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Abstract

The shearing behavior and permeability of the interfaces between rock and cement are critical for the stability analysis of
supporting structures in underground engineering projects, especially after exposure to thermal loads. In the present study, an
advanced test method was proposed to preform shearing tests on granite—cement interface samples after pre-heating treatment.
The samples consisted of two semi-cylindrical parts. The first part was granite, and the other was cement with two different
water—cement ratios (for example, 0.3 and 0.5). The shear stress—strain curves, peak shear strength at shear failure, as well
as the residual shear strength at the residual shear stage, cohesion, and internal shear angle, were analyzed. The results were
correlated to the pre-heating temperatures and cement—water ratios, while the initial permeability before shear loading, along
with the permeability evolution during the shearing process, was also analyzed. It was found that after higher pre-heating
treatment the lower the peak shear strength, cohesion, and internal friction angle of the samples would be. Meanwhile, the
initial permeability was higher. In addition, during the shearing process, the shear stress and permeability levels increased
rapidly, reaching maximum values when shear failure occurred. Then, the shear stress and permeability levels decreased
gradually to stable values at the residual shear stage. The degradation in the shear strength, cohesion, and internal friction
angle caused by the pre-heating treatment may be attributed to the microcracks induced by the thermal expansion differences
between the granite and cement and the evaporation of the chemically bound water in the cement. The shearing behavior and
permeability evolution of the granite—cement interface samples were determined to be closely related to the water—cement
ratios. For example, under the same normal stress and pre-heating temperature conditions, when the water—cement ratio was
higher, the porosity of the cement was greater and the adhesion between the granite—cement interfaces was lower. Therefore,
the peak shear strength at the shear failure point was also lower. In addition, the shear stress—strain curves showed stronger
ductile behavior, and the cohesion and internal friction angle were lower. Meanwhile, the reductions in the shear stress and
permeability levels at the residual shear stage became smaller.
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1 Introduction

Rock-cement interfaces are widely used in many under-
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result in additional shearing deformations and permeability
variations at the rock-cement interfaces (Ebeling et al. 2000;
Andjelkovic et al. 2015). Therefore, the shearing behavior
and permeability of the rock-cement interfaces are consid-
ered to be of major importance to the safety assessments
of underground engineering projects (Fox and Ross 2011;
Kwak et al. 2013).

A great number of studies have reported important find-
ings regarding the experimental characterization of the
mechanical properties of rock-cement interfaces. In recent
years, indirect test methods have been developed to calibrate
the mechanical properties of the aforementioned interfaces
(Aquino et al. 1995; Mindess 1996; Tasong et al. 1999; Ben-
tur and Alexander 2000; Caliskan 2003; Rao and Prasad
2004; Wang et al. 2012). It has been found that there are
many factors which may potentially affect the shear strength
levels of the interfaces. The main factors include the mixture
ratios of the concrete; roughness and scales of the inter-
faces; and external static and dynamic loads (Hutchinson
and Suo 1992; Fishman and Pal 1994; Lee and Buyukozturk
1995; Buyukozturk and Hearing 1998; Bergado et al. 2006;
Agrawal and Karlsson 2007; Buzzi et al. 2008; Yang et al.
2008; Chen et al. 2010; Fall and Nasir 2010; Zhong et al.
2014; Luo et al. 2017).

Moreover, due to the fact that underground structures may
be exposed to occasional fire accidents or heating process
from HLW, the effects of heating treatment on the mechani-
cal properties of granite and cement have also been exten-
sively studied (Mambou et al. 2015; Borinaga-Trevifio et al.
2018; Zhang et al. 2018a, b, c; Krishna et al. 2019; Yang
et al. 2019a, b; Bai et al. 2020). It has been determined that
when the heating temperature is below 400 °C, the physi-
cal and mechanical properties of granite basically remain
unchanged (Chen et al. 2017). Some slight attenuating
effects may be observed in the temperature range of 400
to 600 °C (Liu and Xu 2014). Then, when the temperature
levels exceed 600 °C, the heating-induced attenuating effects
tend to be more pronounced (Yang et al. 2017). However, it
has also been found that relatively low heating temperature
may lead to deterioration of the cement. In the present study,
it was observed that as the temperature levels rose above
room temperature, the free water in the samples gradually
evaporated. Then, when the temperature exceeded 105 °C,
the bound water also began to evaporate. It was found
that when the temperature continued to rise and exceeded
400 °C, the calcium hydroxide contained in the cement mor-
tar began to decompose. During the aforementioned process,
the pore structures inside the mortar changed, which affected
the physical properties of the mortar (Neville 1995; Zhang
et al. 2017, 2018a, b, c).

