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Abstract: Construction operations in cold regions may encounter frozen geomaterials. In construc-
tion, it is important to understand the processes by which geomaterials fail under common load-
ing conditions to avoid accidents and work efficiently. In this work, an artificial frozen soil-rock
mixture was used for uniaxial compression and indirect tension loading analysis to investigate
macroscopic failure patterns and soil-rock interface crack evolution mechanisms. To further un-
derstand and compare the meso-mechanical failure mechanisms of the soil-rock interface, we
used two types of rock block particles with different surface roughness for fabricating frozen arti-
ficial soil-rock mixtures. Acoustic emission (AE), ultrasonic plus velocity (UPV), and digital mi-
croscopy were utilized here to obtain the sample deformation response and analyze the morphol-
ogy of the soil-rock interface. The results were as follows. From the perspective of macroscopic
observation, bulging deformations and short tension cracks represent the main failure pattern un-
der compression, and a tortuous tension crack in the center of the disk is the main failure pattern
under indirect tension. From the perspective of microscopic observation, the soil-rock interface
will evolve into a soil-rock contact band for the sample containing a rough rock block. The
strength of the soil-rock contact band is obviously larger than that of the soil-rock interface. Three
main failure patterns of the soil-rock interface were observed: a crack path through the accurate
soil-rock interface, a crack path through the envelope of the rough rock block, and a crack path
passing through the rough rock block. The experimental results could provide a reference for
foundation engineering, especially in pile foundation engineering in cold regions.

Keywords: frozen soil-rock mixture; failure pattern; soil-rock interface; soil-rock contact band;
crack propagation

1. Introduction

Soil-rock mixtures (SRMs) are very complicated inhomogeneous geomaterials with
textures of stiff rock blocks surrounded by weaker soil. Not only are SRMs widely dis-
tributed in nature, i.e., via remnant slope accumulation, flush accumulation, and glacial
accumulation, they are also widely used as materials in geotechnical engineering, such as
in roadbed and railway subgrade construction. SRMs offer a wide range of mechanical
properties and strongly rely on their internal mesostructure, i.e., the rock block propor-
tion, block shape, block size, spatial distribution, etc. Many large engineering structures
inevitably feature SRMs. The design and construction of engineering structures with
SRMs is always challenging. In recent years, as important projects in Tibet, the Qinghai-
Tibet railway, Sichuan-Tibet railway roadbed, and power transmission line construction
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in areas passing through high-altitude glacier areas and cold regions in which frozen soil,
frozen soil-rock mixtures (FSRMs), and glacier debris are widespread [1-6]. The me-
chanical properties of FSRMs have attracted significant interest during the last 10 years
due to their roles in engineering, and FSRMs are more complicated than general SRMs.
Prior studies have largely focused on internal components in SRMs such as the rock
block proportion, rock size, and rock block shape in terms of macroscopic strength re-
sponse [7-14]. In recent decades, many studies have shown that the soil-rock interface is
the weak area inside SRMs at normal temperature and that cracks are typically initiated
here. The soil-rock interface is generally considered to be the most sensitive part of a
SRM to an external load. The mechanical properties of SRMs are strongly affected by the
soil-rock interface. To study the failure pattern and the evolution of cracks and rock
blocks for SRMs, many scholars have carried out various studies. For example, Wang and
Sun [15,16] investigated crack propagation under uniaxial compressive testing, finding
the distributions of cracks were strongly affected by the rock block position, where most
of the cracks were located around the rock blocks. Wang et al. [17] studied the mesome-
chanical characteristics of SRMs, highlighting the stress concentration at the soil-rock
interface region and that the failure of the SRM firstly occurred here. Considering only
the soil-rock interface region, according to previous studies, the soil particle size, ce-
mentation, and the mechanical contrast between blocks and matrices play important
roles in the mechanical properties of the soil-rock interface, as well as the crack propa-
gation mode [11,18-20]. The surface roughness (wave distance <1 mm) of rock blocks,
rather than the macroscopic rock block shape (wave distance >10 mm), is another im-
portant factor that affects the mechanical properties of a soil-rock interface [21]. In con-
trast, less attention has been placed on rock block surface roughness, especially in terms
of numerical simulation analysis. Smooth particles or particle clumps are commonly used
as rock blocks in SRMs. Xu [13] constructed a mesostructure concept model of a rock
block via a digital image processing technique, and the results showed that the boundary
of the rock block should be smooth enough for meshing of the geometry model for the
SRM. The influence of the rock block’s surface roughness on the soil-rock interface re-
mains unknown, especially for cementation SRMs, such as frozen SRMs. In recent years,
with the rapid emergence of engineering construction in cold regions, a series of ge-
otechnical problems have drawn the attention and interest of many engineers; however,
studies on frozen soil-rock mixtures (FSRMs) are lagging behind frozen soil studies. The
freezing properties of fine soil may differ significantly from those of coarse-grained soil [22].
This topic has rarely been studied. Fitzsimons [23] studied the structure, strength, and
deformation behavior of substrate from Suess Glacier, Southern Victoria Land, Antarc-
tica, with a large-scale direct shear device. Nickling and Bennett [24] studied the effects of
the ice content and normal load on frozen coarse granular debris shear strength proper-
ties. They found that the Mohr—Coulomb failure envelopes displayed very distinctive
parabolic curvilinearity. Arenson et al. [25,26] observed the freezing process of
coarse-grained sand and the creep and strength properties of rock glacier samples in
triaxial stress conditions. Qi et al. [27] studied the influence of temperature, ice content,
and normal stress on the shear strength of soil-rock mixtures via large direct shear tests;
however, adjustments to the mesostructure (such as the rotation of rock blocks and
changes) and the development of internal injures (crack propagation and breakage of
rock blocks, etc.) were the crucial causes of the different macro-mechanical responses.
Unfortunately, there are a few relevant clues toward frozen soil-rock interface proper-
ties, especially in terms of the morphology and cracking characteristics of the frozen soil—-
rock interface. According to freezing adhesion theory [28], ice adhesion is strongly af-
fected by surface roughness. The contact angles of liquid decrease with the increasing
surface roughness of material, where the smaller the contact angle, the higher the contact
area, which causes stronger ice adhesion; however, as mentioned in previous studies
detailed above, the soil-rock interface is the stress concentration area. The number of
stress concentration points increases with an increasing surface roughness of rock blocks.
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The interactions between blocks and frozen soil matrices are more complex than the in-
teractions at normal temperature. Microscopic representations and the deformation of
the frozen soil-rock interface and the influence of rock block surface roughness on me-
chanical properties still require further exploration and correlation with physical mate-
rials. Here, the aim of this research was to explore soil-rock interface properties and their
influence on the strength of FSRMs.

