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Abstract

Real-time ultrasonic experiments were conducted to investigate the mechanical responses of block-in-matrix soil (bimsoil)
samples under triaxial deformation. Although the mechanical behaviors of bimrocks and bimsoils have been widely studied,
the rock-soil (block-matrix) interface cracking, rock-soil interaction, block occlusion, and interlocking effects during triaxial
deformation are still incompletely understood. This paper aims to investigate the effect of confining pressure and block propor-
tion on ultrasonic and mechanical properties of bimsoils using ultrasonic pulse velocity (UPV). Conventional compaction soil
testing was adapted to produce cylindrical bimsoil samples of different rock block percentages (RBP) with various hammer
counts, to ensure roughly the same compactness of soil matrix. The experimental results show that UPV reflects the complex
mechanical behavior of bimosils during deformation. UPV measurements became more variable as samples deformed at the pre-
peak and post-peak stages. It is suggested that the UPV is affected not only by stress level but also the meso-structures that
develop during failure in bimsoils. Observation of macroscopic fracture morphology combined with image analysis of
mesoscopic computed tomography (CT) scans reveals that multiple localized tortuous bands form during deformation due to
the presence of rock blocks in bimsoils. The changes of UPV are mainly attributed to the interactions of soil matrix and rock
block. The post-test CT images further confirm this result.
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Introduction

The term bimrock (block-in-matrix rock) introduced by
Medley (1994) is used to describe geological formations
composed of a mixture of stiff rock blocks within a
bonded matrix of finer texture. Due to the structural
difference of the individual components, large elastic
contrast exists among the rock blocks and weak matrix.
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The rock block proportion and its size distribution, ori-
entation, and spatial distributions affect the
geomechanical behaviors of the mixtures at all scales
of engineering interest. If the weak matrix is soil, this
kind of geomaterial is often called bimsoil (block-in-
matrix soil) (Medley 1994; Kalender et al. 2014; Wang
et al. 2017a,b). The bimsoils are characterized by het-
erogeneity, environmental sensitivity, and poor block-
matrix cementation. Typical bimsoils include opencast
dumps, cemented waste backfills, weathered rocks, col-
luvium, and glacial tills, etc. These geomaterials are
distributed all over the world, and often represent a
challenge to engineering practitioners (Medley and
Zekkos 2011). The ever-increasing importance of
bimsoil in the geotechnical engineering construction
has drawn more and more attention of many engineers
in recent years. Given the great spatial, physical, and
geomechanical variability of those stiff block and weak
soil matrix mixtures, the contributions of the rock
blocks on the overall strength of bimsoils are often
neglected by geotechnical engineers, who may instead
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perform designs using the mechanical properties of just
the weak soil matrix. However, as indicated by many
cases in the literature, series geotechnical problems can
occur (Kim et al. 2004; Button et al. 2004; Tsiambaos
2010; Medley and Zekkos 2011; Tsesarsky et al. 2016).
Napoli et al. (2018) used a stochastic approach to con-
sider the content, dimensional variability, and spatial
positions of rock blocks in slope stability models, their
studies showed that potential inaccuracies may appear if
neglecting the influence of blocks at the design stage;
therefore, the bimsoil should be considered as a kind of
heterogeneous material. Nowadays, the ever-increasing
importance of rock block on the geomechanial behav-
iors of bimsoils has drawn the attention of many engi-
neers in recent years.

The effects of rock blocks on the mechanical and
physical behaviors of bimrocks or bimsoil have been
widely studied by laboratory testing (Lindquist 1994;
Lindquist and Goodman 1994; Akram 2010; Afifipour
and Moarefvand 2014; Wang and Li 2015; Wang et al.
2015, 2016; Priyadarshee et al. 2018), large-scale in situ
testing (Coli et al. 2011; Zhang et al. 2016) and numer-
ical simulation (Zhang et al. 2015; Yongbo et al. 2015;
Cen et al. 2017) on artificial and natural samples. The
previous investigations have pointed out that the dam-
age and cracking of bimsoils include behaviors such as
soil-rock interface slipping, rock block movement and
rotation, soil matrix cracking, and crack propagation/co-
alescence. However, monitoring these complicated inter-
actions of soil matrix and rock blocks during the whole
deformation process is very difficult.