However, to the best of the author’s knowledge, there
remains a lack of investigation results regarding the influenc-
ing effects of pre-heating treatment on the shearing behavior
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and permeability levels of granite—cement interfaces. There-
fore, to address this issue, an advanced shearing and perme-
ability test method was adopted in this study to perform
laboratory tests on granite—cement interface samples after
pre-heating treatment. Different values of pre-heating tem-
perature (150 and 250 °C) and water—cement ratios (0.3 and
0.5) were considered in this study’s experiments. The shear
stress—strain curves, permeability variations, and the peak
shear strength at the shear failure point were examined, as
well as the residual shear strength at the residual shear stage,
cohesion, and internal shear angles. In addition, the effects
of the different pre-heating treatment and water—cement
ratios on the shearing behavior and permeability levels of the
granite—cement interface samples were discussed in detail.

2 Sample Preparation and Experimental
Testing Scheme

2.1 Preparation Method for the Granite-Cement
Interface Samples

The samples which were examined in this study were cylin-
drical and consisted of two semi- cylindrical parts. One
part was composed of granite, and the other was poured
cement (Fig. 1). The granite used in this study was collected
from Tuanshan Village located in China’s Hunan Province.
The petro-physical analysis results using an X-ray diffrac-
tion technique (Bruker D8 Advance X-ray diffractometer)
showed that the mineral composition of the granite was
mainly composed of feldspar, pyroxene, and quartz in the
following percentages: potassium feldspar (46.16%), feld-
spar (35.02%), pyroxene (12.14%), and quartz (6.68%). The
density was 2.62 g/cm®, and the average porosity was 0.07%.
In addition, ordinary Portland cement (PO32.5) and standard
sand (ISOR 679-68) were used to prepare the cement parts
of the samples. From the viewpoint of the practical applica-
tions, two water—cement ratios (w/c) were selected. The mix-
ture mass ratios of the poured cement are detailed in Table 1.

~ . cement

Fig. 1 Images of the granite—cement interface samples
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Table 1 Mixture ratios of the

. Cement Sand Water
cement mortar by weight
1 2.45 0.5
1 2 0.3

For the cement with water—cement ratios (w/c) of 0.3, 2 g of
a polycarboxylic acid water-reducing agent were added per
202.5 g of water. It was observed that with the appropriate
use of a water-reducing agent, the workability and strength
of the mixture could be significantly improved. For exam-
ple, when the cement particles were evenly dispersed, the
wrapped water could be easily released with the addition
of a water-reducing agent. Subsequently, the amount of the
water could be reduced to achieve the requirements of the
cement flow. Under those conditions, the dry density and
water retention of the cement stabilized aggregates were
effectively improved (Hu et al. 2018). In the present research
investigation, after the cement was poured into the other half
of the samples, sealed containers with constant temperatures
of 25 °C and 100% relative humidity were used to cure the
granite—cement interface samples. The samples remained in
the curing room for approximately 520 days after the set-up
of experimental device. The long curing time was imple-
mented to avoid the effects of curing time on the shearing
behavior of the granite—cement interface samples. It was
considered that relatively small changes in the mechanical
properties of the cement would be generated after the first
3 months (Neville 1995).

In addition, the shear strength levels of the interfaces are
known to be dependent on the roughness values. In other
words, with increases in the roughness values of the sam-
ples, the shear strength levels of the interfaces increased
(Shen et al. 2019). In addition, considering that tunnel
boring machines are widely used for the rock excavations
in practical applications, and the degrees of roughness of
excavation surfaces tend to be relatively lower, a mechani-
cal cutting method was used in this study to produce the
semi-cylindrical parts of the granite samples used in this
study’s experimental tests. The roughness degrees of the
granite interfaces were measured using a 3D non-contact
profilometer was 5.51 pm. Since the textures of the granite
interfaces were observed to be uniform, the roughness vari-
ations could be ignored were not taken into consideration in
this study. Three samples were prepared for each test condi-
tion. The average values were used for the analysis of the
obtained results.

