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Preexisting fracture network (PFN) is ubiquitous in natural rock mass and is one of the key factors affecting the mechanical
properties of rock mass. This research employed a combined approach of theoretical analysis and finite element numerical
simulation to investigate the mechanical behavior of PFN-containing rock mass. Based on the sliding crack model and fracture
mechanics theory, the initiation mechanism of closed and open cracks driven by compressive and shear stress was theoretically
analyzed. Rock mass models with different inclination angles () of PFN were built in Fast Lagrangian Analysis of Continua in
3 Dimensions. The complete stress—strain curves of rock mass and the secondary crack propagation were obtained. Results
indicated that the increase of 8 reduced the strength and elastic modulus of rock mass. When f is less than 45°, this influence
is more prominent. Based on the load-bearing capacity of PEN-containing rock mass, the stress—strain curves can be classified
into two types: type I curve has multipeak and is strain-softening in the postpeak stage when f is 15°, 30°, 45°, 60°, and 907
type II curve is unimodal and with brittle failure when 8 is 60° and 75°. Secondary crack propagation can be classified into
four main types: type I is the coplanar crack, type II is the wing crack around PFN, type III is the near-field wing crack, and

type IV is the macroscopic shear crack.

1. Introduction

Due to the active tectonic movement in history, many frac-
tures and cracks have been generated inside engineering
rock mass, and the fractures usually occur in groups in
nature (Figure 1). It is also known as preexisting fracture
network (PEN) or joint set. Blasting and excavation in rock
engineering may cause secondary crack initiation, propaga-
tion, and coalescence. The secondary crack developed from
PEN degrades the mechanical properties of rock mass and
weakens the relative sliding of coplanar fractures. It also
affects secondary crack coalescence and rock mass macrofai-
lure. The load-bearing ability of rock mass is the base of sup-
porting and mining design, and unexpected fracture
development is a potential threat to the safety of rock engi-
neering projects. Therefore, studying PFN development
and obtaining the mechanical prosperities of PFN-

containing rock mass are the prerequisites for the stability
analysis and support design of rock mass [1, 2].

The newly emerged crack in a rock mass can be called a
secondary crack, which is developed from a primary fracture
under compaction. Secondary crack propagation is listed as
one of the most fundamental issues in experimental and the-
oretical research in rock mechanics. Griffith studied the
growth of the preexisting 2D crack in 1924 [3]. Based on the
energy release rate and stress concentration during the crack
extension, Irwin introduced the adjustable uniform stress
and stress-intensity factor to quantitatively investigate crack
initiation conditions [4]. Then, many scholars researched
about secondary crack classification, the macroscopic
mechanical behavior of fractured rock mass, and the mechan-
ical model of crack propagation [5-7]. The location and
extension mode and the special relationship with the primary
crack are often used to classify the secondary crack [8, 9].
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F1GURE 1: PFN-containing rock mass.

The change in the inclination angle of PEN leads to an
increase in the heterogeneity of rock mass and affects the
distribution of the internal stress field [10]. The geometry
of PFN, including the number, size, opening, dip angle of
the fracture, and the width of rock bridge, is the critical fac-
tor that affects the mechanical properties of PFN-containing
rock mass and the secondary crack propagation [11, 12].
Preparing samples with natural PEN in the laboratory is dif-
ficult, so rock-like materials, such as gypsum, mortar, and
resin, are used to make specimens to represent rock, and
PEN can be introduced into the specimen by cutting or pre-
fabricating [13]. Digital photography and image processing
technologies are selected to observe surface crack details.
The Acoustic Emission source location, Computed Tomog-
raphy and X-ray scan, and Nuclear Magnetic Resonance
are also performed to investigate the 3D expansion, nucle-
ation and penetration, energy release, and special distribu-
tion of secondary crack development [14-17]. However,
rock-like material properties are significantly influenced by
ratio and curing age [18, 19]. In the current research, crack
arrangements are mostly collinear or vertical noncollinear.
The development of noncollinear PEN and the macrome-
chanical behavior of PFN-containing rock mass must be fur-
ther studied. The numerical simulation makes it possible to
analyze the dynamic development of the secondary crack
and its relationship with macroscopic stress—strain evolution
of rock mass with complex PFN [20-22]. In our research,
the theoretical analysis based on the sliding crack model
and numerical simulation is adopted to investigate the
mechanical properties of PFN-containing rock mass and
the secondary crack development.

2. Secondary Crack Initiation

2.1. Sliding Crack Model. The PEN in natural rock mass can
be classified into open and closed fractures. The type of frac-
ture produced by tensile stress, which is perpendicular to the
fracture surface, is called an open crack. For close fracture,
the gap between fractures is filled or the surface of the frac-
ture is shut. The secondary crack can be divided into three
types, which are wing, coplanar, and out-of-plan cracks
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(Figure 2). The wing crack is generated by tension, and it
develops along the direction of the maximum principal
stress, whereas the coplanar and out-of-plan cracks are pro-
duced by shearing [23].