Significant recent attempts have been done to monitor
and map the in situ physical characteristics during sample
deformation, such as the acoustic emission monitoring by
Slatalla et al. (2010), who obtained the failure character-
istics of bimsoil with high block proportion by investigat-
ing the initiation, propagation, and coalescence of cracks,
Yamamoto and Springman (2017) conducted three and
four bending test using acoustic emission monitoring,
studying the ductile fracture response of frozen bimsoil,
the in situ X-ray computed tomography (CT) technique to
visualize the meso-structural changes at different loading
stages in the stress strain curves (Wang et al., 2014,
2018), and three-dimensional laser scanning of the frac-
ture surfaces after sample failure (Wang et al. 2016).
Another effective and widely used technique is ultrasonic
inspection. This technique is non-destructive and feasible
to apply both to laboratory and field conditions and is
commonly used to study the relationships between the
strength and ultrasonic pulse velocity for rock and con-
crete materials (Hartmut 2001; Akkaya et al. 2003; Yasar
and Erdogan 2004; Bayram et al. 2014). In addition, there
are different empirical relationships for uniaxial
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compressive strength (UCS) and P-wave or S-wave veloc-
ities have also been established for rock and concrete
(Kahraman 2002; Su et al. 2012). From the changes of
velocity, the stability of bimsoil structures can be moni-
tored to examine the reinforcement effect and provide
some significant theoretical basis for the geophysical ex-
ploration of bimsoils and bimrocks (Du et al. 2018).

Application of the ultrasonic technique to bimsoils is
not common compared to experiments compared with
the soil, rock, and rock-like materials. Kahraman et al.
(2015) studied the volumetric block proportion (VBP)
of Misis fault breccias in Adana, Turkey, using ultrason-
ic measurement and imaging techniques and the corre-
lation of VBP and P-wave and S-wave UPV was stud-
ied. Mahdevari and Maarefvand (2017) used the ultra-
sonic experiments to evaluate the block content in
bimsoils and developed a relationship between the vol-
umetric block proportion and P-wave and S-wave veloc-
ities. Wang et al. (2015) performed experiments on
bimsoils in which the ultrasonic and mechanical charac-
teristics were studied: ultrasonic measurement was used
for bimsoil with different block proportions and block
shapes under uniaxial compression, the experimental re-
sults show that UPV decreases with increasing rock
percentage for all samples; in addition, UPV has a fluc-
tuation growth trend with increasing of axial stress. The
results confirm that the ultrasonic and mechanical prop-
erties of bimsoil are closely related to rock block pro-
portion. Moreover, the cracking damage mechanism has
been proposed based on the changes of UPV with total
crack widths (Wang et al. 2015), from the variation of
crack width during sample deformation, the damage be-
haviors were divided into three stages. For the bimsoil
under splitting loading, Wang et al. (2017b) developed
the correlations between tensile stress and UPV that
have been revealed by investigating the macro—meso
failure mechanism using real-time ultrasonic measure-
ment and 3D laser scanning.

In this study, we continue to study the mechanical behav-
iors of bimsoil through laboratory experimentation. Unlike
in our previous studies, recent bimsoil experiments were
carried out using triaxial compressive stress paths. A novel
experiment system was devised which included a special
custom-designed loading device combined with ultrasonic
measurement techniques. Rather than focus on the macro-
scopic stress-strain characteristics, this paper explores the
UPV characteristics and the UPV-pressure correlation during
the whole deformation process. The structural change of
bimsoil is investigated from the variation of UPV. After
the ultrasonic testing, X-ray computed tomography (CT)
scanning and image analysis were used to visualize the frac-
ture pattern and further reveal the mesoscopic failure mech-
anism of the examined bimsoil.
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Table 1 Soil properties in bimsoil from laboratory physical and
mechanical testing

Index Soil matrix Rock block
Natural density (g/cm®) 1.66 2.67

Dry density (g/cm?®) 2.03 /

Natural water content (%) 20.2~23.1

Optimum water content (%) 9.5 /

Relative density (Gs) 2.73 /
Uniformity coefficient, C, 4.2 /
Coefficient of curvature, C, 1.32 /

