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To clarify damage or degradation mechanisms of underground shock disturbance of deep caverns, a customized model of a deep
cavern to subjected ground shock was employed to simulate the following properties and processes: crustal stress loading, cavern
excavation, and ground-shock disturbance loading. The similar model specimen was a cube of 1.3 m length and a size similarity
ratio of 1:50. A fiber Bragg grating (FBG) strain sensor with multipoint distributions was developed to monitor the distribution of
internal strains in the model. Sensors were appropriately arranged and packaged in the similar model of deep rock to determine
strain variation in the model under hydrostatic confining pressure, construction dynamic load, and shock dynamic load. This
investigation involved high crustal stress simulation, tunnel boring machine (TBM) construction simulation, and deep
explosive shock simulation, respectively. The results suggest that the sensors can accurately monitor the strain during the
entire process comprising loading, excavation, and shock generation and obtain the distribution of cave strain during
excavation and shock generation. The cave strain indicated that the left and right sides of the tunnel both experienced a rapid
increase in tensile strain from the top plane shock wave, proportional to the shock force. The mechanism of surrounding rock
failure and the occurrence of the V-shaped blasting pit were clarified. In the model test, the following phenomena related to
deep tunnel failure were simulated: particle ejection, block collapse, slabbing, and tunnel face collapse. The oscillatory wave
was also monitored with FBG sensors. The results demonstrated that FBG strain sensor had good repeatability and could
accurately monitor strain change in the different blocks, thus demonstrating considerable potential for use in similar model
tests. The model tests conducted in this study can provide important technical reference and support for the construction and
protective design of deep caverns.

1. Introduction

In deep underground engineering, rock mass strength is signif-
icantly affected by the existence of water, cracks, and holes.
Simulating the influence of water and various holes on rock
mass strength is challenging in a theoretical study. However,
relying on similarity theory which is applied in many fields of
natural and engineering science, the similarity model test has
become an important means of studying the stability of under-
ground engineered structures under complex geological condi-
tions such as water-sensitive strata and fissure faults. In 1936,
following the similarity theory [1], Manchao and Qihu con-
ducted a similar model test by substituting bedrock with artifi-

cial material in the following manner. A plane model with a
100:1 scale similarity ratio was constructed to simulate con-
structions at depths of 300-2500 m. Its main use was the clari-
fication of rock deformation and failure, but in addition, this
method can be effectively combined with theoretical analysis
and calculation to simplify the study subject and approximate
real conditions. The Kuznetsov test pioneered engineering geo-
mechanical model testing. Similar studies have been reported
globally [2-6], and geomechanical model tests have become a
key research measure in geotechnical and mineral engineering.
Indeed, the mechanical study of deep rock subjected to vibra-
tional shock still requires further improvement, with the meth-
odology and experimental platforms still at the exploratory
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stages. Experimental platforms and apparatus suitable for deep
rock are currently being developed [7-12]; therefore, research
is likely to focus on the innovative application of traditional
measuring technologies and the introduction of new sensing
technologies for the dynamic response of deep rock. Such a
new sensing technology is the fiber grating sensing.

The parameters measured in geomechanical model tests
include stress, strain, displacement, fracture, and failure. Many
test instruments used for the measurement of stress, strain,
and displacement in rock engineering are sometimes unsuit-
able because they are large, have single point measurement,
and are difficult to place in the model, thus necessitating the
development of special test instruments or test approaches.
In geomechanical model tests of stress and strain, traditional
electrical measurement methods such as resistance strain
gauge and pressure gauge are usually adopted.

Strain gauge technology is advanced; its performance is sta-
ble; its accuracy and sensitivity are high; its range is large, and it
has wide economic applicability. In deep-ground geomechani-
cal model tests, the resistance strain gauge is easily affected by
the external environment and its anti-electromagnetic interfer-
ence ability is poor. Additionally, each strain gauge leads two
wires from the model, which affects the model’s integrity and
can damage the model when a large number of sensors are bur-
ied in it. In model tests, pressure sensors tend to be too large,
the lateral stiffness is too small, and the sensor material may
be incompatible with the material of the model. Embedded sen-
sors have an impact on stress distribution and variation in the
model, so there is often a difference between the measured
results and the practical value. The sensors are also affected
by environmental changes; that is, they are vulnerable to zero
drift [13].

A better alternative is fiber strain sensing. Fiber strain sens-
ing can achieve long-distance real-time monitoring and trans-
mission on account of its high sensitivity, small size, strong
anti-interference ability, distributed measurement, and several
other advantages. Therefore, it is gradually becoming a pre-
ferred method of monitoring stress and strain in geomechanical
models. Mendez et al. [14] were the first researchers to apply
fiber sensing to internal monitoring in medium. At present,
fiber sensing methods commonly used in model testing include
fiber Bragg grating sensing (FBG), optical time-domain reflec-
tion (OTDR), and Brillouin optical time-domain analyzer and
Brillouin optical time-domain reflectometry (BOTDA and
BOTDR) [15-22]. Of these methods, grating sensors are widely
used in machine tool processing, construction of roads and
bridges, and other industries. Grating sensors have the advan-
tage of easy digital implementation, high accuracy (up to nano-
scale), excellent interference resistance, easy installation, and
good reliability. Since it is fully digitized, there are no manual
reading errors [23-25]. Additionally, grating sensors provide a
good technical means for monitoring stress and strain in geo-
mechanical models on account of distributed measurement,
real-time monitoring, and long-distance data transmission.

