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Abstract: Surrounding rock and lining are composite structures with asymmetric mechan-
ical properties. Understanding the mechanical properties and failure characteristics of
rock—concrete composites is crucial for gaining insights into the mechanisms that induce
disasters in deep-underground environments. Uniaxial compression and acoustic emission
tests were conducted on rock—concrete composite specimens cured at temperatures of 20 °C,
40 °C, 60 °C, and 80 °C, with interface angles of 15°, 30°, 45°, 60°, 75°, and 90° respectively.
The results indicated that the specimens’ strength decreased at increasing geothermal
temperatures. The composites with an 80 °C curing temperature and a 60° interface angle
exhibited the lowest strength. A higher geothermal temperature significantly reduced the
number of cracks in the concrete component during composite failure and mitigated the
influence of the inclined interface angle. The failure modes of the specimens include axial
penetration splitting, interface shear, Y-shaped fracture, and interface splitting—concrete
shear failure. Finally, a model relating the strength of the rock—concrete composite to
the inclined interface angle and the geothermal temperature was derived and verified
against the experimental results with a relative error of 9.8%. The findings have significant
implications for the safety and stability of tunnels in high-temperature conditions.

Keywords: rock—concrete composite; geothermal temperature; inclined interface angle;
mechanical properties; failure mechanism

1. Introduction

Rock-concrete composites are commonly found in underground engineering activities,
such as tunneling and mining [1-4]. The asymmetry of the mechanical properties of rock—
concrete composite causes complexity in the mechanical behavior between the surrounding
rock and lining. Many studies [5-12] have found that the rock—concrete interface is both
the key to stress transmission and the weakest link in any support system, which often fails
under the influence of stress disturbances, triggering engineering disasters or accidents.
The mechanical behavior of the composite is the result of the combined impact of rock,
concrete, and interface performance [13-19]. In-depth research on the mechanical behavior
of rock—concrete composites and elucidating their failure mechanisms can help ensure
engineering safety and stability.

The stress state near the interface between a concrete structure and surrounding
rock is exceptionally complex owing to the potential coexistence of tensile, shear, and
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compressive stresses [20-23]. This complex distribution of stress states often produces a
loading direction that is neither parallel nor perpendicular to the interface. Scholars [24,25]
refer to the inclined interface angle as the angle between the loading and interface normal
directions. Numerous experiments and comparative analyses have found that the inclined
interface angle is a critical factor affecting the static and dynamic mechanical properties
of rock—concrete composites [26-28]. Saiang et al. [29] and Zhao et al. [30] respectively
studied the mechanical properties of rock—concrete composites under uniaxial compression
and triaxial compression conditions with an inclined interface angle of zero. Subsequently,
Selcuk et al. [31] and Xu et al. [32] studied the influence of interface inclination angle on the
strength and failure mode of composite materials under uniaxial compression conditions.
In addition, Wu et al. [33], Shen et al. [34], and Dong et al. [35] respectively studied
the effects of confining pressure, roughness, and water cement ratio on the mechanical
behavior and failure mechanism of composites. However, most previous studies have not
considered the influences of geothermal temperature on the mechanical properties and
fracture characteristics of rock—concrete composites.

Notably, relevant data [36—40] indicate that the extent of tunnel engineering under
high-temperature rock environments—found at deeper depths and in certain geological
conditions—is increasing worldwide. Temperature primarily affects the hydration reaction
process and hydration product yield of the cement inside concrete [41]. As the temperature
increases, the cement hydration rate accelerates, the formation of hydration products increases,
and the quantity of these products dispersed at the interface increases, enhancing the bonding
strength across the interface [42]. However, when the temperature is too high, the cement
hydration rate is too high and more hydration products are produced than those that can be
effectively dispersed, decreasing the quantity of these products at the interface. Furthermore,
the bonding strength across the interface also decreases under high-temperature conditions
owing to the influence of temperature-induced stress [41,43]. Fang et al. [44], Tong et al. [45],
and Zhang et al. [46] reported that an increase in temperature within a certain range could
effectively improve the interfacial shear properties of rock—concrete composites. Furthermore,
Su et al. [47] used high-temperature pretreatment to study the effects of interface roughness
and temperature on the uniaxial compressive strength (UCS), acoustic emission (AE)
characteristics, and failure modes of sandstone—concrete composites at an inclined interface
angle of 90°.