2.2 Pre-heating Treatment
Prior to the implementation of this study’s shearing tests, the

granite—cement interface samples were heated in a furnace at
atmospheric pressure, with a heating rate of 1 °C/min until

a prescribed temperature was reached. This low pre-heating
rate was used to keep the thermal gradient as small as pos-
sible, and to ensure that the cracking processes were merely
induced by the temperature effects and not by the thermal
gradients throughout the samples. Two levels of pre-heating
temperatures (150 °C and 250 °C) were selected. After a sta-
bilization period of five hours at the pre-heating temperature,
the samples were cooled to room temperature in a furnace
at ambient pressure at a rate of 1 °C/min. Finally, all of the
samples were placed into a desiccator at 105 °C until the
subsequent tests were completed.

2.3 Steps for the Shearing and Permeability Tests

This study’s shearing and permeability tests were conducted
using a self-designed autonomous testing system, as shown
in Fig. 2a. Three servo hydraulic pumps were used to apply
normal stress, shear stress, and pore pressure to the inter-
faces, respectively. The maximum shear force was 1000 kN,
and the maximum normal stress and pore pressure were both
60 MPa. The shear strain was measured using two transduc-
ers (LVDTs) which were placed between the bottom and
top platens inside the confining cell. In addition, to ensure
the accuracy of the test results, the average value of the two
transducers was used to eliminate any installation errors.

In the present study, an advanced shear and permeability
test method (Fig. 2b) was developed for the purpose of con-
ducting shearing and permeability tests on granite—cement
interface samples. A special shear disc was designed to allow
the generation of shearing deformations and fluid transport
along the interfaces (Liu et al. 2020; Ding et al. 2020), as
detailed in Fig. 2c. The designed shear disc was 50 mm in
diameter and had a thickness of 10 mm, and consisted of two
different materials (rigid steel and silica gel) with different
stiffness values. The two shear discs were placed opposite
each other on the upper and lower surfaces of the samples
for the purpose of converting the axial force into shear stress
along the interfaces. Moreover, some seepage channels were
prefabricated to allow water transport along the interfaces
during the shearing processes.

The experimental shearing and permeability tests were
performed under room temperature conditions of 25 °C. The
detailed testing procedure was as follows:

(1) Shearing tests: The normal stress ¢ was applied to the
target value and then maintained as a constant. The initial
permeability of the samples was first measured under a con-
stant normal stress of 5 MPa and a steady head of 2 MPa.
Then, shear stress was applied to the interfaces of the gran-
ite—cement at a loading rate of 0.01 mm/min until the end
of the shearing tests. The shear stress—strain curves of the
samples were recorded by a data acquisition system.

Fresh et al. (2019a, b) calibrated the shear stress
obtained from the triaxial direct-shear condition on
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Axial stress loading

Shear disc

Granite

Interfac

Confining
pressure

Lower fluid injection
== Upper fluid injection

(a) Autonomous testing system (b) Shearing and permeability test methods

Fig.2 Diagram of the experimental testing equipment

two Teflon semi-cylindrical samples using the shear
test method adopted in this study. Liu et al. (2020) and
Ding et al. (2020) also performed shearing tests on the
interfaces of concrete and claystone and cracked granite
using the same shearing test method. The previous results
indicated that the additional resistance caused from the
deformed silicone could be ignored and the axial force
applied on the samples could be considered as identical to
the shear force. Therefore, the shear stress in this study’s
testing processes was calculated using the following:

=0 6]

where 7 is the shear stress of the granite—cement inter-
face (MPa); F represents the shearing force of the gran-
ite—cement interface (NV); and A indicates the interface area
of the granite—cement sample (mm?), which is identical
to the product of the diameter and length of the sample.

Although the roughness degrees of the interfaces were
relatively low, the cementation between the rock and
cement is considered to be of major importance for the
analysis of the shearing behavior (Liu et al. 2020). There-
fore, it was assumed in this study that the shear strength
levels of granite—cement interfaces could be described by
the linear Mohr—Coulomb failure criterion as follows:

T =c+ otan @, )

where ¢ and @ are the cohesion (MPa) and internal fric-
tion angle (°) of the interface, respectively.

(2) Permeability tests: The permeability levels of the
samples were measured using a steady head method at dif-
ferent times during the shearing processes. Distilled water
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was used as the fluid flow medium, and a constant pres-
sure difference of 2 MPa was applied at the inlets of the
samples. The flow rates at the outlets were measured every
hour, and the permeability experiments were considered to
be completed when the flow rates at the outlets achieved a
stable state. The permeability levels of the samples were
calculated using Darcy’s Law as follows:

_,.cAp
Q—kSM—L, A3

where Q is the flow rate (m?/s) of the samples; k indicates
the permeability (m?) of the samples; y represents the vis-
cosity (Pa.s) of the transport fluid; Ap is the pore pressure
difference (Pa) between the input and output; and S and L
denote the cross-sectional area (mz) and the length (m) of
the samples, respectively.