The purpose of this study was to investigate the macroscopic failure pattern and
deformation of a FSRM sample. Moreover, the strength effects, interface morphologies,
and crack propagation modes of soil-rock interfaces composed of rock blocks with dif-
ferent surface roughness are discussed. First, a series of uniaxial compressive tests and
Brazilian tests of FSRM samples were conducted with different frozen temperatures.
Simultaneously, to further understand the stress field, we used acoustic emission (AE)
and ultrasonic plus velocity (UPV) methods during the compression tests. Second, we
observed the mesostructure of the soil-rock interface inside the FSRM by utilizing a dig-
ital microscope camera. Ultimately, the crack propagation and cracking mode of the soil—-
rock interface are discussed and summarized.

2. Materials and Methods
2.1. Material Characteristics and Sample Preparation

It is extremely challenging to obtain undisturbed core samples in permafrost [26].
Therefore, artificially prepared frozen samples were used in this research. According to
the research from Medley and Lindquist [29,30], the soil/rock threshold was set at dsit =
0.05 Lc, where L. is the diameter of specimens. Two types of cylindrical samples (61.8
mm (diameter) x 125 mm (height) and 61.8 mm x 50 mm) were fabricated for uniaxial
compression testing and Brazilian testing, respectively. Therefore, we selected 2.0 mm as
the soil/rock threshold. The plastic limit, liquid limit, and plasticity index of the soil were
about 18.8%, 31.3%, and 12.5, respectively; the Cu and C. were 31.58 and 0.77, respec-
tively. For rock blocks, according to the sample preparation standard (Standard for Soil
Test Method GB/T 50123-1999) [31], the diameters of rock blocks should be less than
12.36 mm (61.8 x 0.2 = 12.36 mm). Moreover, the geometries and strengths of rock blocks
are the main factors that affect the mechanical properties of the soil-rock mixture [32-34].
Accordingly, alabaster blocks were chosen for testing, which are mostly made up of
CaCO:s and SiO2. The particles have a density of 2.59 g/cm? with a smooth surface. The
point-load strength of the particles is about 6.5 MPa. We calculated the roundness, sphe-
ricity, and the ratio of the perimeter and area of projection contour using the Image-Pro
Plus (IPP) software package [35]. The mean roundness, sphericity, and ratio values were
1.132, 0.729, and 0.536, respectively. In order to acquire alabaster blocks with a rough
and porous surface and maintain similar macroscopic particle shapes with natural ala-
baster blocks, we treated the blocks with a hydrochloric acid solution (HCI) with a solu-
bility of 5 mol/L for 15 min, then washed the alabaster blocks with distilled water. The
angles of repose of the 2 alabaster blocks were 35° and 43°, respectively. Moreover, the
arithmetical mean deviations of the profiles (Ra) were calculated as follows [36]:

1 n
Rz O

As shown in Figure 1c, the Ravalues of the 2 blocks were 13.24 um (from 9 sam-
ples), and 99.14 um (from 11 samples), respectively. All materials and corresponding
parameters are shown in Figure 1.
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Figure 1. Materials: (a) soil and rock block particles; (b) surface morphology of rock blocks; (c)
profile offset distance of rock blocks; (d) particle distributions.

