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Effects of normal stress on shear
properties and acoustic emission
characteristics of bonded rock-
concrete interfaces

Yan Chen'%3>, Jiangfan Yang?!, Jintao Wang*, Shuai Heng' & Zhigiang Hou?

Direct laboratory shear tests, accompanied by acoustic emission (AE) monitoring, were performed to
examine the influence of normal stress (ranging from 4 to 16 MPa) on the shear behavior and acoustic
emission characteristics of bonded granite-concrete interfaces. The findings indicate that an increase
in normal stress correlates linearly with enhancements in peak shear strength, residual strength and
shear stiffness, while also facilitating a transition from ductile to brittle modes. Furthermore, elevated
normal stress induced a ‘double peak stress’ phenomenon following softening, which intensified the
degree of interfacial damage. AE analyses indicate that peak shear stress is responsible for generating
high-energy AE signals, while the cumulative AE energy exhibits a slight increase prior to failure.
Conversely, the cumulative AE count diminishes under elevated normal stresses. The b value and
F-function serves as an effective indicator of crack evolution; The significant decrease in b-value at
peak stress and the significant increase in F-value at peak stress are associated with brittle damage.
Additionally, the proportion of shear damage signals in specimens, as determined by the joint Gaussian
Mixture Model (GMM) and Support Vector Machine (SVM), was found to exceed 75% and to rise with
higher normal stress levels. These findings underscore the significant influence of normal stress on the
brittle-ductile transition and the degree of interfacial damage, thereby providing theoretical insights
for the optimization of tunnel lining design in the context of high geostatic stresses.

Keywords Bonded rock-concrete interface, Shear failure mechanism, Normal stress, Acoustic emission
characteristics

The interface between concrete and the adjacent rock constitutes a vulnerable joint within the tunnel support
system, primarily due to the reduction in thickness of the sprayed layer. This interface is particularly prone
to shear failure when subjected to the pressures exerted by the surrounding rock and the excavation gap'=®.
The shear stress present at this interface can precipitate various engineering geological failures, including lining
fractures, bottom bulging, and cave-ins, which ultimately compromise the overall structural integrity and
stiffness. Conversely, the application of a specific range of normal stresses can enhance the density of the rock
mass and subsequently increase its shear strength’!!. Consequently, examining the shear characteristics and
fracture behavior of bonded rock-concrete interfaces holds significant practical importance.

The primary determinants influencing interfacial shear strength can be categorized into two distinct groups:
internal factors, which encompass the characteristics of rock surface roughness and material properties, and
external factors, which pertain to the state of interface forces, such as normal stress and loading rate'?"'%. An
increase in normal stress enhances shear strength by augmenting interfacial sliding friction resistance and the
mechanical interlocking effect associated with rough interfaces. However, as normal stress reaches a certain
threshold, the nature of interface damage shifts from relative slip to extensive nibbling damage. Consequently,
there exists a paucity of research addressing the shear damage behavior and crack propagation behavior of rock-
concrete interfaces under elevated normal stresses for bonded surfaces exhibiting specific roughness®~ 1%, In
recent years, numerous scholars have conducted a series of shear tests on rock-concrete interfaces subjected
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to varying normal stresses, yielding significant findings related to interfacial shear mechanisms, damage
characteristics, and fracture mechanical properties'>~1°. For instance, Saiang et al.?’ examined the shear damage
behavior of rock-concrete interfaces through shear, tensile, and compression tests under bonded conditions.
Their findings indicated that, at lower normal stresses, shear strength is predominantly governed by the bond
strength between rock and concrete, whereas at higher normal stresses, shear strength is influenced by a
combination of bond strength and friction.Tian et al.>!, Bost et al.?2, and Mouzannar et al.?> examined the bond
strength between rock and concrete utilizing a smooth granite interface, revealing that the shear strength of
this interface is significantly correlated with bond strength when the normal stress is below 6 MPa. Johansson
et al.?* identified that the residual behavior observed was attributable to the purely frictional interactions at the
unbonded concrete-rock contact under low normal loads. Sun et al.?* analyzed the linear response of stress-
expansion at the soil-structure interface under varying loading conditions, noting that considerable softening
of the interface occurred irrespective of the initial normal stress. Alonso et al.? performed direct shear tests
on clay-concrete contact surfaces, discovering that the maximum shear stress at the interface increased with
rising normal stress. Liu et al.”” executed cyclic normal stress shear damage tests on coarse-walled sandstone
cracks. Wu et al.?® conducted direct shear tests on a simulated granular channel to investigate the mechanisms
that initiate dynamic slip, finding that the sliding behavior is significantly affected by normal stress once the
shear stress surpasses a critical threshold. Collectively, these studies offer essential data and insights into the
shear damage characteristics of rock-concrete interfaces under low normal stress conditions. However, there is
a paucity of shear tests aimed at assessing the impact of high normal stress conditions on the shear strength and
crack propagation behavior of concrete-rock interfaces in a bonded state.

