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Abstract

Rock bursts usually happen during the hours or days after tunnel excavation, even in an
unsupported opening where no collapses occur. To investigate the mechanism of those
delayed failures in brittle rock tunnels, this paper showcases the performed scale-model test
based upon the Jinping II headrace tunnelling project. The model test was conducted in a
particularly designed loading apparatus; the scale-model is composed of a similar material
for the deep brittle rock. The tunnel in the scale-model is excavated by a specially made
drilling tool. The failure mode of the deep circle tunnel under isotropic and anisotropic
geostress were obtained; the delay failure time was recorded, and the accompanying
stresses and strains changing were monitored. Under isotropic geostress the failure shape
has a smooth circle boundary, failure process totally costs 56 h. While under anisotropic
geostress a dog-eared breakdown was found, the failure process amounted to 72 h. The
time-to-failure was evaluated by delay failure theory, and the evaluation equation was
implemented into in FEM code. Numerical simulations have been performed to simulate
the failure time and failure mode. The numerical results of failure time and failure mode
mainly match the scale-model testing results.

Keywords: deep tunnel; hard rock; scale-model testing; delayed failure; time-to-failure

1. Introduction
Changes in local stress state due to deep tunnelling perturb the stability of the rock

mass surrounding excavations. The subsequent readjustment of the rock towards a new
equilibrium does not occur instantaneously but as a gradual process over time. This process
can include two types of inelastic deformation, namely creep-like movements and violent
failures, or rockbursts [1]. As the creep rate of the brittle rock is low, the rockbursts in
deep tunnels tend to occur in a sudden way, with little warning of the deformation [2].
With rockbursts being found frequently in deep tunnels with brittle rock surrounding,
causing men injury and destroying equipment [3], researchers conducted a theoretical and
experiential studies on the delay mechanism of the rockburst [2–8].

Early research recognized that the delay time of the rockburst phenomenon deter-
mined the relaxation time. As the specific potential energy of weak rocks at a given time
will be less than that of hard rock, the probability of the occurrence of brittle fractures
will be greater in hard rock [4]. The relaxation time used in this study was measured by
the ultrasonic method on rock cores; the engineering level evaluation method was not
implemented [4]. Subsequent research on rockbursts focused on some engineering cases
and rockburst prevention and control. Malan and Napier investigated the unique problems
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associated with the design of rockburst support for shallow-dipping tabular excavations [1].
Guo et al. studied rockbursts in the mine, his research shows that rockbursts are caused
by a combination of movement, special breaking laws of thick conglomerate, and special
breakage-induced stress fields [1,9]. Keneti and Sainsbury reviewed, selected, and pub-
lished rockbursts’ case data and identified the contributing factors, including unfavourable
stress states, excavation geometry (size and orientation in relation to the principal stresses),
and rate and direction of advance [3]. Zhai et al. conducted rockburst tests on rectangular
prismatic specimens of six types of intact hard brittle rocks, i.e., granodiorite, granite, mar-
ble, basalt, sandstone, and limestone, under one free-face true triaxial loading conditions.
The results show that the inherent microstructures and fracture evolution under loading
are the primary factors accounting for different rockbursts in various rock types [2]. Feng
et al. monitored microseismicity during the excavation of deep tunnels, the difference in
the mechanism of strain rockburst and strain structure slip rockburst was found [10]. The
delayed failure mechanism has not reached a consensus yet.

To figure out the delayed failure mechanism, the focus of recent research has begun to
shift towards the study of time-to-failure of rocks. Time-to-failure is the key indicator of
delayed rockburst occurrence. Li and Konietzky reviewed the theory of the time-to-failure
and proposed a simulation scheme to reproduce daily failure processes in macroscopic
scale [11]. Liu et al. researched the time-dependent failure mechanism of rocks and
associated the application in slope engineering with numerical simulation [12]. Wang and
Cai proposed a time-to-failure creep model to simulate the lifetime of intact brittle rock
under uniaxial and triaxial loading conditions [13]. Gao et al. predicted the time-to-failure
of red sandstone by a temporal precursor of acoustic emission signals [14]. Kovrizhnykh
proposed a unified approach to evaluate stresses in the limit state zones and the time-to-
failure in rock mass with regard to internal friction [15]. Chen et al. established a time–lag
numerical model using particle flow code 2D to investigate the failure characteristics and
the time–lag of rock masses with structural planes under unloading conditions typical of
hard brittle rock [16].