To sum up, a large number of experiments have been conducted on the influence
of temperature and interface inclination angle on the mechanical properties and failure
characteristics of rock—concrete composites in the above-mentioned research, and fruitful
results have been achieved. However most studies focus on the influence of interface
inclination angle on the UCS of the composite, the influence of temperature on interface
shear strength, and the influence of temperature and interface roughness on the UCS of
the composite. There is relatively little research on the coupling effect of temperature
and interface inclination angle. The deformation and failure of the interface between the
concrete structures of deep tunnels and surrounding rock are the result of the coupling
of geothermal temperature and inclined interface angle. Studying the coupled effects
of interface inclination angle and temperature on the mechanical behavior and failure
mechanism of rock—concrete can help reveal the deformation disaster mechanism of deep-
buried high-temperature tunnels.

The present study aims to analyze the coupling effect of temperature and interface
inclination angle on the mechanical behavior of rock—concrete composites. Therefore,
this study prepared rock—concrete composite specimens with inclined interfacial angles
ranging from 15 to 90° at curing temperatures ranging from 20 to 80 °C. A series of uniaxial
compression tests were conducted to analyze the resulting fracture mode, stress—strain
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response, peak strength, and elastic modulus of each specimen as well as the individual
and cumulative AE event counts and b-value. Subsequently, the law describing the mutual
influence of the geothermal temperature and inclined interface angle was explored, and a
model correlating the UCS of the rock—concrete composite with the inclined interface angle
and the geothermal temperature was established accordingly.

2. Experimental Program
2.1. Specimen Materials and Preparation

The composite specimens evaluated in this study comprised sandstone rock obtained
from Shandong, China, and Portland cement concrete with a mix ratio of 1:0.82:1.43:0.44
(cement:medium sand:coarse aggregate:water) [48]. The cement used in this study was
sourced from Taihang Company in Handan City, Hebei Province, China. The chemical,
physical, and mechanical properties of the cement are shown in Table 1. The coarse ag-
gregate comprised continuously graded crushed stone with particle sizes in the range of
5-10 mm, and the medium sand was dry river sand. The density, modulus of elasticity,
compressive strength, and ultrasonic pulse velocity of the rock and concrete were deter-
mined using two standard 50 mm diameter, 100 mm high cylindrical specimens for each
condition. Relevant tests were conducted following the American Society for Testing and
Materials (ASTM) d2938-95 standard [49]. The results are shown in Table 2 and Figure 1.
According to Figure 1, the UCS of the two sandstone samples is 141.47 MPa and 107.17 MPa,
respectively, with an average value of approximately 124.32 MPa. According to Table 1,
the density of concrete increases with the increase in curing temperature. This is mainly
due to the increase in curing environment temperature, the acceleration of the cement
hydration reaction, and the increase in hydration products. When the hydration products
are generated too quickly and cannot be effectively dispersed, this leads to significant
additional stress inside the concrete, exacerbates damage to the concrete, and causes the
uniaxial compressive strength of the concrete to show a trend of first increasing and then
decreasing; once the curing temperature exceeds 60 °C, the rate of decrease in wave velocity
significantly accelerates.

Table 1. The chemical, physical, and mechanical characteristics of the cement used in the experiment.

Property Value
Initial Setting Time (min) 180
Compressive Strength (MPa) 62.8
Tricalcium Sulfate Content (%) 2.4
Loss on Ignition (%) 2.0
Final Setting Time (min) 240
Cement Fineness (%) 0.4
Magnesium Oxide Content (%) 2.5
Standard Consistency Water Requirement (kg) 28.4

Table 2. Physical and mechanical properties of sandstone and concrete.

. . Modulus of Elasticit Compressive Ultrasonic Pulse
Material Density (kg/m?) (GPa) Y Strengpth (MPa)  Velocity (km/s)
Sandstone 2405 23.07 124.32 3.73
20 °C 2209 6.38 51.95 4.08
Concrete 40 °C 2213 6.26 57.36 3.97
cured at 60 °C 2245 6.64 74.09 3.74
80 °C 2277 6.43 66.29 3.32
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Figure 1. Stress—strain curves of the evaluated rock and concrete under uniaxial compression conditions.