Several researchers have utilized fiber sensing in their
work. Li and Wang [26] applied fiber measurement technol-
ogy in the geomechanical model tests of Xiluodu underground
workshop, and Yang et al. [27] applied fiber grating sensing in
a geomechanical model test of an arch dam. Wu et al. [28]
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used similar packaging materials to encapsulate coated grating
to create a model, to which he attached a fiber sensor, based on
which the strain transfer law of the interior of the material was
investigated. Wang et al. [29] devised a fiber grating bolt sen-
sor by combining an aluminum rod, fiber grating, and fiber
grating strain sensor, to conduct the real-time monitoring of
strain of a model in the simulation of a landslide. Three-
dimensional fiber grating for similar materials has been
designed and applied in different geomechanical tunnel model
tests [30-32], and numerical simulation is used to study the
mechanical characteristics of the sensor.

There have been several studies applying fiber grating
sensing to the measurement of internal strain of similar
materials, as well as the analysis of the strain transfer law
of grating and fiber embedded in similar materials [33-35].
Gu and Yuan [36] designed a new fiber grating sensor layout
process to investigate the stress and strain evolution of over-
burden failure in a coal seam; the mine pressure and dis-
placement in front of the working face were monitored in
a simulated mining process using a geological model. The
monitoring results and model test results were consistent
with engineering practice, thus providing a new method
for separation discrimination in engineering practice. To
improve the accuracy of FBG strain sensor measurement
in static pressure model tests on pipe piles, Wang et al.
[37] proposed a calibration method to determine the theo-
retical sensitivity coefficient of the fiber grating sensor and
experimental sensitivity coefficient of strain. The test results
of the calibrated FBG strain sensor were highly accurate,
thus laying a foundation for the monitoring technology for
model pipe-pile tests using the FBG strain sensor.

Test applications of fiber sensing technology have been
conducted in static load and low-frequency vibration simu-
lation in geomechanical model tests. Excellent results have
been obtained in sensor design, encapsulation and embed-
ding, and the strain transfer law of model materials. How-
ever, the application of fiber sensing technology in shock
simulation tests in deep rock needs further investigation.
Currently, deep rock similar model test apparatuses are still
in development and constantly being improved. For exam-
ple, independently developed test devices are being used to
simulate the dynamic response of deep rock to high crustal
stress, tunnel excavation, and explosive ground shock.

This study focuses on strain testing of similar material
models in the simulation of these three properties/processes:
high crustal stress, tunnel excavation, and explosive ground
shock. On the basis of the analysis of the characteristics of
similar model experiments and the principles of grating sens-
ing, an appropriate quasidistributed grating string sensor was
designed, and a calibration test on a beam of constant strength
and a similar model specimen was carried out, which provided
a way to determine its applicability. In addition, a sensor was
placed inside a similar model of deep rock using an appropri-
ate layout process and packaging method. The following
investigations were conducted: high crustal stress simulation
to determine strain variations in the model under hydrostatic
confining pressure, TBM construction simulation to deter-
mine construction dynamic load, and deep explosive shock
simulation to determine shock dynamic load. The results
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TaBLE 1: Similarity ratio values.

Parameters Unit Ratio of similitude Relations Reduced scale
Density kg/m’ G, C,=1 1
Size m C, C, 50
Peak stress MPa CP, CP, =C,C, 50
Compressive strength MPa Cy C=C,Cp 50
Tensile strength MPa C, C,=C,CL 50
Modulus of elasticity MPa Cg Cp=C,Cp 50
Poisson’s ratio / Cu C.=C, 1
Time $ G, C,=+/C, 7.07
Speed m/s C, C,= E/Cp 7.07
Strain C, C.=C;/IC, 1

provide reliable experimental data for the verification of
several mechanical phenomena and theoretical studies of deep
rock in similar model tests.

2. Experiments

2.1. Experimental Design. During large-scale explosions,
stress waves propagate from the explosion center, during
which the wave front expands and the positive pressure time
increases. When a cavern is sufficiently far away from the
explosion center and the radius of the stress wave is large
enough, the stress wave can be simplified into a long-term
loaded plane wave.

To simulate the failure process of a deep cavern under
the action of a far-field large explosion or far-field earth-
quake and to obtain the failure mechanism of deep caverns
under the action of plane wave dynamic disturbance, this
study involved a similar model test. In the test, the size sim-
ilarity ratio of prototype and model was set as 50: 1 and the
density similarity ratio was 1:1. The similarity ratios of all
parameters were calculated according to the similarity prin-
ciple, which are shown in Table 1.

The depth of the cavern was assumed to be 300 m. The
size of the vertical crustal stress was calculated according
to the gravity of the upper rock, and the horizontal crustal
stress and vertical crustal stress were assumed to be the
same. Then, the crustal stress can be determined with the
following formula [38].

o, =yH,

(1)

where y is the unit weight of rock, which equals the similar
materials density in this study, i.e., 2540 kg/m”.

