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NUMERICAL INVESTIGATION OF THE INFLUENCE OF CIRCULAR FILLINGS
ON THE FAILURE MECHANISM IN SAMPLES CONTAINING NONPERSISTENT JOINTS
UNDER SHEAR LOADING CONDITIONS

Y. Zhou,? J. W. Fu,” D. C. Wang,” H. Haeri,"! UDC 539.3
L. J. Sun,® and C. L. Guo®

In the current research, the influence of filling on the failure mechanism of nonpersistent joints under
applied shear stress has been scrutinized using particle flow code (PFC2D). Additionally, the effects
of nompersistent joints on tunnel stability in jointed samples have been investigated. First, to
reproduce the concrete specimen, PF2D was calibrated. The modeled samples with dimensions of
100x 100 mm were numerically solved. The notch lengths were 15, 10, and 5 mm. The circular filling
was situated in the middle part of the model, and the filling diameter was 30 mm. Gypsum materials
have been employed to study the filling of modeled samples. The flat joint model was used for
calibration. The tensile strengths of the concrete and gypsum samples were 3.4 and 1.4 MPa,
respectively. Finally, shear tests were carried out on nine models. A shear load of 0.001 mm/sec was
applied until the model’s failure occurred. The results indicated that for fixed notch lengths and under
normal loading conditions, shear cracks were induced in the filling layer. The tensile cracks were
initiated from the original crack (joint) tips and extended within the model until coalescence with
other joints and extended toward the model’s boundaries. The maximum shear displacements
accompanied by the shear strengths of the models increased with decreasing joint filling for the fixed
notch lengths.
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Introduction. The nonpersistence joints dominate most rock masses where the engineering structures are
based and excavated through them and have affected tunnel stability. The bridge areas (the distance between two joints)
are the intact rock portions left between the joints in large rock masses, and the nonpersistency of joints is due to these
versatile phenomena. Therefore, due to the pivotal effect of joint size (persistence) on the rock mass strength, it should
be evaluated precisely during field surveys [1]. A combined shear plane could generally form during the model’s failure
due to the interactions of nonpersistent joints in the sample [2, 3]. In the damage zones of natural faults, nonechelon
joints are the main fractures that exist in parallel fractures [4]. Several shear planes and failure zones may pass through
bridge areas (the distance between two joints) in a large rock mass due to vast natural geometries and loading
environments. These circumstances substantially affect the shear behavior of the fault planes within a rock mass [5, 6].
In the literature, several numerical and experimental studies have considered the mechanism of shear failures in rock
specimens due to the roughness of persistent joint planes based on many circumstances [7—15]. Nevertheless, few
researchers have investigated the mechanism of shear failure in rock masses, considering the effects of rock bridges
and nonpersistent joints. In some previous experimental research, the embedded joints were modeled by edge notches,
and the samples included exact joint configurations with different parameters [15]. Therefore, rock-like and artificial
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materials were used to model the natural rock masses. However, mechanical characteristics such as internal friction
angles and inherent shear strength and those of joints such as friction, infilling, and joint cohesion in rocks have been
studied considering various loading circumstances and different geometries of individual joints and joint sets within a
rock mass [5, 16-22]. On the other hand, several numerical methods have been applied to model the failure behavior
of rock masses, considering the effects of nonpersistent joints and bridge areas on tunnel stability. In this work, the
influence of filling on the failure mechanism of nonpersistent joints under applied shear stress was scrutinized using
the code PFC2D. In the first section, the determination of micro parameters is described. Then, shear test simulation
on the nonpersistent notch is introduced. The final section describes the results of the numerical simulation.

1. PFC Software. The Itasca consulting group implemented the discrete element method in the code PFC2D
to solve many geo-mechanical problems in various engineering fields [23]. In this approach, the rock samples are
assumed to be circular discs in contact with one another to produce the material models in the form of particle
assemblies. These discs are of finite thicknesses and linked to one another by frictional bonds and cohesive properties
related to their associated geomaterials [23]. The basic linear elastic models describe the displacements and forces at
the contact points of the disc particles in the assembly, considering the boundary conditions and geometries of the
geomaterial samples. During the loading process, tensile cracks are generated in the modeled assembly when the tensile
strength of the bonds is exceeded. Additionally, shear cracks may be produced when the shear stresses surpass the shear
strength of the bonds in the geomaterial assembly. The rotation of the discs may also cause anti-plane shearing in the
particle assembly and produce shear cracks in the modeled sample. However, tensile failure at the contact points is
dominant (Fig. 1). After its occurrence, the shear strength at the contact surfaces declines to that of the residual shear
strength of the geomaterials, and shear cracks are then produced in the assembly (Fig. 2) [24, 25].
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Fig. 1. Illustration of the bond yield process.

