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Meso fracture characteristics

of granite and instability evolution
law of surrounding rock in deep
cavern

Yunhe Ao, Chuang Sun™, Baoxin Jia & Jianjun Zhang

In order to analyze the influence of meso-structure and meso-parameters on deep granite
characteristics, a construction method of variable radius proportional clump model was proposed with
particle flow method. The clump particle flow structure was constructed which suited the mechanical
characteristics of granite. The deep cavern numerical calculation model of gradual particle density
was constructed using the variable radius proportional clump model construction method, and the
macroscopic fracture law of deep cavern surrounding rock was analyzed. The results show that meso
parameters have lower effects on the compressive and tensile ratios of particle structures in the ball
and clump models. It is also found that clump structure is greatly influenced by particle proportion
and size while ball model is only slightly influenced by particle size. Furthermore, the compressive and
tensile strength curves and fracture modes of numerical simulations and laboratory tests are in good
agreement. In addition, the calculated results of the tunnel after simulated excavation are very close
to the engineering practice. There are obvious shear failure areas on the right vault and left wall of the
tunnel, and the shape and depth of the fracture area are basically the same.

Rocks in nature are exposed to complex geological environments and long-term geological tectonic effects with
discontinuous and heterogeneous complexities' . Geotechnical engineering calculations are generally calculated
using discrete element method to evaluate rock mass mechanical properties. Due to the great advances in the
past years, discrete element method has realized the simulation analysis of the closure, generation and exten-
sion of microcracks in brittle rocks. The particle flow method in discrete element method is the main simulation
methods for rock fracture in laboratory, engineering and geological scales*-°. Mesoscopic and microscopic rock
observations have shown that most rocks are consisted of tightly combined irregular mineral particles. Meso-
scopic and microscopic structures of granite are shown in Fig. 1. Mineral particle shape affects the macroscopic
mechanical behaviors of rocks. Hence, applying discrete element method for constructing numerical calculation
model according to the mechanical properties of rocks and achieving mesoscopic parameters for particle flow
model is critical in investigation of microscopic fracture properties of rock masses and analysis of macroscopic
failure law of deep cavern surrounding rock.

Recently, rock meso-fracture has been studied in terms of fracture propagation by several researchers using
particle flow method. For instance, Lin et al.” conducted failure tests on marble during unloading confining-
pressure under constant axial stress and simulations with the particle flow code and studied the influence mecha-
nism of the unloading rate of the confining pressure, initial unloading stress, and confining pressure on the failure
characteristics of marble. The field evolution, cracking process and mechanical properties of stress-containing
defected composites were investigated by Liu et al. by laboratory tests and numerical simulations®. The influence
of particle bonding on rock fracture properties was studied by Scholtes et al.’ using discrete element method.
Bahrani et al.'’ developed SDA method for the estimation of microcracked rock strength and ultimate crack
density in a variety of rock types. Shi et al.!! investigated the composition ratios of different granite samples and
evaluated the influences of different microfracture distributions and mineral ratios on the macroscopic mechani-
cal characteristics of rock samples using discrete element method. Xu et al.'? discussed the influence of joint
inclination of Phyllite failure mode and studied the progressive failure process of Phyllite.

In terms of numerical calculation research on engineering scale, scholars have also carried out extensive
research. For instance, Abierdi et al.'* compared and analyzed by indoor model test and numerical simulation
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Figure 2. Diagram of two contacting particles.

method based on particle flow program PFC?", revealed the changes of microscopic stress and force chain in
the process of crack propagation and loading and unloading, and revealed the variation law of radial stress and
tangential stress of surrounding rock in crushed zone, as well as the influence of initial stress on failure load.
Based on the trial-and-error method, Peng et al.' first proposed a parameter test method for a large model, and
then tested the method by a large tunnel model test. The research results showed that the parameters checked
by a small model directly could improve the mechanical strength of the large model, and also had a great impact
on the failure mode. Li et al.’® verified the theoretical analysis by using a two-dimensional numerical model
established by particle flow program, further studied the failure characteristics of the existing tunnel under the
coupling action of static in-situ stress and dynamic unloading wave, and discussed the effects of unloading rate,
unloading path, in-situ stress and excavation radius on the dynamic response of the existing tunnel.

To sum up, scholars from all over the world have carried out extensive research on numerical simulation of
rocks using PFC particle flow program, but the research on efficient modeling method is rarely reported. In this
paper, a construction method of variable radius proportional clump structure was developed. The influences
of meso-structure and meso-parameters on the compressive and tensile properties of simulated rocks were
investigated. The meso fracture characteristics of different cracked granite samples were evaluated and clump
particle flow structures were constructed based on the mechanical characteristics of granite specimens. Meso
mechanical parameters and laboratory test results were compared to verify the reliability of variable radius pro-
portional clump structure and meso mechanical parameters. A deep cavern particle flow model with gradual
particle density was constructed and the local fracture law of deep surrounding rocks was investigated to analyze
the local instability law of surrounding rock under high stress condition. Our findings can provide significant
guidelines for deep engineering design and monitoring research.