The mixture ratio, water content, dry unit weight, and frozen temperature are the
important factors that determine the strength and deformation characteristics of FSRMs.
According to earlier literature [37,38], the strength of a SRM is jointly controlled by rock
blocks and soil particles when the rock block content is 25%-75%. To obtain universal
research conclusions and avoid the breakage of rock blocks during sample preparation,
we selected the volumetric block proportion (VBP) of 40%. In the literature, when the
water content is increased above saturation, the unfrozen water film thickness increases
and pore ice begins to dominate the sample, where the strength is then reduced [24].
Considering the plastic limit (18.8%) and liquid limit (31.3%) of soil, research object, and
sample preparation method, it is difficult to maintain the shape of sample at higher soil
water content during sample preparation; moreover, it is not representative of frozen
soil at lower soil water content. Therefore, the soil water content of 25% was selected.
For the soil dry unit density, in general, the strength of frozen soil increases with an in-
crease in unit weight; however, because most of natural SRMs are obtained from the
loose colluvium and sediment, the soil dry weight of 1.7 g/cm?3 was chosen.

For the SRM preparation, the soil was first mixed with the desired amount of pure
water, and samples were placed in sealed bags for 12 h. Before the mixture preparation,
an extra amount of pure water was sprayed on the rock blocks to prevent water absorp-
tion. Subsequently, the soil matrices and rock blocks for each sample were mixed and
homogenized in a mixer. Then, the mixtures were placed in an iron module (61.8 x 125
mm in diameter and height, respectively) whose internal wall was covered with a Vase-
line film. The samples were compacted in 3 layers with a stratified method. After the
compaction of each layer, the top surface layer was disturbed to make the connectivity
between the layers homogeneous. The samples were unmolded and were then sealed
with plastic film to prevent water evaporation. For preventing the deformation of the
cylindrical samples because of gravity, we wrapped them with a cylindrical copper
mold that had the same size as the sample. In addition, to more clearly understand and
compare the mechanisms of FSRM, we prepared ice-rock mixture samples with a VBP of
100%. All samples are shown in Figure 2.

In the literature, because of the large specific surface area for silty soil particles,
most free water in the soil pores will be frozen at the temperature of -5 °C [27]. We se-
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lected the frozen temperatures of -10 °C, -20 °C, and -30 °C for analysis here. The sam-
ples were placed into a low-temperature box for 36 h. The temperature scope of the box
was -50 to 150 °C with a resolution of 0.5 °C.

61.8 mm

125 mm

61.8 mm

Figure 2. Fabricated samples: (a) cylindrical frozen soil-rock mixture sample; (b) cylindrical ice—
rock mixture sample for compression testing; (c) disk soil-rock mixture samples for Brazilian test-
ing; (d) disk ice-rock mixture sample for Brazilian testing.

2.2. Testing Progress

Both the uniaxial compression testing and Brazilian testing for the FSRM samples
were conducted using a Servotronic system with a capacity of 100 kN and a resolution of
0.1 kN [39]. The radial displacement was measured using a contact strain acquisition
sensor at a resolution of 0.05 mm. In this experiment, the test was conducted in a lab en-
vironment (20 °C). To prevent the loading interface from melting, we replaced the top
and bottom metal load platens with high-density acrylic plates (PMMA). In addition, the
cylinder samples were capped at both ends with a Vaseline film. Meanwhile, the cylin-
drical samples were wrapped with aluminum silicate thermal insulation cotton during
the uniaxial compression testing. For the Brazilian testing, each cylindrical disk was
placed directly between the platens of the compression testing machine, as shown in
Figure 3. All the tests were carried out under displacement control at a rate of 1.236
mm/min. The samples were taken out from the low-temperature environment box and
were placed on a loading table. Axial loading was applied via an electric motor and the
axial loading and displacement were recorded. Moreover, an electronic thermometer was
fixed on the sample surface to monitor the temperature variation of the sample surface
during compression, as shown in Figure 3.