3 Test Results

As mentioned above, shearing and permeability tests under
three different normal stress conditions were performed
on granite—cement interface samples with two different
water—cement ratios following heating treatment. The steps
of the experimental testing processes are listed in Table 2.

Table 2 Scheme of the shearing and permeability experimental tests

Water—cement ratio Pre-heating temperature ~ Normal stress (MPa)

)

0.5,0.3 25 (unheated), 150, 250 5, 10, 15
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To account for any experimental scattering, three tests were
conducted for each group of samples, and the average values
were then calculated from the three tests.

3.1 Shearing Behavior

The typical shear stress—strain curves of the granite—cement
interface samples following the heating treatment are pre-
sented in Fig. 3. As can be seen in the figure, for the different
examined normal stress, the shear stress—strain curves of
the samples with both water—cement ratios showed similar
trends under different pre-heating temperature conditions.
The shear stress first increased up to the peak shear strength
level at the point of shear failure, which was followed by
decreases in the residual shear strength level at the resid-
ual shear stage. To analyze the effects of the different pre-
heating treatment on the shearing behavior, the variations in
peak shear strength of the granite—cement interface samples
after different pre-heating temperatures were applied are
plotted in Fig. 4. It was found that the peak shear stress was
continuously decreased with the increasing of the pre-heat-
ing temperatures for the samples under the three different
normal stress conditions and the two different water—cement
ratios. This study selected the water—cement ratio of 0.5 and
the normal stress of 5 MPa as examples. The shear strength
of the unheated sample was 9.02 MPa. Then, following the
heating treatment, the shear strength was determined to have
decreased to 7.48 MPa at the pre-heating temperature of
150 °C, and to 6.23 MPa at the pre-heating temperature of
250 °C. These results indicated that the pre-heating treat-
ment had clear degradation effects on the shear strength
levels of the examined granite—cement interface samples.

Moreover, at the same levels of normal stress and pre-
heating temperatures, the shear stress—strain curves of the
granite—cement interface samples with a water—cement ratio
of 0.5 (Fig. 3a, c, e) showed more important ductile behavior
than those with a water—cement ratio of 0.3 (Fig. 3b, d, f).
Furthermore, the peak shear strength levels at the point of
shear failure of the former group were lower than that of
the latter group. It was determined by taking the examples
of the sample under the conditions of a normal stress of
15 MPa and a pre-heating temperature of 25 °C that the
peak shear strength and residual shear strength at the resid-
ual shear stage (as well as their differences) were 17.30,
16.84, and 0.46 MPa for water—cement ratio of 0.5, respec-
tively. Meanwhile, the peak shear strength and residual shear
strength (as well as their differences) were 20.16, 15.80, and
4.36 MPa for the samples with a water—cement ratio of 0.3.
Therefore, it was concluded that the water—cement ratios
also had significant effects on the shearing behavior of the
granite—cement interface samples in this study.

The relationships between the peak shear strength lev-
els and the normal stress of the samples after different

pre-heating temperatures are detailed in Fig. 5. It can be seen
in the figure that the corresponding peak shear strength enve-
lopes were successfully obtained. Using Eq. (2), the values
of the cohesion and internal friction angle were calculated,
as detailed in Table 3. It should be noted that three paral-
lel tests were performed for each condition and the average
value was used for this study’s analyses. Figure 6 shows the
evolutions of the cohesion and frictional angles with the dif-
ferent pre-heating temperatures. It can be seen in the figure
that with the increases in the pre-heating temperatures, the
cohesion and internal friction angle continually decreased
for the samples with both water—cement ratios. However,
the deceasing rate in the cohesion of the samples with a
water—cement ratio of 0.3 was slightly smaller than those
with a water—cement ratio of 0.5.