The time-to-failure, as the key indicator of delayed rockburst, was the main concern in
recent studies. However, those studies focused mainly on rock sample level, the delayed
failure mechanism of rockbursts based on time-to-failure in engineering level is still absent.
To study the delay mechanism of the rockbursts, this paper conducted scale-model testing
and numerical simulations based on the Jinping II deep tunnel.

2. Background Engineering and Scientific Issue
Jinping II is a hydroelectric project located on the Yanlong River in Sichuan Province,

southwest of China [17]. There is a total of seven tunnels in this project: twin transportation
tunnels serving as accesses, one drainage tunnel, and four water-conveying (headrace)
tunnels (Figure 1a). The length of each tunnel is about 16.7 m, and the total length of
the tunnels is around 117 km. All the tunnels are located beneath Jinping Mountain,
with a summit of 4455 m elevation. The maximum depth of the headrace tunnels is
2525 m from the mountain surface. The tunnels mainly go through huge blocks of marble
(Figure 1b), except about 5 km weak rocks as slate and schist near west portal. Three
tunnel-boring-machines (TBMs) drilled from the east portal of the drainage tunnel, No. 1
and No. 3 headrace tunnels. The other two headrace tunnels (No. 2 and No. 4) have been
excavated by the traditional drill and blasting (D&B) method from the east portal and the
west portal, respectively.
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(a) (b) 

Figure 1. Jinping II headrace tunnel project schematics [18]: (a) project location; (b) geolo-
gical conditions.

During the excavation of these tunnels, many time-delayed rockbursts occurred.
The following phenomena could be found about the delayed time of the time-delayed
rockbursts [19]:

(1) Most of the time-delayed rockbursts occur within 7 days to 1 month after excavation;
(2) The relationship between frequency of the time-delayed rockbursts and their delayed

blasting time matches a power function, and the peak frequency of rockburst count is
within 4 h after excavation.

The key scientific question is why the peak frequency of rockbursts is within 4 h after
excavation, and why sometimes the delayed time can up to last one month. Solving this
question would provide more key evidence for the mechanism of the rockbursts. In this
paper, we review the delayed failure mechanism, design a scale-model test and conduct
numerical simulations to seek the answer.

3. Research Methodology
In this study, the delayed rockburst process was reproduced through scale-model

tests and numerical simulations, and the mechanism of delayed rockburst occurrence was
determined based on the relationship between the delayed failure time and the parameters
of the scale-model tests and simulations. The detailed research methodology was completed
according to the following steps:

(1) Conducted scale-model tests to determine the delayed failure model and time under
different loading scheme.

• Deep Rock Scale-model Testing Apparatus (DRSTA) preparation.
• Drilling machine design and manufacture.
• Scale factor determined based on the chamber size of DRSTA and tunnel diameter

of the scaled model.
• Similar material studied to simulate the brittle rock in Jinping site.
• Monitoring system designed to obtain detailed data of the tunnel delayed

rock burst.

(2) Conducted the delayed failure time simulation of the scale-model testing.

• Established a finite element model of the tunnel scaled model.
• Initial geostress, material properties, boundary condition, etc., applied to the

FEM model.
• Numerical simulations under different loading scheme were conducted with

Abaqus(V6.14) software.



Appl. Sci. 2025, 15, 7496 4 of 14

(3) Analyzed the results the scale-model tests and numerical simulations. Compared the
time-to-failure of the scale-model tests and numerical simulations. Obtained the de-
layed failure mechanism based on the time-to-failure, rock properties, and geostress.

4. Scale-Model Testing of Deep Tunnel
A scaled model was designed based on the Jinping II tunnel; the scale-model was

conducted on our apparatus. The failure phenomenon was analyzed, and the deformation,
stress, and strains were monitored by sensors.

