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This work is aimed at investigating the mechanical behaviors of a fault unwelded bimrock subjected to coupled freeze-thaw (FT)
and fatigue loads. The influence of FT cycle on rock strength, deformation, damage evolution, and failure morphology was
detailed investigated. The testing results show that the soil-rock interface is sensitive to freeze-thaw condition. Interface
damage and cracking contribute a lot to sample strength, volumetric deformation, and damage evolution. In addition, a
sudden increase of stress amplitude results in the increase of damage, afterwards, the coupling degree of bimrock improves
with the increase of loading cycles. A coupling freeze-thaw and mechanical damage evolution model was proposed using the
damage index defined by ultrasonic velocity and axial strain. It is found that the evolution trend of the model is strongly
related to the previous freeze-thaw damage. Moreover, failure mode of bimrock changes from shear failure to bulging failure
with increasing FT cycles. The failure process of bimrock is the rearrangement of the fine soil particles and rock blocks, the

soil matrix and rock block bear axial cyclic loads by their interactions.

1. Introduction

The fault rocks such as breccia, fault gouge, pseudotachylite,
or cataclasite are more challenging due to the nature of soil
particles and rock block mixture, which exhibits strong non-
homogenous, discontinuity, anisotropy, and environmental
sensitivity. The engineering activities, such as rock mass blast
vibration [1, 2], excavation [3, 4], and fluid injection or pro-
duction [5, 6], affect the geo-stress such that they can even
sometime reactive dominant faults in the vicinity. The reacti-
vation of the fault zone would lead to the formation of very
fine-grained, cohesionless fault gouge, and fragmentation of
weathered rock. Medley [7] coined a term of bimrock or bim-
soils (block-in-matrix rock or soil) to describe rocks that are
composed of geotechnically significant blocks within a bonded
matrix of finer texture and put the fault rocks into the range of
bimrock. Plenty of studies have been performed to investigate

the mechanical behavior of fault rocks and the associated fault
reactivation induced by rock engineering construction. Krantz
[8] conducted laboratory shearing test to measure the friction
coefficient and cohesion of faulting and fault reactivation; the
fault bimrock was prepared as a mixture of quartz sand, clay,
and cement. They found a consistent drop in cohesion for
fault reactivation in the dense mixtures. Mercuri et al. [9] con-
ducted shear testing on fault gouges to reveal the brittle fault
reactivation, and the strength weaken of the fault gouges was
revealed from microstructural analysis. Giorgetti et al. [10]
conducted triaxial experiments on fault rocks to investigate
the reactivation of gouge-bearing faults, and the fault band is
prepared on sandstone cylinders containing saw-cut filled
with clay-rich gouge. By comparing their experiments to ana-
lytical models, they pointed out that the analytical model
assumes a zero-thickness planar, this method provides an
upper bound to fault reactivation, and the result may mislead
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FIGURE 1: Description of fault bimrocks and fault reactivation in the Beizhan iron mine ((a) position of a normal fault on rock mass outcrop;
(b) deformation detection by a synthetic aperture radar; (c) particle size distribution of rock blocks and soil matrix; (d) consolidation

method to prepare bimrock samples).

the predication of fault reactivation. Brantut et al. [11] investi-
gate creep test on clay-bearing fault gouge to reveal the high-
velocity frictional properties. Ferri et al. [12] conducted exper-
iments on smectite-rich gouge to study the high-velocity fric-
tion behaviors under thermal pressurization conditions.
Sulem et al. [13] performed numerical studies on clay-
bearing fault gouge to investigate the rapid shear characteris-
tics. Yund et al. [14] used amorphous material to mimic arti-
ficial fault gouge and conducted high strain experiment; they
found cyclic deformation allows the gauge to accommodate
the passage of geometric irregularities on the active slip
surfaces.

