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Abstract

In complex jointed rock masses, wedge blocks are likely to form on the tunnel sidewalls after excavation, and the mechanical prop-
erties and stress environment of the surrounding rock have a significant impact on their stability. In this study, cubic rock specimens with
prefabricated wedge blocks and arched tunnel features were tested under biaxial compression. Acoustic emission (AE) and digital image
correlation technologies were used to monitor crack propagation and specimen failure in real-time. The results showed that supported
specimens exhibited higher strength during both the peak and post-peak stages, with a slower strength decline after the peak. The support
regulated AE hit rates and enhanced energy storage capacity. Different specimens displayed varying strain evolution, with supported
specimens generally having higher lateral strain than shear strain. In unsupported specimens, tensile and shear stresses were concentrated
at the wedge block apex, while supported specimens showed more complex stress variations, especially under the influence of wedge
blocks. Stable specimens experienced shear sliding failure, while extremely stable specimens experienced both shear sliding and tensile
fracture. As horizontal stress (o3) increased, specimen strength and wedge block failure both increased. Triangular wedge blocks played
a decisive role in tunnel stability, with extremely stable triangular blocks providing greater safety. In addition, a typical stability analysis
method for wedge blocks was proposed. The findings provide a scientific basis for rock mass stability assessment and support measure
selection in tunnel design.
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1 Introduction more complex deformation and failure characteristics of

the surrounding rock, making the sidewalls one of the most

In underground engineering, the stability of the tunnel
surrounding rock is a critical factor affecting both engineer-
ing safety and economic efficiency (Zhu et al., 2016). Specif-
ically, the wunique stress conditions and complex
surrounding rock structures of tunnel sidewalls significantly
influence overall stability (Feng et al., 2018; Fraldi et al.,
2019; Wu et al., 2024). As the depth of mineral resource
extraction increases, elevated in-situ stress levels lead to
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stress-concentrated and severely deformed regions (X.
Zhang et al., 2024; Wang et al., 2025). The stability of an
underground tunnel is often controlled by the mechanical
properties and structure of the rock mass (Z. Zhao et al.,
2023; Fan et al., 2023). In underground excavation, the tun-
nel sidewalls may pass through intact rock, simple jointed
rock, or complex jointed rock, as shown in Fig. 1. When
the excavation passes through intact or single-jointed rock,
the tunnel stability is primarily influenced by the mechanical
properties of the rock mass, with minimal impact from the
rock structure (Zhu et al., 2020; M. Liu et al., 2024; Yang
et al., 2024; F. Zhao et al., 2023). In contrast, complex
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Fig. 1. Underground tunnel excavation and joint distribution.

interlocking joints divide the rock mass into wedge blocks
of varying sizes and shapes (Bi et al., 2024; Fan et al.,
2020). When these wedge blocks intersect with the tunnel
sidewalls, the stability of the tunnel is significantly influ-
enced by the wedge blocks (Wu et al., 2018).

For intact and simple jointed rock masses, researchers
have studied the failure modes of tunnel sidewalls through
laboratory experiments, numerical simulations, and theo-
retical analyses. The failure mode and characteristics of
roadway sidewall were significantly influenced by the hori-
zontal stress (Shi et al., 2024; Li et al., 2024; Ji et al., 2024).
For wedge rock blocks formed by complex jointing, Hu
et al. (2023) studied the instability mechanism of the wedge
blocks and analyzed the evolution patterns of acoustic
emission (AE) and intrinsic frequency information during
the instability process. Yang et al. (2023) monitored the
collapse process of wedge blocks and proposed a three-
color early warning method for tunnel surrounding rock
block collapse based on dynamic characteristic parameters.
However, the study only focused on the instability modes
and sliding mechanisms of wedge blocks, without investi-
gating the mechanical response of the tunnel sidewall
wedge blocks and the surrounding rock.

The distribution of surrounding rock structures, such as
discontinuity characteristics, structural surfaces, and wedge
blocks, further exacerbates the effects of stress concentra-
tion. This is especially true in deep engineering projects
with high in-situ stresses, where the tunnel sidewall is more
susceptible to tensile and shear failure (Jiang et al., 2022;
Feng et al., 2017). Existing studies indicate that the pres-
ence of the stress concentration zone in the tunnel sidewalls
causes the failure mode and instability mechanism to differ
significantly from other parts of the tunnel (Li et al., 2017).
Under the effect of stress concentration, the tunnel sidewall
is prone to issues such as wedge block sliding and shear
failure of structural surfaces, which may progressively
evolve from localized damage to overall instability.

Additionally, the joint orientation, in-situ stress, and their
relationship with the tunnel axis significantly affect the fail-
ure of tunnel sidewalls (X. Liu et al., 2024; B. Liu et al.,
2024). Therefore, a comprehensive study of the stress evo-
lution characteristics in the tunnel sidewall and its impact
on surrounding rock stability is of significant theoretical
and practical importance for ensuring tunnel safety.

Based on the above background, the physical model of
tunnel sidewalls containing wedge blocks under biaxial
stress conditions was modeled. The influence of cracks
and fractures on the stability of rock masses was investi-
gated. The mechanical mechanisms of interaction between
different wedge blocks and the surrounding rock and their
impact on the stability of tunnel sidewalls were investi-
gated. In addition, discrete element numerical simulation
techniques were employed to further explore the dynamic
evolution characteristics of tensile and shear stresses at
the boundaries of wedge blocks and arched holes. Further-
more, this paper discusses the failure modes of wedge
blocks and arched holes under different horizontal in-situ
stress conditions, clarifying the stress sensitivity of failure
characteristics, and providing important references for
the stability design of tunnel sidewalls in deep engineering
projects.