Liquid limit (%) 64 /

Plastic limit (%) 36 /

Plasticity index, Wp 28 /

Liquidity index, Wy 0.121 /

Samples and testing procedure
Characteristics of materials used in bimsoil
(1) Aggregate

For the ultrasonic testing, bimsoil cylindrical samples were
prepared with size of 50 mm diameter (®) and height (H) of
100 mm. Referring to a sampling standard in GB/T 50123-1999
(MWRPRC 1999), the threshold value for rock-soil phase is
determined as 2 mm, and diameter of blocks should be less than
1/5 the sample diameter (i.e., 10 mm). The rock blocks were
supplied from crushed marble aggregates with a diameter of
4~8 mm. The uniaxial compressive strength (UCS) and elastic
modulus (E) of the rock block were determined by conducting
laboratory uniaxial compression test. The UCS of the rock
block is 94.5 MPa, and elastic modulus was 23 GPa. The P
wave ultrasonic pulse velocity was about 5200 m/s.
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(2) Soil matrix

The weak soil matrix was taken from a reservoir foundation
pitat a depth of 15 m. Based on the results of laboratory sieving
test, the soil matrix was characterized as high-plasticity clay.
The basic physical parameters are listed in Table 1. For the soil
matrix, a method of X-ray power diffraction (XRD) was used to
further reveal the mineral composition and content. The XRD
tests further revealed three kinds of clay minerals, such as illite,
montmorillonite, and kaolinite, in the proportions of 8.01%,
55.78%, and 36.21%, respectively.

Sample preparation

For the present investigation, the soil compaction technique
was used to prepare remolded samples (Donaghe and Torrey
1994; Wang et al. 2016). From relations between the sample
density and the compaction test hammer counts, the optimal
hammer count for the sample preparation was determined ac-
cordingly. During bimsoil sample preparation, the rock block
percentage (RBP) values were designed to be 20%, 30%,
40%, and 50% (mass ratio), respectively. By compaction test-
ing, the optimum moisture content was determined as 9.5%.
In order to keep the same density of the soil matrix for samples
with different block proportions, different hammer counts
were applied to the mixtures according to the relations of soil
density against hammer count, as shown in Fig. 1a. The opti-
mal hammer counts for the sample with RBP of 20%, 30%,
40%, and 50% are 8, 18, 24, and 32 times, respectively, as
shown in Fig. 1b.

The required soil matrix and blocks for each bimsoil sam-
ple were blended mix for a few minutes. The mixture was then
poured into a cylindrical shaped cast iron mold with an inside
size of @ 50 mm x H 100 mm (the same as the bimsoil re-
quired sample). The sample was prepared using the
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Fig. 1 Determination of hammer count for bimsoil sample with different RBPs. a Plot of the density of soil matrix against hammer counts. b Plot of the

hammer count and RBP for bimsoil sample
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Fig.2 Preparation of bimsoil samples for variable-angle shear test. a Schematic of compaction test procedure used to produce samples. b Air-dry bimsoil

samples for the test wrapped in kitchen wrap to preserve moisture

compaction method with three layers, as shown in Fig. 2a.
Before placing mixture into the next layer, the surface of the
compacted layer was disturbed to a depth of about 5 mm to
ensure a good connection between layers. Then, the bimsoil
samples were placed in the shade to air dry.

Testing system

The testing system for the real-time ultrasonic experiment
included a loading device, a pair of ultrasonic transducers,

Force sensor

an ultrasonoscope, and triaxial Hoek Cell to apply confining
pressure, as shown in Fig. 3. The loading device is mainly
composed of a rigid column, guide bar, load controller, force
sensor, hydraulic jack, and micrometer gauge, etc. The axial
stress and axial deformation can be read from the load con-
troller and micrometer gauge, the precision being 0.01 kN
and 0.001 mm, respectively. The ultrasonic transducer is the
key component of the testing system: it includes a transmit-
ter and a receiver. The frequency of the transducers was
selected as 300 kHZ, and they are specially designed to have
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Fig. 3 The real-time ultrasonic testing system for the bimsoil sample under triaxial deformation
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a flexible contact pressure head, in order to keep in close
contact with the bimsoil sample. The components of the