A clump structure with variable radius ratios and parameters
Basic principle of particle flow code. Particle flow code (PFC) is a discrete element method which can
be applied for the simulation of the interaction and motion of a circular particle medium. The basic mechani-
cal characteristics of the media were considered in terms of basic particle structures of media. The difference of
continuum mechanics and PFC was that particle contact states strongly affected the basic properties of a certain
medium under various stress conditions. Discrete bodies are considered as collections of finite discrete particles
and the body is ideally assumed as a group of contacting particles being independent but in interaction, as shown
in Fig. 2.

where x,( is overlapping region center along the direction of the joining line of the centers of particles, F; is
contact force vector, t; and n; are unit vectors describing contact plane, and F, and F, are shear and normal force
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Figure 4. Diagram of parallel bond model (PBM).
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components, respectively. U, is the overlap and k, denotes the normal stiffness of contact, AF, is elastic shear
force increment, k, is the shear stiffness of contact, and AU, denotes relative shear-displacement increment.

In particle flow method, large deformation processes of different materials are generally investigated from
linear elastic stage to fracture failure directly reflecting crack formation, propagation and penetration. Therefore,
this method is the most commonly used method in the simulation of micromechanical and macroscopic rock
behaviors.

Parallel bond model and clump structure. Contact bond (CB) and parallel bond (PB) models are devel-
oped in PFC. Contact bond model can be considered as two elastic springs having constant shear and normal
stiffnesses at a given point. However, parallel bond model approximates particle pair bonding as cement mate-
rial, assuming elastic interactions between particles parallel to sliding or contact bonding constitutive model®.

Particles in PFC are free to move in normal and shear directions and can also rotate between particles. This
rotation may induce a moment between particles. Contact bond model is not able to resist this moment as long
as particles are in contact, even after bond breakage. Strength is decreased to a constant value which is deter-
mined by friction and the contact stiffness still exists. After bond breakage, however, bond tensile strength is
zero regardless of the contact status of particles, as shown in Fig. 3.

PB model is consisted of linear and bond models. Linear model is not able to resist relative rotations. Tan-
gential slip is mainly determined by friction. Bond model is able to resist moment and force and has tangential
shear and tensile strengths. Based on Mohr-Coulomb criterion, parallel bond model acts similar to linear model
at too high loadings when bonds are broken, as shown in Fig. 4.

where k, and k, are normal and shear stiffness, respectively, c is cohesion, gs is bond surface gap, o is tensile
strength, 1t is friction coefficient and ¢ is friction angle.

The values of contact and bond stiffness determine parallel bond model stiffness. The difference of parallel
and contact bond models is that, bond fracture immediately reduces stiffness in parallel bond model, which not
only affects bonded particle stiffness, but also influences the whole model macro stiftness. Therefore, parallel
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Figure 6. Diagram of clump modeling method.

bond model is found to be more appropriate for hard materials such as rock and was applied for the simulation
of the micro and macro fracture characteristics of granite.

Cho et al."” developed clump parallel bonding model (CPBM) by combining several particles for developing
clump structure. In the model, particles are considered as individual rigid bodies and agglomerated particles
can overlap as a deformed body to any degree, which do not break no matter how much force acts on them.
Therefore, agglomerated particles behave as individual particles with irregular shapes moving as rigid bodies.
Particle rotation speeds in clumps are fixed. It can be seen from Fig. 5 that only the clump itself has rotation
speed. Potyondy et al.'® showed that traditional PFC model greatly deviated from experimental findings. How-
ever, clump modeling method can limit particle rotation and simulate particle loading and failure processes.

Construction of clump model with variable radius ratios. Nowadays, three major methods are avail-
able clump modeling which are described below. Cho et al.'” developed an irregular particle model by limiting
clump particle number. Yoon et al.'® established a concentric particle clump by arranging particles in successive
circles with particles located outside the circle forming a group. Shi et al.”’ developed an irregular arranged the
outer contours of the clumps by several overlapping pebbles.

In this paper, we proposed a clump structure with variable radius ratios based on particle flow principle. The
following modeling steps were taken:

1. Large particles (Ball,,,) with radius ratio R ;,:R.c= 1:x (x> 1) were generated in the given wall (Wall), as
shown in Fig. 6a. A small rectangle in the model was taken as an example to enlarge, as shown in Fig. 6b.
Data such as particle radii and coordinate points were written in a database by Fish language. Then, these
large particles (Ball,,,,) were deleted.

2. Small particles (Ball;,) of 7pini7max =13y (P <R, y>1) were regenerated in certain wall ranges, as shown in
Fig. 6c.

3. As shown in Fig. 6d, coordinate and radius values of large particles were restored from the database and
small particles were marked in the wall (Wall) which arranging them in circular shapes into groups (Group)
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Parameters Ball model/clump model
Particle stiffness ratio k,/k, 2.0
Particle friction coefficient y 0.2
Parallel bond modulus E¥/Gpa 2.0
Parallel bond stiffness ratio k,*/k* 2.0
Parallel bond tensile strength g,/Mpa | 36
Parallel bond cohesion c,/Mpa 27
Friction angle f/° 32

Table 1. Model mechanical parameters.
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Figure 7. The effects of clump/ball particle size on macroscopic mechanical parameters of specimens. (a) UCS
and TS, (b) tension crack ratio and UCS/TS.

around large particles. Then, unlabeled but contacting particles are grouped using Fish language. The number
of such generated groups determined the number of clumps that subsequently established.

4. Each small particle group was converted into a clump template using Fish language and clump structure
was constructed based on these templates. Finally, these small particles (Ball,;,) were deleted, as shown in
Fig. 6e. The final structural model is shown in Fig. 6f.

In the clump structures constructed based on the above method, clump size ratios could be freely adjusted
by setting pebble radius. Macroscopic structural mechanical characteristics of particle flow model were adjusted
by setting these structural dimensions.