2 Wedge blocks analysis

In the mechanical analysis, the wedge block was treated
as a continuum medium, and its material behavior was
characterized using an elastic—plastic constitutive model.
The sliding or detachment of the wedge block was predom-
inantly governed by the joint surface strength. The joint
surface was subjected to compressive stress in the normal
direction, while its tangential behavior followed the
Mohr-Coulomb criterion. The position and orientation
of the joints control the shape and type of these wedge
blocks. Without the loss of generality, the geometry of a
rock block right a tunnel is shown in Fig. 2. Multiple joint
surfaces and the tunnel side form a finite block. Joints 1
and 2 intersect with the tunnel side at points 4 and B, with
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Fig. 2. Wedge block and tunnel cross-section.
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corresponding inclination angles of o and a,. Joint 3 inter-
sects with joints 1 and 2 inside the rock mass, and the cor-
responding intersection points are Py and P».

It is assumed that the counterclockwise angle between
the joint surface and the horizontal plane is positive, while
the clockwise angle is negative. The wedge blocks are clas-
sified into triangular and quadrilateral types based on the
shape of their cross-section. Table 1 presents several typical
methods of analyzing wedge block types. When points P,
and P, coincide, it is like specimen “S1”. When the length
of PP, is less than or equal to the length of AB, it is like
specimen ““S2”. When points 4 and B coincide, it is like
specimen “S3”. When the length of P; P, exceeds the length
of AB, it is like specimen ““S4”. At the junction between the

wedge block in the tunnel sidewall and the free face, a hor-
izontal column is formed within the rock mass. The inter-
section points of the joint surface and the tunnel are
labeled 4, B, C, and D, while the apexes of the block within
the rock mass are labeled P;, P>, P;, and P4. In the hori-
zontal direction within the podetium, the projection of
ABCD is denoted as A’B'C'D’, and the projection of
P\PyP3Py is denoted as P\PyPiPy. If Spippp < Spypcps
and P;P% is located below B'C’, then the wedge block is a
stable block, as in specimen “S2”. If P/ (P,)P;(P,) is located
below B’C’ and no plane can be formed, the wedge block is
also a stable block, as in specimen “S17. If
Spppp, > Samcns the wedge block is an extremely stable

Table 1
Typical wedge block type analysis.
Specimen Typical wedge blocks Wedge blocks and apex spatial Characteristics Type
No. position
Pdiet oy, o # 0, Stable triangular
S1 QecHum >0, P (Py)Py(P,) ¢ A/B'C'D/,  block
ol P (P5)P,(Py) is below B'C'.
|
Free face ‘
=S
B 5P P (PY)
/) m—
52 Free face o, o # 0, Stable quadrilateral
B s oy >062,Spl| P,P,P, < SA'B’C’D” block
< PP} is below B'C'.
P,
P,
Free face
53 A(B) é oy, 02>0, Extremely stable
R P\P,PiP, > 4'(B")C'(D") triangular block
P,
P,
P
o
i pi 4D
S4 A VL s ‘ . a0 >0, Extremely stable
Free face Block ks i 7“# B O P P,PLP, > SABCD! quadrilateral block
B ot v ﬁ’\odetium
, P;, B’

_ -0,

Joint 2 P
2
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Fig. 3. Specimen and wedge block size scheme.

block, as in specimen “S4”. Similarly, if the intersection of
the tunnel sidewall cannot form a prism, the wedge block is
also classified as an extremely stable block, as in specimen
((S393.

3 Experimental methodologies and results
3.1 Experimental methodologies

3.1.1 Specimens design

Different types and shapes of wedge blocks were
designed at the sidewall of the hole, as shown in Fig. 3.
On the right sidewall of the hole, a stable triangular block
with a maximum side length of 30 mm was pre-fabricated.
The stable triangular block, extremely stable triangular
block, stable quadrilateral block, and extremely stable
quadrilateral block correspond to specimens “S17, “S2”,
“S3”, and “S4”, respectively.

3.1.2 Specimens making

The experimental material used was rock-like material,
consisting of C42.5 ordinary portland cement, fine river
sand, and water in a weight ratio of 2:2:1. Before
pouring, an arched iron block with dimensions of
100 mm in length, 20 mm in width, and 22 mm in height
was placed at the center of the mold. After thoroughly
mixing the materials, the mixture was poured into a

(a) S1, (b) S2, (c) S3, and (d) S4. (Unit: mm)

100 mm x 100 mm x 100 mm cubic mold, with the pouring
height set to half the height of the mold. On the right side-
wall of the arched hole, a joint fissure was created using
insert-and-pull steel plates. The steel plates had dimensions
of 100 mm in length, 30 mm in width, and 0.5 mm in thick-
ness. After pouring, the arched iron block and steel plates
were removed 2 h later. After one day of solidification, the
specimen was demoulded and placed in a constant temper-
ature and humidity curing box for 28 days. After curing,
the surface of the specimen and the arched hole were
repeatedly polished until smooth. After processing, the
measured specimen dimension deviation did not exceed
1 mm. The specimen fabrication process is shown in
Fig. 4(a). The attached layer of the digital image method
was marked before the experiment, as shown in Fig. 4(b).
Firstly, white spray paint was used to spray a uniform
primer on the specimen surface as a background layer.
Secondly, black spray paint was used to spray the speckle
layer, and high contrast speckles were formed by spraying
random dots.