Acoustic emission (AE) techniques can record ultrasound signals when emitted by a
defect within a sample when it is produced. To clearly understand the internal defor-
mation properties of rock blocks and the strain field characteristics under the uniaxial
compression and Brazilian tests, we used an acoustic emission signal measuring system
for obtaining the AE characteristics of a typical FSRM with the frozen temperature of 20
°C during testing (Figure 4a). A piezoelectric wide-band sensor (RS-2A) with a frequency
spectrum of 50-400 kHz was installed in the middle of the specimen surface to pick up
the high-frequency stress waves, which were then converted to electric signals. The
background noise from the uniaxial compressive apparatus and surrounding environ-
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ment approximately ranged from 6 to 25 mV. The trigger level voltage of 30 mV was se-
lected on the basis of the preliminary analysis of waveforms. The signals detected by the
sensor that were greater than the trigger level of 30 mV were amplified by a pre-amplifier
by 40 dB and were then processed and recorded. The AE energy was recorded as a func-
tion of time. In addition, the ultrasonic plus velocity (UPV) is commonly used to evaluate
cracks or defects inside materials. A P-wave transducer and associated equipment were
employed to three similar FSRM samples to record the axial UPV during the compression
process. The piezoelectric transducers were deployed at the 2 ends of the sample, as
shown in Figure 4b. The piezoelectric wide-band transducers featured a frequency spec-
trum of 1-125 kHz. Pulses were emitted at a pulse width of 0.04 ms and a voltage of 500
V, and the sampling period was 0.2 us. The transducer at the bottom emitted a pulse
signal and the receiving transducer collected the signal at the top. An initial wave was
selected to obtain the travel time at each loading step. The P-wave time to travel through
the samples and acrylic end-caps platens were recorded (t1). The travel time in the acrylic
plates was also recorded (to). After measuring the sample length (L), we calculated the
velocities as UPV =L / (ti—to).

@) © Controller
Acrylic plate

Force . Insulation
sensor /Thermometer

Sample

Figure 3. The testing apparatus and method: (a) uniaxial compression test; (b) sketch of the testing
system; (c) thermometer probe; (d) Brazilian test.

Vertical stress

a
@ ®) Transducer
Vertical stress . Acrylic plate
Acrylic plate
Signal analyzer
Amplifier SRM sample SRM sample

Ultrasonic detector

Transmission lines

Vertical stress

Vertical stress

Figure 4. Testing system: (a) acoustic emission (AE) system; (b) ultrasonic plus velocity (UPV)
system.
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3. Results and Discussion
3.1. The Failure Pattern under Compression and Brazilian Testing

The temperature data show that relatively stable temperatures of 26 + 1, =15 + 1,
and -7 + 1 °C were maintained for 5~7 min during compression testing. Meanwhile, the
peak stresses could be reached within 3—4 min. The Brazilian test samples were analyzed
directly, and the peak loads could be reached within 2-3 min. For the current work, it is
sufficient to investigate the strength difference of FSRMs under different temperatures.

The typical stress—strain curves of FSRM samples under different frozen tempera-
tures are plotted in Figure 5. Under uniaxial compression, the stress—strain curves fol-
lowed a similar pattern. At the beginning stage of the loading, all the curves had a tran-
sient concave upward section. Subsequently, all samples exhibited an elastic behavior
wherein stress was linearly proportional to strain. After the yielding stress was reached
for the sample with a frozen temperature of -30 °C, the stress showed a sharp increase to
the peak stress strength point and decreased rapidly; however, for the samples with
frozen temperatures of 10 °C and —20 °C, the stress data showed a yielding plateau. The
stress slowly increased to the peak point, then decreased gradually. The samples with
different frozen temperatures showed different failure modes. For the samples with fro-
zen temperatures of —10 and-20 °C (Figure 5b,c), no obvious penetrating cracks were
observed, even when the strain reached 12%. The bulging deformation and short split
fracture parallel to the compression axis were the main failure modes at the stress
post-peak stage. For the sample with a frozen temperature of -30 °C (Figure 5d), the ob-
vious inclined shear cracks and axial tension cracks were observed at the stress
post-peak stage. The samples exhibited greater shear failure, and the bulging defor-
mation was not relatively obvious. Within the local area of the shear cracks, small
amounts of rock fragments were observed, and rock powder was mainly distributed
around the rock fragments. This implies that the shear dislocation extrusion damage of
interlocking angular rock blocks was the main block destruction mechanism. On the con-
trary, all the ice-rock mixture samples showed obvious axial cracks at the peak point, and
the axial stress decreased rapidly after the peak strength point.