Fig. 4 The ultrasonic wave for
bimsoil sample under different
confining pressure. a~d The
designed RBP is 20%, 30%, 40%,
and 50%, respectively. The label
“1, 2, 3” indicates the confining
pressure of 60 kPa, 120 kPa, and

200 kPa
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ultrasonic transducer included thread cover, shim, tungsten
power filler, piezoelectric ceramic disk, base cover, spring,
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and cylindrical base, etc. The role of the ultrasonoscope was
to record the ultrasonic wave; the travel time and wave
amplitude can be read from the P-wave: the reading accura-
cy of ultrasonic wave is 0.05 ps, the basic frequency is
20 MHz, the sampling interval ranges from 0.05 to
4000 ps. During the test, the contact surface between the
transducers and the bimsoil sample was coated with a thin
film of coupling agent, to ensure full contact and removal of
any voids.

Confining pressure (CP) was applied to the bimsoil
sample by using a specially designed Hoek Cell with a
gasbag in it. The CP value can be read from the gas-
pressure gauge: the measuring range is 600 kpa, and the
accuracy is 0.5 kPa. The tested bimsoils contained a
larger number of random block-matrix contacts with
geomechanical interfaces because of the elastic contrasts
between soil matrix and rock blocks. In the process of
sample deformation, the stress distribution inside the
bimsoil was considered extremely uneven, the stresses
were unequal on the surface of the sample. Therefore,
the gasbag confining pressure system which can apply
flexible boundary stress on the bimsoil sample was used
to ensure a uniform stress loading condition.
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Testing procedure

During the test, the sample was installed into the Hoek Cell
first; the top and bottom end of the sample was connected with
the ultrasonic transducers. The through-transmission (T-T)
mode was used to ultrasonically inspect the sample. Then,
the Hoek Cell was placed on the loading device; an axial
loading rate of 0.01 kN/s was applied to the sample. In the
meantime, the axial displacement, ultrasonic travel time, am-
plitude, and wave were recorded simultaneously. The UPV
was calculated as the ratio of sample length (L) to travel time
(1), as Vp(L,H)=L/t.

It is known that the first periodic wave is stable and
reproducible under the same ultrasonic sensor and contact
condition. The initial pulse was easily identified from the
waves arriving later when propagating through the sam-
ples and the later waves cannot cause contamination of
the first periodic wave. For this reason, the first periodic
wave was usually chosen as the initial wave to obtain the
travel time and amplitude. As shown in Fig. 4a~d, it plots
the receiving waveform for bimsoil samples before load-
ing, with different block proportion, and under confining
pressure of 60 kPa, 120 kPa, and 200 kPa, respectively.
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Fig. 5 The triaxial stress strain responses for bimsoil samples with different rock block proportions. a~d The RBP is 20%, 30%, 40%, and 50%,

respectively
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The repeated display of the waveform indicates repeatedly
triggered in the expected interval and shows a consistent
reading. The travel time and amplitude can be obtained
from the initial pulse.

Results and discussions
Triaxial stress strain curves

Figure 5 depicts the typical triaxial stress strain responses for
the tested bimsoil samples. The curves present strain-
softening characteristics. For a sample with a certain rock
proportion, the peak stress increases with the increase of con-
fining pressure. The peak stress is the maximum for the sam-
ple with a RBP of 50% (approximately 6 MPa), and it is the
minimum for the sample with a RBP of 20% (approximately
3.5 MPa). From the stress strain curves, it can be also seen that
peak stress for all bimsoils tested increases with increase in
confining pressure. It is interpreted that for a sample under a
high confining pressure, the motion of rock blocks in bimsoil
sample is limited, the skeleton formed by rock blocks plays a
best role to improve the sample strength; in addition, for
bimsoil samples with high rock block proportion, the
interlocking among the rock blocks further enhances the

1900

overall stiffness of bimsoil, all these effects result in the im-
provement of sample strength.