The confining pressure required for the model test was
0.16 MPa according to the 50: 1 stress similarity ratio.

The actual closed explosive yield was taken as 10-100 kt,
under the effect of (100 — 1500)Q"?, and the peak pressure

falls within a certain range [39].

r —-n
s )

where p is the rock density (2500-2700 kg/m?), C, is the lon-
gitudinal wave velocity (4000-6000 m/s), r is the distance from
the explosion center (unit: m), and A and n are the empirical
coefficients obtained from the field test (A = 8.94 x 10* and n
=2.21 for dry hard rock).

The plane shock-stress peak for the model test was 0—
3 MPa according to the 50:1 stress similarity ratio.

~ (2 ~ 145)MPa,

(2)

2.2. Deep-Rock Model Test Set-Up. A customized deep-
cavern ground-shock disturbance loading system was
adopted to conduct the similar model test. Figure 1 shows
the general framework of the proposed testing system. It
comprises the fundamental platform, the crustal stress load-
ing simulation system, the excavation disturbance simula-
tion system, and the explosive disturbance loading
simulation system. The device can provide uniform static
loading, excavation simulation, and dynamic loading of
explosive shock [40].

The crustal stress loading simulation system was used to
simulate the initial mechanical environment of deep rock;
the system was capable of stable long-term static loading
for the model specimen. In order to ensure model stability
during loading, the model specimen was passively loaded
at the bottom, and active loading was applied in five other
directions. Different levels of static load were applied to the
different boundaries of the model specimen to achieve true
triaxial loading on the model.

The computer-controlled excavation disturbance simu-
lation system executed the excavation of a circular cavern.
The maximum excavation diameter and depth were
200 mm and 1 m, respectively. This system comprised a cut-
ter head, a cutter handle, a reducer, an AC servo motor, and
a support stand.



FI1GURE 1: Deep-cavern ground-shock disturbance loading system.

The function of the explosive disturbance loading simu-
lation system was to generate dynamic load disturbance and
apply plane ground-shock disturbance to the top of the
model within an area of 1.3 x 1.3 m. The system consists of
an air tank, a solenoid valve, a launch tube, an impact bomb,
a plastic capsule, and a piston, which can achieve dynamic
pressure loading with a peak capacity of 0-3 MPa.

In summary, when the similarity ratio is within 1:50-
1:100, the main simulation conditions of the test device
are to simulate deep underground engineering operations
at depths of 0-2000 m and to simulate a ground-shock dis-
turbance induced by the equivalent of a 10-100kt under-
ground mass explosion.

2.3. Specimen Preparation

2.3.1. Selection of Similar Materials. A 1:50 scale similar
model test was conducted in this study. The similar model
materials are as follows:

(1) Barite sand and quartz sand used as coarse aggregate
with a particle size of 0.6-1.18 mm

(2) Barite powder used as fine aggregate with fineness of
300 to 400 mesh

(3) Primary rosin used as a cementing agent

(4) Rubbing alcohol (95% alcohol by volume) used as a
blender

Rosin-cemented similar materials were prepared by pres-
surized molding at 2 MPa pressure. The mold was removed
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after shaping, and the sample was then demolded and left
for natural curing for 5-7 d. MTS microcomputer control elec-
tronic pressure testing machine and other test instruments
were used to carry out related tests. Table 2 lists the parameters
of the similar materials obtained, which are consistent with the
similarity ratio of practical rock (50:1, the ratio of prototype
to model).

2.3.2. Specimen Design and Sensor Arrangement. The speci-
men was an intact cube 1.3 m in length. Figure 2(a) presents
the side view of the specimen. 500 mm of the specimen was
used for whole casting. The density was used as a control
index for layered casting, each layer with 4cm high. The
detailed process was as now described. The mixed similar
materials with specified weight were compressed to form a
certain shape and then shaved and sprayed with alcohol after
the first layer dried. Then, the second layer was cast. The top
800 mm of the model was divided into parts I-IV from the
back to front. Part IIT was made by piling 10 cm cubic blocks
to simulate the block structure of deep rock, while the rest
was made by whole casting. The block was made in advance,
and fine sand was poured into the spaces between the verti-
cal direct joints of blocks with a controlled width within
2mm to simulate cracks between blocks. No fine sand was
added to the horizontal joint to reduce stress wave decay
from top to bottom. During cavern excavation, the excava-
tion was carried out from front to back, i.e., from part IV
to parts III and II, with an excavation length of 1 m. Part I
was not excavated to ensure back loading uniformity.

The grating sensor and dynamic pressure sensor were
placed inside the specimen during the preparation process.
Figure 2(b) shows the positions of the blocks for part IIT
and the dynamic pressure sensors (D1-D3) after excavation.
Figure 2(c) shows the placement of grating sensors, where
the cavern will be formed by later excavation. Of these, Al
to A3 and Bl to B3 were bonded with epoxy resin, while
C1 to C3 were bonded with hot melt adhesive. Upon com-
pletion of cavern excavation, a microindustrial camera was
placed inside the cavern to monitor cavern damage.