Basista and Gross [24] proposed the sliding crack model,
which has been widely used to investigate the development
mechanism of the secondary crack in brittle or quasi-
brittle materials under compression [25, 26]. According to
the sliding crack model (Figure 3), the components of effec-
tive shear stress 7 on the primary fracture surface are nor-
mal stress 0, and shear stress 7. T.¢ can be calculated by the
following equation:

Tef =T = U 0y (1)

where y is the friction coefficient.

2.2. Closed Fracture. By applying uniformly distributed
stresses 0, and o; on the fractured rock mass, which con-
tains a closed primary fracture, ¢, and 7 on a closed fracture
surface with inclination angle f can be obtained
(Figure 3(a)).

0, =0, +cos’f+ 0y sin’p, (2)

0,03

T=—— sin (23). (3)

In the uniaxial compression, o5 =0, Equation (2) can be
simplified as follows:

0,=0, cos’B, 7= % sin (23). (4)

By introducing Equation (4) into Equation (1), the fol-
lowing equation can be obtained:

T (B) = 5 sin (28) ~ -0, cos’. (5)
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(a) Closed fracture

(b) Open fracture

FiGURE 3

The PFN with different inclination angle 7. is the driv-
ing force for the relative sliding among the closed fracture
surfaces and the secondary crack initiation at the tip of the
fracture. Sliding crack model theory indicates that the bear-
ing capacity of the fractured rock mass is the lowest when
T on the crack surface is the largest. The first derivative
of Equation (5) can be obtained.

(7 — arccot p). (6)

N~

B= % arccot (—p) =

Specifically, when a closed fracture surface is closed and
has no friction (¢ =0), 3 equals 45°, whereas f3 is greater
than 45° when y # 0. According to Equation (6), for the rock
mass with closed PEN, the inclination angle of the fracture
corresponding to the minimum strength should not be less
than 45°. Moreover, f3 increases as the friction coeflicient
of the closed fracture surface increases.

2.3. Open Fracture. The open primary fracture can be equiv-
alent to an elliptical fracture in a 2D plane [14]. Far-field
stress o) and o5 generate 0,, 0, and 7, on the crack surface.
o, and 0, are compressive stresses in the transverse and nor-
mal direction of the primary fracture, and 7, is the shear
stress. The coordinate system illustrated in Figure 3(b) can
be established by taking the center of the fracture as the
coordinate origin, and the vertical and parallel directions
of the fracture as the vertical and horizontal axes. Based on
elastic mechanic theory, o,, 0,, and 7, can be calculated
by the following equations:

0, =0, sin’f+0; cos’, (7)

0, =0, cos’f+ 0y sin’f, (8)
o, —0; |

Ty = 12 > sin (2). (9)

Around the open crack with inclination angle S5, the
stress field formed by the far-field compressive stress can
be regarded as the superposition of the three-component
stress fields in Equation (7), which can also be transformed

into the following equation under unconfined compression
conditions.

o,=0,sin’p,
0,=0, cos’ps, (10)
o
Tyy = 71 sin (23).
2.4. Stress Field Influence. The analytical solution of circum-

ferential stress around a fracture in an infinite plate under
unconfined compression is shown as follows:

" 1+2cos 2(60 + f) - 2m cos (23) — m*

0’ =
0= "% 1 — 2m cos 260 + m?

, (11)

where m=(a—0b)/(a+b) and 0 is the included angle of
clockwise rotation with the positive direction of the x-axis
as the starting position. When f8 equals 0, i.e., o, is perpen-
dicular to the fracture surface, oy can be calculated by the
following equation:

oo 1+2 cos 20 —2m — m?
Oy T —2m cos 20 + m?

(12)

The extreme value of oy can be obtained by taking the
first derivative of Equation (12) with respect to 6 and
substituting the value range of m as follows:

(96)min = T6lgsn = —0y- (13)

3+m
(ae)max = 09|6:0,7r =0, 1-m’ (14)
According to Equation (13), the maximum tensile stress
emerges at the end of the minor axis for the horizontal dis-
tributed elliptical fracture. When S8 is 90°, 0, is parallel to the
long axis of the fracture. o, can be concluded based on
Equation (11) as follows:

1 -2 cos 28 + 2m — m?

90 = 0x 1 - 2m cos 20 + m? (15)
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(a) The PFN and boundary conditions of rock mass model

(b) Numerical model (B =45")
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FiGure 4: Numerical model

Therefore, the extreme values of g, are presented in the
following, and o, generates a maximum tensile stress per-
pendicular to o, near the vertex, and its value is equal to
the transverse stress.

