particle shear stiffness of 16.7 GPa along with a Poisson’s
ratio of 0.20 were obtained from measurements on
representative glass beads [24]. The particle density of
the glass beads is 2.23 g/cm?.

-

Fig. 2.1. Pure'of five types glass sphere particles

Table 2.1. Mean equivalent area diameter

da of glass sphere particles (mm)
Groups | 6mm | 4mm 3.5mm 2.5mm Imm
da 6.013 | 4.071 | 3.613 2.462 1.047
5.951 | 4.037 | 3.557 2.498 1.071
5.986 | 4.111 | 3.581 2.480 1.059
5.897 | 3.976 | 3.580 2.479 1.136
5.976 | 4.098 | 3.569 2.504 1.138
Mean 5.964 | 4.059 | 3.580 2.485 1.090
Il.  TESTSETTING
A. Equipment

The uniaxial compression test on individual particles
uses a displacement controlled electro-mechanical
loading frame (Figure 3.1). Each bead was compressed
between two rigid steel platens, of which one is fixed to
the loading ram that incorporates an LVDT for vertical
displacement measurements and a 5 KN-load cell. The
lower platen moves upwards with a speed of
0.05 mm/min until the particle crushes. The crushing
takes place in a brittle explosive mode.
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During the crushing test, two piezoelectric sensors with
a bandwidth between 10 kHz and 1 MHz record the
acoustic emissions. The first AE sensor (AE 1), which
links to channel 1 of the AE acquisition system, is fixed
within the steel base plate, just below the particle at a
depth about 1 cm, by means of a mechanical system that
ensures a constant holding force (Figure 3.1). The second
AE sensor (AE 2), which links to channel 2, is simply
placed on the base plate at a distance of about 4 cm from
the particle. For both sensors, silicon grease is also used
as coupler. The typical parameter setting of the AE
acquisition system is listed in table 3.1.

Load cell

VDT

Loading Frame

Fig. 3.1. Diagram of loading system

Table 3.1 Typical settings of the AE acquisition system

Sampling rate 5 MSPS
Preamplifier gain 20dB
Threshold of detection 40 dB
PDT(Peak definition time) 40ms
HDT(Hit definition time) 120ms
HLT(Hit Lockout time) 300ms

B. Data collection

During the crushing test, the resulting vertical force
and displacement are recorded, while the AE system
allows the aquisition of the acoustic bursts. Figure 3.2
shows a typical AE signal and some associated AE
parameters.
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Fig. 3.2. Typical AE burst signal and some associated AE
parameters.

IV. RESULTS & DISCUSSION

The presentation of the test results is divided into three
main sections. First, the observed mechanical response
during uniaxial compression is presented, then the
associated AE monitoring records are analyzed, and
finally, the AE signals corresponding to the crushing
events are examined in the frequency domain.

A. Uniaxial compression

Figure 4.1 shows some typical force-displacement
responses obtained during the compression tests on two
particle groups sizes. It can be seen that after an initial
part with a low rate progress, the vertical force increases
at a higher rate and remains almost proportional with the
vertical displacement until a maximum is reached and a
sudden decrease occurs as the particle fully fractures. No
partial fracture or detachments of parts of the beads were
observed before the final brittle fragmentation. For a
given particle size group, some variation of the peak
crushing force is clearly observed. While variation of the
material properties including internal defects may explain
these differences, due to the surface particle-platen and
some inherent loading system imperfections, it is also
likely that at some stage frictional sliding of the particle
occurred. As discussed by [29], in this case, both the
normal and the shear forces contribute to the particle
crushing and affects the observed force-displacement
response. However, the average peak force, Fc, of a group
size causing the major breakage of the glass sphere
increases with the mean equivalent area diameter of the
glass spheres (Figure 4.2).
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Fig. 4.1. Typical force-displacement response for glass
sphere particles: (a)2.5mm diameter group and (b)6mm
diameter group

4.00E+03
3.50E+03
3.00E+03
2.50E+03 -
2.00E+03
1.50E+03
1.OOE+03 -
5.00E+02 -
0.00E+00

y = 1713305155
R?=009744

Mean F_(N)

Mean d, (mm)

Fig. 4.2. Relation between the crushing force, F., and
mean equivalent area diameter,-da, of glass sphere
particles

For a given vertical force, the tensile stress developed
in the particle o is proportional to Fc/d?, where d is the
particle diameter, [30], in this case assumed equal to da.
The critical tensile stress decreases with the increasing of
the size of the glass sphere, but the rate of decrease
reduces for particle sizes higher than 4 mm (Figure 4.3).
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Fig. 4.3. Tensile stress-d, of glass crushing tests

B. AE analysis

Typical acoustic emission activity detected during a
crushing test of a glass particle is illustrated in Figure 4.4
where the calculated Energy - integral of the rectified
voltage signal over the duration of the AE signal - of each
recorded AE event is superimposed over the vertical force
response. With the exception of the particle crushing
point where the released energy reaches a clear and
distinct peak, the intensity of the AE activity is relatively
low throughout the loading test (the initial AE signals
recorded at the begining of the test are rather asigned to
the mechanical set up of the contacts between the platens
and the particle).