The loading curves and corresponding failure modes of the FSRM disk samples
containing rough rock blocks under the Brazilian test are depicted in Figure 6. A tortu-
ous failure surface adjacent to the loading surface, instead of a splitting fracture as in the
homogeneous sample, was the main failure mode for FSRMs under Brazilian testing
here. In addition, rock fragments could be observed in the central failure surface, and the
number of rock fragments increased with a decreasing temperature. On the basis of the
fracture surface morphology of rock blocks in Figure 6d, we found that rock block tensile
damage was the main destruction mechanism. We could not see the obvious breakage of
rock blocks in the ice-rock mixture samples and FSRM samples containing smooth rock
blocks. This indicates that the tensile strength of the soil-rock interface in FSRM containing
rough rock block was larger than those of the ice—rock interface and soil-rock interface
containing smooth rock blocks.
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Figure 5. Failure patterns of frozen soil-rock mixtures (FSRMs) under uniaxial compression: (a)
stress-strain curves; (b) failure pattern of the FSRM at —10 °C; (c) failure pattern of the FSRM at —20 °C;
(d) failure pattern of the FSRM at -30 °C; (e) rock block fragments in the internal crack of the FSRM
at-30 °C.
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Figure 6. Failure patterns of FSRMs under Brazilian testing: (a) radial force-displacement curves;

(b) failure patterns; (c) the rock fragments in the tensile cracks; (d) fracture morphology of a rock
fragment.

3.1.1. The Acoustic Emission Characteristics of Frozen SRM Samples

The AE energy signals and stress—strain curves for the compression and Brazilian
tests are depicted in Figure 7. As can be seen, the AE energy curves of the two types of
tests were obviously different in the post-peak stage. The AE time—energy curve showed
a unimodal type under the Brazilian test; however, the AE time-energy curve showed a
multimodal type under the uniaxial compression test, which is similar to the results of
the report by Sair and Yuko [40,41]. At the beginning stage of loading, both of the AE ac-
tivity types could be attributed to the compaction and the breakage of ice crystals during
minor stress condition [41]. In the linear elastic stage of the loading curve, only a few
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acoustic emission signals with low amplitudes could be detected. In the pre-peak region,
in which the curves showed an apparent non-linear deformation, both evolutions of AE
signals showed a similar response, where the AE signals increased with the increase of
the axial stress or the vertical force. Subsequently, in the post-peak stage, the AE signal
sharply decreased to a relatively small value under the Brazilian test. Nevertheless, the
apparent AE signal was observed in the post-peak stage under the uniaxial compression
test and the amplitude was obvious.

Acoustic emission signals effectively reflect the mechanical deformation of geo-
materials [42—44]. According to the comparison of the mechanical and acoustic responses
of the FSRMs subjected to the uniaxial compression and Brazilian tests, the differences in
the AE signal responses can be attributed to the motion and friction of internal compo-
nents, especially the rock blocks during loading. For the Brazilian test, the samples
mainly experienced radial tensile stress, especially in the central surface. The separation
between the rock and soil matrix and the cracks propagated into the soil matrix mainly
occurred in the central surface of the cylindrical disk, which triggered obvious acoustic
emission. The obvious acoustic emission activity stopped when the crack had fully
propagated throughout the disk sample. Nevertheless, the whole acoustic emission ac-
tivity pattern was inconclusive under uniaxial loading. Being a mixture composed of soil
particles, rock blocks, and ice granules with widely contrasting physical properties, from
the inspection of the samples after uniaxial loading testing, obvious surface cracks typi-
cally occurred in the post-peak stage. It may be inferred that the movement of rock blocks
was relatively active in the post-peak stage, thereby triggering evident AE signals. In the
pre-peak stage, the creeping and friction of soil particles and ice granules could be as-
sumed rather than the obvious movement of the rock blocks.

AE time (s) AE time (s)
0 100 200 300 400 500 600 700 0 40 80 120 160 200 240 280 320
8 T T T T T T 800 10 T T T T T T T T
Axial stress Force
) . —— AE energy AE ener;
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soi grains and surface cracks initiate 8t 12000
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Axial strain (%) Displacement (mm)
(a) (b)

Figure 7. AE characteristics of FSRMs: (a) uniaxial compression test; (b) Brazilian test.