Clump model parameters. Using variable radius proportional clump model developed in this work, Bra-
zilian disc splitting and uniaxial compression tests were simulated by particle flow program PFC?P to evaluate
the effects of meso parameters and particle sizes of clump and ball models on simulated rock macro mechanical
characteristics and it was observed that the obtained results complied well with laboratory findings. The uniaxial
compression test particle flow test specimen had length 100 mm and width 50 mm. Brazilian disc split test speci-
men diameter was 50 mm and small particle (Ball,,,;,) in the model had the following dimensions 7,,;, =0.26 mm,
T mintTmax = 1:1.5.

Particle size effects.  As given in Table 1, meso-mechanical parameter values and particle size ratio of large par-
ticles were kept constant at R ;,:R ..., = 1:1.5 in the proposed model. Minimum particle sizes R,,;, of clump and
ball structures were changed in the range of 0.3-1.0 mm. Clump and ball size effects on macroscopic mechanical
characteristics of the simulated rocks were also investigated. Figure 7 shows the obtained simulation results.
Figure 7a shows the variations of uniaxial compressive strengths (UCS) and tensile strengths (TS). Since
clump structure restricted particle rotation, the compressive strength of clump model was higher than that
of ball model. By increasing clump radius, particle numbers of clump structure and boundary friction effect
between clump structures were increased. Hence, uniaxial tensile and compressive strengths of clump model
specimens were continuously increased with increasing clump radius. However, increasing of ball radius did not
significantly change uniaxial compressive strength of ball model specimens but increased their tensile strength.
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Figure 8. The effects of meso parameters on macro mechanical parameters of ball model specimens. (a)
Uniaxial compressive strength, (b) Tensile strength, (c¢) UCS/TS.

Figure 7b shows the ratio of uniaxial compressive strength to tensile strength (UCS/TS) as well as tensile
crack ratios of clump and ball models. It was seen that the tension crack ratios of clump model specimens were
decreased as radius was increased. The reason for this was that, by the propagation of tensile crack along axial
direction, the structural properties of clump deviated stress path from maximum principal stress direction
resulting in shear failure. The influence of the variation of particle size on the propagation path microcracks in
ball model specimen was not clear and tensile crack ratio was stabilized. The UCS/TS of clump model speci-
mens was significantly increased as radius was increased, while that of ball model specimens was only slightly
influenced by particle radius.

Mechanical parameter values effects. Radius ratio of R ;,:R .= 1:1.5 was adopted for clump and ball models.
Using meso-mechanical parameter values given in Table 1, the value of one parameter was changed keeping con-
stant the remaining parameters. In similar parameter variation ranges, the influences of parallel bond stiffness
ratio k, /k,’, parallel bond modulus E’, parallel bond cohesion ¢, and parallel bond tensile strength g, on uniaxial
compressive tensile and strengths as well as UCS/TS were evaluated.

Simulation results obtained for ball model are shown in Fig. 8. By the increase of parameter values, uniaxial
compressive and tensile strengths were increased and UCS/TS was stabilized. After the calculation of parameter
variations of ball model, it was revealed that each parameter had a certain effect on UCS/TS with the effect of
parallel bond modulus E" being the strongest. However, after a certain parameter value was reached, its effect
on UCS/TS was decreased; this was very obvious when parallel bond stiffness ratio k, 7k, of 1.6 was achieved.

Clump model simulation results are shown in Fig. 9. The parallel bond cohesion ¢, and parallel bond tensile
strength o, obviously affected the UCS/TS of clump model with parallel bond tensile strength o, having the
strongest effect. By increasing the parallel bond tensile strength g, UCS/TS was decreased. Parallel bond stiffness
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Figure 9. The effects of meso parameters on macro mechanical parameters of clump model specimens. (a)
Uniaxial compressive strength, (b) tensile strength, (c¢) UCS/TS.

ratio k,/k,” did not have significant effect on clump model UCS/TS. However, it had a certain effect on model
fracture mode.

Parameter comparison revealed that all parameters had certain effects on rock macroscopic mechanical
properties. However, it was observed that UCS/TS changes were not obvious with the parameter within a certain
parameter range by comparing the Ball model with the Clump model. It was also witnessed that particle size and
shape had the strongest effect on rock mechanical properties under compression and tension while construct-
ing particle flow models for various rocks (such as shale, mudstone and sandstone) while model mechanical
parameters can only play a role of fine adjustment.

Meso fracture characteristics of granite

Mechanical properties of granite. Granite samples were collected from — 1080 m horizontal working
face of Xincheng Gold Mine in Shandong Province. Rock masses were uniform with good overall integrity. Test
specimens were processed into 50 mm x 100 mm cylindrical and ¢50 mm x 25 mm disc specimens, and the
center of fracture specimens were hydraulically cut on the basis of the complete specimen to obtain cracked
granite specimens. Type A cylindrical specimens had double cracks and type B cylindrical specimens had single
cracks. The crack length of the uniaxial cylinder specimen and the Brazilian disk specimen was 25 mm. The
angle between the crack and the horizontal direction of the cylinder and disk specimens is  and y. The accuracy
of machining met the recommended test specifications of International Rock Mechanics Society. The uniaxial
compression and Brazilian splitting tests were performed on a GAW-2000 microcomputer controlled electro-
hydraulic servo rigid pressure tester (Chaoyang Test Instrument Co., Ltd). Granite samples and laboratory test
conditions are presented in Fig. 10. Mechanical parameters of specimens were calculated, as summarized in
Table 2.
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(b)

Figure 10. Granite samples and laboratory test conditions, (a) granite samples, (b) uniaxial compression test,
(c) Brazilian splitting test.