2.4. Procedure. The deep-rock model test device works as
described hereunder.

2.4.1. Static Loading. Confining pressure was imposed by pas-
sive loading of water bags on the five contact surfaces and the
bottom to simulate crustal stress on the model. The static load-
ing sequence had a three-way circular loading; the loading
amount was controlled at 0.1 MPa each time. After 0.5MPa,
loading was stopped and the pressure was kept constant to
accelerate the creep of the specimen. After two days of pres-
sure stabilization, the three-way pressure was lowered to
0.16 MPa to simulate the stress environment at a depth of
300 m. After the internal stress of the specimen became stable,
the next phase of the test was conducted. Through this pro-
cess, the specimen received loading from the surface, and the
generated strain gradually changed to stress and transferred
to the interior, forming a stable internal stress.

2.4.2. Simulation of Tunnel Excavation. The excavation pro-
cess was simulated by drill excavation through the reserved
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TaBLE 2: Mechanical parameters of similar materials.

Density (kg/m3) Elastic modulus (MPa) Compressive strength (MPa) Tensile strength (MPa)
2540 441 1.14 0.1
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FIGURE 2: Schematic of the similar model (unit: mm): (a) specimen placement; (b) block position and dynamic pressure sensor placement in

part IIT; (c) grating sensor placement in part III.

holes in the front. A deep-tunnel model 20 cm in diameter
and 100 cm in length was formed after the simulation. The
excavation was performed 10 times, and the excavation
length each time was 10 cm.

2.4.3. Simulation of Plane Dynamic Loading Similar to a Far-
Field Explosion. A flat shock load was applied to the top of
the model, and the occurrence of strain deformation and

rock failure of the interior of the model and tunnel was
checked. Multiple tests under different shock pressures were
performed to study the failure characteristics of a cavern
subjected to different shock pressures.

Whether the fiber grating sensor can be used in dynamic
strain monitoring in deep rock model testing is dependent
on whether effective strain data can be collected at these
three stages as described.
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3. Development of Fiber Grating Sensor

In order to measure the strain in key internal positions of the
specimen at each stage of the test, appropriate multipoint
distributed FBG sensors were utilized.

The fiber Bragg grating (FBG) sensor is a spatial phase
grating formed in the fiber core using the photosensitivity
of the fiber material, as shown in Figure 3(a). These gratings
form a narrow band (transmission or reflection) filter or
reflector [41], as shown in Figure 3(b). The reflection spec-
trum of the Bragg grating depends on its bandwidth and
peak reflectivity, with a functional relationship being estab-
lished with parameters such as grating spacing and refractive
index modulation coefficient, as shown in Formula (3). Its
optical properties are sensitive to the changes of physical
quantities of the external environment.

Any physical process that changes the grid pitch (such as
temperature change and stress change) causes a reflected-
light wavelength shift, as shown in Figure 4. The relationship
between the center wavelength change and the measured
physical quantity was established and calibrated as shown
in Formula (4) [42-45], so that the change in the center
wavelength can be measured.

Ag =21 - A, (3)

A_AB =(1-P)e+ (a+&)AT. (4)
Ag

Let K, =A5(1-P) and K;=Ag(a+&). Then Formula
(4) becomes

Ay =K,e+ K AT. (5)

In Formula (5), K, is the FBG strain sensing sensitivity
coeflicient, and K is the FBG temperature sensing sensitiv-

1A
Cooling
compressive strain

Heating
tensile strain

FIGURE 4: Wavelength changes corresponding to temperature and
strain [42].

ity coeflicient. For the quartz optical fiber, P=0.22, a=
0.55% 107/oC, and &=6.67 x 107%/oC. When A, = 1550
nm, K, = 1.2 pm/pe and K =11.19 pm/-C.

When the effect of temperature is not considered, the
wavelength change of FBG only reflects the stress or strain
change of the surrounding environment, meaning FBG can
be used as a strain sensor. FBG is fragile, being a glass fiber,
so it needs to be packaged carefully depending on the envi-
ronment of its use.

3.1. Design of Fiber Grating Sensor

3.1.1. Sensor Design. The cubic similar material specimen
was used as the overall similar model to simulate the accu-
mulation of deep block rock in the model test. The space
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between the specimens was larger than the natural space of a
single small specimen, and the space would be compacted by
the confining pressure. The gap between some specimens
was reserved and filled with the fine sand layer. When the
block was under confining pressure, there would be a fault.
Thus, the geological fault of block rock was simulated. The
sensor was placed along the contact interface between the
specimens. A large strain would be generated as a result of
the application of confining pressure, and a significant dis-
placement would be induced in the macroscopic perspective.
The range of compressive strain of bare grating is small, usu-
ally within 1000 microstrains. Therefore, the sensor has to be
able to withstand the huge strain generated by confining

pressure in the early period and carry out accurate measure-
ment subsequently.