3.1.3 Experimental system and loading conditions

The experimental system used in this study consists of a
biaxial mechanical testing system, an AE system, and a dig-
ital image correlation (DIC) system, as shown in Fig. 5.
The mechanical system utilizes a universal testing machine
(INSTRON 1346) with a maximum vertical load of 2000
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Fig. 4. Specimen fabrication and speckle marking process. (a) Specimen fabrication process, and (b) speckle marking process.

kN, a horizontal load of 250 kN, a load accuracy of +0.5%,
and a piston stroke of 50 mm. The control modes include
displacement, load, and strain. The AE system employs the
PCI-2 model, which includes amplifiers, sensors, and a
computer, as shown in Fig. 5(a). The main amplifier is
set to 40 dB, with a threshold of 45 dB. The waveform sam-
pling length is 32 000, and the sampling rate is 5 MSPS
(millions of samples per second). To ensure the accuracy
of the test results, four AE sensors are used for each spec-
imen. The DIC system includes a camera, high-intensity
light, and a computer, with a maximum recording speed
of 60 frames per second, as shown in Fig. 5(b). The exper-
iment was conducted using biaxial compression, with load-
ing applied simultaneously in the z and y directions to
3 MPa. The y-direction stress was maintained constant,
while the z-direction stress continued to increase until
specimen failure, as shown in Fig. 5(c). The stress in the
z-direction was denoted as o;, and the stress in the
y-direction was denoted as g3. A displacement-controlled
loading method was wused, with a loading rate of
0.15 mm/min. The DIC image acquisition was set to

capture 10 frames per second. All data collection started
and ended simultaneously. During the experiment, different
specimens were tested under both unsupported and sup-
ported conditions. The experimental loading conditions
are shown in Fig. 5(d). Unsupported is the specimen’s
arched hole as a free surface. The supported is to simulate
the passive support of the steel arch of the roadway by
placing an iron block of equal volume inside the arched
hole.

3.2 Experimental results

3.2.1 Mechanical parameters

The results of the biaxial compression tests are shown in
Table 2. gy, represents the maximum failure strength of
the biaxial compression specimen, and FE; is the elastic
modulus during the o loading process. The average oy
and average E; values for both unsupported and supported
specimens are shown in Fig. 6. Under unsupported condi-
tions, the average opes and average E; of the extremely
stable specimens (“S3” and “S4”) were greater than those
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Fig. 5. Experimental test system. (a) PCI-2 AE system, (b) DIC system, (c) biaxial test system, and (d) biaxial stress loading path.

Table 2
Results of biaxial compression tests.
No. Block type Block shape Supported Density E, Obes
(Y/N) (kg/m’) (GPa) (MPa)
S1-1 Stable Triangular N 2018.41 293 26.76
S1-2 Stable Triangular N 1967.65 3.28 27.47
S1S-1 Stable Triangular Y 1928.49 3.52 33.79
S1S-2 Stable Triangular Y 1950.79 4.08 43.06
S2-1 Stable Quadrangular N 1879.00 3.11 25.31
S2-2 Stable Quadrangular N 2001.67 3.23 27.37
S28-1 Stable Quadrangular Y 2030.89 3.62 36.90
S28-2 Stable Quadrangular Y 1990.12 3.28 35.81
S3-1 Extremely stable Triangular N 2079.26 4.55 37.44
S3-2 Extremely stable Triangular N 2058.79 4.16 32.84
S3S-1 Extremely stable Triangular Y 2139.41 4.19 41.38
S3S-2 Extremely stable Triangular Y 2041.43 3.26 32.89
S4-1 Extremely stable Quadrangular N 2028.94 3.98 30.76
S4-2 Extremely stable Quadrangular N 1982.35 3.42 26.87
S4S-1 Extremely stable Quadrangular Y 1930.59 3.87 34.68
S4S-2 Extremely stable Quadrangular Y 2002.47 3.88 35.35
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Fig. 7. Stress—strain curves of different specimens. (a) Stable triangular block, (b) stable quadrilateral block, (c) extremely stable triangular block, and (d)

extremely stable quadrilateral block.

of the stable specimens (“S1” and ““S2”), as shown in Fig. 6
(a). After support, the average oy, of specimen “S1S” and
the average E; of specimen “S4S” were the highest, while
the average oy, of specimen “S4S” and the average E; of
specimen ““S2S” were the lowest, as shown in Fig. 6(b).

3.2.2 Stress—strain curves
In the biaxial compression test, the rock-like material
primarily underwent two stages: Stage I represented the
stress—strain curve before reaching the peak stress, while
Stage II represented the curve after the peak stress, as
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Fig. 8. AE hit rate of unsupported specimens. (a) S1, (b) S2, (c) S3, and (d) S4.

shown in Fig. 7. In Stage I, all the specimens experienced
three phases: I-1 (compression phase), [-2 (elastic phase),
and I-3 (yield phase). During phase I-1, the pre-existing
microcracks inside the specimens closed under the initial
stress, and the curve exhibited a concave-up shape, acceler-
ating upwards. In phase I-2, the material underwent elastic
deformation, and the curve increased almost linearly. The
phase I-3 corresponded to the development and propaga-
tion of new cracks, with the curve showing a convex-up
shape and a reduced rate of increase. The endpoint of this
phase represented the peak value of the specimen’s failure.
Different types of specimens exhibited distinct mechanical
properties during Stage II. In Fig. 7(a), the peak value of
specimen ““S1S” was higher than that of “S1”. During
phase II-1, microcrack penetration occurred, and the peak
value rapidly decreased. In contrast, during phase 1I-2,
crack surface sliding took place, where the rate of strength
reduction decreased and the strain value increased. In
Fig. 7(b), the peak value of specimen “S2S” was higher
than that of “S2”. During phase II-1, microcrack penetra-
tion occurred, and the peak rapidly decreased. In phase I1-
2, interlocking between the wedge and the surrounding
rock created an increased strength. Subsequently, in phase
I1-3, crack surface sliding occurred, and the curve gradu-
ally decreased. In Fig. 7(c), the peak value of specimen

“S3S” was higher than that of “S3”. During phase II-1,
microcrack penetration occurred, and the peak value
rapidly decreased. In contrast, during phase I1-2, crack sur-
face sliding took place, leading to a reduction in the rate of
strength decline and an increase in strain. In Fig. 7(d), the
peak value of specimen “S4S” was higher than that of
“S4”. During phase II-1, microcrack penetration occurred,
and the peak value rapidly decreased. In phase II-2, inter-
locking between the wedge and the surrounding rock cre-
ated an increased strength. Subsequently, during phase
I1-3, crack surface sliding and macrocrack extension
occurred, with the curve initially declining slowly, followed
by a rapid decline, and finally slowing down again. It can
be concluded that the peak values and post-peak behaviors
of the supported specimens were higher than those of the
unsupported specimens. In addition, after the peak, the
effect on the mechanical behavior of the stable wedge
blocks was not significant, while the extremely stable wedge
blocks produced a significant effect.