For the fault in cold regions, the frost heaving force
forms within the rock-soil interfaces, pores, and micro-
cracks, resulting in the damage propagation and increase of
crack aperture and length, and deteriorating the bimrock
structure. In addition, stress disturbance is inevitable during
rock mass construction in the civil or mining engineering
[15-18], and stress disturbance accelerates the reactivation

of fault bimrock. Although plenty of studies have been per-
formed about the freeze-thaw damage and stress disturbance
on material fracture and instability, all most all of the inves-
tigations are focused on rock or soil material [19-23]. The
geomechnical behaviors of bimrock subjected to freeze-
thaw and stress disturbance is poorly understood. However,
the fault reactivation in cold region is crucial to the mine sta-
bility, especially for the open-pit mining engineering, tunnel
or roadway engineering, etc., and revealing the mechanical
behaviors of fault bimrock is extremely urgent.

The basic purpose of this work is to reveal the effect of F-
T and increasing-amplitude cyclic loads on damage and
fracture evolution of a fault bimrock. An introduction sec-
tion dealing with literature review has been included in the
first section. In section two, experimental methodology was
explained particularly about the preparation of bimrock
samples and testing procedures. In section three, the coupled
damage evolution caused by the freeze-thaw cycle and cyclic
loads on bimrock was deeply investigated. This work is
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FIGURE 2: Mesoscopic structure description of the soil matrix ((a)
XRD result; (b) SEM result).

emphatically focused on the effect of F-T and stress distur-
bance on bimrock mechanical response and the associated
fault reactivation.

2. Methods

2.1. Preparation of Bimrock Sample. The bimrock material is
composed of the soil matrix and rock blocks, and these two
kinds of materials were obtained from the outcrop fault in
the Hejing Beizhan iron mine in the Xinjiang province,
northwest of China, see Figure 1(a). The fault starts to reac-
tivation during hang-wall ore exploitation, and the impact of
fault reactivation on slope deformation is monitored by a
synthetic aperture radar, see Figure 1(b). At an altitude of
3360m ~3655m, it can be seen that fault instability sliding
occurs due to the mining activities and repeated freeze-
thaw cycles. Therefore, study the mechanical behaviors of
fault bimrock subjected to freeze-thaw and stress distur-
bance is critical to the mine safety.

The bimrock sample is the mixture of soil particles and
rock blocks, and the sieve test result reveals the grain com-
position characteristics, as shown in Figure 1(c). The pro-
portion of rock blocks is about 60%, and this result reveals
a high rock block percentage for the studied bimrock. XRD
result in Figure 2(a) indicates the mineral composition of
the soil matrix; it is found that the matrix is mainly com-
posed of quartz, titanomagnetite, pyrite, cinochlore, and
augite; and their proportion is 27%, 7%, 10%, 26%, and

TaBLE 1: Description of the bimrock samples under freeze-thaw-
fatigue loads.

Sample Lxd F- Mass  Density P-Wave
ID (mmxmm) Tcyde (g  (g/em’) VelOCISt)Y o
?IM‘O‘ 99.87x49.23 0 47512 2.602 1520
ZBIM‘O‘ 99.77x50.01 0  469.65 2519 1590
?IM‘O‘ 99.56x49.76 0 44723 2501 1550
4BIM‘O‘ 99.86x49.55 0  480.08 2451 1580
23(1)1_\’1[' 99.82x49.66 20 473.68  2.513 1410
2331_\/2[‘ 99.80x50.02 20 47366 2515 1430
12351_\;[‘ 99.67x49.67 20 47096  2.504 1434
I;éﬁ‘ 99.88x49.45 20 48502 2522 1472
zél_\/l[‘ 99.59x50.01 40 48222  2.501 1300
ZI)I_VZ[‘ 99.45x50.02 40 47926 2509 1295
Eél_\g[‘ 99.76 x49.88 40  478.06  2.469 1320
Eéﬁ‘ 99.55x49.67 40 47522  2.495 1356
6351‘/1[ 99.80x50.02 60 47111 2403 1026
5(1)1_\;[‘ 99.67x49.67 60 45932 2511 1001
2(1)1_‘2[' 99.88x49.45 60 46726 2493 1020
2(1)1_\;[' 99.59x50.01 60 48522 2395 1050

30%, respectively. SEM result in Figure 2(b) reveals the
mesoscopic structure of rock matrix, it has inhomgeneous
structure, and several microcracks and mineral interfaces
were observed. In addition, a large number of microcracks
are distributed around the minerals. The basic physical and
mechanical parameters of the soil matrix and rock blocks
are listed in Table 1.