As a bare fiber grating has a diameter of 125 ym and lim-
ited shear resistance, fiber grating was packaged before
placement in the similar materials. Sensors with a large
range of compressive strain and multipoint distributions
were needed in the first and third periods of the test. There-
fore, polyimide was applied to the grating to increase its
shear resistance. Three hundred and four stainless steel cap-
illary pipes with a diameter of 0.8 mm and a thickness of
0.2 mm were used for encapsulation. Since a single specimen
of the similar material was a cube of 10 cm length, strain var-
iation had to be measured in both the single specimen and



adjacent specimens. The length of grating area is 1cm, the
length of sensor is 3 cm, and the spacing of grating is 4 cm.

The grating was encapsulated in the steel capillary pipe for
pretensioning. First, one end of the fiber was cemented with
quick-drying glue to the steel capillary pipe, and then, a coun-
terweight of 3kg was hung on it to achieve the prepulling
effect. Afterwards, the other end of the fiber was cemented
with quick-drying glue to the steel capillary pipe. When the
glue solidified, the grating was totally encapsulated by the pipe.
The steel capillary pipe protects the grating and reduces the
strain transfer rate. When load was applied to the steel pipe,
the strain of the pipe tube was smaller than that of the fiber
under the same load because the elastic modulus of steel is
larger than that of fiber. This reduces the strain transfer and
expands the measurement range of the sensor. Epoxy resin
or hot melt adhesive about 1-2 mm in thickness was used to
paste and fix the sensor to the specimen. Except the 1cm
length of the steel pipe where the grating area was located,
all other attachments were with adhesive. Figures 5 and 6 illus-
trate the specific design.

3.1.2. Frequency Response. In deep-rock model tests, the strain
frequency response of the sensor must meet the frequency
requirements of impact loading. High-pressure piston impact
is a high-speed process, where similar materials are compacted
under confining pressure in the closed device and stress wave
propagates downwards within the specimen. In the current
experiment, the maximum shock disturbance peak was
3 MPa, the boost time was10-100 ms, and the positive pres-
sure time was about 30-300 ms. In order to record the com-
plete strain change process in shock generation, the data
sampling interval of the sensor should be at least 1-2ms, so
the sampling frequency should be more than 1kHz. In this
experiment, the demodulation instrument of the grating sen-
sor was MOI-sm 130 series with a sampling frequency of
2kHz, which could meet the requirements of the test.

In both the tube and substrate packaging, the lag time of
strain waves to FBG was of the order of 107 s [46], and the
propagation speed of the strain waves in the similar mate-
rials was about 400-500m/s. For the test model with a
length of 1.3m, the time taken was of the order of 10™s,
so the propagation time of the strain waves in the adhesive
layer and the encapsulation layer of the steel capillary pipe
was negligible in this experiment.

3.2. Placement of the Grating Sensors. The sensors were bur-
ied inside the specimen and glued with epoxy resin or hot
melt adhesive. Since the packaging materials and adhesive
layer perform differently from the fiber, the impact of pack-
aging materials and adhesive layer on strain response and
strain transfer should be considered in high-frequency
measurements.

Bare fiber Bragg grating was used to measure the beam
of constant strength [47-50] using adhesive (502 quick dry-
ing glue, epoxy resin). When the paste length was more than
3cm and thickness was not more than 0.1 mm, the strain
transfer rate of the strain gauges on the concrete specimen
could reach 95%-96% under static loading.
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3.2.1. Calibration Experiment on Beam of Constant Strength. A
calibration experiment was carried out by encapsulating a
3cm long polyimide-coated optical fiber sensor, and the
encapsulated steel capillary pipe was pasted on a beam of con-
stant strength using the quick-drying glue. The fiber sensor
had a resolution of 1 mm per point. 500 g weights were loaded
each time, and the total load applied was 5000 g. The results
are shown in Figure 7. In this study, the strain is positive for
tension and negative for compression. The measured results
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FiGure 9: Uniaxial compression test of sensor in a cubic specimen.

showed that the deformation of the adhesive and steel pipe
caused a fluctuation of about 0.5cm at both ends within a
3cm range in the sensor, but the area covering 2cm in the
middle exhibited stable readings. As the measurement range
of the actual designed grating area was 1 cm, the average value
of the strain in the range of 2-4 cm was compared with the
theoretical values of strain of beam of constant strength, with
results illustrated in Figure 7.

As Figure 8 illustrates, the linear fitting of measured strain
reveals that R* exceeds 0.99, indicating good linearity. The
measured and theoretical values varied slightly because of
the thicknesses of the adhesive layer and steel pipe. The strain
measured by the sensor was slightly larger than the theoretical
strain of the beam of constant strength. In the model tests, the
length of the steel capillary pipe in the sensor was 3 cm and the
length of grating region was 1cm in the middle. Hence, no
large strain due to deflection was induced. The calibration
experiment confirms that the sensor design and pasting
method can effectively measure the actual strain.

3.2.2. Applicability in Cubic Specimen. As illustrated in
Figure 9, the processed single grating sensor was cemented
to the joint between the two cubic specimens by encapsulation
and pasting, as reported elsewhere. The specimen was a 10 cm
cube intended to test whether the strain range and variation of
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FIGURE 10: Linear fitting of compressive strain and load.
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of B and C.

the sensor could be accurate in the environments where it is
required, through uniaxial compression tests.