4.1. Deep Rock Scale-Model Testing Apparatus

DRSTA is designed particularly for deep engineering research. It is composed of
a reaction frame, hydraulic unit, control unit, and pressure chamber (Figure 2a). The
hydraulic unit is powered by three engines, where each of them control the hydraulic
cylinders on one side (lateral, horizontal, and axial, respectively). Thus, triaxial pressure
could be applied to the chamber. The insides of the pressure chamber are shown in
Figure 2b. Multiple technical details in DRSTA were considered for simulating the deep
underground environment:

(1) To obtain the high initial triaxial stress status of the model, we limited the size of the
model chamber to 40 cm × 40 cm × 88 cm (lateral × horizontal × axial right), with
this size each direction could apply 2MPa of stress;

(2) Disc springs (Figure 2b) were installed between the hydraulic cylinder and the loading
plate to simulate the infinite boundary of the surrounding rocks;

(3) Polyvinyl chloride layer was pasted onto the scaled model to reduce the friction
between the model and chamber.

  
(a) (b) 

Figure 2. Deep rock scale-model testing apparatus: (a) apparatus; (b) pressure chamber.

The stiffness of disc springs should be of proper value according to the follo-
wing equation:

K =
E

(1 + ν)r
(1)

where E is the elastic model of the similar material, ν is Poisson’s ratio of the similar
material, and r is the distance to the outline of the tunnel.

An excavation of the tunnel in DRSTA was performed with a self-designed drilling
machine; the schematic and picture of the drilling machine are shown in Figure 3. The
cutter of the drilling machine is driven by a horizontal motor. The cutter rotated at a very
slow speed, which made little disturbance during the excavation.
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(a) 

 
(b) 

Figure 3. Tunnel drilling machine: (a) design schematic (1. flat drilling head; 2. screw drilling pipe;
3. rotating gearbox; 4. rotating stepper motor; 5. lead screw; 6. pushing gearbox; 7. pushing stepper
motor; 8. slider; 9. displacement sensor; 10. slideway) and (b) photo of the drilling machine.

4.2. Scale-Model Testing Design

The following similar principles should be satisfied in scale-model testing [20,21]:

Cσ = CγCL (2)

Cδ = CεCL (3)

Cσ = CεCE (4)

where Cσ, Cγ, CL, Cδ, Cε , and CE are the scale factors of stress, volume–weight, geometry,
displacement, strain, and elastic modulus, respectively.

The scale factor of dimensionless physical variable Cε is always equal to 1. The volume–
weight of the similar material is hardly changeable, so Cγ is set to 1, then the scale factor
of other variables is equal to CL. CL is the key scale factor to be determined in this scale-
model testing. As the size of the pressure chamber is limited to 40 cm × 40 cm × 88 cm,
the dimensions of the scale-model are immutable. The diameter of the Jinping II headrace
tunnel is 6 m. The diameter of the scaled tunnel and dimensions of the model should be in
proper proportion to reduce the influence of the boundary. With CL = 1:75, the diameter
of the scaled tunnel is 8 cm, which occupies 20% of the overall model range. The size of
the tunnel is small enough to reduce the boundary effects, but not too small to drill. The
dimension and loading scheme of the scaled model are shown in Figure 4.
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Figure 4. The scaled model (scale factor 1:75).

The geostress of the Jinping II headrace tunnel could be evaluated with the σh = γh
equation, for the testing segment γ = 2770 kg/m3, and h = 2375 m, thus, σh = 66 MPa. The
stress scale factor is Cσ = CL = 1:75. Thus, the scaled stress should be 0.88 MPa. Here, the
conducted scale-model was tested twice, the first time with isotropic geostress, the second
with anisotropic geostress. The loaded stresses in the scale-model are listed in Table 1.

Table 1. Applied stress in the scaled model.

Loading Scheme σ1 /MPa σ2 /MPa σ3 /MPa

Isotropic 0.88 0.88 0.88
Anisotropic 0.88 2.83 3.95

4.3. Similar Material of the Deep Brittle Rock

According to the similarity theory, the prototype and model must satisfy the equi-
librium equations, geometric equations, physical equations, stress–boundary conditions,
and displacement–boundary conditions [21]. Similar material of the deep brittle rock was
developed with barite powder, quartz powder, iron mineral powder, and rosin [22]. The
scale factor was selected as 1:75. Table 2 lists the parameters of the rock prototype and
similar materials.