UPV analysis during deformation

To analyze the variation of UPV during sample deformation
and facilitate the study of the changes of UPV against axial
stress, the relationships between the UPV, axial stress, and
axial strain are plotted in Figs. 6, 7, 8, and 9. From the exper-
imental results, the following important findings can be
obtained:

(1). The most striking phenomenon that can be observed is
that the UPV curves present variation trend with the
increase of axial strain. Variation of UPV indirectly re-
flects the changes of density in bimsoil sample occurring
during deformation. This result implies that the com-
pactness is influenced by the interactions between the
rock blocks and soil matrix. The non-linear mechanical
behaviors of block movement and rotation alter the com-
pactness of bimsoil. A series of non-linear mechanical
behaviors occur during deformation, including soil con-
solidation, rock-soil interface cracking, block move-
ment, crack propagation, and contact and separation re-
peatedly between the weak matrix and stiff blocks.
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Fig.6 Plot of the UPV and axial stress against axial strain during sample deformation for bimsoil samples with RBP 0f 20%. a~c The confining pressure

is 60 kPa, 120 kPa, and 200 kPa, respectively

@ Springer



10 Page 8 of 16 Arab J Geosci (2019) 12: 10

55 55
5_0_(a) RBP=30°/:; 0,260kPa  [—a_ UPV —e— Stress| | 1700 5.0_([)) RBP=§O%;03=120kPa —=—UPV_—e—Stress| | 1750
/ L)
P L °
57 g / \. o0 457 ,"./.\./ \ L1700
a0 Y - 1600 a0l & e
g 3 T 354 $ * - 1650
g 59 e . L 1550 g > %

— , —
>3 7‘ - 1500 & S 307 | i \ 1600 £
8 ? S g S F e NG
2 | > S 77 >
= : L 1450 g .17 F \\.\.\ 1550 &
@ / w 207¢ F .
© L 1400 5 : / —
< P‘ < s]p s e P = - 1500

L 1350 102 g .
: ]
- 1300 0.5 .'. \o [ 1450
.-'
0.0 T T T T T T T T T T T 1250 0.0 T T T T T T T T T 1400
00 05 10 15 20 25 30 35 40 45 50 55 60 00 05 10 15 20 25 30 35 40 45 50
Axial strain (%) Axial strain (%)
2000
s (c) RBP=30%; 03=200kPa —mu— UPV —e— Stress
T °
1900
— 1800
©
2
= 1700 @
@ £
5 z
7 1600
= =)
S
<
1500
I 1400
0

T T T T T T T T T T T T
00 05 10 15 20 25 30 35 40 45 50 55 60 65
Axial strain (%)

Fig.7 Plot of the UPV and axial stress against axial strain during sample deformation for bimsoil samples with RBP of 30%. a~c The confining pressure
is 60 kPa, 120 kPa, and 200 kPa, respectively
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Q).

The UPV curves indicate an increasing trend as the
applied confining pressure grows. The result indi-
cates that the degree of bounding between soil ma-
trix and rock blocks increases at relatively high
stress condition. In addition, for the samples under
the same confining pressure, UPV shows a decreas-
ing trend with the increase of block proportion. This
result may be attributed to the differential acoustic
impedance for the components (e.g., soil, block,
pore, crack, etc.) in bimsoil sample; the diffraction
and scattering effects result in the increment of trav-
el time for the sample with high block content.
Secondly, due to the existence of the complex sto-
chastic interfaces in bimsoil, such as rock-soil inter-
faces, scattering attenuation is severe when ultrason-
ic wave goes through the sample, resulting in a great
loss of ultrasonic energy. Thirdly, adding rock
blocks in soil matrix, the propagation path increases
with the increasing of block proportion and this
causes increased travel time. Generally then: the
meso-structural heterogeneity in bimsoil and the ran-
domly distributed rock-soil interfaces results in
lengthening ultrasonic propagation paths and the re-
duction of the transmission energy. All the above
factors cause of travel time to increase when ultra-
sonic waves pass bimsoil.

3).

).