A uniaxial compression test was carried out with two
loads by force control. The loading rate was 0.02mm/s,
and a small MTS testing machine was used in the experi-
ment. The preloading test was carried out before the test,
during which the peak loading force was 40kN. The peak
loading force increased to 45kN during the loading test.

In the uniaxial compression test, the void compaction of
the specimen was dominant at the initial stage of loading, after
which the elastic deformation became dominant where stress

was linearly related to the strain. Data between 8kN and
45kN were selected for linear fitting analysis; the results are
shown in Figure 10. Since the capillary pipe is made of steel
and the temperature remained unchanged during loading,
the specimen support function and temperature influence of
steel pipe are ignored in the analysis. As shown in Figure 10,
the R? of the two test results are both above 0.99 with the same
slope, suggesting good linear fitting between the strain testing
data and loading data as well as good repeatability of sensor
readings. In summary, this kind of sensor can effectively
measure the compressive strain at joints of the cubic
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FIGURE 12: Strain monitoring during excavation: (a) monitored data of grating string A; (b) monitored data of grating string B; (c)

monitored data of grating string C.

specimens. Experimental results demonstrated the viability
and applicability of such designs. Therefore, the model test
on large-scale specimens was carried out using this measure-
ment method.

4. Results and Discussion of Model Tests

4.1. Static Loading. Confining pressure was loaded in the fol-
lowing sequence: top-front and back-left and back-right;
then, the single-stress loading gradient was controlled to be
about 0.1 MPa. The overpressure required to be loaded was
0.5MPa, sufficient to cause the creep of the specimen to
accelerate to the initial high crustal stress state. Due to the

rapid pressure reduction caused by the deformation of the
specimen at the early stage of the test, the loading was
applied six times. After stabilizing the pressure for two days,
the pressure in all three directions was reduced to 0.16 MPa
to simulate the stress environment at a depth of 300 m. The
next stage of the test was carried out when the internal stress
of the specimen was stable. Figure 11 illustrates strain mea-
surements when the confining pressure was increased to
0.5MPa. As observed, as the confining pressure increased,
load was gradually transferred to the interior of the speci-
men, and the strains of grating A2, B1, B3, C1, and C3 which
were cemented to the block became gradually closer. Despite
the similarity in the trends of Al and A3 at the joint, the
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uniform deformation was different between the blocks. The
stress during loading at D3 was larger than that at D2 upon
completion of loading, which was consistent with their
strain responses. The strain measured by transverse grating
string B2 was much greater than those of strings Bl and
B3 inside the specimen, suggesting that the deformation
between blocks was significantly larger than the deformation
inside the block during loading. Compared with B3, B1 was
closer to the specimen boundary or loading interface, so the
measured strain of B1 was greater than that of B3. However,
with increasing confining pressure, the strain was gradually
transferred to the interior. After the loading process was
completed, B3 was close to B1. Figure 11(d) shows the mea-
sured data of the transverse grating series. B and C, B2 and
C2, and B3 and C3 were located in the same working posi-
tions, and their strain variation trends and values were basi-
cally the same, demonstrating that strain could be measured
through the epoxy resin and hot melt adhesive during load-
ing. Since the wavelength measurement range of C1 grating
was about 1020 nm, its strain range exceeded the range of
the demodulation instrument after compression, so it failed.
Therefore, it is better for the wavelength of the grating in
subsequent experiments to be 5nm more than the recogniz-
able minimum wavelength of the interrogation instrument,
namely, 1025 nm.

4.2. Strain Testing during Simulated Excavation. The simula-
tion of cavern excavation commenced when the internal
pressure of the specimen stabilized at 0.16 MPa. The excava-
tion was carried out automatically with a drill. The excava-
tion hole was circular with a diameter of 20cm. The
drilling advance rate was 1 cm/min, and each single excava-
tion length was 10 cm. The excavation was halted for 10 min
every 10 cm, and the excavated cavern was 100 cm in depth
and completed in 10 rounds of excavation. Strains during
excavation are presented in Figure 12. The vertical dotted
line indicates the starting point of excavation. The distance
of the grating layout section to the front elevation was
40 cm. Therefore, when the fourth of excavation was com-
pleted, it would be close to the section where the sensor
was located. The fifth round of excavation (40-50 cm) was
therefore conducted in the specimen with the glued grating
sensor. So as not to clutter the diagram, the figure only pre-
sents strain changes during excavation while the strain mea-
surement during the rest periods is omitted.

The data obtained shows the grating string sensor could
effectively detect strain changes at multiple points, and strain
changes reflected the internal stress state of the specimen.
During excavation, the force acting on the radial direction of
the cavern gradually changed from stress to tension, suggest-
ing an inward shrinkage of the cavern along the radial direc-
tion. At an excavation depth of 25cm, the grating sensor
started to respond when the distance from sensor was 15 cm,
demonstrating that appropriate placement of strain monitor-
ing sites could be used for early warning. Even when the defor-
mations that occurred in the cavern were minor, the sensor
could respond quickly for timely decision-making.