The composite specimens were prepared by first grinding the ends of a sandstone
cylinder and then cutting it open at the desired inclined interface angle to form a rock
component at an inclined plane. The inclined cutting surface was polished flat with
sandpaper, as shown in Figure 2. The rock components were then soaked in water for
24 h [50]. Each rock component was subsequently placed into a cylindrical polyvinyl
chloride mold with an inner diameter of 50 mm and a height of 100 mm, and concrete was
poured and evenly compacted into the remaining space. The cast composite specimens (as
well as a set of standard concrete-only test specimens of the same size) were left to stand
for 24 h and then placed in batches in a GDJS-225 high-temperature curing chamber at the
desired geothermal temperature to cure for 28 d. The resulting rock—concrete composite
specimens are shown in Figure 2.

When the loading direction is perpendicular to the rock—concrete interface, i.e., when
the inclined interface angle is zero, the compressive strength of the composite is con-
trolled by the material strength of either the rock or concrete as well as the interface
morphology [29]. Selguk et al. [31] found that when the inclined interface angle was zero, a
rock—concrete composite specimen primarily underwent tensile splitting failure along its
axial direction. Furthermore, curing temperature has been found to primarily affect the
bond strength at the rock—concrete interface [43], and when the inclined interface angle
was zero, the influence of the bond strength on the axial tensile splitting failure process
was insignificant. Finally, Xu et al. [32] found that the failure mode and AE characteristics
of a rock—concrete composite were consistent when the inclined interface angle was 0° and
15°. Therefore, inclined interface angles () of 15°, 30°, 45°, 60°, 75°, and 90° were applied
in this study.

Numerous field investigations have shown that the surrounding rock temperature
encountered during tunnel construction in high-temperature environments ranges from 30
to 110 °C [36-40]. Therefore, this study applied geothermal temperatures (T) of 20 °C, 40 °C,
60 °C, and 80 °C during curing under a constant humidity of 95%. The 20 °C temperature
represents the natural ambient temperature and was applied as a control. Given that three
specimens were prepared for each of the 24 evaluated conditions combining different
and T values, 72 composite specimens were tested in this study.
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Figure 2. Testing process.

2.2. Testing Apparatus and Procedure

Uniaxial compression tests were conducted using a TAW-2000 rock testing machine at
a deformation-controlled loading rate of 0.02 mm/min. Axial loading was applied until the
specimen failed as per the ASTM D2938-95 standard [49]. AE is a technique based on real-
time monitoring of internal stress waves in materials, capable of capturing acoustic signals
generated by microscopic deformation or failure within the material. In this paper, the DS5
AE system from Soft Island Technology Co., Ltd. (Beijing, China) was used to extract AE
signals, count AE events, and store data during the rock—concrete uniaxial compression
tests. The arrangement of AE sensors is shown in Figure 2, with four sensors placed at both
the upper and lower positions. The threshold value for the AE data acquisition system was
set to 39 dB, and the minimum peak value was selected at 30 mV (equivalent to 49.5 dB).
The parameters of the system were set as follows: Peak Definition Time (PDT) = 50 us; Hit
Definition Time (HDT) = 100 ps; and Hit Lockout Time (HLT) = 300 ps. The testing process
is shown in Figure 2.

3. Results

3.1. Mechanical Properties
3.1.1. Stress-Strain Response Characteristics

The uniaxial compression stress—strain curves of the rock—concrete composite spec-
imens with different inclined interface angles and temperatures are shown in Figure 3.
According to the analysis of the graph, the uniaxial compression stress—strain curve of the
rock—concrete composite can be divided into four stages: compression, linear elasticity,
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yield, and post-peak. Before peak strength, all curves exhibit initial compaction and linear
elastic stages with similar shapes. Notably, these stage characteristics are the same as those
of the concrete-only specimens but differ significantly from those of the rock specimens.
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Figure 3. Stress—strain curves of rock—concrete composite specimens under uniaxial compression
according to T when (a) g = 15°, (b) B =30°, (c) B =45°, (d) B =60°, (e) p =75°, and (f) B = 90°.

The yield segments of the composite specimen curves exhibit either obvious pre-peak
hardening or no obvious pre-peak hardening according to  and T. Generally, the hardening
trends are consistent with those of the corresponding concrete-only specimens. As shown
in Figure 1, the lower the value of T, the more pronounced the pre-peak hardening in the
concrete-only specimens. As shown in Figure 3a,b,e,f, the specimens with § = 15°, 30°, 75°,
and 90° exhibited increasingly pronounced pre-peak hardening at increasing T, whereas
Figure 3c,d show that there was no obvious pre-peak hardening in the specimens with
B =45° and 60° when T was 20 °C, 40 °C, or 60 °C; however, these specimens exhibited
certain pre-peak hardening characteristics when T was 80 °C.