)

Post-peak stress, UPV decreases but not to zero.
The variation trend of UPV against axial stress is
different from the experimental result of Wang
et al. (2015), in their studies, the UPV of bimsoil
decreased to zero under uniaxial compression. The
result indicates that although the entire sample is
destroyed, bonding effects between the rock block
and soil matrix survive. The stress strain curve
also shows a phenomenon that residual strength
exists for bimsoil, the skeleton of rock blocks re-
sists deformation, so the UPV can still be mea-
sured at this stage.

From the pre-peak curves of UPV, it is apparent
that UPV of bimsoil increases with increasing nor-
mal stress, but the incremental rate decreases grad-
ually as the normal stress increases. At low stress
level, the degree of block-soil bounding is relative-
ly weak and UPV increases quickly; however, the
degree of bounding decreases at high stress level
owing to the compactness of sample, and the in-
cremental rata of UPV slows down.

The UPV curves show that the fluctuation of UPV
is the most obvious near the peak stress. At this
stress level, the rock block and soil matrix inter-
action is strong, and the movement and rotation of
blocks are the most serious.
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Analysis of dependency of velocity to stress

As stated above, the UPV is strongly influenced by the stress
state. In spite that, at a given stress level, the internal structures
of sample also affected the evolution of UPV during sample
deformation. In order to obtain the UPV value at any stress
level, a curve fitting method is often used (Kem and Tubia
1993; Wang et al. 2015). When the curve fitting approxima-
tions were executed to study the relationship of UPV and axial
stress, we can deduce the UPV at high geostatic stress. Kem
and Tubia (1993) used linear curve fitting approximation to
obtain the pressure coefficient, but only can fitting the exper-
imental data at relative high stress level where the linear rela-
tionship of UPV and axial stress is good, disregarding some
experimental data when the nonlinear UPV increases due to
closure of cracks. In this study, a power fitting function (not
linear) fitting equation was used and shown to fit the experi-
mental data where the UPVs present nonlinear variation trend
due to the interactions between the stiff blocks and weak ma-
trix. Figures 10 and 11 depict the curve fitting results for
bimsoil samples with different RBPs at the pre-peak and
post-peak axial stress stages, respectively. Tables 2 and 3 list
the detailed fitting parameters for the samples. It can be seen
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that UPV shows a decrement trend as RBP increases; it indi-
cates that the ultrasonic energy decreases when the wave goes
through the sample with high block proportion, which results
in the increasing of travel time.

Correlation of RBP and strength parameters

Mohr’s strength parameters (c, @) of bimsoil samples with
different RBPs were obtained, as listed in Table 4. The rela-
tionship between the shear strength and RBP is shown in Fig.
12. The friction angle shows an increase with the increase of
RBP and cohesion decreases with RBP. Fitting results indicate
that a power function relationship and a linear relationship
exist for them. The correlation coefficient is 0.913 and
0.974, which indicates high correlation of the shear strength
parameter and RBP. The results imply that the shearing char-
acteristics of bimsoil are controlled by the interactions be-
tween the soil matrix and rock blocks. The experimental re-
sults of Lindquist and Goodman (1994), Coli et al. (2011),
Sonmez et al. (2004), and Sonmez et al. (2006), they also
found that adding rock blocks into soil matrix leads to the
increase in friction angle and decrease in cohesion. The ultra-
sonic velocity-axial stress analysis shows a fluctuation
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Fig. 10 The relationship between the UPV and pre-peak axial stress of the tested bimsoil samples under three confining pressures. a~d The RBP are

20%, 30%, 40%, and 50%, respectively
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Fig. 11 The relationship between the UPV and post-peak axial stress of the tested bimsoil samples under three confining pressures. a~d The RBP are

20%, 30%, 40%, and 50%, respectively

increasing trend with sample deformation which reflects the
complex interactions between blocks and soil matrix with the
variation being more obvious near the peak stress. At the
strain softening stage, for bimsoil sample with high RBP and
under low confining pressure, the variability UPV becomes
more apparent, which indicates stronger indicating stronger
rock-soil interactions. For bimsoil sample with high rock
block proportion, the interlocking and frictional effect among
the blocks further result in the increment of internal friction
angle. However, for the samples with low RBPs, although
very little block interlocking exists, the strength increases

Table 2  The fitting equations of the pre-peak axial stress and UPV, for
the bimsoil samples with different RBPs

may be attributed to the geomechanical effects related to prop-
agation of tortuous failure surfaces.