2. PFC Models for Rock Bridge and Filling Material Simulations.

2.1. Adjustment of Microparameters of Geomaterials. Indirect Brazilian tensile strength and unconfined
compressive strength tests were performed on concrete specimens and gypsum as the main filling material to calibrate
the PFC models in this research [16, 17]. The standard calibration algorithm proposed by Potyondy and Cundall [24]
and the microparameters given by Ghazvinian et al. [16] were adopted to calibrate the geomaterial specimens and
provide the calibrated particle assemblies for PFC models with rock bridges. The numerical results for the compression
tests modeled in PFC are given in Fig. 2a. The tensile and shear cracks are represented by the black and red lines,
respectively, in this figure. The tensile cracks are induced in the model and propagate as occurred in the valid
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experimental tests. The experimental Brazilian test results and their corresponding numerical modeling results are
indicated in Fig. 2b and 2c, respectively. Excellent conformity exists between the numerically simulated test results
and experimental tests.
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Fig. 2. Simulation of concrete (a—c) and gypsum (f-g) compression behavior: (a) numerical test; (b) experimental
Brazilian disk test; (c) numerical simulation of case (b); (d) experimental compression test; (e) numerical simulation

of compression test; (f) experimental Brazilian disk test on gypsum; (g) numerical simulation of case (f).

The mechanical specifications extracted from the numerical simulation are compared with the experimental
results and are tabulated in Table 1. The results indicate acceptable conformity between the results of the experiments
and simulations. The uniaxial and Brazilian tests were simulated numerically to calibrate the filling material. The
experimental tests of uniaxial compression on the cylindrical specimens of geomaterials are given in Fig. 2d. On the
other hand, Fig. 2e demonstrates the results of the numerically simulated models by PFC2D. The results for Brazilian
tests and their corresponding numerically modeled discs are given in Fig. 2f and 2g, respectively. It is concluded that
all numerically modeled results conform to their experimental tests performed in the laboratory. Finally, a complete
comparison between the simulation and experimental results is accomplished and tabulated in Table 1, which indicates
excellent agreement between these two sets of results. Based on these calibrations, the concrete and gypsum specimens
were chosen for rock bridge materials and filling material, respectively.
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TABLE 1. Mechanical Properties of the Materials under Study

Concrete (rock bridge) Numerical output Experimental result
Uniaxial compressive strength (MPa) 374 37.2
Young modulus (GPa) 19.3 19.1
Tensile strength (MPa) 34 33

Gypsum (filling) Numerical output Experimental result
Uniaxial compressive strength (MPa) 7.4 7.2
Young modulus (GPa) 9.3 9.1
Tensile strength (MPa) 1.4 1.3

TABLE 2. Numerical Models with Different Filling and Notch Configurations

Filling Notch length (mm)
number 5mm 10 mm 15mm
Shear Movement
diregtion,
VETTT L
1
TShteaI' I\EIOI/eImeTmI
direction
2
3

2.2. Model Preparation Using Particle Flow Code. The appropriate rectangular models are prepared for
PFC2D. These models properly simulate the concrete specimens using the calibrated microparameters, and shear tests
have been simulated after the calibration of PFC2D (Table 2). The dimensions of the PFC specimen were 10X10 cm.
To prepare for the shear test condition, two horizontal particle bands have been omitted from the top and bottom of the
modeled assembly. Then, to create the nonpersistent joint, two narrow vertical bands of particles are removed from the
model (Table 2). The circle space, filled with gypsum filling material, was removed from the middle part of the model.
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The filling diameter was 30 mm, and in a constant filling diameter, the filling number was different, i.c., 1, 2, and 3
(Table 2). These models are loaded under shear loading, and the shear force was obtained from the recorded reaction
forces on the upper wall of the model. The normal pressure was 3 MPa (o./3).

3. Numerical Simulation Results.

3.1. Failure Pattern in the Numerical Model. Figures 3-5 illustrate the failure pattern of filling and the rock
bridge for various notch lengths and filling numbers. However, in these figures, the induced tensile and shear cracks
are indicated by red and black lines, respectively.

3.1.1. One Filling. When the notch length was 15 mm (Fig. 3a), shear cracks were initiated within the gypsum
filling under normal loading. By initiating the shear displacement, both the shear cracks and tensile cracks expanded
in the rock bridges and brought the model to failure. Shear cracks were initiated in the final stage of shear loading near
the peak shear stress, and the number of tensile cracks exceeded the number of shear cracks. These failure processes
occurred for another notch length (Fig. 3b and 3c¢).

a b c
Fig. 3. Failure pattern of filling and rock bridge with notch length of 15 mm (a), 10 mm (b),

and 5 cm (c); one filling.