The post-peak stress—strain curves in Figure 3a,e indicate that the specimens with
B =15° and 75° cured at different T values all exhibit stress fluctuation softening followed
by a severe drop in stress. As shown in Figure 3b, this behavior is also observed when
Bis 30° and T is 20 °C, but when T is 40 °C or 60 °C, post-peak softening is followed by
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rehardening. The post-peak stress—strain curves in Figure 3c,d indicate that when B is 45°
or 60°, the specimens cured at different T values all exhibit rapid stress drops. Finally, the
post-peak stress—strain curves in Figure 3f show that a rapid drop in stress occurs when j
is 90° and T is 20 °C or 40 °C; however, when T is 60 °C, initial stress fluctuation softening
is followed by a drop in stress, and when T is 80 °C, the stress exhibits an initial peak,
subsequent peak, and then continues to grow until reaching its final peak value. Thus,
the post-peak stress—strain curves of rock—concrete composite specimens can be classified
into three basic types manifested according to § and T, namely stress fluctuation softening,
stress drop, and post-peak softening and rehardening.

3.1.2. Peak Strength

The variations in the UCS of rock—concrete composite with § and T are shown in
Figure 4. Figure 4a exhibits a clear U-shaped trend at increasing B, which is consistent
with existing research results [25]. Figure 4b shows a hump-shaped trend at increasing T,
in which the UCS first increases and then decreases. When f is 60°, the UCS of the rock—
concrete composite is relatively small. This may be because the substances involved in the
hydration reaction at the rock—concrete interface were primarily provided by the concrete.
When T was relatively low, the hydration products primarily filled the internal pores in
the concrete, whereas when T was higher, the channels for dispersing these products were
blocked, preventing them from being transported to the interface [43]. In addition, due to
the difference in thermal expansion properties between rock and concrete, tensile stress is
generated at the interface of the composite [41,43]. The higher the temperature, the greater
the tensile stress at the interface of the composite and the more severe the damage to the
composite. Thus resulted in a continuous decrease in the UCS of rock—concrete composite
with increasing temperature.
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Figure 4. Changes in the UCS of rock—concrete composite specimens according to (a) g and (b) T.

3.1.3. Elastic Modulus

The variations in the elastic modulus of the rock—concrete composite (Er.) with g and
T are illustrated in Figure 5. Figure 5a shows that the elastic modulus of the rock (E;) and
concrete (E;c) does not change significantly with T. The value of E;. gradually decreases as
T increases from 40 to 80 °C, but generally remains greater than E. and less than the elastic
modulus of the rock (Ey). When T is 20 °C, E,. is equal to or greater than E,. Furthermore,
when B is 45° or 60°, the decrease in E, at increasing T values is large, and the influence
of temperature on E,. is most significant. Figure 5b shows that the increase in T causes
the trend of the E,. to change from fluctuating to U-shaped with the increase in 8. When
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Elastic modulus/GPa

T is 20 °C, the E,. shows a trend of decreasing first, then increasing, and then decreasing
again with the increase in f. When T is 40 °C, 60 °C, and 80 °C, the E,. shows a trend of
decreasing first and then increasing with the increase .

60 60
(a) —a—15° (b
sol —e—130° sol —a—T=20°C
—e— T=40°C
< —A— T=60°C
a0l & 40t —v— T=80°C
&
E
30 Z 30}
&
= L
20 F 2 o0k
k=
23|
10 10 F
0 - | 0 I
10 20 30 40 50 60 70 80 90 0 20 40 60 80 100
Temperature/°C f3/°

Figure 5. Changes in the elastic modulus of rock—concrete composite specimens according to (a)
and (b) T.

3.2. Failure Characteristics
3.2.1. Failure Modes

The failure modes of the composite specimens with different § values cured at different
T values are shown in Figure 6. When p is 15° or 30°, tensile cracks first appear in the
concrete component before they eventually occur in the rock and concrete. Furthermore,
the number of tensile cracks in the concrete component gradually decreases as T increases,
whereas the number of secondary cracks in the concrete component increases; this may be
related to post-peak rehardening. The predominant failure mode of these specimens was
axial penetration splitting. When  was small, the interface was under high normal stress
and low shear stress, preventing interface failure.