Analysis of failure mechanisms

The post-test failure morphology of bimsoil samples was ob-
served visually. Figure 13 shows the samples after the test and
the sketch map of cracks on sample surface. The failure mor-
phology indicated that the failure mechanism of bimsoil was
much more complicated than the pure soil and rock materials,
as shown in Fig. 14. The crack patterns are complex due to the

Table3  The fitting equations of post-peak axial stress and UPYV, for the
bimsoil samples with different RBPs

RBP (%) Axial stress (MPa) UPV (m/s) Vp=ax® R?
a b
20 0~3.44 MPa 1479~1980 1798.341 0.0786 0.922
30 0~4.83 MPa 1362~1910 1700.606 0.0622 0.822
40  0~5.32 MPa 1302~1820 1554.939 0.0686 0.893
50  0~6.08 MPa 1200~1540 1319.036 0.0579 0.937

RBP (%) Axial stress (MPa) UPV (m/s) Vp=ax® R?
a b
20 1.11~3.12 MPa  1666~1910 1645.559 0.1279 0.876
30 1.02~433 MPa  1304~1830 1388.496 0.1813 0.866
40 1.17~5.15 MPa  1224~1814 1497.445 0.0551 0.712
50 131~5.69 MPa  1218~1478 1369.698 0.0451 0.834
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Table 4  Strength parameters calculated for the bimsoil samples with
different RBPs

RBP (%) Internal friction angle (°) Cohesion force (MPa)
20 54.53 0.256
30 63.85 0.181
40 65.07 0.072
50 70.45 0.021

existence of rock blocks: tensile cracks and shear crack co-
exist, indicating that the fracture mechanism of bimsoil sam-
ple is due to mixed shear and tensile modes. The shape of
cracks is not straight and shows multiple tortuous propagation
paths. It can be referred that the failure surfaces exhibit curved
shapes and negotiate rock blocks. With increases of block
proportion in bimsoil sample, the number and scale of cracks
increase accordingly.

In order to further reveal the fracture mechanisms, the X-
ray CT tomography (CT) method was used to visualize the

72
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crack pattern inside the bimsoil samples. Taking for example
the sample with a RBP of 30% and a confining pressure of
120 kPa, Fig. 15 shows the 2D reconstructed CT images. The
scanning positions were located at 20 mm (from the sample
bottom) to 80 mm (20 mm below sample top). The scanning
interval was set to 10 mm, and a total of seven images were
obtained for each sample. Image analysis of the CT scans was
performed. During extraction of the cracks and rock block
features from the images, an algorithm named “median filter”
was used first, in order to discriminate object boundary.
Median filtering is particularly useful for reducing speckle
noise, salt, and pepper noise. The edge-preserve nature of this
algorithm makes it effective in detecting obscure edges, such
as the irregular cracks in bimsoil. The filtering algorithm an-
alyzed the value of each output pixel as the value of the neigh-
borhood of the corresponding input pixel. As an example, the
extracted rock blocks and cracks for the RBP =20%/CP =
120 kPa sample are shown in Fig. 15. The CT images reveal
that the crack patterns are influenced by positions of rock
blocks—most of the cracks propagate around rock blocks.
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Fig. 12 Correlation between the internal friction angle (a), cohesion force (b), and rock block percentage (RBP)
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Fig. 13 The failure morphology of bimsoil samples post the real-time ultrasonic test
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Fig. 14 Typical failure morphology of soil sample and rock sample under triaxial compression. The soil triaxial compression testing was done by the
author, the rock triaxial compression testing was cited from Zhang (2016)
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Fig. 15 The reconstructed CT images for a bimsoil sample after ultrasonic testing, the rock block and crack are extracted
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H=60 mm

H=70 mm

Fig. 15 continued.