3.2.3 AE hit rate

The AE hit rate, as an important characteristic parame-
ter, can reflect the intensity of AE activity and the internal
cracking of the rock-like specimens. The variation of the
AE hit rate with time during the biaxial compression of
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the unsupported specimens is shown in Fig. 8. Previous
studies have shown that during the compression, elasticity,
yield and post-peak phases, the acoustic emission occurred
sequentially in the AE active, quiet, rising and globally
active phases (Zhang & Zhou, 2020; Du et al., 2020a).
However, different stages of AE hits pre-peak stress exhib-
ited different characteristics due to the effect of different
wedge block types. During the compression phase, wedge
blocks in specimens “S17, “S3”, and “S4” experienced slid-
ing against the surrounding rock, resulting in early-stage
peaks in AE hit rate curves (locally active period). In con-
trast, the wedge block in specimen ““S2” maintained stabil-
ity with the surrounding rock. During the elastic stage,
specimens “S17, “S2”, and “S4” exhibited stable periods
in their AE hit rates, while specimen “S3” showed two dis-
tinct peaks in its AE hit rate curve due to sliding between
the wedge block and surrounding rock. During the yielding
stage, specimens “S17, “S2”, and “S4” exhibited continu-
ous growth of new fractures, with their AE hit rate curves
showing a stable growth phase. In contrast, specimen “S3”
demonstrated reduced crack propagation rates, resulting in
a descending AE hit rate curve that reached a distinct
trough (suppression phase). After the peak, the cracks in
the specimen were penetrated, and the whole was destabi-
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lized, and the AE hit rate showed a globally active period.
It can be seen that the AE hit rate characteristics after the
stress peak were mainly caused by the overall instability of
the specimen, while the AE hit rate characteristics at differ-
ent stages before the peak were caused by different types of
wedge blocks.

The variation of the AE hit rate with time during the
biaxial compression of the supported specimen is shown
in Fig. 9. During the compression phase, the specimens
“S1S”, “S3S”, and “S4S” showed locally stable periods,
while the wedge of specimen “S2S” had a locally active per-
iod of sliding against the surrounding rock. During the
elastic stage, the AE hit rate maintained a locally stable
period. During the yield stage, the new cracks grew, and
the AE hit rate curves increased to different degrees, with
the fastest increase in specimen “S4S”. After the peak,
the cracks in the specimen were penetrated, and the whole
was destabilized, and the AE hit rate showed a globally
active period. It can be seen that the wedge blocks did
not affect the pre-peak stress stage in most of the specimens
after the support. Only the compression phase of specimen
“S2S” produced locally active acoustic emission impact

rates, which was the opposite of the unsupported
condition.
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Fig. 9. AE hit rate of supported specimens. (a) S1S, (b) S2S, (c) S3S, and (d) S4S.
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3.2.4 Energy evolution mechanism

Assume that the tested rock-like specimens and the biax-
ial mechanical testing machine form a closed system that
does not exchange energy with the external environment
(W. Zhang et al., 2024). The relationship between the total
strain energy (U), elastic strain energy (U,), and dissipated
energy (Uy) during the loading process of the rock-like
specimen is shown in Fig. 10.

The total strain energy is calculated as in Eq. (1):

U=U.+ U, (1)
The energy in the spatial stress state is Eq. (2):
- 1 i i— i i—
U:ZE(UHL‘H D —a). (2)

i=1

After simplification, the formulas for calculating the
energy of each component within the rock-like material
are Egs. (3) and (4):
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Fig. 11. Energy characteristics of unsupported specimens. (a) S1, (b) S2, (¢) S3, and (d) S4.
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2

_ 9
Ue = 25 (3)
Ug=U—U.. 4)

The energy evolution curve and the energy percentage at
different stages are shown in Figs. 11 and 12. During the
compression phase, as oy increased, U, U, and Uy gradu-
ally increased. In the elastic phase, the slope of the Uy
curve decreased and approached a horizontal line, while
the curves for U and U, were similar, with their slopes
gradually increasing. In the yielding phase, the rate of
increase of Uy accelerated, and its curve became concave
upwards. The U increased at a constant rate, with its curve
being a straight line, while the growth rate of U, gradually
decreased, and its curve became convex upwards. Addi-
tionally, points a, b, ¢, and d were selected at the compres-
sion phase, elastic phase, yielding phase, and peak value,
respectively, and the energy percentages for each phase
were calculated. During the compression phase, the per-
centage of Uy was greater than that of U, primarily due
to the closure of internal microcracks during this phase.
In the elastic phase, the percentage of U, was greater than
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the Uy, indicating that the U input by the testing machine
was mainly stored in the specimen as U.. In the yielding
phase, the percentage of U, continued to increase, but the
rate of increase slowed. This was mainly because most of
the input energy was stored as U, and had nearly reached
the storage limit. At the peak value, the percentage of U,
decreased. This was primarily because the input energy
exceeded the specimen’s bearing limit, causing the accumu-
lated U, to be rapidly released as Uy, leading to the rapid
expansion of microcracks into macrocracks. After support,
the U at the peak of specimens increased. This was because
the bearing capacity of the specimens increased, leading to
a corresponding increase in the stored U..