As B increased to 45° and 60°, the normal stress on the interface decreased while the
shear stress increased. When the interface shear stress reached the peak shear strength,
the specimen underwent shear sliding failure along the interface, losing its load-bearing
capacity and causing the stress—strain curve to exhibit an abrupt decrease, indicating elastic—
brittle failure. Some specimens also exhibited edge spalling owing to local secondary
fractures under these conditions.

When B increased further to 75°, the composite specimen exhibited Y-shaped failure
characteristics. The failure of rock—concrete composites is manifested as shear failure along
the interface, while the concrete components undergo splitting failure, with both failure
surfaces exhibiting a Y-shaped characteristic.

When f increased further to 90°, the composite specimen exhibited characteristics of
splitting failure along the interface and shear failure of concrete. The specimen undergoes
splitting failure along the interface, while shear cracks occur in the concrete element. This
is mainly due to the phenomenon of post-peak re-hardening during the loading process of
the specimen, which also results in a significantly greater degree of damage to the specimen
compared to other situations. After the sample undergoes splitting failure, the stress briefly
drops, but the composite still has a certain bearing capacity, and the stress rises again
under continuous loading. Due to the lower strength of concrete compared to rock, with
continuous loading, the concrete undergoes further failure, resulting in more cracks.
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Figure 6. Failure modes of rock—concrete composite specimens.

In summary, increases in 8 and T caused the primary failure modes of the rock-
concrete composite specimens to shift from axial penetration splitting of the composite and
concrete component to interface shear failure, Y-shaped failure caused by interface shear,
and concrete shear, Y-shaped failure caused by interface tension and concrete shear, and
interface splitting—concrete shear failure. The failure modes of the composite specimen
were primarily influenced by , whereas an increase in T primarily decreased the number
of cracks in the concrete and increased the concrete strength, exacerbating rock failure.

3.2.2. Individual and Cumulative AE Event Counts

The use of AE technology to acquire the energy signals released during the fracture
of rock-like materials can reveal the various stages of crack development. This study
monitored the AEs from rock—concrete composite specimens under uniaxial compression to
obtain the evolution laws for the individual and cumulative AE event counts and thereby
analyze the influences of 8 and T on the development of cracks in the specimens, as shown
in Figures 7 and 8. In these figures, T1 represents the compaction stage of the stress—time
curve, Tp represents the linear elastic stage, T3 represents the plastic yield stage, and Ty
represents the post-peak stage.
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Figure 7. Individual and cumulative AE counts according to the stress in the composite specimens at
T =60°C and (a) =15°, (b) B =30°, (c) B =45°, (d) B =60°, (e) B =75° and (f) f = 90°.

As shown in Figure 7, the evolution laws of the individual and cumulative AE event
counts during loading agreed with the stress—time curves. The individual AE event curves
for specimens with B values of 15°, 30°, 75°, and 90° all reflect low-signal activity in Stages
Tq and T;, a sudden increase in Stage T3, and steady activity in Stage Ty; their cumulative
AE event curves all exhibit steady low-speed growth accompanied by an unclear increase
in event amplitudes in Stages T; and T», an accelerating increase in Stage T3, followed by
steady high-speed growth following the peak point in Stage T4. These results indicate that
specimens with these § values primarily experienced deformation owing to the closure of
microcracks in the rock and concrete components during Stages T; and T; phenomena
related to microcrack rupture and stable expansion in the rock, concrete, and interface were
not evident. However, numerous microcracks exhibited unstable development and growth
as the slip along the cracks increased during Stage T3; as the loading continued further, the
merging and penetration of these cracks gradually accelerated to form potential fracture
surfaces. Finally, the specimen’s damage increased continuously in Stage Ty, resulting in
a large number of macroscopic cracks penetrating the specimen and causing it to break.
However, when 8 = 45° or 60°, the cumulative AE event curve trends vary inconsistently
and exhibit no stable increases in Stage T4, indicating that the deformation and fracture
of these specimens generally comprised the closure, propagation, and penetration of
microcracks along the interface.