Uniaxial compression test Brazilian splitting test

Type | Crackanglep/° | UCSo/MPa |Type | Crackangley/° |TSo/MPa
N - 138.73 S-N - 11.85
A-35 35 48.03 S-0 0 4.97

A-45 45 60.68 S-40 |40 4.07

B-35 35 47.87 S-60 |60 227

B-45 45 56.58 S-90 |90 3.11

Table 2. Mechanical parameters of specimens.

Calibration of particle flow model parameters. Numerical simulation of Brazilian disc splitting and
uniaxial compression test were conducted by particle flow PFC? software using variable radius proportional
clump model. Numerical calculation model size was the same as that of laboratory test. Figure 11 shows the
schematic diagram of clump model. Pebble numbers of uniaxial and Brazilian clump models were 14,616 and
4986, respectively. During parameter calibration, granite particle flow model was adjusted according to the par-
ticle size and mechanical parameter effects on UCS and TS. Based on the laboratory results of granite compres-
sive and tensile strengths, clump R,,;, was determined to be 0.6 mm. Mechanical parameter values in Table 1
were fine-tuned by taking the impacts of cohesion ¢, and tensile strength o, on clump model UCS/TS and paral-
lel bond stiffness ratio k, /k," on fracture mode into consideration. Model mechanical parameters were calculated
as given in Table 3.
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100mm

(a) Cylindrical clump model (2) Disc clump model

Figure 11. Diagram of clump model. (a) Cylindrical clump model, (b) disc clump model.

Parameters Value | Parameters Value
Ball R, ;,/mm 0.26 Parallel bond modulus E*/Gpa 2.0
Ball radius ratio Ry,iy:Rinax 1.5 Particle stiffness ratio k,*/k* 2.5
Ball stiffness ratio k,/k 2.0 Parallel bond tensile strength g,/Mpa | 32
Ball friction coefficient y 0.2 Parallel bond cohesion c,/Mpa 24
Clump R,,;,/mm 0.6 Particle friction coefficient y* 0.2
Clump radius ratio R;;:Riay 1.5 Friction angle f/° 32

Table 3. Model mechanical parameters.
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Table 4. Uniaxial compression test results of type N granite specimen.
Uniaxial compression test results. The stress-strain curves and final fracture modes of uniaxial com-
pression laboratory test and numerical simulation are summarized in Tables 4 and 5.

Table 4 illustrates that the numerical simulation stress—strain curve of type N granite specimen agreed well
with laboratory test stress—strain curve. The uniaxial compressive strength of laboratory test was 135.86 MPa
and that of numerical simulation was 141.39 MPa, with a relative error of 4.07%. The uniaxial peak strain was
0.76% in laboratory test and 0.72% in numerical simulation, with a relative error of 5.26%. The elastic modulus of
laboratory test was 19.88 GPa, and that of numerical simulation was 20.47 GPa, with a relative error of 2.91%. At
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Table 5. Uniaxial compression test results of cracked granite specimens.

the same time, axial stress was rapidly decreased after a peak value and samples lost their stability and exhibited
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Table 6. Brazilian splitting test results of type S-N granite specimen.

typical brittle properties. The fracture mode of numerical simulations was splitting along loading axis, which
complied with laboratory result.

Table 5 shows that the numerical simulation stress-strain curves agreed well with laboratory test stress—strain
curves of type B-35, type A-45 and type B-45 cracked specimens. As for type A-35 cracked specimen, the uniaxial
peak strain of laboratory test was 0.42%, the peak strain of numerical simulation was 0.47%, with a relative error
0f 11.90%. For type A-35, type B-35 and type A-45 cracked specimens, the crack propagation mode of numerical
simulation was very close to that of the laboratory test. However, for type B-45 cracked specimen, the propagation
direction of the crack along the end point of the prefabricated crack in laboratory test and numerical simulation
was opposite, indicating that the agreement between the two was general.

Brazilian disc splitting test results and analysis. The stress-strain curves and final fracture modes of
Brazilian disc splitting test and numerical simulation are summarized in Tables 6 and 7.

Table 6 illustrates that the simulation stress—strain curve of type S-N cracked granite specimen agreed well
with laboratory test stress—strain curve. Laboratory and simulation tensile strength values were 11.85 MPa and
10.37 MPa, with a relative error of 12.49%. The uniaxial peak strain of laboratory test was 0.47% and the peak
strain of numerical simulation was 0.48%, with a relative error of 2.13%. The elastic modulus of laboratory test
was 2.66 GPa and that of numerical simulation was 2.25 GPa, with a relative error of 15.41%. At the same time,
simulation fracture mode was tensile failure along loading axis, and the final fracture mode was in good agree-
ment with the laboratory test result.