The gratings arranged on the specimen changed the
most during the excavation process near the section where
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the sensor was located, and when the pasted test block was
excavated (40-50cm), the change tended to be gradual.
However, the sensor at the joint still had a large strain
change when a block between 40 and 50 cm was excavated.
The vertical A1 measurement data showed that when the
excavation reached a depth of 70cm, the strain variation
gradually decreased but still presented the trend of a gradual
growth. According to the monitoring data, when it was close
to the excavation section, the surrounding rock moved to the
interior of the cavern as a whole, causing the radial relaxa-
tion. During excavation, a single block moved to the interior
of the cavern, but the movement was not perceptible. The
results demonstrate that a crack in the rock poses a great risk
to construction safety. In addition to the timely support of
the construction at the surface of underground engineered
structures, construction safety monitoring is a necessary
measure to avoid hidden dangers; deformation of the top
and middle sections of the cavern should be continuously
monitored to ensure safety. According to the monitoring
results, tunnel excavation is not just a simple plane problem,
so a triaxial model test can be performed to accurately inves-
tigate the change in cave strain during excavation. Addition-
ally, the quasidistributed strain monitoring using FBG
sensors can be conducted for the purpose of early warning,
construction monitoring, and long-term monitoring in deep
rock engineering. The sudden change of strain data in
Figure 12(b) is due to the intermittent acquisition process,
which leads to the discontinuity of some strain data. But it
had no effect on the test results.

4.3. Strain Testing during Shock Generation

4.3.1. Pressure Curve and Grating Curve. Several shock tests
on multiple specimens were conducted to further investigate
the monitoring performance of the grating sensor and cav-
ern damage under shock. The test results in the first shock
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test were selected for detailed description of the performance
of the grating sensor.

Figure 13 illustrates the monitored pressure sensor dur-
ing the first shock. Here, D1 was placed on the top of the
specimen at a depth of 5cm, and the shock pressure moni-
tored by D1 was used as the shock pressure in the test. In
the first test, shock pressure peak was 0.36 MPa. As shown
in Figure 13, the peak shock pressure at the depths of 40
and 50cm were 0.15 and 0.05MPa, respectively. With
increasing depth, peak shock pressure gradually declined.
This can be attributed to pressure decay during propagation.
Further, the surrounding rock exhibited loosening after
excavation, resulting in accelerated pressure decay. In sum-
mary, the strategy of excavation before shock generation
could simulate the impact of loosening of surrounding rock
on shock after excavation, thus becoming capable of model-
ing the field test condition more accurately.

According to the pressure curve and monitored data of
grating string A shown in Figures 13 and 14, respectively,
both waveforms are basically the same. Under shock, the
grating strain sensor could fully monitor the change in
strain. The results demonstrated that the fiber grating sensor
as well as the frequency of monitoring means met the
requirements, indicating good applicability of grating sen-
sors in shock tests.

According to strain monitoring results, vertical grating
string A experienced compressive strain initially but tensile
strain later under the effects of ground-shock disturbance.
This is because the shock force was a compressive force,
resulting in the vertical compression above the cavern. Upon
completion of shock generation, there was a slight move-
ment of the block toward the cavern interior, showing the
tendency of strain to be tensile. The tension was barely per-

ceptible due to the relatively small shock force. However, sig-
nificant tensile strains were monitored by transverse grating
strings B and C. Depending on when the shock stress and
transverse strain occurred, the left and right sides of the cav-
ern were subjected to tension horizontally under shock, sug-
gesting that the left and right sides of cavern moved inward
in response to shock. Hence, it can be concluded that when
shock propagated from top to bottom, the left and right sides
of cavern showed more severe deformation than the top and
bottom. Additionally, the strain changes in the load-increase
stage were more drastic and increased faster than those in
the load-decrease stage under shock, indicating that the
deformation of the cavern during loading was more severe
than that during unloading. The deformation during
unloading still continued but became less severe.

The strain differences between B2/C2 and between B3/
C3 show that pressure changes at the same position were
basically the same, suggesting that either pasting method
could be used for strain measurement in the model; the
methods verified each other, demonstrating high accuracy
of the experimental results. Due to the first impact test, the
impact pressure is small, and the maximum strain generated
is only more than 100 ye, so the small vibration changes in
the strain test data can be clearly seen.

4.3.2. Grating Variation under Different Shock Pressures.
After examining the cave strains and cavern damage under
different pressures, this study accepted the other two test
results. The three tests were different only in shock pressure
while other conditions were all the same. The top shock
pressure peaks of the second and third specimens were 0.9
and 2.0 MPa. The monitored strains are given in Figures 15
and 16.
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Three shocks were applied to the model, with the results
indicating that the larger the shock pressure was, the greater
the top peak compressive strain during shock generation and
the more significant the tensile strain. The maximum tensile
strains at site Al in the three shocks were 20 pe, 250 e, and
710 pe, respectively. Additionally, the monitored horizontal
strain of the right side of the cavern clearly showed that
the inward compression of cavern was proportional to the
shock pressure. As the shock pressure grew, the maximum

tensile strain grew astronomically, seriously threatening the
cavern.