Table 2. Parameters of the materials.

Parameters Prototype Rock Similar Material

Density ρ/kg/m3 27.7 27.7
Elastic module E/MPa 16,950 232.0

Poisson’s ratio µ 0.23 0.23
Cohesive c/MPa 1.1 0.02
Fiction angle ϕ/◦ 44.5 44.9

Compression strength σc/MPa 70.0 0.79
Tension strength σt/MPa 5000 67.6

4.4. Monitoring System

During excavation, the stress and strain were monitored with a pressure sensor and
optical fibre strain sensor, respectively. Temperature sensors were installed in the scale-
model to correct the monitoring data of the strain. The middle section of the model was the
privileged section for arranging sensors because it could minimize the boundary effect of
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the test. However, the cross-sectional area near the tunnel was too small to accommodate
all the sensors. We added two more measurement sections at a distance of about 12 cm from
the middle section. All kinds of sensors were arranged in the middle section, including a
pressure sensor, grating optical fibre strain sensor, and temperature senor. A small number
of sensors were placed in other sections for data comparison and verification. The location
of the sensors is shown in Figure 5. Sensors are connected with two computers with hubs,
and every 1 s computers read data from sensors.

Figure 5. The monitoring sensors’ layout.

4.5. Testing Results

The Jinping II headrace tunnel was excavated 4 m–5 m per step, with the scale factor
of 1:75; the excavation length was set to 7 cm per step. During the testing, the total length
of 70 cm of the tunnel were excavated (total length 88 cm). Each step of the excavation
lasted 10 min, and then we waited for 10 min to observe the failure process. The strain and
stress results were monitored by the sensors, while the failure mode and delayed failure
time were recorded based on observation.

4.5.1. Failure Shape of the Tunnel

The failure shape of the tunnel in Section 2 (Figure 5) could be found in Figure 6. The
failure boundary under isotropic geostress was fairly smooth, while under anisotropic
geostress, a standard dog-eared breakdown shape was found. Similar failure boundaries
could be found in Haimson’s research shown in Figure 7. Under isotropic geostress,
Figure 7a breakdown blocks are located more randomly, while in Figure 7b the breakdown
shape was more like a dog ear located on the top-bottom side. Our results with anisotropic
geostress indicated the loss of the bottom dog ear (Figure 6b), which might be because of
the dropping material filling up the bottom failure zone; however, the bottom breakdown
should still exist. In Haimson’s tests the tunnel is excavated vertically, thus, its bottom
dog-eared breakdown would not be influenced by gravity. The tunnel was stable during
the first 24 h after the excavation; after that, small sizes of similar material dropped down.
The rockburst breakdown under the isotropic geostress was occurring up until 56 h after
excavation. While under the anisotropic geostress condition, the tunnel remained stable for
the first 6 h, and then fracture events happened, rockburst phenomena with large blocks
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kept dropping; this happened from 6 h to 72 h after the excavation. No failure event
happened after 72 h after the excavation.

  
(a) (b) 

Figure 6. The failure shape of the tunnel (blue line is the original boundary of tunnel, red line is the
collapsed boundary): (a) isotropic geostress; (b) anisotropic geostress.

  
(a) (b) 

Figure 7. Testing results by Haimson: (a) isotropic geostress; (b) anisotropic geostress.

4.5.2. Loop Stress Changes During Excavation

Loop stress σθ was monitored with pressure sensors; data of sensors P1 and P2 are
shown in Figure 8. In Figure 8a, σθ first gently increases during excavation for the isotropic
geostress condition and then decreases abruptly when excavated. For the anisotropic
geostress condition, only a decreasing process could be found. From an analytical solution
of the tunnel, we can learn that σθ increases in the elastic surrounding rock of an tunnel.
Only when the surrounding rock turned into plastic or failure status, the σθ would drop
down. Therefore, under isotropic geostress, during excavation the status of surrounding
rocks will first be elastic, then turn into plastic status. While under anisotropic geostress,
the status of surrounding rocks is more likely to turn to plastic immediately after the
excavation; the elastic process of the surrounding rock is almost invisible in Figure 8b.
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(a) (b) 

Figure 8. The stresses monitoring data: (a) isotropic geostress; (b) anisotropic geostress.