3.2.5 Strain field evolution

DIC technology identifies surface strain field character-
istics by observing changes in the velocity and displacement
of microscopic particles. By analyzing the relative motion
of velocity vector trend lines, it is possible to distinguish
between lateral strain (E.) and shear strain (E,) concen-
tration zones. Measurement points are set on both sides
of the strain concentration zone, and the velocity vector
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Fig. 12. Energy characteristics of supported specimens. (a) SIS, (b) S2S, (c) S3S, and (d) S4S.


move_f0055
move_f0060

250 R. Bi et al. | Underground Space 25 (2025) 239-261

is decomposed into the x-component in the vertical direc-
tion and the y-component in the parallel direction, allow-
ing for a direct comparison of their directions and
magnitudes (Zhang et al., 2023; Liu et al., 2022), as shown
in Fig. 13.

The strain values at the midpoints of each stage before
the peak in the stress—strain curves of the specimens were
analyzed. For the unsupported specimens, the E,, and
E . corresponding to the compression, elastic, yield stages,
and peak value are shown in Table 3. In the compression
stage, the E,, and E., of the specimens did not exhibit
obvious strain concentration zones. In the elastic stage,
specimen ““S1” displayed larger strain values near the block
boundaries, while no significant strain concentration was
observed in the other specimens. During the yield stage,
specimens “S1” and ““S4” exhibited larger strain values
near the block boundaries, while specimen “S2” showed
significant strain near the wedge block and around the
arched hole, extending to the lower right corner of the spec-
imen. Specimen “S3” demonstrated larger strain values at
the top and bottom of the arched hole, as well as at the
top and bottom corners on the right side of the specimen.
At the peak, the strain values for all specimens continued
to increase, with the strain zones becoming interconnected
and their range expanding.

For the supported specimens, the E,, and E, corre-
sponding to the compression, elastic, yield stages, and peak
values are shown in Table 4. During the compression
phase, no significant strain concentration zones were
observed for E,, and E,,. In the elastic phase, specimen
“S4S” exhibited relatively high strain values near the wedge
block and around the arched hole, while other specimens
showed large strain values around the arched hole. During
the yielding phase, specimens “S1S” and ““S4S” showed rel-
atively high strain values near the wedge block, specimen
“S2S” exhibited large strain values around the arched hole,
and specimen ““S3S” had larger strains on the right side of
the arched hole, extending to the right boundary of the
specimen. At the peak, specimens “S2S” and “S4S” exhib-
ited increased strain values near the wedge block and on
the right side of the arched hole. The strain concentration
zone near the wedge block in specimen “S1S” expanded,
while the strain values in specimen “S3S” increased
throughout the specimen.

VT

// \,’\\\\
(a)

Meaﬂﬁraﬁen‘ \ \ Lx

4 Numerical simulation analysis

Universal Distinct Element Code (UDEC) is a widely
used software for simulating the behavior of rocks and
other discrete media. It utilizes the distinct element method
(DEM) to model rock behavior that involves fractures,
joints, and failure surfaces. The core of UDEC simulates
rock mass failure through the contact mechanics between
joints and blocks. During the model computation process,
the software tracks the motion of each block, including
both translation and rotation, and calculates the normal
and shear forces acting on the joint surfaces. If the stress
on a joint surface exceeds its strength, sliding, opening,
or shear failure may occur, thereby simulating the rock
mass failure process.

4.1 Model establishment and calibration

Two rectangular models, 100 mm x 50 mm and
100 mm x 100 mm, were established for uniaxial compres-
sion and biaxial compression tests. The initial material
properties, including rock density, Young’s modulus, Pois-
son’s ratio, and other mechanical parameters, were input
based on the available mechanical parameters of the rock
specimens. Voronoi-Trigon blocks and a grid model were
created, with block and grid sizes both set to 2 mm. The
bottom of the model was fixed, vertical stress o; was
applied at the top, and horizontal stress o3 was applied at
both sides. The stress paths were consistent with the exper-
iments, and o; and o3 were loaded simultaneously at a
loading rate of 0.05 m/s up to 3 MPa, at which time a3
was kept constant, and o; was continually loaded up to
the destruction of the specimen. The parameters were cali-
brated repeatedly to obtain simulation curves that closely
matched the experimental results, with peak stress and
Young’s modulus errors within 10%, as shown in Fig. 14.
Different block types were generated in the arched hole
by cutting multiple intersecting joint fractures. Rigid mate-
rials were used to simulate the support in this study. The
simulation parameters include bulk modulus (K), shear
modulus (G), normal stiffness (k,), tangential stiffness
(ks), cohesion (¢), friction angle (¢), and tensile strength
(o), as shown in Table 5.
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Fig. 13. Velocity vector field. (a) E,,, and (b) Ej,
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Table 3
E,, and E., of unsupported specimens at different stages.

Specimen Strain Compression . .
Elastic stage Yield stage
No. type stage

Peak

Ey
S1

Ex

Ey
S2

Ex

E xy
S3

Eyx

Ey
S4

251
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Table 4
E,, and E., of supported specimens at different stages.

Specimen Strain Compression . .
Elastic stage Yield stage
No. type stage

Peak

Ey
S1S

Ex

E)O’
s28

EXX

Ey
S38

EXK
s4s Exq
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Fig. 14. Stress-strain curve verification. (a) Uniaxial compression, and (b) biaxial compression.
Table 5
Numerical simulation parameters.
Minerals Block properties Contact properties
Density (kg/m?) K G ky (GPa/m) ks c 1) oy
(GPa) (GPa) (GPa/m) (MPa) ) (MPa)
Rock-like material 2200 49 3.1 44 789 17 916 9.0 34 2.1
Support material 7800 167 77 200 000 80 000 100 89 100
Joints - - - 44 789 17 916 - 15 -

4.2 Stress evolution

Stress monitoring points were arranged around the
arched hole and wedge blocks, as shown in Fig. 15. The
evolution characteristics of tensile stress (o,) and shear
stress (7,,) at each monitoring point were monitored during
the stress loading process. “R” represents monitoring
points at the midpoint of the arched hole roof, floor, and
both sides, while “B” represents monitoring points at var-
ious locations along the boundary of the wedge block.