3.1.2. Two Fillings. When the notch length was 15 mm (Fig. 4a), shear cracks were initiated within the gypsum
filling under normal loading. By initiation of the shear displacement, both the shear cracks and tensile cracks expanded
in bridge areas and brought the model to failure. It should be noted that some tensile fractures were expanded from the
model edge due to normal loading influence. These failure processes occurred for other notch lengths (Fig. 4b and 4c).

a b c
Fig. 4. Failure pattern of filling and rock bridge with notch length of 15 mm (a), 10 mm (b),

and 5 cm (c); two fillings.
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3.1.3. Three Fillings. When the notch length was 15 mm (Fig. 5a), shear cracks were initiated within the
gypsum filling under normal loading. By initiation of the shear displacement, both the shear cracks and tensile cracks
expanded in bridge areas and brought the model to failure. Shear cracks were initiated in the final stage of shear loading
near the peak shear stress. Note that some tensile fractures were expanded from the model edge due to the normal
loading effect. These failure processes occurred for other notch lengths (Fig. 5b and 5c).

a b c
Fig. 5. Failure pattern of filling and rock bridge with notch length of 15 mm (a), 10 mm (b),
and 5 cm (c); three fillings.

3.2. Crack Growth Patterns Shown in the Ross Diagrams. Figures 68 illustrate the related Ross diagrams
of the crack growth patterns considering all configurations of the notched model samples. In these analyses, the
microcrack inclination angles changed from 10 to 170 degrees. By decreasing the notch length, the number of
microcracks with angles of 10 and 170 degrees declined.

180

Fig. 6. Crack growth patterns using a Ross diagram for notch lengths of 15 mm (a), 10 mm (b),

and 5 cm (c); one filling.
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Fig. 7. Crack growth patterns using a Ross diagram for notch lengths of 15 mm (a), 10 mm (b),

and 5 cm (c); two fillings.
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Fig. 8. Crack growth patterns using a Ross diagram for notch lengths of 15 mm (a), 10 mm (b),

and 5 cm (c); three fillings.

3.3. The Influence of Bridge Area Length on the Shear Strength in the Fixed Value of Filling Width.
Figure 9 illustrates the effect of notch length on the shear strength of the numerical model for different values of filling
numbers. The results indicate that in the fixed value of the filling number, the shear strength declined by enhancing the
notch length. Based on fracture mechanics theory, by enhancing the notch length, the stress intensity at the tip of the

joint was enhanced. Moreover, in the fixed value of filling diameter, the shear strength declined by enhancing the filling
number.
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Fig. 9. Notch length on the shear strength for different filling numbers.
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3.4. Effect of Bridge Area Length on the Maximum Shear Displacement at a Fixed Value of Filling Width.
Figure 10 illustrates the effect of notch length on the maximum shear displacement of the numerical sample in the fixed
value of the filling number. The results indicate that in the fixed value of the filling number, by enhancing the notch
length, the maximum shear displacement declined. Furthermore, in the fixed value of filling diameter, the shear
displacement was reduced by enhancing the filling number.
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Fig. 10. Notch Iength effect on the maximum shear displacement for different numbers of fillings.

4. Discussion. When the notch length was 15 mm, shear cracks were initiated within the gypsum filling under
normal loading. By initiating the shear displacement, both the shear cracks and tensile cracks expanded in the rock
bridges and brought the model to failure. There were more tensile cracks than shear cracks, and shear cracks initiated
in the final stage of shear loading near the peak shear stress. These failure processes occurred for another notch length
when the filling was wide and fixed, and the shear strength was enhanced by enhancing the bridge area length. The
maximum shear displacement is reduced by enhancing the notch length. Moreover, in the fixed value of filling diameter,
the shear displacement declined by enhancing the filling number. These findings help researchers identify the shear
behavior of soft filling. The authors intend to study the shear behavior of hard filling under various normal loadings in
the future.

Conclusions. In the current research, by utilizing code PFC2D, the effects of filling and nonpersistent joints
on the failure mechanism and tunnel stability under shear loading have been studied. The results indicate the following:

1. At a fixed value of the filling number, by enhancing the notch length, the shear strength declined. Based on
fracture mechanics theory, by enhancing the notch length, the stress intensity at the tip of the joint is enhanced, which
leads to a decrease in the shear strength. Furthermore, in the fixed value of filling diameter, the shear strength decreased
as the filling number increased.

2. When the filling number is fixed, the maximum shear displacement declines by enhancing the notch length.
Moreover, in the fixed value of filling diameter, the shear displacement has been reduced by enhancing the filling
number.

3. In these analyses, the microcrack angles changed from 10 to 170 degrees as the notch angles and microcrack
numbers changed accordingly.
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