4.5.3. Strain Monitoring Data

Under anisotropic geostress all strain sensors lost signal probably due to the large
deformation destroying the strain gauges or connection wires. Therefore, the strain moni-
toring data were obtained only under the isotropic geostress condition. Figure 9 shows the
results of the loop strain and radial strain data by monitoring. The radial strain increases
more gently than the loop strain; the loop strain shows abrupt change when the tunnel face
was being excavated. These results could explain the phenomenon of the rapture path that
mainly follows the loop direction.

 
(a) (b) 

Figure 9. The strain monitoring data (isotropic geostress only): (a) σr; (b) σθ .

5. Delayed Failure Time Simulation of the Scale-Model Testing
5.1. Delayed Failure Mechanism and Model Review of the Brittle Rock

The lifetime of rocks is governed by sub-critical and critical crack growth. Above the
critical value crack propagation speed reaches high values up to the speed of surface waves.
Below a critical value given by a specific value for the stress intensity factor (or energy
release rate or J-Integral) the crack growth is called sub-critical. The delayed failure time,
called time-to-failure is defined as the time from the start of the sub-critical crack growth to
the start of the critical crack growth. The common implementation on rock delayed failure
is an exponential relation (Equation (5)) based on the rate process theory; the average
time-to-failure is related to the applied stress [23,24].

t f = t0exp
(
−b

σ

σ0

)
(5)

where σ0 is a reference stress, t0 is the time-to-failure under stress level σ0, b is a constant.
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Equation (5) states that over the range of σL < σ < σN for a given material having
a characteristic value, the logarithm of the normalized time-to-failure is shown to be a
“universal” linear function of the normalized applied stress. Hillig provides the upper
cutoff σN and the lower threshed σL, where σN is the failure stress determined at liquid
nitrogen temperature, σL is termed “the fatigue limit”, and in rock mechanics it is also
termed long-term strength f3 [25].

During the design of our similar material, elastic and plastic characteristics are consid-
ered; however, the complex laws for time-dependent parameters need to be involved in
similar. The time-to-failure parameters of our similar material are independent with the
real tunnel. However, the parameters were tested by the creep time-to-failure tests and the
parameters can be found in Table 3.

Table 3. Parameters of delayed failure of the similar material.

Parameters t0 /s b σ0 /MPa

Value 2.0 × 1012 16.0 3.6

5.2. Numerical Model

The commercial finite element software Abaqus, version 6.20, was used in the simula-
tion. To increase computational efficiency, a 3D sliced model orthogonal to the tunnel axis
was built, instead of using a whole 3D model (Figure 10). The initial stress field was applied
to the modelled domain. Boundary conditions were chosen the same as the scale-model
testing, the outer boundary was compressed by pressure in Table 1, inner nodes of the
tunnel wall were free. Using these boundary conditions, the analytical solutions for stresses
around the tunnel were matched well. At the beginning of the simulation the nodes at
the tunnel wall were fixed to simulate the undisturbed rock. Drilling of the tunnel was
simulated by instantaneous release of this boundary condition.

Figure 10. The numerical model.

To calculate the time-to-failure we employed Equation (5). In Equation (5), Amitrano
proposed that σ is the mean major stress, which is typically the vertical stress in a uniaxial
compressive test [26]. Schoenball proposed the hoop stress σθ is the principal stress deter-
mining failure at the tunnel wall [25]; thus, here we replaced the σ in Equation (5) with σθ .
The hoop stress is obtained from the Cartesian stress components σx, σy, and the in-plane
shear stress τxy as follows:

σθ =
1
2
(
σx + σy

)
− 1

2
(
σx − σy

)
cos 2θ − τxysin 2θ (6)
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The elastic constitutive model was used in the simulation to obtain the initial hoop
stress at the beginning of the excavation. Instantly after the excavation, the status of the
surrounding rock would be elastic, then turn into plastic, and finally rockburst. There-
fore, the loop stress status can be calculated with the elastic model. The model could be
written as follows:

σ = Dε (7)

where, σ is stress tensor, ε is the strain tensor, D is the stiffness matrix, which can be written
as follows:

D =
E

(1 + µ)(1 − 2µ)



1 − µ µ µ

µ 1 − µ µ

µ µ 1 − µ
1−2µ

2
1−2µ

2
1−2µ

2


(8)

The parameters of the stiffness matrix were applied to the values in Table 2.