Table 7 shows that a good compliance was between simulation and laboratory curves and fracture modes of
type S-40 and type S-60 cracked granite disc specimens. There was a slight deviation between numerical calcu-
lation curve and laboratory test curve of type S-0 cracked specimen. The uniaxial peak strain of laboratory test
was 0.33% and the peak strain of numerical simulation was 0.38%, with a relative error of 15.15%. The cracks in
numerical simulation propagated from the center of the prefabricated crack down to the end of the specimen and
from a position about 6 mm away from the center of the prefabricated crack and expanded upward to the end of
the specimen. The crack in the laboratory test started from the center of the prefabricated crack and extended up
and down to the end of the specimen. As for type S-90 cracked specimen, the uniaxial peak strain of laboratory
test was 0.16% and the peak strain of numerical simulation was 0.21%, with a relative error of 31.25%. The elastic
modulus of laboratory test was 1.08 GPa and that of numerical simulation was 0.96 GPa, with a relative error of
11.11%. The fracture mode of the numerical simulation was generally consistent with that of the laboratory test.

Evolution law of local rupture and instability of surrounding rock in deep cavern

The fracture problem of surrounding rock under high stress has always been emphasized by geotechnical engi-
neering scholars*?%. Especially in the research of hydraulic fracturing and rock burst, and scholars are still
searching for new methods to reveal the fracture law.

Many excellent results have been achieved concerning the damage mechanisms of circular tunnel caverns
under different geological conditions. For example, Diederichs® applied a composite robust field yielding model
to nonlinear modeling of support design using a spalling limit to differentiate stress paths that lead to crack
propagation and spalling from those that incur stable microdamage prior to conventional shear failure at higher
relative confinements. Farahmand and Diederichs* investigated the evolution of damage and pore pressure
around two unsupported circular granite tunnels by using universal distinct element code (UDEC) to verify the
validity of the effective stress law for low porosity rock drainage peak strength by a series of biaxial compression
test simulations of the Terzaghi. Martin et al.? found that the rock damage criterion using friction parameters
significantly underestimated the depth of brittle damage, while the use of brittle parameters agreed well with
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Table 7. Brazilian splitting test results of cracked granite specimens.

field observations, and the Hoek-Brown brittle parameters could be used to estimate the depth of brittle dam-
age around the tunnel, the support demand load due to stress-induced damage, and the optimal geometry of
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(b)

Figure 12. Failure characteristics of roadway surrounding rock in Xincheng Gold Mine. (a) Plate cracking of
surrounding rock in roadway side, (b) the falling off of the surrounding rock after plate cracking.

the opening. Cai et al.? proposed a damage characterization method based on microseismic event monitoring
of rock masses near excavations and a damage-driven numerical model with microseismic data as input and
damage states described by fracture density. Naji et al.”” used an empirical method to evaluate the propensity of
occurrence of impact ground pressure, and the actual damage area of deep excavation was better predicted by
FLAC?® numerical simulation.

In view of the above analysis, it is of great scientific importance to construct a numerical calculation model
that conforms to the mechanical properties of the rock and to analyze the evolution of instability in deep caverns.
The analyses presented in this study focuses on the construction of an efficient and accurate engineering-scale
numerical calculation model based on the variable radius scale clump model construction method and the
selected mechanical parameters to simulate the mechanical response of the surrounding rock after excavation
of the horseshoe roadway. Therefore, whether the model based on clump particles can realistically replicate the
local instability evolution law of the high-stress horseshoe roadway surrounding rock after excavation is the
main topic of this study.

Engineering background. Xincheng gold mine is located in Jincheng Town, Laizhou City, Shandong
Province, China. The surface strata in the mining area are simple, mainly in the Fuyang formation of the Archean
Jiaodong Group and the Cenozoic Quaternary. Magmatic rocks are widely distributed in the mining area, mainly
composed of Linglong monzonitic granite and Guojialing granodiorite distributed in the footwall of the Jiao-Xin
main fault plane, and Mesozoic dikes such as lamprophyre and diorite porphyry in the mining area.

Xincheng Gold Mine has entered the stage of deep mining, and the mining depth is more than 1200 m. In
the process of deep mining, the ground stress is gradually intensified, and the surrounding rock of the roadway
will be locally deformed and destroyed with the increase of time, which will lead to the instability and collapse
of the surrounding rock of the roadway. On the 1080 m horizontal working face, 60 days after the excavation of
the prospecting roadway, the surrounding rock of the roadway appeared local fracture and plate crack failure,
as shown in Fig. 12.

Construction method of numerical model for deep cavern with gradual particle density. Ifthe
large-scale roadway model is established by the traditional modeling method, a large number of particles and
long calculation time are needed, and the calculation efficiency is difficult to be guaranteed. Therefore, the vari-
able radius proportional clump model was used to construct the deep cavern numerical model of graded particle
density considering the simulation accuracy and calculation efficiency. From the center of the cavern to the out-
side, the radius of Ball,,,;, and Ball,,,,, increases step by step, and the particle size ratio of large to small particles
is 1.5, and 7,;0:" max = Rinin:Rinax = 1.5. Within the radius of R, =5 m, r,,;, =26 mm, R, ;, =60 mm. Within the radius
of R,=10 m, r,;, =50 mm, R,;, = 120 mm. Within the radius of R;=15 m, r,,;;, =100 mm, R;, =240 mm. Within
the radius of R,=20 m, r,;,=160 mm, R;,=300 mm. In the range of L=50 m square shape, r,,;,=180 mm,
Riin =500 mm. The model generated by the method of numerical calculation of graded particle density is shown
in Fig. 13.

Based on the variable radius ratio clump model construction method, a numerical model of the deep cavern
with gradual particle density was constructed. In the area close to the project, the particles are denser, and the
particles can be enlarged in the far area to reduce the total number of particles. This model can improve the
computational efficiency of numerical simulation while meeting the accuracy required by engineering.