3.1.2. The Ultrasonic Plus Velocity Characteristics of FSRM

The stress—strain—-UPV curves are shown in Figure 8. We observed that the UPV in-
creased with increasing stress at the pre-peak stage and then presented a decreasing
trend with the decrease of stress. In general, the UPV is associated with material proper-
ties and density. The UPV increases with an increasing density. In Figure 8, in the
pre-peak stage, the increasing axial UPV indicates that the density increased. In the
post-peak stage, with the growth of cracks in the sample, the UPV decreased. Neverthe-
less, the maximum of UPV appeared in the stress post-peak stage (as with initial surface



Appl. Sci. 2021, 11, 461

10 of 18

crack), which indicates that the crack started to grow at the post-peak stage. Moreover,
the UPV showed a trend of fluctuating downward. We further observed the macroscopic
failure morphology by the naked eye during the loading process, where the short surface
cracks initiated after the maximal UPV was recorded and the bulging deformation then
occurred. It was inferred that the obvious motion of rock blocks occurred in the post-peak
stage. The obvious fluctuation of the UPV could be attributed to the pre-existing cracks
being closed and new cracks growing because of the movement of the rock block, espe-
cially inside frozen soil with an increasing temperature. In addition, Figure 9 shows the
stress—strain curve, sample deformation in different stages, the UPV, and volumetric
strain of the FRSMs at a freezing temperature of —20 °C. The stress-strain curve can be
divided into five sections. Section AB is a microcrack closures stage. Section BC is an
elastic deformation stage in which the ice crystals and particles resisted external loading.
Section CD is the ice crystal particles creeping and melting stage, in which the ice crystal
experienced pressure melting and the soil particles were further compressed. The UPV
and axial stress had the maximum values at point D. In section DE, the frozen soil parti-
cles started to creep, and the microcracks can be seen by the naked eye at point E.
Moreover, the volumetric strain reached a peak point at point E. In section EF, the obvi-
ous surface cracks and lateral expansion can be seen. The rotation and slippage of rock
blocks occurred in this section. Figure 9 presents a rapid descent of volumetric strain
corresponding to a significant fluctuation of UPV in the rectangle. This indicates that the
internal rock blocks were apparently motivated and some pre-existing cracks were
closed; however, at the same time, new cracks appeared. The results for the UPV analysis
are consistent with the AE analysis in the section above.

6 5400
—o— UVP SRM1
—eo— UVP SRM2
Surface cracks initiate UVP SRM3 - 5200
5F Axial stress SRM1
Ax1al stress SRM2
B 45000
a 4
s 14800 2
g 3t £
%- {4600 >
z =5
.; 2 D
> 44400
1 = 4200
0 4000
Axial strain (%)

Figure 8. Relationship between the axial stress—strain and UPV.
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Figure 9. Stress—strain-UPV diagrams showing the different compression stages.

3.2. Morphology of Frozen Soil-rock Interface

The micromorphology of the frozen soil-rock interface is shown in Figure 10. We
can see that there was no obvious boundary between the soil and the rock surface. The
soil matrix and cemented ice could squeeze into the micropores of the rock block surface
to form the soil-rock contact band, in which the rock block and frozen soil are interlaced
with each other. To clearly understand the soil-rock interface mechanism, we compared
two soil-rock interfaces before and after freezing, which were composed of smooth rock
blocks (carnelian) and rough rock blocks (filter stone), respectively, as shown in Figure
11. The results clearly show that the soil-rock interface exhibited an obvious contact
band instead of a soil-rock interface surface at the rough surface of the filter stone.
Moreover, the ice could enter the small pores or fractures to fill them due to the water
molecules being smaller than soil particles, which indicates that the higher the surface
roughness of the rock block, the wider the width of the soil-rock contact band.

0.3 ' mm

0 min Freezing action time

Figure 10. Frozen soil-rock interface.
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Figure 11. The morphology of soil-rock interface (contact band) before and after freezing: (a) rough
soil-rock interface (contact band); (b) smooth soil-rock interface.

It is interesting to note that the soil-rock interface is the weakest part in SRMs, and
cracks commonly initiate here [13,17]; however, in line with the ideas of our observa-
tions, the soil-rock contact band and ice play important roles in improving the strength
of the soil-rock interface. Our results cast a new light on the soil-rock interface. It is
worth discussing these interesting phenomena as revealed by the observation of the
FSRM digital image. In the following section, by comparing the results from the uniaxial
compression test and Brazilian test, we discuss the influence of these findings on the
mechanical properties of FSRMs and the failure mode of the frozen soil-rock interface.

3.3. The Results of UCS and Indirect Tension Strength Analysis

Table 1 lists the comparison results of UCS and indirect tensile strength of samples.

Table 1. The strength parameters of the ice—rock mixture and frozen soil-rock mixtures (FSRM).