Despite notable advancements in the characterization of the macroscopic mechanical properties of the
bonded rock-concrete interface, primarily through laboratory testing methods and conditions, there remains
a significant gap in the understanding of the micromechanical behavior of this interface and its regulatory
mechanisms influencing macroscopic strength and deformation responses. Recent developments in multi-scale
joint testing technology have introduced a novel framework for elucidating the damage evolution mechanisms at
the bonded rock-concrete interface. Techniques such as high-speed video imaging, X-ray computed tomography
(CT), acoustic emission (AE), and digital image correlation (DIC) have been employed to explore the correlation
between macroscopic behaviors and microscopic fracture characteristics. Acoustic emission signals, which are
transient elastic waves produced by the rapid release of energy during material fracture, play a crucial role in the
continuous monitoring of elastic waves generated by microcracks, thereby aiding in the prediction of cracking
in tunnel linings?-3!. However, the application of this technique to monitor shear mechanisms at bonded
rock-concrete interfaces has been limited. For instance, Changwoo et al.* investigated the acoustic emission
characteristics of rock-concrete interfaces subjected to shear loading, revealing that the AE count rate and energy
peaked when the stress decreased following the maximum shear stress. Similarly, Moradian et al.>!? examined
the damage mechanisms of rock joints and concrete-rock bond joints during shear tests utilizing AE equipment.
Gan et al.** analyzed the temporal patterns of RA and AF values, discussing criteria for differentiating between
shear and tensile cracks. Furthermore, Cheng et al.3* identified that the warning point of AE energy and a
significant decline in AE-b values typically occurred in proximity to the continuous stress drop or peak stress.

In summary, a standard granite specimen was utilized as a bonded granite-concrete sample and subjected
to direct shear testing under normal stress conditions of 4 MPa, 8 MPa, 12 MPa, and 16 MPa. The entire shear
damage process was monitored using acoustic emission technology to enhance the understanding of the
shear failure mechanisms at the rock-concrete bonded interface. This study primarily investigates the shear
mechanical properties and fracture behavior of the rock-concrete interface under varying normal stress levels.
The experimental findings offer significant theoretical insights into the shear behavior of the rock-concrete
interface and provide essential guidance for the design and maintenance of engineering structures.

Experimental testin?

Preparation process of rock-concrete specimens

The rock-concrete specimens utilized in the experimental investigations are composed of gray granite and
self-compacting concrete materials. The gray granite is sourced from a stone processing facility located in
Waulian County, Shandong Province, China. This granite exhibits a fine-grained texture, with a particle size
distribution ranging from 0.5 to 1 mm. X-ray diffractometry (XRD) analysis indicates that the gray granite is
comprised of quartz, albite, dolomite, kaolinite, and various other minerals. For the experiments, cylindrical
granite specimens with a diameter and height of 50 mm are prepared through drilling, cutting, and polishing
techniques. Furthermore, the concrete employed in the tests is a high-strength self-compacting concrete,
specifically formulated for applications that present challenges in pouring, such as underground excavations
characterized by dense reinforcement and intricate geometries. The concrete mixture consists of 45.36% cement,
35.81% aggregate, 8.12% sand, and 10.71% water, with the maximum particle size of the coarse aggregate being
5 mm. Figure 1 depicts the rock-concrete specimens utilized in the experiment, while Table 1 provides the
mechanical and uniaxial compressive properties of both gray granite and concrete. Figure 2 illustrates that the
stress-strain curves of the rock-concrete specimens under uniaxial loading exhibit brittle failure characteristics
akin to those of monolithic rock. However, as confining pressure increases, the rock-concrete specimens
progressively transition to ductile failure. Additionally, the relationship curve between rock and concrete
approaches that of concrete, suggesting that the deformation and failure mode of the rock-concrete composite is
predominantly influenced by the lower strength concrete. It is important to note that the fracture morphology
of the rock, concrete, and rock-concrete composite specimens under both uniaxial and triaxial compression is

comprehensively detailed in reference®.

Scientific Reports |

(2025) 15:29081 | https://doi.org/10.1038/s41598-025-14445-7 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

[ S0mm "

50mm
16.7,16.7 ,16.7 ,
1 i
+ l—l
50mm

a (b) L" @]

Fig. 1. The experimental study utilized rock-concrete specimens, which included: (a) the rock-concrete
specimens employed in the shear test, (b) a standard cylindrical sample of rock-concrete, and (c) the grooving
treatment applied to the rock interface.

gray granite 185 57 0.286 | 0.687
concrete 98 30 0.158 | 0.580
gray granite- concrete | 100 29 0.164 | 0.634

Table 1. The uniaxial compression characteristics of Gray granite and concrete are defined by several key
parameters: oc represents the uniaxial compressive strength, E denotes the elastic modulus of the material, p
indicates the poisson’s ratio, and p signifies the density of the material.
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Fig. 2. The stress-strain relationships for rock, concrete, and rock-concrete composite materials subjected to
uniaxial and triaxial compression are presented as follows: (a) specimens of rock, (b) specimens of concrete,
and (c) specimens of rock-concrete composites.