As shown in Figure 8, the individual AE event counts gradually decreased as T
increased, reflecting a slowing crack propagation speed, and only the cumulative AE event
curves for the B = 60° specimens exhibit notable deceleration. However, this deceleration
gradually disappears at increasing T. Thus, an increase in T gradually weakened the
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severity of microcrack expansion and development within the composite specimens and
affected the variation in the microcrack expansion process along the interface.
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Figure 8. Individual and cumulative AE counts according to the stress in composite specimens with
B =15°and B = 60° at (a) T =20 °C B = 15°, (b) T = 40 °C f = 15°, (c) T = 60 °C p = 15°, (d) T = 80 °C
B=15°%(e)T=20°C B =60°(f) T=40°C P =60°(g) T=60°Cp=60°and (h) T=80°C 3 =60°.

3.2.3. Evolution of AE b-Value

The amplitude of an AE event represents its intensity (expressed in dB). The rela-
tionship between the cumulative frequency of the AE event amplitude and magnitude is
reflected by the well-known Gutenberg-Richter equation [51], which is given by

IgN = a — bM )

where M is the magnitude of the event, which is typically calculated for AE tests by dividing
the amplitude AdB of the AE event by 20, i.e., M = AdB/20, N is the cumulative number of
events with a magnitude greater than M, a is a constant reflecting the event activity level at
a specific time in a specific region. The b-value is an important parameter that characterizes
the amplitude distribution of AE signals, commonly used to describe the relationship
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between signal intensity and the frequency of event occurrence. The b-value typically
reflects the distribution characteristics of microscopic damage during the material failure
process. A higher b-value (close to 1) indicates a greater number of events occurring in the
lower amplitude range (associated with small cracks or localized damage), while a lower
b-value (close to 0) suggests that larger failure events (such as major cracks or macroscopic
damage) are more prominent. As a parameter for describing the size distribution of AE
events, the b-value provides physical insights into the characteristics and development
trends of crack propagation and failure processes in rock mechanics. Monitoring and
analyzing the changes in the b-value can help identify failure modes in rock materials,
predict instability risks, and provide essential information for the assessment of rock mass
stability and engineering safety management. Previous research results [52-55] have shown
that (1) an increase in the b-value indicates an increase in the proportion of low-amplitude
AE events, reflecting the dominance of small-scale cracks and vice versa; (2) the stable
variation in the b-value means that the distribution of small- and large-amplitude AE events
is relatively stable, reflecting a constant proportion of microcracks at different scales; and
(3) a small change in the b-value indicates the slow development of microcracks, whereas a
sudden change in the b-value indicates the unstable growth of microcracks. Thus, the size
of and variation in the b-value are critical parameters reflecting the developmental state of
the microscopic to macroscopic cracks in rock-like materials during loading.

The variation in the b-value with stress was estimated in this study using a running
window of 500 events and a running step of 100 events under different § and T values, as
shown in Figure 9. Furthermore, the b-value corresponding to the peak strength (the M
point) was selected to analyze the influence of g and T as shown in Figure 10. Figure 9
indicates that the b-value was relatively large at the beginning of stress loading, suggesting
that primarily small-scale microcracks were developing at this time. Subsequently, the
b-value decreased slowly as the stress level increased and then decreased suddenly near
M, reflecting the development of large-scale microcracks when the peak strength was
approached, followed by the formation of macroscopic cracks that caused the composite
specimen to break. This is consistent with previous research findings [52,53]. Regardless of
T, the b-value typically decreased at increasing stress levels. When p = 30°, the variation
in b-value with stress was relatively large when T was 40 °C or 80 °C but relatively small
when T was 60 °C. This indicates that when § = 30° and T = 60 °C, the distribution of crack
development in the specimen was relatively uniform, with small- and large-scale cracks
developing in approximately equal proportions.