Numerical calculation model size and boundary conditions. Taking the roadway of Xincheng Gold
Mine as the engineering background, a two-dimensional numerical calculation model was established. The
boundary of the model is the square with a side length L =50.0 m. The radius of the semicircle of the upper part
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Figure 14. Diagram of numerical calculation model.

of the horseshoe tunnel cavern is R=3.0 m, the height of the lower part of the rectangle is H=1.5 m, the lateral
pressure coeflicient c=0.5, and the initial rock stress 0=100 MPa. A schematic diagram of the numerical calcula-
tion model is shown in Fig. 14.

To simulate the stress state in the area where the high-stress tunnel is located, the initial stress state was applied
to the model by wall servo. The servo mechanism establishes a relationship between velocity and stress, where
velocity is a function of pressure. The contact force on the wall needs to be monitored in the system, and when
the target force is not reached, the target stress is achieved by applying velocity to adjust the position of the wall
to achieve a squeeze or release effect.

Model parameters. Based on the sensitivity analysis of mesoscopic parameters and the agreement between
the numerical simulation of uniaxial compressive strength test and Brazilian disc splitting test and the indoor
test results, the parallel bond model was still used to calculate the mechanical parameters of high-stress tunnel
model as shown in Table 8.

Evolution law of deep surrounding rock local instability. After the tunnel excavation, due to the
excavation unloading and the pressure exerted by the overlying rock and soil, the surrounding rock breaks and
shows signs of instability and failure. In order to study the failure mechanism of high-stress surrounding rock,
the deep cavern numerical model with gradual particle density was calculated and solved, and the microscopic
characteristic indexes of roadway surrounding rock were analyzed, including stress field and microfracture field.
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Parameters Value
Ball stiffness ratio k,/k, 2.0
Ball friction coefficient y 0.2
Parallel bond modulus E¥/Gpa 2.0
Particle stiffness ratio k,*/k;* 2.5

Parallel bond tensile strength ¢,/Mpa 32

Parallel bond cohesion ¢,/Mpa 24
Particle friction coefficient y* 0.2
Friction angle f/° 32

Table 8. Mechanical parameters of surrounding rock in deep cavern.

Figure 15. Diagram measuring circle.

Evolution law of stress field. In order to understand the failure mechanism of excavation face, the deformation
and stress of rock mass were monitored in the process of simulation, and the command of measuring circle was
used. This command can measure the stress, displacement, voidage, rotation angle and other parameters of the
particles defined in the measuring circle. No. 1-72 measuring circles were set on the roadway vault and the two
sides, and the arrangement is shown in Fig. 15.

In the process of roadway excavation, the stress field distribution can be used to express the characteristics
of stress change, as shown in Fig. 16. The stress field consists of the principal stress values and their principal
directions in each measuring circle, where the length of the line represents the relative magnitude of the prin-
cipal stress.

Figure 16 illustrates that the direction of the large principal stress was approximately parallel to the empty
face of the roadway, the direction of the small principal stress was approximately perpendicular to the empty
face of the roadway. The overall stress state of the surrounding rock of the roadway was arched.

After 1000 steps of simulated excavation, the maximum principal stress increased gradually from near to far
from the open face of the roadway, and the stress state of the surrounding rock far exceeded the strength of the
surrounding rock, which was easy to cause damage, as shown in Fig. 16a.

After 2000 steps of simulated excavation, the maximum principal stress of the two sides of the roadway
showed a decreasing trend, and there was a fracture zone in the arch foot and vault of the roadway, as shown
in Fig. 16b.

After 4000 steps of simulated excavation, the maximum principal stress of the two sides of the roadway con-
tinued to decrease, and the fracture zone of the arch foot and vault of the roadway increased, as shown in Fig. 16c.

After 6000 steps of simulated excavation, the maximum principal stress of the two sides of the roadway
continued to decrease, and the maximum principal stress of the outside of the left arch foot and the upper part
of the right arch increased obviously, as shown in Fig. 16d.

After 8000 steps of simulated excavation, the rock mass in the fracture zone of the left wall and the right
vault of the roadway was relatively broken, and the maximum principal stress in the upper part of the right vault
continued to increase, as shown in Fig. 16e.

After 10,000 steps of simulated excavation, the maximum principal stress of the two sides of the roadway
and the vault was the smallest, and the maximum principal stress of the upper part of the right vault was the
largest, as shown in Fig. 16f.
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Figure. 16. Stress distribution after simulated excavation.

Local fracture law.  Local fracture law is the main manifestation of the progressive failure of surrounding rock.
The initiation, propagation, aggregation and interaction of microcracks reduce the mechanical properties of
rock mass, and finally form macroscopic cracks. When the interparticle stress is greater than the bond strength,
the bond is destroyed and microcracks are formed. The deformation law of the simulated crack after excavation
is shown in Fig. 17.

After 1000 steps of simulated excavation, cracks first appeared at the two arch feet and the vault, as shown
in Fig. 17a.

After 2000 steps of simulated excavation, the microcracks in the arch foot and vault continued to develop,
and the cracks gradually increased, propagated and accumulated, as shown in Fig. 17b.

After 4000 steps of simulated excavation, the triangular fracture zone began to appear in the left wall of the
roadway, and the thickness of the fracture area was about 0.5R. The cracks in the right vault increased and gath-
ered, and began to produce scattered particles, as shown in Fig. 17c.