Experimental facilities

The shear test is performed utilizing the GCTS RDS-200 servo-controlled loading system (refer to Fig. 3(b)).
This testing apparatus is equipped with a shear actuator and a normal actuator, capable of delivering loads of 10
tons and 5 tons, respectively, with a precision of 0.01 kN. The system allows for a maximum shear displacement
of 25 mm and a normal displacement of 24 mm, both with a measurement accuracy of 0.001 mm.

Acoustic emissions are monitored utilizing an 8-channel PAC system. The configuration of the AE sensor,
preamplifier, signal cable, and AE hardware system is illustrated in Fig. 3(b). As depicted in Fig. 3(a), the eight AE
sensors are securely affixed to the designated monitoring points on the upper shear box using medical couplers.
To mitigate the influence of environmental noise and various interference signals, the detection threshold of the
system is established at 35 dB, with a sampling rate of 1 million samples per second. The sensitivity of each sensor
is evaluated through a lead break test, with the requirement that the response amplitude of each channel exceeds
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Fig. 3. Instrument used for test (a) eight AE sensors are arranged in the upper shear box, (b) GCTS RDS-200
test system and acoustic emission test system.

95 dB. Additionally, it should be noted that the acoustic emission sensor model used in this paper is MINI30 and
that the acoustic emission signals are acquired and parameterized by hit.

Experimental process

In this investigation, the rock-concrete specimens are categorized into four distinct groups based on variations
in normal stress, with three parallel tests conducted for each level of normal stress to enhance the accuracy and
reliability of the findings. The detailed experimental procedure is outlined as follows:

(1) As depicted in Fig. 3(a), prior to the initiation of the shear test, it is imperative to position the sample
centrally within the shear box. Consequently, the encapsulated sample is initially placed in the shear box to
ensure that the bond surface between the rock and concrete is situated within the cavity of both the upper
and lower shear boxes, aligned parallel to the direction of shear.

(2) Following this, a normal compressive stress of 4 MPa, 8 MPa, 12 MPa, and 16 MPa is applied in a load
control mode, with a loading rate of 1 MPa/min for each respective stress level.

(3) Subsequently, the shear load is applied using displacement control at a shear rate of 1 mm/min, with the test
concluding once the shear displacement reaches 10 mm.

(4) At the commencement of stage (3), the acoustic emission (AE) testing system is activated to capture AE
signals, including AE count and AE energy.

Shear failure properties of granite-concrete interface

Shear stress-shear displacement curves

Figure 4 illustrates the shear stress versus horizontal displacement curves corresponding to four distinct normal
stresses, which can be categorized into four distinct stages: the compaction stage, the linear elastic stage, the
pre-peak plasticity stage, and the post-peak softening stage. During the compaction stage (OA), the stress-
displacement curve exhibits a concave shape, signifying the gradual compression of cracks within the specimen.
As the normal stress increases, the duration of compaction during this stage diminishes. In the linear elastic
stage (AB), there is a linear increase in shear stress with respect to displacement. The pre-peak plasticity stage
(BC) is characterized by an accelerating growth rate of shear stress, culminating in the attainment of peak shear
strength. In the post-peak softening stage (CF), the behavior of the curve varies with normal stress levels. At
lower normal stresses (4 MPa and 8 MPa), the curve demonstrates a post-peak plunge behavior, as depicted
in Fig. 5(a), where the shear stress gradually declines to the residual strength following the peak. Conversely,
at higher normal stresses (12 MPa and 16 MPa), the curve exhibits a post-peak rebound behavior, illustrated
in Fig. 5(b), where the shear stress experiences a sharp decline until the displacement is regulated again at the
predetermined shear rate, subsequently rising to a new peak stress, thereby exhibiting a “primary and secondary
double peak” phenomenon.

Shear parameters of the interface
The mean values of test outcomes, including peak stress (73,), residual stress (7,.), and shear stiffness (ksp), for the
twelve specimens are presented in Table 2. To conduct a more in-depth examination of the effect of normal stress
on the shear properties of the specimen interface, the correlation between the different shear test parameters and
surface roughness is illustrated in Fig. 6.

Figure 6(a) illustrates a linear relationship between peak shear stress and normal stress, indicating that the
latter enhances mechanical interlocking at both sides of the interface. As normal stress increases, a greater
number of bulges are compromised through shearing during the dislocation of the rock-concrete interface,
thereby augmenting the interface’s resistance to shear failure. Furthermore, in accordance with the Mohr-
Coulomb criterion, the internal friction angle of the assembly is determined to be 40.86°, with a cohesion value
of 0.87 MPa.

In this study, the slope of the curve at 50% of the peak shear strength is utilized to define the pre-peak shear
stiffness, which serves as an indicator of the sample’s resistance to deformation during the shearing process.
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Fig. 4. The shear stress-displacement relationships were analyzed under four distinct normal stress conditions:
(a) 4 MPa, (b) 8 MPa, (c) 12 MPa, and (d) 16 MPa.
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Fig. 5. Two kinds of shear stress-displacement curves of rock-concrete under bonded state (a) sudden decline
type after the peak, (b) rebound type after the peak.