The bimrock samples were remolded in the laboratory,
and a consolidation sample preparation method is used to
produce bimrock sample with a diameter of 50 mm and
height of 100 mm. The sample device is specially designed
to prepared remolded samples; it is mainly composed of iron
mould, jack, hand pump, and pressure gauge and displace-
ment meter. First, the soil and rock blocks were mixed, a
20% water was added in the mixture, manual mixing sample
preparation is adopted, and the mixture was sealed with 24
hour; second, the required mixture to prepared one bimrock
sample was taken and put into the iron mould. After the
specimen is pressed to a fixed size, it is continued to be
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FIGURE 3: The testing apparatus in the freeze-thaw-fatigue experiment for the bimrock sample ((a) the ultralow environmental box; (b)

electron microscope; (¢) GDS DYNTTS testing apparatus).

loaded with a jack and consolidated for 1h. Finally, the con-
solidated sample was taken out of the mould. A total of 16
bimrock samples were prepared, and four groups were
divided to perform FT tests with FT cycle of 0, 20, 40, and
60, respectively. Every two typical samples with the same
FT treatment were used to conduct fatigue mechanical tests.

2.2. Testing Equipment. The prepared bimrock samples were
subjected to different FT cycles in an ultralow temperature
environmental box (Figure 3(a)). After each FT cycle, elec-
tron microscope (Figure 3(b)) was employed to observe the
mesoscopic structure change of the soil-block interface and
the soil matrix. Afterward, multistage increasing-amplitude
cyclic loading testing was carried out on the bimrock sample
using a GDS DYNTTS system, see Figure 3(c). The GDS
DYNTTS testing system is capable of very small strain static
tests through to large strain dynamic tests. It is equipped
with a kind of high accuracy electromechanical device, and
the axial force accuracy is less than 0.1%. The maximum
dynamic frequency is 5Hz, the maximum axial load is
60kN, and it is capable of the direct closed loop of axial dis-
placement and axial force. The axial load resolution is less
than 1.5N, and displacement resolution is less than 0.2 ym.
During cyclic loading experiment, the bimrock axial strain
and axial stress can be collected at the same sampling fre-
quency. In this work, the consolidated drained (CD) triaxial
cyclic loading tests were performed, and the volumetric
strain is obtained from the output water volume.

2.3. Testing Procedures. The prepared bimrock samples were
subjected to freeze-thaw treatment and multistage
increasing-amplitude cyclic loads, and the loading scheme
is listed in Table 2. A detailed description of the testing pro-
cedures is summarized as below:

(1) Freeze-Thaw Treatment. The upper and lower tem-
peratures for FT testing were chosen according to
the actual temperature variations at the Beizhan
open pit over the course of a year. An 8h freezing
period (—40°C) and an 8h thawing period (+20° C)

were applied to bimrock to simulate FT cycles of
the rock in the mine. In addition, 8 hours are long
enough to reach a completely frozen state or thawed
state. In the laboratory, the hydrous sample was fro-
zen in the F-T machine at —40°C for 8h; then, the
sample was taken out of the ultralow environmental
box and thawed in the air, and this is a complete F-
Tcycle. After each FT cycle, the ultrasonic pulse
velocity was measured. The FT cycle for the tested
rock is set to be 0, 20, 40, and 60, respectively

(2) Multistage Cyclic Loading Test. First, the sample was
loaded to a stress of 100 kPa at a constant deforma-
tion rate of 0.2 mm/min. Following the static loading
path, the sinusoidal cyclic loads controlled by stress
is applied, and the stress amplitude is 100kPa at
the first cyclic loading stage (CLS). In each subse-
quent cyclic loading stage, the stress amplitude
increased by 100 kPa until sample failure. The cyclic
load is programmed in advance and realized by the
computer, the loading frequency is 0.5Hz, that is, a
cycle with a loading and unloading duration can be
completed within 2 seconds. In each CLS, a total of
100 stress cycles were applied to the bimrock sam-
ples. The loading scheme is shown in Figure 4

(3) After the mechanical tests, the macroscopic failure
morphology was observed to reveal the interactions
between rock blocks and soil matrix