According to the monitored data of grating string A sen-
sors placed in the block joint and block surface, the strain at
the joint was significantly larger than the strain on the block
surface. In the first two shocks, the strain peaks at A1 were
3.5 and 4.5 times higher than those at A2. The results dem-
onstrated that the block movement was more severe along
the shock direction, indicating more attention should be
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FIGURE 17: Damage monitoring under shock in: (a) the second shock; (b) the third shock.

paid to the block characteristics of rock. In the third shock,
site A1 was first subjected to compression and then tension,
after which it was in a static state, suggesting the up-and-
down flipping of the block, thus the presence of a pendulum
wave. However, the monitored data of grating strings B and
C showed that, when the shock force was relatively small,
block movement dominated the right side of the cavern,
whereas when the shock force was relatively large, failure
due to lost strength was dominant, suggesting that dynamic
stress concentration occurred at both sides of the cavern
under shock. When subjected to the third shock, due to
the excessively large shock pressure, dynamic stress concen-
tration occurred at the right side of the cavern, and tensile
strains at sites C1 and C2, which were 15cm away from

the wall, reached 3000 pe and did not recover after the shock
was completed, indicating significant plastic strain, while
strains in other sites exceeded the monitoring range of the
Sensor.

In summary, the use of continuous medium mechanics
to describe the mechanical behavior of block rock under
shock disturbance has certain limitations, and the block
characteristics of rock should be fully taken into account
when deep caverns are subjected to ground shock.

4.3.3. Monitored Strain and Damage. Figure 17 illustrates cav-
ern damage during shock generation. There are four images
arranged chronologically. After the first shock, the cavern was
not damaged and no image has been presented. During second
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shock, the cavern was damaged. As illustrated in Figure 17(a)
(2), particle ejection occurred first in the block, and the dam-
age occurred in the vault and spandrel but was not severe.
Then, projectiles of particles appeared at the spandrel of
the intact part. Overall, the failure was not severe, particle
size was relatively small, and the cavern was only slightly
damaged. During the third shock, the damage mainly
occurred at the sides and the spandrel. As depicted in
Figure 17(b) (1), block ejection occurred. With the continu-
ous effect of the shock pressure, ejected blocks kept increas-
ing in quantity and size. As Figure 17(b) (2) shows, the
ejected blocks filled up the entire window, the blocks being
significantly larger than those expelled by the second shock.
Figure 17(b) (3) shows that after other blocks fell on the
ground, new blocks continued to eject outside for a long
period. As shown in Figure 17(b) (4), after the shocks had
stopped, blocks continued to fall because of plate crack; they
gradually fell off, and large blocks were found collapsed
from the working face of the cavern.

Based on the examination of monitored strains and cav-
ern damage, the mechanism of failure can be explained. In
all three shocks, when the shock force was relatively large,
both sides of the cavern were under tension, indicating that
the inward movement of the left and right sides of the cavern
under shock and the inward shift was proportional to the
shock. In the third shock, strains of the strain gauge 5cm
away from the cavern and the strain gauge cemented to the
block joint were all beyond the monitoring range, suggesting
that severe inward deformation occurred at these two places;
the strain at locations 15 cm away from the side wall of the
cavern reached 3000 ue, suggesting the occurrence of signif-
icant plastic deformation. In summary, rockburst usually
took place in the left and right sides of the cavern because
the presence of stress concentration led to cavern deforma-
tion, causing the surrounding rock on the both sides of the
cavern to cave in. When the strain exceeded the threshold,
tension failure would occur, inducing the release of elastic
energy stored in rock. The experimental results explained
the causes of rockburst and the mechanism of the V-
shaped crater to a certain extent. The experimental results
demonstrate good applicability and high accuracy of grating
sensors in model tests.

5. Conclusions

Using a customized set-up for the simulation of the ground
shock effect on deep cavern, this study carried out simula-
tions that included crustal stress loading, cavern excavation,
and ground-shock disturbance using a 1.3 m cubic specimen.
The proposed FBG sensor was modified to test for strain
monitoring. The following conclusions can be drawn:

(1) In internal strains of specimens under cavern load-
ing, excavation and shocking were measured using
the customized FBG strain sensor. With the sensor
validation test and model test, this study proved the
applicability and viability of FBG sensors. The strain
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testing results provided important data for the anal-
ysis of the degradation mechanism of caverns

(2) The changing roles of stress and strain of cavern sur-
rounding rock during excavation were obtained in
the model test, and it was proved that excavation
before shocks in the test could simulate the loosening
of surrounding rock and the impact of loosening sur-
rounding rock after being subject to shocks. There-
fore, it can be concluded that the test manner of
excavation before shock generation can adequately
simulate field conditions

(3) The monitored strain indicated that under the
impact of the top plane wave, there would be a sig-
nificant tensile strain on the left and right sides of
the cavern, which was why the damage was mainly
on both sides of the cavern under impact, thus
revealing the mechanism of V-shaped craters on
both sides of cavern to a certain extent

(4) The simulation adequately captured failure phenom-
ena of deep tunnels such as particle ejection, block
collapse, plate cracks, and face collapse; in addition,
the pendulum traveling wave was successfully moni-
tored by the FBG sensor
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