Figures 6(b) and 6(c) demonstrate that both pre-peak shear stiffness and peak shear displacement exhibit an
increase with rising normal stress, followed by a gradual stabilization.

The residual strength is primarily attributed to the frictional interactions at the contact surface, rendering
it dependent solely on normal stress. As depicted in Fig. 6(d), the residual strength shows a strong linear
correlation with normal stress. The average residual shear strengths recorded under varying normal compressive
stresses were 2.144 MPa, 4.320 MPa, 6.358 MPa, and 8.950 MPa, corresponding to increase rates of 101.490%,
47.180%, and 40.771%, respectively. Additionally, Fig. 6(e) indicates that the interface friction coefficient during
the residual stage remains relatively constant at 0.526, suggesting that the roughness of the interface does not
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Sample | T (MPa) |, (MPa) | 6, (mm) | ksp (MPa/mm) | ksq (MPa)
CG-4 4.84 2.05 1.92 3.43 3.69
CG-8 7.79 4.20 2.35 4.43 3.47
CG-12 | 12.08 6.31 3.41 5.21 5.72
CG-16 | 14.90 8.26 3.35 5.54 5.95

Table 2. The average value of the test results of each specimen.
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Fig. 6. The variation of computed shear parameters includes: (a) peak shear strength, (b) shear stiffness, (c)
peak shear displacement, (d) residual shear strength, (e) residual friction coeflicient, and (f) the reduction

value of peak shear stress.
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significantly change, and that the friction coefficient at the contact surface is independent of normal compressive
stress.

When the shear stress attains the bonded strength of the interface, a sudden failure of the entire interface bond
occurs, resulting in a rapid decline in shear stress. To quantitatively assess this phenomenon, the post-peak stress
drop (ksa), as illustrated in Fig. 6(f), is employed to denote the disparity between peak strength and residual
strength. The average post-peak stress drops observed under varying normal stresses are 2.691 MPa, 3.347 MPa,
5.720 MPa, and 5.953 MPa, with corresponding increases of 2.040%, 113.062%, and 6.156%, respectively. These
findings suggest that as normal stress increases, the extent of reduction in peak shear stress upon assembly
failure also escalates. This trend can be attributed to the transition of the failure mode of the assembly from
ductile to brittle as normal stress intensifies. Furthermore, it is noteworthy that the post-peak stress reduction
observed in specimens subjected to 12 MPa is significantly greater than that in those subjected to 8 MPa. This
observation indicates that once normal stress reaches a certain threshold, the accumulated elastic deformation
energy within the rock-concrete composite is released rapidly and violently during the stress drop phase, thereby
exhibiting characteristics of brittle failure (Table 3).

Normal deformation characteristics of interface

Figure 7 illustrates the typical displacement-shear displacement curves of bonded surfaces subjected to varying
normal stress levels. This observation is consistent with the shear testing performed by Liu et al.>® on the
interface between reef limestone and concrete under normal stress conditions. In the present study, the normal
displacement at the initiation of shearing is regarded as the reference point for the curve. A positive slope of the
curve signifies normal shear-shrinkage deformation, whereas a negative slope denotes normal shear-dilation
deformation. The specific principles governing these behaviors are outlined as follows:

The application of normal stress to the specimen precedes the initiation of shear. Consequently, during the
initial shear phase, the bonding interface experiences volumetric compression deformation, which intensifies
with increasing normal stress. Furthermore, as illustrated in Fig. 8(a), the relationship depicted by the curve
demonstrates a strong linear correlation. The normal displacements recorded prior to shear under varying
normal stress conditions are 1.261 mm, 2.184 mm, 3.015 mm, and 4.217 mm, respectively.

In scenarios characterized by low normal stress (4 MPa and 8 MPa), the curve indicates a progression from
initial shear deformation to subsequent dilatancy deformation. This phenomenon can be attributed to the
relatively low normal binding forces acting on either side of the specimen, which facilitates the occurrence of
a slope-climbing effect at the rock-concrete bonding interface following the establishment of a macro-shear
fracture surface.

Conversely, under conditions of elevated normal stress (12 MPa and 16 MPa), there is a pronounced
variability in normal deformation. This includes shear deformation (CG1-12, CG2-12), dilatation deformation
(CG2-16, CG3-16), and initial shear deformation following dilatation (CG3-12, CG1-16). Such variability may
be linked to the intricate and unpredictable nature of local peel wear at the interface. When normal stress levels
are excessively high (CG2-16, CG3-16), it is possible for the interface to sustain partial fracture prior to the

Normal L
Direction of
stress 1 2 3 h
shear
( MPa )
4 :
8 :
12 -
16 :
A4
Table 3. The analysis of the distribution area of adherent concrete was conducted utilizing Image-Pro Plus
image processing software.
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Fig. 7. Normal displacement-shear displacement of bonded surfaces (a) 4 MPa, (b) 8 MPa, (c) 12 MPa, (d)
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Fig. 8. The normal displacement was computed as a function of normal displacement, specifically addressing
(a) the normal displacement prior to shear and (b) the maximum normal displacement observed.

application of shear stress, leading to uncrushed concrete protrusions that are susceptible to spanning and
climbing during the shear process.