3.2 Permeability Variations

The effects of the different pre-heating treatment on the ini-
tial permeability of the samples before shear stress loading
were first analyzed. The variations in the initial permeability
levels with the increasing of the pre-heating temperatures
are shown in Fig. 7. It was observed that the initial perme-
ability levels increased gradually with the increasing of the
pre-heating temperatures, and those increases in the initial
permeability levels were determined to be closely related to
the pre-heating induced microcracks. Moreover, under the
same pre-heating temperature conditions, the initial perme-
ability levels were lower when the normal stress was higher.
This phenomenon indicated that the pre-heating induced
microcracks were closed to some extent under the loading
of the normal stress.

The results of previous related studies have indicated that
the permeability of granite is relatively low (less than 107'8
m?) for heating temperatures ranging between 25 and 300 °C
(Zhang et al. 2018a, b, c; Cao 2018; Yang et al. 2019a, b).
In the present investigation, the permeability of the cement
alone after the heating treatment was measured and the max-
imum value was determined to be 2.26 x 107! m? (Table 4).
Therefore, considering that the permeability levels of the
granite or cement alone were significantly less than that of
the granite—cement interface samples, the granite—cement
interface zones were considered to contribute the majority
of the fluid transport pathways of the samples.

The permeability evolution of the granite—cement inter-
face samples during the shearing processes are detailed in
Figs. 8, 9, 10. It can be seen in the figures that the permea-
bility-shear strain curves of the samples were similar to the
shear stress—strain curves for all the normal stress and pre-
heating temperature conditions. More precisely, the perme-
ability levels were found to increase rapidly to the maximum
values at the point of shear failure. Then, with continuous
increases in the shearing displacements after shear failure,
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Fig.3 Typical shear stress—strain curves of the granite—cement interface samples

the permeability levels were observed to gradually decrease
to stable values at the residual shear stage. The increases
in permeability were attributed to the occurrences of the
crack openings related to the shear dilation mechanism
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prior to shear failure. Meanwhile, the decreases in perme-
ability were attributed to the appearances of the crack clo-
sures related to the asperity shear-off mechanism after shear
failure occurred. In addition, the drops in the permeability
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Table 3 Cohesion and internal friction angle for the different pre-
heating temperatures

Temperature Cohesive stress (MPa) Internal friction angle

O ©)

wlc=0.5 wlc=0.3 wlc=0.5 wlc=0.3
25 4.09 4.19 40.25 49.7
150 2.95 3.38 38.29 48.3
250 2.03 3.10 36.90 42.5

levels of the samples with water—cement ratios of 0.3 were
determined to be greater than those of the samples with
water—cement ratios of 0.5, under the same pre-heating tem-
perature and normal stress conditions.

25
20+
= 15F
[T
2
< 10t
o 25°C
ST o 150°C
A 250°C
0 1 1 1 1 1 1
4 6 8 10 12 14 16

6 (MPa)

(b) Water-cement ratio of 0.3

4 Discussion

The results of this study showed that the pre-heating treat-
ment had significant effects on the shearing behavior and
initial permeability of the examined granite—cement inter-
face samples. The degradations in the peak shear strength,
cohesion, and internal friction angle may be attributed
to the following two mechanisms: (1) Microcracks were
induced due to different thermal expansion coefficients
between the granite and the cement; (2) Chemical changes
occurred due to evaporation of the chemically bound
water. Previous related studies have shown that the thermal
expansion coefficients of cement are approximately 1.7
times that of granite after pre-heating treatment at 250 °C
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Fig.7 Evolution of the initial permeability levels of the granite—cement interfaces with the different pre-treatment temperatures

Table 4 Permf:ability of the Normal Permeability of cement mortar (mz)

cement alone after different stress (MPa)

values of pre-treatment 25°C 150 °C 250 °C

temperatures

wle=0.5 wle=0.3 wle=0.5 wlce=0.3 wlce=0.5 wlc=0.3

5 4.12%x107%°  1.01x10%  1.16x10®  1.67x10%®  226%x107®  2.67x107"
10 - - 3.53x107°  1.04x102°  584x107°  141x107"°
15 - - 1.85x107"°  458x10%"  5.06%x107"°  9.81x107%

(Wan et al. 2008). In addition, the different thermal expan- Sabih et al. 2018). Moreover, the chemically bound water
sion coefficients between the granite and the cement could  will evaporate at temperature ranges between 100 and
potentially lead to the generation of new microcracks in 300 °C (Zhang et al. 2018a, b, c), and these variations in
the interface zones (Lion et al. 2005; Ramos et al. 2016; moisture content may cause the interfacial transition zones

@ Springer



The Effect of Pre-heating Treatment and Water—-Cement Ratio on the Shearing Behavior and...