The number of pulses that exceed the detection
threshold, hits (Figure 3.2), have been counted for the all
the AE events recorded during a test and the variation of
the average number of hits per each group size function
of the particle group sizes is shown in the Figure 4.5. It
is clearly observed that the higher the particle size is, the
larger is the number of hits of the acoustic emission
signals.
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Fig. 4.4. Typical Force-AE Energy-Time response
recorded during a crushing tets of a glass sphere
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Fig. 4.5. Average of total AE Hits function of the d, of
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Typical ‘crushing’ signals for 2.5 mm and 4 mm
particle size diameters, are shown as an example in
Figure 4.6. The analysis of the AE waveform signals
shows some interesting results. First, the maximum
amplitude (positive or negative) of the signals does not
appear to be affected by the size of the particles and
systematically reached a value around 114 dB. Figure
4.7 presents the values of the calculated mean Absolute
Energy - integral of the squared voltage signal divided by
the reference resistance (10k-ohm) - for each particle size
group. At the crushing point, the Absolute Energy of the
recorded signals appears rather unchanged for low
particle size diameters whereas some dependency is
clearly observed for particle diamters higher than 4 mm.
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Fig. 4.6. AE waveform recorded at the crushing point for
several particles of (a) 2.5 mm and (b) 4 mm average size
diameters



4,08E+10
3.58E+10
3.08E+10 -
2.58E+10
2.08E+10 -
1.58E+10
LOBE+10
5.80E+09 -
8.00E+08

y = 2E+10e077%
RE=115822 &

Mean Absolute Energy(attoJoules)

Mean d, (mm)
Fig. 4.7. Mean Absolute Energy versus d, of glass spheres

-4
2x10

—glass test 41-CH1-302
— glass test 42.CH1-182|
3l —glass test 43-CH1-295|
—glass test 44CH1-383
- - glass test 45-CH1-187|
lass test 45-CH1-18

Magnitude, dB
Y

WPk
o U M;\A LY .

50 100 150 200 250

Frequency, kHz
(@)

"
x10

—glass test 32-CH1-1885]
—glass test 33-CH1-203
- -glass test 24CH1-1671
- -glass test 35-CH1-888
—glass test 36-CH1-353
glass test 37-CH1-91

Magnitude, dB
R

sl

0 50 100 150 200 250

Frequency, kHz

12810 — T
| —glass test 11-CH1-4579|
i ' - -glass test 12-CH 1-5265(
o |
= ..
o 0.8 H
= b
3 H
?‘é‘ o 1 lass test 168-CH1-15
5 1
- i
= 0.4 :
0.2} i j
T . .
50 100 150 200 250
Frequency, kHz
(©)
gx10
—glass test 1-CH1-16260
- ——glass test 2-CH1-14636
——glass test 3-CH1-88710
5 ——glass test 4-CH1-10223
=z ——glass test 5-CH1-10199
o 5 lass test 6-CH1(9)-6
=
2 4
=
B 3
[}
= ol
I
Sk o
A 7.
L ETRE P, FEN LSS SR R, B S TSPV SO
50 100 150 200 250

Frequency, kHz
(d)
Fig. 4.8. Power spectra density estimates of the AE
signals for (a) 1mm, (b) 2.5mm, (c) 4mm and (d) 6mm
particle sizes

C. Frequency domain analysis of AE signals

The analysis of the AE signals in the frequency domain
is based on Welch's power spectral density estimate
method [31] and was conducted using Matlab software
package [32]. The power spectra density estimates of
the AE signals for 1 mm, 2.5 mm, 4 mm and 6 mm size
groups are shown in the Figure 4.8. The peaks in the
power spectra densities for all the particles seem to
appear at almost identical frequencies around 38 KHz, 45
KHz, 75 KHz and 100 KHz. These results suggest that
the AE signals recorded at the final crushing point are
mainly linked to a typical particle breakage mechanism,
in this case glass particles disintegrate instantly into small
pieces. The AE can provide the signature of a crushing
type. However, AE signal parameters like Absolute
Energy show some particle size dependency and these
can be used to discriminate between different particle size
types if AE measurements are conducted on samples of
agglomerates of particles.

V. CONCLUSION

This study explored the possibility of using Acoustic
Emission technique as a passive method to characterize
the extent of soil particle breakage and predict its particle
size evolution under loading. For this purpose, at this
stage, individual glass spherical particles — analogue
granular soil particles - of various sizes have been loaded
up to failure under uniaxial compression conditions. The
main focus was to detect the particle’s AE signature that
can subsequently be used in tests of bulk agglomerates of
particles to discriminate between AE events and get
insight into the individual breakage mechanisms.

AE signal events are clearly recorded at the breaking
point of the individual particles and the account of
various AE signal parameters show some dependency
with the variation of the particle size. In contrast, the
frequency content of the AE signals at the failure point
does not appear to be affected by the particle size and that
suggests that the AE can be directly linked to a typical
particle breakage mechanism. At the breakage point all
the glass particles crush in a similar way by instantly
disintegrating into small pieces. Further studies on
different types of particles like chalk, silica, salt are in
progress, including measurements on samples formed by
different size particles.
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