The evolution of tensile stress and shear stress before
failure in the unsupported specimen was divided into three
stages, and the strain percentage during each stage of the
entire loading process was analyzed, as shown in Fig. 16.
At monitoring point R; (as shown in Fig. 16(a)), during
Stage I, the o, first increased and then decreased, while
the 7,, remained at a relatively low value. In Stage II, the
o, and 1., of specimens “S1”, “S2”, and “S3” initially
decreased and then increased. However, the o, and ., of
“S4” gradually decreased. In Stage III, the ¢, and 7,
curves became approximately parallel, and the curves of
specimens ““S1” and ““S2” overlapped. At monitoring point
R, (as shown in Fig. 16(b)), in Stage I, the o, initially
increased and then decreased, while the 7, remained rela-

tively small. In Stage II, the values of ¢, and 7, were sim-
ilar, exhibiting the same trend of variation. In Stage III, the
curves of specimens “S2”, “S3”, and “S4” overlapped,
while the curve of specimen ““S1” remained approximately
parallel. At monitoring point R; (as shown in Fig. 16(c)), in
Stage I, both o, and 1,, increased at a relatively slow
rate, with the curves approximately overlapping. In Stage
II, the rate of change for o, remained constant, while the
rate of 1, increased. In Stage III, the 7., was much greater
than the o,. At monitoring point R4 (as shown in Fig. 16
(d)), in Stage I, 7, increased at a high rate. In Stage II,
the ¢, and 7., for specimens “S1” and “S2” changed at
the same rate. In Stage III, the curves for “S1”, “S2”,
and ““S3” were parallel or overlapped, while for “S4”, the
rate of 7, increased. It can be concluded that, before the
surrounding rock mass becomes unstable, the tunnel roof
and floor initially experience relatively large o, with the
roof o, being greater than that of the floor. Subsequently,
the o, decreases, and both ¢, and ., ultimately tend to
converge. The left side of the tunnel gradually bore larger
Ty, reaching its maximum at the peak. The right side
(wedge block sidewall) of the tunnel was influenced by dif-
ferent wedge blocks, and the trends of ¢, and 1, varied
significantly.
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(a) (b)

B,

(d)

Fig. 15. Stress monitoring points at different locations of each specimen. (a) S1, (b) S2, (c) S3, and (d) S4.
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The support system altered the evolution characteristics
of o, and 7., in the original arched hole, as shown in
Fig. 17. At monitoring point R (Fig. 17(a)), the o, initially
increased at a significant rate and then decreased, while the
7., gradually increased and then decreased. At monitoring
point R, (Fig. 17(b)), the o, increased at a constant rate,
reaching its maximum at the peak. At monitoring point
R; (Fig. 17(c)), the o, first increased and then became
approximately parallel to the t,,. Both the o, and 1,
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Fig. 16. Evolution of ¢, and t,, of unsupported specimen and strain percentage. (a) Ry, (b) R, (c) Rz, and (d) Ry.

increased in the later stages, reaching their maximum val-
ues at the peak. At monitoring point Ry (Fig. 17(d)), the
o, of specimens “S1S” and “S2S” initially increased and
then changed slightly, while the ., first fluctuated slightly
and then increased at the peak. For specimen “S3S”, both
the o, and 1, initially increased and then changed slightly.
For specimen “S4S”, the o, first increased, then decreased,
and later increased in a stepwise manner, while the 7,
increased stepwise at a relatively slow rate. After support,
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Fig. 17. Evolution curve of ¢, and 7., of the supported specimen. (a) R;, (b) R,, (c) R3, and (d) R4.

the o, in the tunnel surrounding rock generally increased,
while the 7, on the left side decreased. The support had
a significant differential effect on the o, and 7., of the right
side, particularly for different types of wedge blocks.

4.3 Failure characteristics

After failure of the specimens, the influence characteris-
tics of the wedge blocks on the stability of the hole and
specimen are shown in Fig. 18. For the unsupported spec-
imens, the area of the red high-displacement zone was
smaller, while for the supported specimens, the area was
larger. For the unsupported specimens, as shown in
Fig. 18(a), in specimen “S1”, spalling occurred on the right
side of the arched hole, and shear slip took place at the
upper interface of the wedge block, extending to the right
boundary of the specimen. In specimen “S2”, spalling
occurred on the right side of the arched hole, with the max-
imum displacement observed on the surface of the wedge
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block. Shear slip was generated at the upper interface of
the wedge block and extended along the vertex below the
wedge block to the specimen boundary. In specimen
“S3”, no spalling occurred on the right side of the arched
hole. Additionally, shear slip was observed at both the
upper and lower interfaces of the wedge block, extending
along the vertex below the wedge block to the specimen
boundary. Tension failure occurred at the upper vertex of
the wedge block. In specimen “S4”, no spalling occurred
on the right side of the arched hole. Shear slip took place
at the upper interface of the block, and tension failure
occurred at the upper vertex of the wedge block. Shear slip
was also observed at the lower vertex of the wedge block,
extending to the specimen boundary. For the supported
specimens, as shown in Fig. 18(b), no spalling occurred
within the arched hole, and the shear slip at the wedge
block interfaces was controlled. In specimen “S1S”, shear
slip occurred at the upper interface of the wedge block,
extending to the upper and lower boundaries of the speci-
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Fig. 18. Displacement cloud diagram after specimen failure. (a) Unsupported, and (b) supported.