1E-12 ¢
1E-13 £
1E-14
‘E 1E-15
-~
1E-16
—&— 5MPa
1E-17 £ —=—10MPa
—4&—15MPa
1E_18 1 1 1 1 1 1 ]
00 05 10 15 20 25 30 35

v (%)

(a) Water-cement ratio of 0.5

1E-12
1E-13 |
1E-14 3
‘E 1B1s L
-~
1E-16 b
—5— 5MPa
_— —&—10MPa
——15MPa
1E-18 L L L L L L |
00 05 10 15 20 25 30 35

¥ (%)

(b) Water-cement ratio of 0.3

Fig.8 Relationships between the permeability levels and the shear strain values under different normal stress conditions at a room temperature
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Fig.9 Relationships between the permeability levels and shear strain values under different normal stress conditions after 150 °C thermal treat-

ment

between the cement paste and the coarse aggregates to
weaken (Ichikawa and England 2004; Malik et al. 2020).
The aforementioned pre-heating induced microcracks and
the chemical changes would then reduce the mechanical
properties and offer fluid transport pathways, consequently
causing the degradation of the shearing strength and
increases in the initial permeability.

It was established in this study that the shearing behavior
and permeability evolution of the granite—cement interface
samples were closely related to the water—cement ratios. For
example, under the same normal stress and pre-heating tem-
perature conditions, when the water—cement ratio was high
(for example, 0.5), the peak shear strength level at shear
failure tended to be lower. Meanwhile, the shear stress—strain
curves displayed important ductile behavior, and the

cohesion and internal friction angle were also lower. Subse-
quently, the drops in the shear stress and permeability values
at the residual shear stage were smaller. The water—cement
ratios also determined the porosity and volume of the voids
of the hardened cement paste at all of the hydration stages.
For example, when the water—cement ratios were higher than
about 0.38, the volume of the gel was not sufficient to fill
all the space available. Therefore, some of the volume of
the capillary pores was left even after the process of hydra-
tion had been completed (Neville 1995). Therefore, for the
granite—cement interface samples with higher water—cement
ratios, the porosity of cement was greater and the adhesion
of the granite—cement interfaces was smaller (Chen et al.
2016), which resulted in lower shear strength values and
greater deformation ability, with decreased reductions in the
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shear stress levels after shear failure occurred (Saiang et al.
2005; Eskandari-Naddaf and Kazemi 2018). Similar results
have been also observed in related research regarding other
types of rock-cement interfaces (Atahan et al. 2009; Tracz
2016; Li et al. 2020).

5 Conclusions

This study conducted experimental shearing and permeabil-
ity tests on granite—cement interface samples after pre-heat-
ing treatment using an advanced testing method. The effects
of different pre-heating temperatures and water—cement
ratios on the shear strength, cohesion, internal friction
angle, and permeability levels were analyzed. It was found
that the pre-heating temperatures had significant effects on
the shearing behavior and initial permeability levels of the
samples prior to the shear stress loading. This study found
that under the same normal stress and water—cement ratio
conditions, when the pre-heating temperatures were higher,
the peak shear strength at the point of shear failure, as well
as the cohesion and internal friction angle, were lower.
These degradation effects on the peak shear strength, cohe-
sion, and internal friction angle may be attributed to the
induced microcracks, since the thermal expansion coeffi-
cients between the granite and the cement were different.
Also, chemical changes occurred due to the evaporation of
the chemically bound water. The pre-heating induced micro-
cracks and the chemical changes reduced the mechanical
properties and provided fluid transport pathways which con-
sequently caused the degradation of the shearing behavior
and increases in the initial permeability levels. Furthermore,
when comparing the two different water—cement ratios, this
study found that the peak shear strength at shear failure was
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and the shear strain under different normal stress conditions after 250 °C

lower and the shear stress—strain curves showed stronger
ductile behavior, and the drops in the shear stress and per-
meability values at the residual shear stage were smaller
for the samples with higher water—cement ratios. The gran-
ite—cement interface samples with higher water—cement ratio
were characterized with greater porosity in the cement por-
tions, causing the adhesion of the granite—cement interfaces
to be smaller. This resulted in lower shear strength, greater
deformation ability, and lower drops in the shear stress val-
ues after shear failure. In the present study, considering that
the studied values of the water—cement ratios were very
limited, other water—cement ratio values will be taken into
account in subsequent research investigation.
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