3. Results and Analyses

3.1. Cyclic Stress Strain Curves. The typical fatigue stress-
strain curves for the freeze-thawed bimrock samples are plot-
ted in Figure 5. During the sample preparation, all the samples
are prepared to have the same rock block percentage and block
distribution as possible. It is shown in Figure 5 that the previ-
ous freeze-thaw damage influences the fatigue strength, fatigue
deformation, and lifetime of bimrock. Under the same loading
paths, the CLS is 6, 5, 5, and 4, respectively, for bimrock sub-
jected to FT cycle of 0, 20, 40, and 60. The corresponding
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TaBLE 2: The testing schemes for the multilevel cyclic loading tests.
Sample 1D FT cycle Omin Omax. o, O max CLS Cycle of each CLS f
(cycle) (kPa) (kPa) (kPa) (kPa) ) (cycle) (Hz)
BIM-0-1,2 0 100 100 100 700 6 100 0.5
BIM-20-1,2 20 100 100 100 500 4 100 0.5
BIM-40-1,2 40 100 100 100 500 4 100 0.5
BIM-60-1,2 60 100 100 100 400 3 100 0.5
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FI1GURE 4: The loading paths of the tested granite containing two fissures and a hole ((a)-(d) rock samples experience F-T cycle of 0, 30, 60,

and 90, respectively).

fatigue lifetime is 553, 491, 423, and 227, respectively.
Impacted by the previous FT treatment, the differential dam-
age at the soil-rock interfaces leads to the different perfor-
mance to resist external loads, and the fatigue strength
decreases with the increase of FT cycle. The fatigue mechanical
parameters are summarized in Table 3.

From the stress-strain curves, it is also shown that the
loading curve is not overlapped with the unloading curve
and stress hysteresis loop during deformation. The hysteresis

loop presents a first sparse and then dense pattern at the first
several CLS, however, it becomes more and more sparse at
the final CLS and exhibiting a sparse-dense-sparse pattern.
The sparse pattern at the onset of a CLS implies the generation
of relatively large damage caused by the increase of stress
amplitude and the damage increases steadily with increasing
loading cycle at a CLS. At the final CLS, the previous accumu-
lative damage accelerates rock failure, and the interval and
area of hysteresis loop become larger and larger. The number
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FI1GURE 5: Typical stress-strain responses of the bimrock samples under multistage cyclic loads ((a)-(d) bimrock samples experience F-
T cycle of 0, 20, 40, and 60, respectively).

TABLE 3: Summarization of the mechanical parameters of the tested bimrock samples.

Sample Lxd F- Peak axial stress Peak axial strain ~ Peak volumetric strain Loading Loading
ID (mm X mm) T cycle (kPa) (%) (%) stage cycles
BIM-0-1  100.01 x 49.39 0 700 6.786 -8.351 6 553
BIM-0-2  99.89 x 50.05 0 800 8.232 -9.032 6 625
?IM’ZO' 99.62x49.95 20 500 10.602 -13.355 4 491
EIM‘ZO' 99.62x49.95 20 600 11.368 -12.665 5 522
?IM“*O' 99.89x50.05 40 500 13.388 -15.042 4 423
ZBIM"*O' 99.62 x 49.95 40 500 12.031 -15.985 4 444
?IM'“" 99.89 x 50.05 60 400 13.007 -16.913 3 227
BIM-60- 99 65 x 49.95 60 400 16.765 -18.002 3 256

2
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FiGgure 6: Continued.
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FIGURE 6: Fatigue deformation characteristics of the freeze-thawed bimrock samples ((a)-(d) axial strain versus cycle number at different
CLS; (e)-(h) the volumetric strain versus cycle number at different CLS).

of the hysteresis loop at the last cyclic loading stage is 53, 91,
23, and 27, respectively. Because the rock block percentage
of the fault bimrock is high, i.e., 60% in this work, the inter-
locking and occlusion degrees among the rock blocks are high,
and the bimrock sample failures progressively and not a sud-
den stress drop.