As depicted in Fig. 8(b), the specimen demonstrates dilatancy under conditions of low normal stress, while
exhibiting pronounced shear shrinkage behavior under conditions of high normal stress.

Shear failure characteristics of the interface

The damaged regions of the concrete and rock are illustrated by the red dotted lines and black boundaries in
Fig. 9. The left side of each interface represents the concrete component, while the right side corresponds to the
rock component. Figure 9 clearly indicates that all specimens have sustained fractures along the rock-concrete

Scientific Reports |

(2025) 15:29081

| https://doi.org/10.1038/s41598-025-14445-7 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Fig. 9. The attributes of the shear failure interface between rock and concrete are illustrated, with the left side
of each figure depicting the damaged concrete interface and the right side representing the damaged rock
interface. The figures are labeled as follows: (a) CG1-4, (b) CG3-8, (¢) CG3-12, and (d) CG1-16.

Failure Mode Failure Evaluation

Failure at adhesion interfaces between
rock and concrete when adhesion is
low

Adhesive failure

Failure at concrete and adhesion
interfaces when adhesion interfaces is
higher than the concrete itself

Cohesive failure in concrete
and adhesive failure

Failure at concrete, rock and adhesion
interfaces between rock and concrete
when adhesion is high

Mixed failure

Table 4. Categorization of failure mechanisms associated with bonding interfaces®.

bonded interface. Furthermore, both the rock and concrete surfaces exhibit varying levels of damage. Notably,
the protruding features of the rocks have compromised the low-strength concrete bulges, resulting in distinct
gray scratches on the uncut surfaces.

The interfacial shear fracture morphology of the specimens subjected to four different normal stresses
displayed a consistent ARC-type mixed damage pattern, as detailed in Table 4. This observation suggests that
the macroscopic failure mode of the interface is not influenced by the level of normal stress. It is particularly
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noteworthy that, in comparison to the normal stress of 4 MPa, the damage area at the rock interface edge
significantly increases at 16 MPa. This phenomenon can be attributed to the fact that the rock-concrete interface,
being a weak surface, experiences substantial local compressive deformation during the normal loading phase
as normal stress increases, thereby rendering the interface more susceptible to damage under shear loading.
Additionally, the edge fractures at the interface, resulting from stress concentration, become increasingly
pronounced with the rise in normal stress.

The red region depicted in Table 3 illustrates the distribution area of adherent concrete, which was examined
utilizing Image-Pro Plus image processing software. The residual ratio of concrete present on the rock surface
is defined as the proportion of the concrete surface area relative to the granite surface area on the rock. The
corresponding formula is presented as follows:

Se

where S denotes the projected area of the undamaged rock grooving surface, and S. represents the projected
area of concrete adhering to the rock surface.

Figure 9; Table 3 illustrate that an increase in normal stress correlates with a more pronounced damage to
the rock and concrete, as well as an increase in surface scratches. Furthermore, as depicted in Fig. 10, there is a
slight upward trend in the concrete residual rate at the rock interface with increasing normal stress; however, the
overall average value remains approximately 30%. This indicates that the degree of damage to the rock-concrete
interface escalates with varying levels of normal stress.

Acoustic emission characteristics of the interface

Variation of AE energy and AE count during the shearing process

Figures 11 and 12 illustrate that the acoustic emission (AE) curve types under varying normal stresses
consistently exhibit a burst pattern, suggesting that alterations in normal stress do not significantly affect the
types of AE curves observed. Building on the findings of Zhou et al.¥’, the cumulative AE signal curve can be
categorized into four distinct phases: the quiet period, the slow rise period, the sharp growth period, and the
rapid rise period.

(1) Compaction Stage: During the initial shear phase, AE signals from specimens subjected to normal stresses
of 8 MPa, 12 MPa, and 16 MPa were scarcely detectable. At lower normal stresses, the inherent micropores
within the specimen remain relatively sparse under normal loading conditions, resulting in minimal AE
signals under minor shear forces. As normal stress increases, the density of the rock-concrete interface
gradually improves, rendering minor shear forces insufficient to induce displacement at the interface. Con-
sequently, there is a reduced occurrence of AE events during this stage, indicating limited crack activity
within the specimen.

(2) Linear Elastic Stage: The cumulative AE energy and AE count curves for each level of normal stress exhibit
a relatively stable growth trend; however, prominent AE signals remain absent.

(3) Pre-Peak Plasticity Stage: Specimens subjected to varying normal stresses do not display a distinct yield
stage, suggesting that the elastic deformation energy of the materials in this phase is not fully dissipated.