men. In specimen ““S2S”, shear slip occurred at the upper
interface of the wedge block, extending along the lower ver-
tex of the wedge block to the lower boundary of the spec-
imen. In specimen “S3S”, shear slip occurred at both the
upper and lower interfaces of the wedge block, extending
to both the upper and lower boundaries of the specimen.
Tension failure was observed at the upper vertex of the
wedge block. In specimen “S4S”, shear slip occurred at
the upper interface of the wedge block, and shear slip at
the lower vertex of the wedge block extended to the lower
boundary of the specimen. Tension failure also occurred at
the upper vertex of the wedge block. It can be concluded
that, after the failure of unsupported specimens, significant
damage occurred on the right side of the tunnel (wedge
block sidewall), and the reduction in rock strength was pri-
marily caused by instability due to the wedge block struc-
ture, which exhibited relatively high overall rock
integrity. However, after failure in the supported specimens
under high strength and high-stress conditions, the reduc-
tion in rock strength was mainly due to the instability
caused by the rock material properties reaching their fail-
ure limit strength. The failure zones were larger, the frag-
mentation was more severe, and the rock integrity was
poorer. The comparative analysis of failure under different
working conditions is shown in Table 6. For the stable
block specimens (“S17, “S2”, “S1S”, and “S2S”), only
shear slip failure occurred. In contrast, for the extremely
stable block specimens (““S3”, “S4”, “S3S”, and ““S4S”),
both shear slip and tensile fracture failures were observed.

5 Discussion
5.1 Effect of horizontal stress

The geostress is linearly related to the burial depth (H),
and the distribution of ground stress at various orienta-
tions corresponding to tunnel depth is shown in Fig. 19.
The initial stress field of the underground rock mass is a
three-dimensional compressive stress state (o, > g > ag3),
with the maximum principal stress ¢; in the vertical direc-
tion, the intermediate principal stress ¢, and the minimum
principal stress g5 in the horizontal direction (Du et al.,
2015). In underground construction, the main tunnel is
often excavated along the direction of the intermediate
principal stress. Therefore, the stability of the tunnel is pri-
marily controlled by ¢; and o3, as shown in Fig. 19(a).
However, previous studies have shown that various factors
such as the horizontal stress acting on layered rock masses
(Tian et al., 2023), jointed rock masses (Wang et al., 2021),
surrounding rock properties(Bai & Wang, 2024), tunnel
shape (Gong et al., 2019), and the relationship between
the tunnel and stress orientations (Li et al., 2024; Du
et al., 2024a) significantly affect tunnel stability. For tunnel
surrounding rock with a wedge block, the stability of the
sidewalls is primarily controlled by ¢3. In most under-
ground mines, the three principal stresses increase with
depth, as shown in Fig. 19(b). The g5 range corresponding
to different depths of typical rock mass is calculated by
o3 = 0.0163H, as shown in Table 7. Based on previous
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Table 6

Comparative analysis of specimen failure under different working conditions.

Working Specimen  Wedge block type Instability mode Instability type Failure characteristics

conditions No.

Unsupported S1, S2 Stable Shear slip Structural instability There is spalling on the side of the arched hole, and
there are few or no high-displacement areas inside the
wedge blocks.

S3, S4 Extremely stable Shear slip and tensile There is no spalling on the side of the arched hole, and
fracture there is a large high-displacement area inside the
wedge block.

Supported S1S, S2S  Stable Shear slip Material instability ~ There is no spalling on the side of the arch hole, the
high displacement area inside the wedge block is small,
and the high displacement area of the rock mass is
large.

S3S, S4S  Extremely stable Shear slip and tensile There is no spalling on the side of the arch hole, there

fracture

is a large high-displacement area inside the wedge
block, and the high-displacement area of the rock mass
is large.

= Ashele copper mine

B Gongchanﬁ ing iron mine

4 Kaiyang phosphate mine

v Sanshandao gold mine

+ Huize lead-zinc mine

7,=0.0428H « Huogeqi copper mine
. 1 o+ » Jinchuan nickel mine

400 800 1200 e Gaoligongshan tunnel
L
-

H (m) Liguanji iron mine
Linglong gold mine
Pulang copper mine
Shizishan copper mine

i - Tangdan copper mine
R, i « Liangshan iron mine
i 2 : Tugurige gold mine
. 4 Fankou lead-zinc mine

Xiangxi gold mine
Hongtuoshan copper mine
Lanniping copper mine
Anging copper mine
Dahongshan iron mine
Meishan iron mine
Beironghe iron mine
Xincheng gold mine
Yechangping molybdenum mine
Liuju copper mine
Suichang gold mine
Tongkuangyu copper mine
Shaxi copper mine

" 5,=0.0253H

400 800 1200
H(m)

s

[ gk
| ’ "»». s 2
LT 0,=0.0163H
400 800 1200

H (m)
(b)

O X OVASAQ)Y I

Fig. 19. Distribution of geostress corresponding to tunnel burial depth. (a) Tunnels with different burial depths, and (b) relationship between geostress and

burial depth (Du et al., 2024b, 2020b).

studies at shallow depths, the horizontal stress g3 was set as
5, 10, 15, and 20 MPa for the study of horizontal stress at
medium and deep depths.

Figure 20 shows the fitting line of ¢, as a function of 3.
The strength of the specimens increased with increasing
horizontal stress. The slope of the fitting lines for speci-
mens “S2” and “S4” was greater than that of “S1” and
“S3”. It can be concluded that, as the horizontal stress
increased, the strength growth rate of quadrilateral wedge
blocks was higher than that of triangular wedge blocks.

Figure 21 shows the failure characteristics of the right
side of the tunnel under different horizontal stress states.
As o3 was increased, the degree and extent of failure of
the wedge block on the right side of the arched hole were
found to have increased. As shown in Fig. 21(a) and (b),
when g3 = 5 MPa, the surface of the wedge block in spec-
imens “S1” and ““S2” experienced failure. As the horizontal
stress increased, the failure gradually transferred deeper
into the wedge block. When o3 = 20 MPa, the wedge block
in specimen “S1” experienced large-scale slab cracking,
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Table 7

Horizontal stress values corresponding to the burial depth under typical conditions.