3.2. Bimrock Deformation Characterization. The formation
of stress hysteresis loop indicates the occurrence of plastic
deformation during fatigue loads. Figure 6 presents the axial,
radial, and volumetric deformation during the entire loading
process. The axial strain is measured by a displacement trans-
ducer at the GDS testing system, see Figures 6(a)-6(d). It is
observed in Figures 6(a)-6(d) that the axial strain within a
CLS is relatively small before the finial loading stage; however,
the increasing rate of axial strain between each cyclic stage
increases sharply. The accumulative damage at the previous
cyclic loading stage has obvious impact on rock axial deforma-
tion. Within a CLS, the axial strain shows a quick increase then
steady increase trend except the last CLS. The first quick
increase of axial strain indicates that the damage is relatively
large at the increasing-amplitude moment; then, the damage
propagates steadily. However, at the last CLS, the axial strain
increases sharply until sample failure. Owing to water-ice
phase transformation and the generation of frost heaving force
in bimrock (e.g., interfaces, pores, and microcracks), bimrock
is encountered with mesoscopic structural degradation, and
inhomogeneous deformation occurs under cyclic loads. It is
shown that the incremental pattern of the axial strain is differ-
ent, and it is shown that increase of axial strain is relatively
quick for rock subjected to high FT cycle. Especially, at the last

CLS, the growth rate of the axial strain is quicker for rock sub-
jected to 40 and 60 FT cycles.

Because the consolidated-drained cyclic loading tests are
performed for the bimrock samples, the radial strain can be
obtained by the ratio of mean diameter variation to the origi-
nal sample diameter. As a result, the volumetric strain (ev) cal-
culated as &, = €, + 2¢;, where &, is the axial strain and ¢, is the
radial strain. The relationship between the maximum volu-
metric strain and cycle number is plotted in Figures 6(e) and
6(f). The change of the volumetric strain in Figures 6(e) and
6(f) shows that bimrock sample experiences first
compression-dominant and then expansion-dominant pro-
cess. The previous FT treatment influences rock volumetric
change, and the inflection CLS is 4, 3", 3™, and 2", The
damage deterioration of rock-soil interfaces influences the ini-
tiation, propagation, and coalescence of the cracks; and this
results in the difference of failure morphology. The dilatancy
effect is much more obvious for bimrock subjected to 40 and
60 FT than those of 0 and 20 FT cycles. The final volumetric
strain is -8.351%, -12.665%, -15.042%, and -18.002%, respec-
tively, for bimrock exposed to 0, 20, 40, and 60 FT cycles.

3.3. Stiffness Changes during Bimrock Deformation. For the
tested bimrock samples, the stiffness change is characterized
by a defined index of secant modulus (Es). Es is the line slope
that joints the below limit stress and the upper limit stress of
each cycle in the axial stress-strain curves. The change of Es is
plotted in Figure 7. It is shown that Es decreases in a CLS, and
it decreases quickly at the first several cycles and then it gets
to steady. The steady of Es within a CLS indicates that the cou-
pling degree among the rock blocks and soil matrix improves
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F1GURE 7: Depict of secant modulus with cycle number during bimrock deformation ((a)-(d) the tested sample experience 0, 20, 40, and 60

FT cycles).

accordingly. We can also see that the Es presents a decrease
trend as FT cycle numbers. It is the largest for rock subjected
to 0 FT cycle and smallest for rock subjected to 60 FT cycle.
For a tested bimrock samples, Es presents a first increase and
then decrease trend. The increase of Es reflects the compaction
of soil matrix and the improvement of coupling degree among
the rock matrix and rock blocks. After several CLS, Es starts to
decrease due to the cracking in the rock-soil interface and the
movement of rock blocks in bimrock. The onset of decreasing
CLS is 5, 4™, 3™, and 2", respectively.