(4) Post-Peak Softening Stage: Following the failure of the rock-concrete bond interface, both AE energy and
AE count decline to a lower level. Nevertheless, AE activity is observed to be higher than prior to interface
failure, indicating a rapid increase in the accumulated AE energy curve. The AE signals during this phase
primarily arise from the sliding friction at the contact surface, with few new cracks being generated, result-
ing in limited prominent AE energy production following the peak stress.

N
=)

- -o- - avergage value .
= experimental value

w
)
T
om
\
\
\
\
\
n

o
(=]

Residual rate of concrete on rock surface(%)
\

Normal stress (MPa)

Fig. 10. The concrete residual rate at the rock interface.
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Fig. 11. The acoustic emission (AE) energy was computed as a function of displacement for four distinct levels

of normal stress, specifically: (a) CG1-4, (b) CG3-8, (c) CG3-12, and(d)CGI-16.
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Figures 13(a) and (b) illustrate a comparable pattern in the variations of acoustic emission (AE) energy and
count curves, both exhibiting a pronounced increase at the peak shear stress. Furthermore, Figs. 13(c) and 13(d)
indicate that both the peak energy counts and peak counts of AE rise in conjunction with increasing normal

stress.

Analysis of Fig. 14(a) and (b) reveals that the growth rate of the cumulative AE energy and cumulative AE
count curves diminishes as normal stress increases prior to reaching the peak stress. This observation suggests
that elevated normal stress serves to inhibit the propagation of cracks within the material to a certain degree,
thereby enhancing the material’s resistance to shear failure and reducing its susceptibility to fracture damage,
which in turn delays the release of internal energy. Upon reaching the peak shear strength, the cumulative
acoustic emission energy exhibits a gradual increase with rising normal stress. Following the damage to the rock-
mix interface, the trajectory of the cumulative acoustic emission energy curve diverges from that observed prior
to fracture; specifically, higher normal stress correlates with more extensive crack propagation and increased
damage. The cumulative acoustic emission behavior prior to peak shear stress is depicted in Fig. 14(c), which
demonstrates a significant increase in cumulative AE energy with rising normal stress. Conversely, Fig. 14(d)
illustrates a declining trend in cumulative AE ring counts prior to the peak as normal stress increases.

Variation of the AE b-value and F-function in the shear process

The AE b-value is acknowledged as a significant parameter in the examination of crack development in both
rock and concrete materials. This metric was initially formulated for seismological purposes, drawing upon the
principles established in the Gutenberg-Richter relationship. :

IgN =a—-bM

)

In this context, let M represent the magnitude of an earthquake, N denote the number of earthquakes within a
specified magnitude range M + A M, a signify the constant associated with the degree of seismic activity, and b
refer to the b-value utilized in seismological studies. When determining the b-value for acoustic emissions (AE),
it is customary to divide the amplitude of the AE by 20 in order to substitute for the M-value*I- 4, Consequently,
in accordance with Eq. (2), the formula for calculating the b-value of AE can be articulated as follows:
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Fig. 13. The analysis of AE data encompasses the following components: (a) a comparative assessment of AE
energy curves, (b) a comparative evaluation of AE count curves, (c) the determination of peak AE energy, and
(d) the quantification of peak AE counts.

Scientific Reports|  (2025) 15:29081

| https://doi.org/10.1038/s41598-025-14445-7

nature portfolio



http://www.nature.com/scientificreports

www.nature.com/scientificreports/

110
() — (b) 800
100 CG1-4
g 90 >
S 80 X 600
~ g
& 70 g
2 60 o
2 o < 400
< 2
2 40 E
£ E
= 30 £ 200
3 20 ©
10
0" 0
Timex10%(s) Timex10%/s
3 >
=3t 2 - -
. 23 - e - *\
g5 o 2 3 '
S o , 3 © 200 \
2 30} ’ w2 '
w 7/ e \
< g ’ < g \
£ %23' R - \
g o -x E 2150+ '
= 3 =" 3 e \\
C g6t © g ' - -4
2 g T
24 1 1 1 1 L L | 1
4 8 12 16 100 — g 12 16

Normal stress (MPa) Nomal stress (MPa)

Fig. 14. The analysis encompasses the calculated cumulative acoustic emission (AE) energy and cumulative
AE counts. Specifically, it includes: (a) a comparative assessment of cumulative AE energy curves, (b) a
comparative evaluation of cumulative AE count curves, (c) the cumulative AE energy recorded prior to the
peak shear stress, and (d) the cumulative AE peak counts observed before the peak shear stress.