Ice-Rock T oc(MPa) ot(MPa) F T oc(MPa) ot(MPa)

Mixture (°O) Smooth  Rough  Smooth  Rough SRM (°O) Smooth  Rough  Smooth  Rough
1 -10 4.867 6.405 0.843 1.28 1 -10 3.398 3.898 0.725 0.931
2 -10 5.825 6.320 0.877 1.315 2 -10 3.469 3.907 0.844 0.872
3 -10 6.157 7.116 0.901 1.401 3 -10 3.836 4.109 0.775 0.860
4 -20 6.988 10.691 1.23 1.646 4 -20 5.944 7.684 1.574 1.728
5 -20 7.165 9.757 1.003 1.686 5 -20 6.500 7.614 1.631 1.778
6 -20 7.033 9.095 1.07 1.590 6 -20 6.380 6.904 1.485 1.959
7 -30 8.703 12.871 1.553 2.536 7 =30 9.153 11.462 2.165 2.536
8 -30 8.266 13.308 1.477 2.484 8 -30 9.674 11.888 2.176 2.556
9 -30 9.058 11.899 1.323 2.458 9 -30 9.710 11.237 2.305 2.581

Note: o¢, uniaxial compressive strength; oy, tensile strength; T, temperature.

3.3.1. The Uniaxial Compression Strength Analysis

Figure 12 presents the uniaxial compression strength (UCS) of artificially FSRM
samples and ice-rock mixture samples under different frozen temperatures of -10, —20,
and -30 °C. It can be seen that the UCS values of the ice-rock mixtures and FSRM sam-
ples containing rough rock blocks were obviously larger than those of samples contain-
ing smooth rock blocks, especially for ice-rock mixtures. Both strengths for all samples
increased with a decreasing temperature, and the uniaxial compression strength change
was approximately linear with the frozen temperature, which is similar to the findings of
previous studies. Moreover, the difference between UCS increased with a decreasing
temperature. Nevertheless, according to the trends of the curves, the UCS and the tension



Appl. Sci. 2021, 11, 461 13 of 18

strength of samples containing smooth rock blocks were larger than those of samples
containing rough rock blocks when the temperature was higher than that at intersection
point A. As mentioned above, the soil-rock interface is the stress concentration area un-
der compression, especially in the surface of rough rock blocks, and the pressure melting
of ice granules also occurs here. The lubrication of meltwater is disadvantageous to the
soil-rock interface strength.

16 16
(@ O Icerock mixture with smooth rock block (b) O Soilrock mixture with smooth rock block
O Icerock mixture with rough rock block O Soil-rock mixture with rough rock block
14 E 5 i» 14
12 12
Smooth rock block Rough rock block
O
= 10 Strengthening area = 10
A =]
S 4 S 4
°8 8 Strengthening area
6 A_ 6
- \ o
4 Stress concentration weakning effect 4
=Rough interface strengthening effect A z
2 1 1 1 1 1 2 z 1 1 1 1 1
-5 -10 -15 =20 =25 =30 =35 -5 -10 -15 =20 =25 =30 =35
Temperature (°C) Temperature (°C)

Figure 12. Relationship between the uniaxial compression strength (UCS) and the frozen temper-
ature (a) ice-rock mixture; (b) soil-rock mixture.

3.3.2. The Indirect Tension Strength Analysis.

The Brazilian test is a common method to indirectly evaluate the tensile strength of
materials. According to elastic mechanical theories, the tensile strength ot can be ex-
pressed as follows [45]:

2P
" wDL

where P is the compression loading at failure, D is the diameter of the specimen, and L is
the length of the specimen. Figure 13 shows the testing results of the Brazilian testing. It
is notable that the tensile strength grew linearly with a decreasing temperature. The ten-
sile strengths of samples containing rough rock blocks were larger than those of samples
containing smooth rock blocks, and the increment in tensile strength presented an in-
crease trend with a decreasing temperature, as with the UCS. Furthermore, the strength
increment of the ice-rock mixture sample was more obvious than that of the soil-rock
mixture sample. This can be attributed to the high VBP for the ice-rock mixture. Like in
the compression test, the trend curves will intersect; however, the temperature of the in-
tersection is higher than that of the compression test. This can be attributed to the stress
concentration of the tension condition being weaker than that in the compression/shear
conditions. This study shows that the interaction between frozen soil and blocks is more
complex than originally thought. Further tests will be taken to examine this problem.

@)
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Figure 13. Relationship between indirect tension strength and frozen temperature (a) ice—rock
mixture; (b) soil-rock mixture.