3.4. Coupled Damage Characteristics Subjected to F-T-
Fatigue Loads. For the freeze-thawed bimrock samples in
this work, they are subjected to two kinds of fatigue damage,
one is induced by the previous freeze-thaw treatment, and
the other is the mechanical loads. As a result, the coupling
damage of the freeze-thaw and mechanical loads was consid-
ered simultaneously herein. Owing to the differential freeze-
thaw actions on bimrock samples, the increase of porosity in
soil matrix and cracking of rock-soil interface both lead to
the entire structural deterioration of bimrock. To reveal the
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entire damage characteristics resulting from the FT treatment,
ultrasonic measurement is employed to obtain the velocity for
the bimrock subjected to different FT cycles, see Figure 8(a).
The velocity decreases with the increase of FT cycle, and the
reduce rate becomes fast. The damage caused by the previous
FT treatment is quantitatively characterized by a damage fac-
tor defined by velocity, as shown in Figure 8(b). It is shown
that there exists a power relationship between the damage fac-
tor and FT number. It can be observed that the damage degree
of the freeze-thawed bimrock increases with the increase of F-
T cycle, and the increasing rate becomes faster and faster. The
equation fitting is used to establish the link between the F-T
damage and F-T cycle, it is found that a power function can
well describe the changing trend of F-T induced damage,
and it is shown as

Dp_; =0.00196 x (FT)"**Adj.R* =0.955, (1)

where Dy_; refers to the damage induced by the previous F-T
treatment, and N represents the F-T cycle. It stands for the
number of F-T cycles. The Adj.R* is a modification of R? that
adjusts for the number of explanatory terms in a model when
taking the sample size into consideration.

For bimrock subjected to increasing-amplitude cyclic
loads, the effect of the previous freeze-thaw damage on rock
accumulative damage at each cyclic loading stage is dis-
played in Figure 8(b). It can be seen that F-T inducted dam-
age degree increases with increasing F-T cycles. At the same
cyclic loading stage, F-T inducted damage is relatively high
for a rock subjected to high F-T treatment. Under the fatigue
loads, as the axial strain can be precisely obtained from the
displacement transducer, a damage variable defined using
the axial strain is employed to reflect the mechanical damage

induced by cyclic loads. In addition, the previous studies
have proved the reliability to use axial strain to express rock
damage evolution [23-25]. Therefore, the damage index
defined by axial strain is introduced herein, as shown as fol-
lows:

g5 £ €

Dy (2)

b
£eg;—¢

where Dy is the damage factor caused by fatigue loads, ¢ is

the axial strain at the failure point, ¢, is the axial strain at the
first CLS and the first cycle, € is the strain during rock defor-
mation, and ¢, is the axial strain and the failure point. Based
on Eq. (2), the damage variable for rock at each loading cycle
is shown in Figure 9. It is found that a two-stage damage
evolution pattern exits for the bimrock sample at different
CLS except the final CLS, and the damage increases faster
and then gets to steady with a CLS. At the last CLS, three-
stage damage evolution characterized with a first fast
followed by a steady growth and then quick growth occurs
for all the tested bimrock samples. In addition, it is found
that damage increases with increasing FT cycle at the same
CLS.

As stated above, for the fault bimrock sample subjected
to freeze-thaw and cyclic loads, damage includes two parts,
one is the previous freeze-thaw fatigue damage, and the
other part is the mechanical loads. The damage induced by
freeze-thaw and increasing-amplitude cyclic loads is calcu-
lated from Eq. (1) and (2). Therefore, the coupling damage
is obtained as

D :DF—T+Df_DF—TXDf‘ (3)

coupling
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F1GURE 9: Damage evolution for bimrock at different CLS ((a)-(d) bimrock sample subjected to of 0, 20, 40, and 60 FT cycles, respectively).

After obtaining the coupling damage variable, the rela-
tionship between the coupling damage variable and relative
cycle is presented in Figure 10. Considering the effect of
the previous freeze-thaw damage, the coupling damage is
larger than the mechanical damage, and the evolution curve
of the accumulative damage displays different patterns for
the rock samples subjected to 0, 20, 40, and 60 F-T cycle.
The damage trend in Figure 10 shows two-stage and three-
stage damage for the tested bimrock samples. For bimrock
sample without FT treatment, damage propagates relatively

slow, damage begins to occur only when the applied loading
reaches a certain value, and this is the typical two-stage dam-
age evolution pattern. However, for rock subjected to high
FT cycles, rock-soil interface damages and cracks before
the mechanical loads. When subjecting to the cyclic loads,
damage propagates quickly at the initial loading stages; then,
rock was compacted and damage propagates steady; at high
cyclic loading level, damage propagates rapidly until rock
failure. This progress is the typical three-stage damage evo-
lution pattern.
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0, 30, 60, and 90, respectively).