IgN=a—-b—— (3)
AdB =20 lg Auv (4)

where Agp indicates the maximum amplitude of acoustic emission (AE) events(dB), A,v indicates the
maximum amplitude of acoustic emission (AE) events ((£V'), N represents the number of acoustic emission
events with amplitudes greater than Aqp.The increase in b-value indicates the dominance of micro-cracks, while
the decrease in b-value implies the dominance of macro-cracks. In addition, when b-value shows low frequency
and small variation, it indicates that the micro-cracks extension is relatively stable. On the contrary, if b-value
is showing high frequency and large fluctuation, it means that the micro-cracks are in the state of violent and
frequent extension!=43,

In order to maintain stability and reliability, the b-value is calculated using an equal number of AE events
(100 AE events) as the sampling window, and then a fixed number of AE events (50 AE events) are used as the
step size to slide chronologically and repeat the b-value. The total number of acoustic emission events of CG1-4
specimen is 3429, the total number of acoustic emission events of CG3-8 specimen is 5005, the total number of
acoustic emission events of CG3-12 specimen is 5323, and the total number of acoustic emission events of CG1-
16 specimen is 7365. The stress-strain-b-value relationship curves for the four specimens, derived from Eq. (2) to
(4), are presented in Fig. 15. The characteristics of the evolution of AE b-values depicted in Fig. 15 indicate that
the brittle failure at the rock-concrete interface is attributable to the initiation, progression, convergence, and
penetration of internal micro-cracks, which in turn reflect the extent of energy release and damage.

In order to identify the phases where a spike in the rate of hits occurs, F-function based on inter-event time
are used in this paper to analyze the fracture-related AE hit rate characteristics*1- *°. Firstly, a mean value At;
of the time interval between (N-1) events is determined for each set of N consecutive hits (N>10) defined as
follows:

S At + Atipr 4+ -+ Atiyn—2  tnyio1 —t

N -1 N -1

Li=1,2,3... (5)
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Fig. 15. Variation curves of calculated b-value.
where t; and ¢y ;-1 indicate the moments of the i and NV + ¢ — 1 AE events, respectively. The event interval
time function F(t) within a given time window between ¢; and ¢y 4;—1 is defined as the reciprocal of 7;. The
function F(1) of the time between events within a given time window between ¢; and tn4;_1 is defined as the
reciprocal of 7;:
-1 .
F(r)=m7, ,i=1,2,3... (6)
Each value of F(1) is then paired with the average value ¢; of the moment of occurrence of the corresponding
N hits used to calculate the F function:
; _btittipi+ o FligNn—1
t; = i=1,2,3... (7)
N b 7 7
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The specific pattern of evolution of F-function during the shearing process is shown in Fig. 16.

1
)

3)

During the initial loading phase: b-value and F-function are hardly generated. This phenomenon indicates
that the incidence of AE events and damage is relatively small.

Elastoplastic Deformation Stage: Initially, the b-value and F-function exhibited a slight increase, followed
by a gradual upward trend characterized by increasing fluctuation frequency, whereas the curves at 12 MPa
and 16 MPa were more sparser. Under conditions of low normal stress, the macro-fracture surface of the
bonded interface results from the repeated transition between large-scale and small-scale micro-cracks,
with the propagation and penetration of large-scale cracks occurring at a slow rate. In contrast, under
higher normal stress conditions, the development of large-scale cracks at the rock-concrete interface is
constrained by the normal stress, leading to a higher proportion of internal small-scale cracks compared
to conditions of low normal stress. When the normal stress is inadequate to restrict shear deformation, the
energy accumulated in the specimen during this stage is released rapidly over a short duration, resulting
in the swift expansion of small-scale cracks at the rock-concrete interface and their penetration into large-
scale cracks, thereby forming the primary fracture surface.

Instability Failure Stage: Upon reaching the stress peak, the b-value decreases sharply while the F-function
increases sharply. It should be noted that the increase in AE event rate should precede the stress drop. This
is because the increase in AE event rate is caused by microcrack nucleation, growth, and merging, while the
stress drop is attributed to strain energy release due to macroscopic crack initiation and extension. The time
interval between the increase in the AE event rate and the stress drop is difficult to distinguish due to the
brittle nature of the specimen.

Variation of the AF-RA value in shear process
The quantitative differentiation of clusters of AE signals associated with tension or shear through the density

distr

ibution of RA-AF is challenging. The regions of RA and AF, as determined by acoustic emission experiments,

exhibit significant overlap, which adversely affects the accuracy of crack identification during fracture processes.
Consequently, this study employs a Gaussian mixture model (GMM) to cluster the AE feature parameters,
facilitating a more precise quantitative separation of these clusters. Additionally, to address the limitations
inherent in Gaussian mixture clustering regarding the quantitative differentiation of signals, a support vector
machine (SVM) is utilized to compute the hyperplane delineating the clusters corresponding to each type of
failure behavior. This approach enables the effective classification of tensile and shear signals*®. As illustrated in
Fig. 17, the frequency of shear failure signals in rock-concrete specimens surpasses that of tensile failure signals.