5.3. Simulation Results

For Equation (5), when stress level is less than the long-term strength f3, the time-to-
failure is extremely long. The long-term strength is about 0.4–0.6 of the uniaxial strength [27].
Here, we selected the 0.5 multiple with strength σ0 to obtain f3; the failure time (time-to-
failure) results can be found in Figure 11. The failure mode mainly matches the scale-
model testing results on the maximum failure range, maximum failure position, and
maximum failure time. Under the isotropic geostress, the maximum failure time is 56 h,
same as the scale-model testing. The failure shape of the numerical result shows more
average compared with the random depth of failure in the scale-model testing. Under the
anisotropic geostress, the maximum failure time is 70 h, almost the same as the scale-model
testing. The horizontal failure zone does not appear in Figure 11b, probably due to the
failure factor not being included σθ . A comprehensive time-to-failure evaluation model
including more factors still needs to be investigated in a further study.

  

(a) (b) 

Figure 11. The failure time of tunnel: (a) isotropic geostress; (b) anisotropic geostress.

Based on the delayed failure theory, the predicted failure mode by numerical simu-
lation mainly matches the scale-model testing results with the maximum failure range,
maximum failure position, and maximum failure time. The delayed failure model was
verified by laboratory tests, but since the exact time-scaled material was hard to obtain, the
corresponding delayed failure time of real engineering has still not been checked. Further
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studies will focus on the real engineering issues. In Figure 6b, similar rocks fall down
or burst out block by block; this phenomenon is similar to the rockbursts in the Jinping
II headrace tunnel. Figure 12 shows the time-to-failure values at different distances to
the wall of the tunnel. The value at the nodes far from the tunnel wall is an extensive
number. To demonstrate the time-to-failure in the figure, we set the number to 0 in the
simulations. The range of the surrounding rocks value of time-to-failure was about 0.8 cm
under isotropic geostress 4.5 cm under anisotropic geostress. The trend of the value first
decreased then increased back under isotropic geostress, while the value kept increasing
under the anisotropic geostress. Furthermore, the current theory is implemented into the
FEM code based on continuous mechanics, the characteristic block size still could not
explain what delayed our failure model. The discontinuity factors should be considered in
further studies.
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Figure 12. Time-to-failure values at different distance to the tunnel boundary.

6. Conclusions
To investigate the mechanism of the delayed failure in brittle rock tunnel, this paper

performed scale-model tests and numerical simulations based upon the Jinping II headrace
tunnelling project. The following conclusions have been obtained:

(1) The scale-model test results show that the failure shape under isotropic geostress has
a smooth circle boundary; the delayed failure time is 56 h. While under anisotropic
geostress, the failure shape has a dog-eared breakdown; the delayed failure time is 72 h.

(2) The failure mode obtained in the scale-model tests indicates that the loop stress of
the tunnel surrounding rock is the main factor for the delayed failure. Under the
isotropic geostress condition, the loop stress increases shortly after excavation, and
then abruptly drops down. For the anisotropic geostress condition, the loop stress only
has a decreasing tend. The surrounding rocks turn from elastic to rapidly plastic after
excavation, the turnaround time for this status is shorter for anisotropic geostress.

(3) In the scale-model tests the radial strain increases more slowly during the failure pro-
cess; the loop strain shows an abrupt change. These results explain the phenomenon
of the rapture interfaces mainly following loop direction.

(4) The implementation of the rock delayed failure on an exponential relation was used
in the FEM code. The failure time and failure mode results are obtained by numer-
ical simulations. The predicted failure mode obtained by the numerical simulation
matches the scale-model testing results, both on the failure boundary and delay failure
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time. The delayed failure mechanism of the deep brittle rock tunnel was verified by
laboratory tests and numerical simulations.
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