3.4. The Failure Model and the Evolution of Crack Propagation at Soil-rock Interface

Using a digital microscope, we analyzed the cracks in FSRM samples and ice-rock
mixture samples from a mesoscopic perspective. As shown in Figure 14, we can see two
types of crack structures in the images. For samples containing smooth rock blocks, the
cracks showed a flat surface, and the cracks propagated along the accurate soil-rock in-
terface; however, for the sample containing rough rock blocks, the cracks showed a rough
serrated surface and the cracks no longer propagated along the accurate soil-rock inter-
face, but in the frozen soil instead. The crack morphology in the soil-rock interface here
was similar to that in the frozen soil. According to Figure 14, two possible paths will oc-
cur, as shown in Figure 15. For the first crack propagation mode, the crack will go
through the accurate soil-rock interface in the sample containing the smooth rock blocks.
In the sample containing the rough rock blocks, the second crack propagation mode de-
pends on the contrast strength of the soil-rock interface and rock blocks. As shown in
Figure 15, the crack will not propagate along the accurate soil-rock interface. The enve-
lope of the rough rock block outline is the weakest area, and the crack propagation will
initiate here; however, for FSRMs, the strength of the soil-rock contact band increases
with the decrease of frozen temperature, and it could be larger than the strength of rock
block. Therefore, cracks will pass through weak rock blocks, as the third crack propaga-
tion mode.



Appl. Sci. 2021, 11, 461

15 of 18

L)
Rough rock block

Figure 14. The characteristics of cracks at the soil-rock interface and ice-rock interface: (a) smooth
ice-rock interface crack; (b) rough ice-rock interface crack; (c) smooth soil-rock interface crack; (d)
rough soil-rock interface crack.

Crack type 1 Crack type 2 Crack type 3

1mm

Legend: ® Frozen soil or ice; C_>Smooth rock block; #_» Rough rock block; < Crack

Crack type 1: Crack type 2: Crack type 3:
crack path going the crack path going the envelope  crack path passing
soil-rock interface of the rough rock block through the rock block

Figure 15. Three possible crack propagation types for FSRMs.

4. Conclusions

Smooth rock blocks and rough rock blocks were used here for fabricating artificial
FSRMs and ice-rock mixtures, respectively. On the basis of microstructure observations
of the frozen soil-rock interfaces, uniaxial compressive and Brazilian testing were ap-
plied to the FSRM samples and ice-rock mixture samples under different frozen tem-
peratures to investigate the deformation mechanisms of the FSRMs and the influence of
the soil-rock interface on strength. Moreover, the AE and the UPV technologies were
used to enhance the understanding of the mechanism of the deformation behavior in the
FSRMs under loading. Finally, the microstructure failure modes of the soil-rock inter-
faces were identified, and the major conclusions are given as follows:
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Under the uniaxial compression test, the main failure mode for FSRMs was charac-
terized by bulging deformation and no obvious surface crack before the peak stress point.
Most of the surface cracks appeared at the post-peak stage. With a decreasing frozen
temperature, the surface tension cracks gradually evolved into shear cracks. All the ice—
rock mixture samples showed obvious axial cracks at the peak point, and the axial stress
decreased rapidly after the peak strength point. Under the Brazilian test, the main failure
mode was characterized by tortuous cracks propagating adjacent to the center of the disk
that were perpendicular to loading platens. The failure cracks appeared near the peak
stress point stage. The AE results show that a large degrees of deformation occurred in
the stress post-peak stage under the uniaxial compression test; however, the deformation
mainly occurred at the peak stress stage with the Brazilian test. This indicates that the
obvious motion of rock block and crack propagation occurred in the post-peak stage and
the creeping and friction of soil particles and ice granules were amused in the pre-peak
stage under uniaxial compression test. The UPV results show that the maximum UPV
often appeared in the post-peak stress stage. This indicates that the obvious cracks
mainly initiated and grew in the post-peak stage. Combining the results above, we can
speculate that the creeping of the frozen soil and ice granules, crack propagation, and
rock block activities jointly result in the failure of FSRMs.

The soil-rock interface will evolve into a soil-rock contact band at the surface of the
rough rock block. The soil particles and water will squeeze into the pores to form the
soil-rock contact band. The compressive and tensile strength of the frozen soil-rock
contact band was larger than that of the soil-rock interface, and the strength difference
increased with decreasing frozen temperatures. The soil-rock contact band tension
strength was even larger than with rock block particles at relatively lower negative
temperatures; it could cause breakage of rock block.

From the failure crack morphology perspective, three crack propagation patterns are
shown. In the first pattern, cracks between the soil-rock interface will propagate along
the accurate soil-rock interface in FSRMs containing smooth rock blocks and will present
a flat crack surface; however, cracks will propagate along the contour envelopes of rock
blocks in FSRMs containing rough rock blocks and will resultingly present a rough crack
surface, as the second pattern. In the third pattern, the crack will pass through rough rock
block.

This study provides a point for discussion and further research on cold engineering,
especially in foundation engineering inside frozen soil (such as pile foundation). Ac-
cording to the third crack pattern of this study, the crack propagation could pass through
the rock block. It is a disadvantage to pile surface protection, especially the pile with
rough surface; however, it is good for pile side frictional resistance. Looking forward,
further research in the area could be helpful to the protection and correction resistance of
piles in cold regions engineering.
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