Also, cracking initiates from rock-soil interface owing to the
high stiff contrasts between the rock blocks and soil matrix.
The nonuniform distribution of cracks indicates the character-
istics of strain localizations in bimsoil samples. Localized
bands may form in multiple tortuous planes, the shapes being
related to the block distribution, block shapes, block sizes, and
block orientations. From the CT image, the failure mechanism

@ Springer

of bimsoil may be apparently different from the behaviors for
pure soil and rock material, indicating that the role of rock
blocks control the failure pattern. Two kinds of cracks can
be seen from the images, they are the main crack (green color
in Fig. 13) which bypasses rock blocks and propagates into
soil matrix, and the secondary crack which initiates and prop-
agates around the blocks (red lines in Fig. 13).



Arab J Geosci (2019) 12: 10

Page 150f 16 10

Discussions

Bimsoil as heterogeneous geomaterial is mainly composed of
mixtures of stiff rock blocks and relatively weak soil matrix.
Many laboratory testing and numerical simulations have
shown that stress distributions, strain localizations, and failure
patterns of bimsoil are different from the general geomaterials
of rock and soil. In this study, real-time ultrasonic measure-
ments were obtained to investigate the mechanical behaviors
of bimsoils under triaxial deformation. The non-linear me-
chanical response during deformation can be attributed to
the interactions between soil matrix and rock blocks, which
are also reflected in the variations of UPV during failure. A
series of non-linear mechanical responses, such as soil com-
paction, rock-soil interface cracking, rock block movement,
etc., change the transmission responses of ultrasonic waves,
resulting in changes in travel time and the associated UPVs.
Interestingly, UPV values fluctuated considerably during the
whole deformation process, both at the pre-peak and post-
peak stages of trixial failures, as indicated by the correspond-
ing stress strain curves. The degree of coupling of soil matrix
and rock blocks is related to the mechanical state of the
bimsoil sample during deformation. Our experiment results
further indicated that the ultrasonic characteristics of bimsoil
are not only affected by the stress level but also by internal
structural factors. The failure morphology of samples was
studied using both visual observation of the surface of failed
specimens, as well as X-ray CT images. Multiple localized
shear bands were visualized which apparently were affected
by the rock blocks. Because of the stiffness contrast between
the matrix and block, cracking always occurs at the relatively
weak soil-rock interfaces, and then cracks negotiated the rock
blocks in a tortuous fashion to propagate into the soil matrix.
The distribution, orientation, and shape of rock blocks affect
the propagation path of cracks apart from the stress state,
which can be seen from the CT images.

The analysis of stress-UPV dependency is significant to the
estimation of slope stability evaluation of reinforcement effect
of blocks in soil masses, and the possible future geophysical
exploration of in situ bimsoils. Our experimental results show
that ultrasonic technique is an effective tool to understand the
mechanical state and behaviors of bimsoils at the laboratory
scale. In the future study, more ultrasonic parameters (e.g.,
attenuation coefficient, quality factor, dominant frequency,
etc.) should be used to explore the mechanical behaviors of
bimsoil.

Conclusions

A specially designed and fabricated testing system was used to
perform real-time ultrasonic testing for bimsoil samples under
triaxial deformation. Remolded bimsoil samples with various

proportions of rock blocks were prepared to roughly ensure
the same soil compactness in the experiment. The variations
of UPV during the whole process were obtained as well as CT
scanning and image analysis. The main conclusions are sum-
marized as below:

(1). Asareliable, sample, and practical nondestructive tech-
nology, experimental results indicate that the real-time
UPYV testing can be used in the laboratory to study the
mechanical responses of bimsoil during deformation.
The mechanical and ultrasonic characteristics of bimsoil
are closely related to the meso-structures and stress state.

(2). Complicated mechanical behaviors of bimsoils during
deformation can be indirectly reflected by the variations
of UPV. The internal meso-structures of bimsoil sample,
along with the stress levels, affect the transmission prop-
erties of ultrasonic waves. The increasing trend of some-
times greatly fluctuating UPV measurements in the pre-
peak stage reflects the mechanical interaction between
soil and rock block.

(3). Macroscopic fracture morphology description and
mesoscopic CT image analysis revealed the failure
mechanism of bimsoil. Localized deformation is con-
trolled by the rock blocks and multiple tortuous failure
surfaces may form due to the influence of the rock
blocks. The CT images supported the mechanical re-
sponse analysis inferred by the ultrasonic testing.
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