As shown in Figure 10, both § and T had significant impacts on the AE b-value at the
peak strength. The b-value at point M gradually increased with T, which is consistent with
the findings of Ge et al. [55]. This indicates that under the same stress conditions, a higher
T gradually increased the proportion of small-scale cracks developing in the specimens
during failure. Furthermore, the b-value at point M first decreased, then increased as 8
increased; the b-value at the peak strength being significantly smaller for § = 60° than for
the other j values, indicating that this specimen exhibited a relatively higher proportion of
large-scale cracks when damaged. Thus, under the same stress conditions, the specimen
with 8 = 60° was more likely to fail. This is consistent with the UCS results for the composite
specimens.
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Figure 9. Evolution of AE b-values in rock—concrete composite specimens for (a) § =30° and T = 20 °C,
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4. UCS Model Based on S and T
At the same T, the ratio of the difference between the maximum and minimum
composite specimen UCS values to the concrete-only specimen UCS value reflects the
degree of influence of the inclined interface angle (DIIA). Figure 11a shows that the DIIA
gradually decreased from 0.69 to 0.54 as T increased from 20 to 80 °C. However, the rate of
decrease in the DIIA was significantly larger when T was greater than 60 °C, suggesting
that an increase in T can effectively reduce the impact of 8 on the UCS of the rock—concrete
composite, and the higher the T, the more pronounced this reduction.
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Figure 11. Influences of 3 and T on the UCS of composite specimens: (a) DIIA variation as a function
of T and (b) variation of the UCS change rate as a function of f3.

The average rate of change in the UCS for composite specimens with different  values
as T increased is shown in Figure 11b. The change rates were relatively larger when
was 45° or 60°, indicating that these specimens were sensitive to temperature; this was
primarily a result of the shear failure along their interfaces. At lower T values, the effects
of temperature change on the composite specimen UCS were relatively minor and can
be neglected. Considering the variations of the composite and concrete-only specimen
UCS values with T, the impact of T on the UCS of the composite specimens was primarily
related to the performance of the interface, whereas changes in the strength of the concrete
itself did not alter the overall UCS trend.
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The results of these analyses indicate that the UCS of the specimens first decreased
and then increased as the 8 value increased; this change occurred at approximately 60°. In
addition, the UCS gradually decreased at increasing T. Based on these trends, a predictive
model for the UCS of the rock—concrete composite was established as follows:

0020,60[1 _ m(T _ 20)] + ﬂ_60 _ ﬂ_‘B OO S ‘B S 600
B _ oo 2)
c o1+ Ky (B-60)] 60 < p <907

where O'CT # is the UCS of the composite at fand T; 02%%0 is the UCS of the composite at a
T =20 °C and § = 60°; m reflects the temperature-induced degradation of the material’s
uniaxial strength at the same S; a reflects how the UCS varies with § at T; and K(T) indicates
the rate of increase in UCS when f increases from 60° to 90° as a function of T.

Equation (2) was used to perform a nonlinear regression analysis on the UCS test
results obtained in this study at different f and T values, as shown in Figure 12a. The

regression results were applied to transform the model correlating the UCS of the composite
with § and T into

c

)
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Figure 12. UCS prediction model for rock—concrete composites: (a) nonlinear regression analysis and
(b) comparative verification.

A comparison between the results predicted by the model in Equation (3) and the
experimental results obtained in this study is shown in Figure 12b. As shown, the model-
predicted results closely match the experimental results, showing a maximum relative error
of approximately 9.8% and confirming that the model derived in this study is reliable.

5. Conclusions

The mechanical properties and failure mechanisms of rock—concrete composite speci-
mens were investigated in this study using uniaxial compression tests and AE monitoring
to determine the influence of inclined interface angle () and geothermal temperature
(T) on compressive strength and failure modes. The key conclusions drawn from this
investigation are as follows:

(1) The uniaxial compressive stress—strain curves of the composite specimens exhibited
four distinct stages: initial compression, linear elasticity, yielding, and post-peak. The post-
peak stress—strain curve exhibited three basic types: stress fluctuation, stress drop, and
post-peak hardening.

(2) The UCS of the composite decreased with increasing T. This is mainly due to the
proportion of small-scale crack development within the composite specialties increasing
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at increasing T. The increase in temperature makes the rock—concrete composite more
susceptible to damage.

(3) The degree of influence of the inclined interface angle decreases with increas-
ing temperature, indicating that environmental temperature can significantly reduce the
influence of interface inclination.

(4) Specimens with B = 60° tended to exhibit a relatively higher proportion of large-
scale cracks during failure than the other specimens and were more prone to failure under
the same stress conditions. The failure modes of the rock—concrete composite specimens
include axial penetration splitting, interface shear, Y-shaped fracture, and interface splitting-
concrete shear failure.

(5) The observed variations in the UCS of the rock—concrete composite specimens with
B and T were applied to develop a model correlating these characteristics. The results
predicted by the present model matched the experimental data well, indicating suitable
predictive performance.
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