After 6000 steps of simulated excavation, the triangular fracture zone in the left side wall of the roadway
expanded, and the thickness of the fracture zone was about 0.6R. The cracks in the right arch continued to
increase and gather obviously, as shown in Fig. 17d.
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Figure. 17. Expansion law of crack after simulated excavation.

After 8000 steps of simulated excavation, the scattered particles increased, the triangular fracture zone in the
left wall of the roadway continued to expand, the thickness of the fracture area was about 0.8R, the rock mass
in the fracture zone was relatively broken, and the boundary of the rupture area of the right vault was clear. and
has gradually moved away from the cavern outline and moved inward, as shown in Fig. 17e.

After 10,000 steps of simulated excavation, an obvious shear zone appeared along the boundary of the tri-
angular fracture zone in the left wall. The distribution of the crack propagation zone was concentrated in the
triangle area, and the thickness of the fracture zone was about 1.0R. The thickness of the fracture zone of the
right vault was about 0.8R, and the crack boundary of the fracture zone was relatively clear, as shown in Fig. 17f.

Although the surrounding rock of the roadway in Xincheng Gold Mine is mainly relatively hard granite, the
surrounding rock of the roadway appeared the phenomenon of local instability and fracture under the condi-
tion of high ground stress. Especially in the roadway vault and helper, there is an obvious shear failure area, as
shown in Fig. 18.

The numerical simulation results showed that the failure form of the surrounding rock was mainly brittle
failure, and the rupture area of the right vault of the roadway was obvious. There was an approximate triangular
fracture zone on the left wall of the roadway, and the failure area did not extend to the deep part of the sur-
rounding rock of the roadway. In the actual project, the shape and depth of the fracture zone of the right vault
and left side wall of the roadway were basically the same as the results of numerical simulation for a period of
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(b)

Figure 18. Failure characteristics of surrounding rock of deep roadway. (a) shear failure of surrounding rock in
roadway vault, (b) local failure of roadway side.

time after construction. The numerical calculation model of gradual particle density proposed in this paper can
reasonably reflect the local instability and fracture characteristics of the surrounding rock of high-stress cavern,
and the calculation results can provide reference for the actual roadway construction.

Conclusion

1. A construction method of variable radius proportional clump model was proposed with particle flow method.
Comparison of the UCS/TS of ball and clump particle structures with different particle size variations and
meso-mechanical parameters revealed that, it was slightly influenced by meso-mechanical parameters. Ball
model was also slightly influenced by particle size but clump model was highly influenced by particle size
and proportion.

2. Using the proposed variable particle size ratio clump model, simulation and laboratory compressive and
tensile fracture modes and strength curves were compared. The obtained results revealed good compliance
between laboratory and simulation findings. When constructing particle models for other rock types, clump
particles could be adjusted to reflect different compressive and tensile mechanical properties.

3. Based on the proposed variable particle size ratio clump model construction method, the numerical model
of deep cavern with gradual particle density was constructed. Comparing the numerical simulation results
with the engineering practice, the damage phenomenon of the roadway vault and sidewall was very close.
The gradual particle density numerical model can reasonably reflect the failure law of the surrounding rock
in high-stress cavern.

Data availability
The datasets used or analyzed during the current study are available from the corresponding author on reason-
able request.

Received: 30 September 2021; Accepted: 8 February 2022
Published online: 22 February 2022

References

1. Liu, Y, Dai, E. & Pei, P. A wing-crack extension model for tensile response of saturated rocks under coupled static-dynamic loading.
Int. J. Rock Mech. Min. Sci. 146, 104893 (2021).

2. Okewale, I. A. & Grobler, H. Inherent complexities in weathered rocks: A case of volcanic rocks. Rock Mech. Rock Eng. https://doi.
0rg/10.1007/s00603-021-02569-x (2021).

3. Qiao, W. et al. Deep learning-based pixel-level rock fragment recognition during tunnel excavation using instance segmentation
model. Tunn. Undergr. Space Technol. 115, 104072 (2021).

4. Zhang, S., Chen, L., Lu, P. & Zhang, Y. Analysis of the energy and damage evolution rule for sandstone based on the particle flow
method. Mech. Time-Depend. Mater https://doi.org/10.1007/s11043-021-09499-9 (2021).

5. Yang, J., Shi, C., Yang, W., Chen, X. & Zhang, Y. Numerical simulation of column charge explosive in rock masses with particle
flow code. Granul. Matter 21, 96 (2019).

6. Zhou, J., Zhang, L., Pan, Z. & Han, Z. Numerical investigation of fluid-driven near-borehole fracture propagation in laminated
reservoir rock using PFC2D. J. Nat. Gas Sci. Eng. 36, 719-733 (2016).

7. Sun, L., Zhang, L., Cong, Y., Song, Y. & He, K. The meso-fracturing mechanism of marble under unloading confining pressure
paths and constant axial stress. Sci. Rep. 11, 17835 (2021).

8. Liu, T. et al. Cracking process and stress field evolution in specimen containing combined flaw under uniaxial compression. Rock
Mech. Rock Eng. 49, 3095-3113 (2016).

9. Scholtes, L. & Donze, E-V. A DEM model for soft and hard rocks: Role of grain interlocking on strength. J. Mech. Phys. Solids 61,
352-369 (2013).

Scientific Reports |

(2022) 12:2994 | https://doi.org/10.1038/s41598-022-06833-0 nature portfolio


https://doi.org/10.1007/s00603-021-02569-x
https://doi.org/10.1007/s00603-021-02569-x
https://doi.org/10.1007/s11043-021-09499-9

www.nature.com/scientificreports/

10. Bahrani, N. & Kaiser, P. K. Estimation of confined peak strength of crack-damaged rocks. Rock Mech. Rock Eng. 50, 309-326 (2017).