H (m) a3 (MPa) Value (MPa) Rock mass characteristics
100-300 1.63-4.89 3 Sandstone, shale, shallow loose or low-density rock, many joints and fissures, low-stress
areas, shallow tunnels, and initial mining development.
300-500 4.89-8.15 5 Medium-density rock mass, such as sandstone and limestone, with fewer joints and
better rock integrity, medium-deep mining, and underground energy storage design.
500-800 8.15-13.04 10 Limestone, shale, hard sandstone, etc., dense rock mass, rock burst risk, deep coal
mines, and underground gas storage.
800-1000 13.04-16.3 15 Quartz sandstone, granite, and other hard rocks, highly dense rock mass, high stress
concentration, deep energy development, and geothermal good construction.
10001500 16.3-24.45 20 Hard rocks such as granite and basalt have high rock density, high-level stress
concentration, and significant risk of rock bursts, such as ultra-deep mining and ultra-
deep geothermal drilling.
gl = SIR=0.984 mass is divided by joints into either single or multiple dis-
® S2 R=0.993  ;-2.5920,+24.845 crete blocks, as shown in Fig. 22. In Fig. 22(a), the wedge-
ol 83 K098 surrounding rock interaction mechanism established in this
54 R=0.994 study still applies when the polytope is cut into a polygonal
T 60 block. In Fig. 22(b), when multiple joints are cut into mul-
= tiple blocks, the surrounding rock shows the characteristics
el 7,=2.0830,+22.936 of a multi-body discontinuous structure, and the damage
mode may shift from slip to random block combination
or instability. Preliminary analysis shows that with the
30k increase in the number of joints, the surrounding rock
s s s s damage presents three significant characteristics: (1) the
0 5 10 15 20

Fig. 20. Fitting line of ¢, changing with 3.

with the failure spreading inward toward the arched hole.
In contrast, in specimen “S2”, the shallow part of the
wedge block experienced failure and spalled off. As shown
in Fig. 21(c) and (d), when g3 = 5 MPa, the surface of the
right-side surrounding rock of the arched hole in specimens
“S3” and ““S4” experienced failure. As the horizontal stress
increased, the extent of the failure gradually expanded.
When o3 = 20 MPa, both the wedge block and the sur-
rounding rock on the right side of the arched hole in spec-
imens “S3” and ““S4” failed and spalled off. The presence of
the wedge block led to varying degrees of damage to the
surrounding rock of the arched hole. Specimen ““S1” exhib-
ited the most extensive and severe failure, while specimen
“S3” exhibited the least. It can be concluded that the trian-
gular wedge blocks play a decisive role in the stability of
the tunnel surrounding rock. Specifically, the safety of
the stable triangular blocks contained in specimen “S1” is
the lowest, while the extremely stable triangular blocks in
specimen ““S3” are the highest. As the number of wedge
block sides increased, the damage to the stable wedge block
decreased, while the damage to the extremely stable wedge
block increased.

5.2 Effect of multiple joints

Taking the extremely stable wedge blocks as an exam-
ple, when the number of joints is four or more, the rock

stress redistribution extends from the periphery of the local
wedge block to a wider range; (2) the energy release mode
changes from centralized and sudden to multi-stage cumu-
lative; and (3) the support system needs to be changed from
passive load-bearing to active stress regulation. Further
research should focus on cross-scale investigations of sur-
rounding rock failure under multi-joint conditions, aiming
to fill the gaps regarding the progressive failure mecha-
nisms of block assemblages and their support control
strategies.

6 Conclusions

This study investigated the mechanical mechanisms of
interaction between different wedge blocks and surround-
ing rock, as well as their impact on the stability of tunnel
sidewalls. A typical stability analysis method for wedge
blocks was proposed. By combining experimental and
numerical simulation methods, the stress evolution pat-
terns of wedge blocks and arched tunnel features during
loading, and their influence on the surrounding rock insta-
bility mechanisms were revealed. The results indicated that,
compared to unsupported specimens, supported specimens
exhibited higher strength and stability in both the peak and
post-peak stages. Notably, in the post-peak stage, the
strength of the supported specimens decreased more
slowly, and the crack propagation process was relatively
smoother. Support had a significant impact on the energy
storage and release processes, with supported specimens
demonstrating higher energy storage capacity at the peak.
Support also made the stress variation patterns in each
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Fig. 21. Failure characteristics of the right side of the arched hole under different horizontal stresses. (a) S1, (b) S2, (c) S3, and (d) S4.
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Fig. 22. Schematic diagram of a multi-jointed cutting block. (a) Single block, and (b) multiple blocks.

stage more distinct. In terms of failure modes, stable spec-
imens only experienced shear slip failure, while extremely
stable specimens underwent both shear slip and tensile
fracture failures. As the minimum principal stress (o3)
increased, the degree of wedge block failure and the
strength of the specimens both increased. The triangular
wedge blocks played a critical role in the stability of the
tunnel surrounding rock.

The support measures significantly improved the stabil-
ity of the surrounding rock by regulating the stress distri-
bution and the crack propagation process. In the
supported specimens, both the tensile stress (o) and shear
stress (7y,) showed considerable changes, particularly near
the wedge block, where the stress state was notably altered.
The support helped redistribute the stress concentration
areas, thereby suppressing rock mass instability. Support
effectively enhanced the energy storage capacity of the sur-
rounding rock and changed the stress state near different
types of wedge blocks, influencing the stress evolution pro-
cess. The stable triangular blocks exhibited lower safety,
whereas extremely stable triangular blocks demonstrated
stronger stability. The shape and stability of the wedge
block directly affect the stability of the tunnel surrounding
rock. The results of the study have revealed the mechanical
behavior and progressive instability characteristics of the
wedge block structure in the roadway sidewall, which pro-
vides a theoretical basis for the stability control of the
jointed surrounding rock and the early warning of
disasters.
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