5 900 8 350
(a) [—cci4 (b) |—cas3s
F(1) 1800 ——F(@)
4r 4700
& {600 ~ & =
23t 2 2 <
2 1°0 5 3 5
= = @ 8
7 {400 2 & S
521 2 5 2
2 {300 & 2 o
w 1%}
1L {200
{100
0 e : 0
0 1 2 3 4 1
Timex10? (s) Timex10? (s)
14 600 16 700
(¢) | —coi2 (d) ‘— CGI-16
12} —F@ 1500  M—=E 1600
=10} = 127 4500
& {400 ~ &£ o~
2 w2 10F 2
S 8r = 1400 3
s M 43002 8 8f 2
E Ja00 & 8 T )
% oaf 7 4200
4+
i T 3
. o A . RV .
0 1 2 3 4 0 1 2 3 4
Timex10? (s) Timex10 (s)

Fig. 16. The temporal variation of the F-function: (a) CG1-4, (b) CG3-8, (c) CG3-12, and (d) CG1-16.
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Fig. 17. The computed values of the RA-AF parameter are as follows: (a) CG1-4, (b) CG3-8, (c¢) CG3-12, and
(d) CGl1-16.

Furthermore, there is a notable trend indicating that the proportion of shear failure signals increases with rising
normal stress.

Discussion

A comparison with reference® reveals that the impact of normal stress on the degree of shear failure and the
failure mode of the rock-concrete interface is less pronounced than that of surface roughness. In a non-bonding
state, the application of shear displacement indicates that normal stress primarily enhances the frictional force
at the interface, thereby increasing shear strength. In instances where the rock interface exhibits rough and
undulating characteristics, normal stress facilitates a tighter interlocking between the rock and concrete, thereby
augmenting both the anti-sliding force and the interlocking force at the bonding surface.

Analysis of the AE-b value demonstrates a marked difference in its evolution before and after the peak shear
stress, which corresponds to the complete loss of adhesion between the rock and concrete. This observation
indirectly elucidates the influence of the bonding force at the interface on the scale of cracking and the degree of
fracture between the rock and concrete. Furthermore, the fluctuation range of the AE-b value at 16 MPa aligns
with findings in reference’®, indicating that the early warning capability of the AE-b value is more significantly
influenced by normal stress than by the roughness of the rock interface, a consideration that warrants attention
in practical applications.

In most practical scenarios, the normal load exerted on shotcrete linings typically does not exceed 0.2 to 0.5
MPa®. Consequently, the normal stress applied during shearing generally does not result in the crushing of the
rock or concrete adjacent to the bonding surface. However, the four types of normal stresses examined in this
study are substantial, leading to minimal variation in the shear fracture surface. Additionally, the high strength
and certain roughness of the rock and concrete utilized in this research contribute to the cutting of rock or
concrete protrusions under significant normal stress. Therefore, based on the test results, the author plans to
conduct an orthogonal test on the natural roughness of rock for the shear failure of the rock-concrete interface
under low normal stress, supplemented by numerical simulations for validation. Moreover, the shear rate is a
critical factor influencing the shear failure behavior of the interface; the shear rate of 1 mm/min employed in
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this study is relatively rapid for static load testing, necessitating further rock-concrete shear tests at varying shear
rates.

Conclusions

This study investigates the impact of varying normal stress on the shear failure characteristics of rock-concrete
bonded interfaces, utilizing the RDS-200 direct shear apparatus. Furthermore, the study elucidates the
mechanisms underlying crack propagation in rock-concrete systems through the application of the PCI-2 eight-
channel acoustic emission device. The principal findings are summarized as follows:

(1) An increase in normal stress results in enhanced peak shear strength, residual strength, and shear stiffness
of the interface. Notably, the post-peak softening behavior transitions from a gradual reduction in stress,
indicative of ductile failure, to a rebound mode characterized by a ‘double peak stress’ phenomenon, which
is representative of brittle failure, when normal stresses exceed 12 MPa. In contrast, lower normal stresses
(<8 MPa) induce shear expansion deformation, whereas higher normal stresses (=12 MPa) lead to shear
contraction deformation.

(2) The influence of normal stresses on the modes of interface damage is relatively minimal, as all observed
modes are classified as mixed ARC damage modes. However, the extent of interface damage is observed to
increase with rising normal stresses, while the residual concrete coverage on the rock surface remains stable
at approximately 30%.

(3) High acoustic emission (AE) energy signals and counts are recorded at the peak shear stress. The cumu-
lative AE energy prior to failure exhibits a slight increase with normal stress, whereas the cumulative AE
counts show a decrease, suggesting that microcracking activity is inhibited under elevated normal stresses
prior to the failure of the specimens.

(4) The evolution of cracks is effectively represented by the b-value and F-function: a pronounced decline at
peak stress correlates with brittle damage, and both the amplitude and frequency of pre-peak fluctuations
diminish as normal stress increases, indicating a reduction in crack propagation at elevated normal stresses.
Furthermore, the proportion of shear damage signals in the specimens, as determined by the combined
Gaussian Mixture Model (GMM) and Support Vector Machine (SVM), exceeds 75% and increases with the
escalation of normal stress.
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The data sets used in the current study are available from the corresponding author on reasonable request.
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