11. Shi, C., Yang, W,, Yang, J. & Chen, X. Calibration of micro-scaled mechanical parameters of granite based on a bonded-particle
model with 2D particle flow code. Granul. Matter 21, 38 (2019).

12. Xu, J. et al. Research on crack evolution law and macroscopic failure mode of joint Phyllite under uniaxial compression. Sci. Rep.
11, 4196 (2021).

13. Abierdi, et al. Laboratory model tests and DEM simulations of unloading-induced tunnel failure mechanism. CMC-Comput. Mat.
Contin. 63, 825-844 (2020).

14. Peng, C., Liu, W. & Wang, Z. Parameter checking method of large scale particle model. Geotech. Geol. Eng. 39, 1533-1540 (2021).

15. Li, C, Li, X. & Liang, L. Dynamic response of existing tunnel under cylindrical unloading wave. Int. J. Rock Mech. Min. Sci. 131,
104342 (2020).

16. Ouyang, Y., Yang, Q. & Chen, X. Bonded-particle model with nonlinear elastic tensile stiffness for rock-like materials. Appl. Sci.
Basel 7, 686 (2017).

17. Cho, N., Martin, C. D. & Sego, D. C. A clumped particle model for rock. Int. J. Rock Mech. Min. Sci. 44, 997-1010 (2007).

18. Potyondy, D. O. & Cundall, P. A. A bonded-particle model for rock. Int. J. Rock Mech. Min. Sci. 41, 1329-1364 (2004).

19. Yoon, J. S., Zang, A. & Stephansson, O. Simulating fracture and friction of Aue granite under confined asymmetric compressive
test using clumped particle model. Int. J. Rock Mech. Min. Sci. 49, 68-83 (2012).

20. Shi, C,, Li, D., Chen, K. & Zhou, J. Failure mechanism and stability analysis of the Zhenggang landslide in Yunnan Province of
China using 3D particle flow code simulation. J. Mt. Sci. 13, 891-905 (2016).

21. Zhao, J., Feng, X.-T,, Yang, C., Zhou, Y. & Zhang, Y. Study on time-dependent fracturing behaviour for three different hard rock
under high true triaxial stress. Rock Mech. Rock Eng. 54, 1239-1255 (2021).

22. Zhao, N. & Jiang, H. Mathematical methods to unloading creep constitutive model of rock mass under high stress and hydraulic
pressure. Alex. Eng. J. 60, 25-38 (2021).

23. Diederichs, M. S. The 2003 Canadian Geotechnical Colloquium: Mechanistic interpretation and practical application of damage
and spalling prediction criteria for deep tunneling. Can. Geotech. J. 44, 1082-1116 (2007).

24. Farahmand, K. & Diederichs, M. S. Calibration of coupled hydro-mechanical properties of grain-based model for simulating
fracture process and associated pore pressure evolution in excavation damage zone around deep tunnels. J. Rock Mech. Geotech.
Eng. 13, 60-83 (2021).

25. Martin, C. D., Kaiser, P. K. & McCreath, D. R. Hoek-Brown parameters for predicting the depth of brittle failure around tunnels.
Can. Geotech. J. 36, 136-151 (1999).

26. Cai, M., Kaiser, P. K. & Martin, C. D. Quantification of rock mass damage in underground excavations from microseismic event
monitoring. Int. J. Rock Mech. Min. Sci. 38, 1135-1145 (2001).

27. Naji, A. M., Emad, M. Z., Rehman, H. & Yoo, H. Geological and geomechanical heterogeneity in deep hydropower tunnels: A rock
burst failure case study. Tunn. Undergr. Space Technol. 84, 507-521 (2019).

Acknowledgements

This research was supported by the National Key R&D Projects (Grant No. 2017YFC1503101), National Natural
Science Foundation of China (Grant No. 51704144) and Liaoning Revitalization Talents Program (Grant No.
XLYC1807107).

Author contributions

Y.A. and C.S. completed laboratory tests, numerical simulation tests and writing. C. S. and B. J. provided research
ideas and overall control of the paper. Y.A. and J.Z. completed the grammar checks and content review. All
authors reviewed the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to C.S.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2022

Scientific Reports |

(2022) 12:2994 | https://doi.org/10.1038/s41598-022-06833-0 nature portfolio


www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Meso fracture characteristics of granite and instability evolution law of surrounding rock in deep cavern
	A clump structure with variable radius ratios and parameters
	Basic principle of particle flow code. 
	Parallel bond model and clump structure. 
	Construction of clump model with variable radius ratios. 
	Clump model parameters. 
	Particle size effects. 
	Mechanical parameter values effects. 


	Meso fracture characteristics of granite
	Mechanical properties of granite. 
	Calibration of particle flow model parameters. 
	Uniaxial compression test results. 
	Brazilian disc splitting test results and analysis. 

	Evolution law of local rupture and instability of surrounding rock in deep cavern
	Engineering background. 
	Construction method of numerical model for deep cavern with gradual particle density. 
	Numerical calculation model size and boundary conditions. 
	Model parameters. 
	Evolution law of deep surrounding rock local instability. 
	Evolution law of stress field. 
	Local fracture law. 


	Conclusion
	References
	Acknowledgements