TaBLE 4: Fitting relationship between the coupling damage and
relative cycle.

Dcoupling =1-
F-T cycle (1 _ (n/Nf)“)b R?
a b
0 0.636 0.546 0.915
20 0.187 0.315 0.907
40 0.389 0.651 0.778
60 0.022 0.249 0.855

According to the two-stage and three-stage damage
accumulation pattern in Figures 10(a)-10(d), a new damage
evolution model is proposed and its form is shown as

a\ b
n

1-(1-(—]| |, (4)

D, coupling = Nf

where D is the damage variable caused by the irreversible plas-
tic deformation, the rock damage is 0 before loading (N = 0),
anditis 1 (N=N f) when it fails completely; 7 is the number

of loading cycles; N is the fatigue life; a and b are related to
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FIGURE 11: Macroscopic failure morphology of the freeze-thawed bimrock samples.

the material parameters. The fitting result for rock experienc-
ing 0, 20, 40, and 60 FT cycle is shown in Figure 10. Good cor-
relation was found between the damage variable and relative
cycle. The fitting equations have high correlation coefficients
of 0.915, 0.907, 0.778, and 0.855, respectively, as listed in
Table 4.

3.5. Failure Morphology Analysis. The failure mechanism of
bimrock subjected to cyclic loads can be analyzed form the
macroscopic failure morphology, see Figure 11. Under uniax-
ial cyclic loads, the failure pattern is obviously impacted by the
previous freeze-thaw treatment, and it can be seen that the vol-
umetric expansion of bimrock is the largest for a sample sub-
jected to 60 FT cycles. The dip angle of the main failure plane
is not smooth, and its shape is impacted by the existence of
rock blocks. The cracks propagate and negotiate the rock
blocks, and multiple cracking segments communicate leading
to the formation of the macroscopic failure surface. The mor-
phology of the failure surface is totally different from the soil
and rock material [26, 27], and the failure morphology is also
different from bimrock under conversional uniaxial compres-
sion [28-30]. For sample subjected to 0, 20, and 40 FT cycles,
shear failure occurs, however, bulging failure occurs for a sam-
ple subjected to 60 FT cycles. The differential failure morphol-
ogy indicates that bimrock is sensitive to FT cycles, this is to
say, the soil-rock interface is easily be deteriorated under FT
conditions. As the tested bimrock samples have relatively high
rock block percentage under cyclic loads, the interlocking,
occlusion, contact, and separation occur frequently. The exis-
tence of bimrock blocks the propagation of cracks, and insta-
bility is obviously influenced by the block position, size, and
distribution.

4. Conclusions

In this paper, freeze-thaw-fatigue tests were performed on
bimrock samples; the influences of the freeze-thaw on the
structural deterioration, strength, deformation, and damage
evolution were systematically investigated. According to the
analysis above, some key conclusions are drawn below:

(1) Due to the high elasticity mismatch between the fine-
grained soil particles and coarse rock blocks, the soil-

interface is sensitive to freeze-thaw condition. Inter-
face damage and cracking contributes a lot to sample
strength, volumetric deformation, and damage
evolution

(2) Damage development for bimrock under cyclic loads
usually shows a two-stage mode, and the sudden
increase of stress amplitude results in the sharp dam-
age of bimrock. Afterward, the coupling degree bim-
rock improves with the increase of loading cycles

(3) A coupling freeze-thawed and mechanical damage
evolution model was proposed using the damage
index defined by ultrasonic velocity and axial strain.
The model fits well to the two-stage and three-stage
damage accumulation. The model fits well with the
testing date, and it is suggested that damage propa-
gation is faster for rock subjected to high FT treat-
ment. It is found that the evolution trend of the
model is strongly related to the previous freeze-
thaw damage

(4) Failure morphology of the bimrocks is strongly
impacted by the freeze-thaw cycles, especially the
existence of soil-block interfaces accelerate the struc-
tural deterioration of bimrock. Failure mode changes
from shear failure to bulging failure. The failure pro-
cess of bimrock is the rearrangement of the fine soil
particles and rock blocks, the soil matrix, and rock
block bear axial cyclic loads by their interactions
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