(Gﬁ)min = 09|9:0,7T =0y
3-m (16)
(Ge)max = 09|9=tn/2 =0y m .

Due to the low tensile strength of the rock, the shear
stress on the fracture surface cannot lead to type II failure.
Instead, a tensile wing crack is first formed at the tip of the
primary fracture, which leads to future macroscopic failure
[27]. When PFN is an open crack, the normal and lateral
compressive stress forms a high-stress concentration at the
boundary of PFN. For opening fractures with small S, the
normal and transverse compressive stresses can still form
tensile cracks even though shear stress cannot drive wing
crack initiation. This is the controlling factor for the reduc-
tion of the strength of the fractured rock mass. When S

of PFN-containing rock mass.

0 T T T T T T T

0 0.2

—— Numerical result
—— Experimental result

FIGURE 5: Parameter calibration.
increases to the point where shear stress can drive wing

crack initiation, the fractured rock mass failure can be qual-
itatively explained by the sliding crack model. In addition, o,
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TaBLE 1: The values of parameters used in the calculation.
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FIGURE 6: The complete stress-strain curves of PFN-containing rock mass with different f3.

and o, affect the initiation angle and propagation path of
microcracks, respectively.

3. Numerical Modeling

3.1. Model Establishment. Fast Lagrangian Analysis of Con-
tinua in 3 Dimensions (FLAC3D) is used to analyze the
influence of PEN inclination on the mechanical load-
bearing behavior of rock mass and the secondary crack
development in this study. PFN inclination refers to the
angle between the fracture and the horizontal direction.
The model size is 0.5m x 0.5m x 0.1 m. The PFN introduc-
ing and meshing are completed in ANSYS. The exported
nod information from ANSYS can be imported into
FLAC3D and rebuild the model. The primary fractures with
an opening width of 2 mm are established in the model. The
inclination angle f3 of the PFN of each model is set to 0, 15°,
30°, 45°, 60°, 75°, and 90° (Figure 4(a)). When =45, the
model is illustrated in Figure 4(b). Unconfined compression
is adopted in the simulation. The displacement-controlled
loading with the speed of 4 x 10~ mm/step is applied on
the top boundary of the model, and the displacement con-
straints are imposed on other boundaries. The interfaces
are added to the fracture surface to avoid zone embedding
(Figure 4(c)). The mesh size of the near field of PEN is
approximately 0.5mm, which is finer than other places to
restrain the calculation time and become further detailed
secondary crack propagation.

3.2. Parameter Calibration. In the numerical simulation, the
parameter value is essential for the calculation result. Hence,
the parameter calibration must be performed first [28]. In
this study, the parameter calibration target is the argillaceous
sandstone selected from Chongqing, China. The stress—
strain curve is obtained through the uniaxial compression
test (Figure 5). UCS o, is 23.61 MPa, the corresponding
strain ¢, for the peak stress is 1.06%, and the elastic modulus
is 4.5Gpa. The curve in the postpeak phase indicates that
this kind of argillaceous sandstone is type I rock. In
FLAC3D, the strain-softening model is used to describe the
nonlinear mechanical behavior by degrading the cohesion
and friction angle based on the plastic shear strain. Through
an iterative trial-and-error process, a numerical model con-
sistent with the mechanical properties of rock mass is
obtained (Figure 5). The parameter values used in the simu-
lation are presented in Table 1. The calibration shows that
the numerical stress-strain curve and shear breakage are
close to the experimental result, and the progressive failure
in the postpeak phase is similar. Therefore, the parameter
values can be used in the following simulation.

4. Test Results and Analysis

4.1. Stress-Strain Property. The morphology of the complete
stress—strain curve also changes as PEN inclination increases
(Figure 6). Morphology refers to the slope of the curve in the
prepeak stage, the number of stress peaks, and the stress
reduction in the postpeak phase. When f is 15°, 45°, 60°,
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FiGUure 7: The influences of 8 on the mechanical properties of rock mass.

and 90°, stress decreases slowly in the postpeak stage. Specif-
ically, when 8=90°, the strain hardening behavior is more
obvious after yielding. Accordingly, the model is ductile in
these situations. However, when f8 is 60° or 75°, the model
is more brittle. The stress drop rate in the postpeak stage
increases significantly. This kind of breakage is close to type
II rock failure. Hence, the complete stress—strain curves can
be divided into two types: type I curve has multiple stress
peaks and shows strain-softening characteristics in the post-
peak stage when 3= 15, 307, 45°, 60°, and 90°. Type I curve
is unimodal and with brittle failure in the postpeak stage
when f3=60° or 75°.

4.2. Strength and Elastic Modulus. Rock mass strength and
deformation before failure are the important parameters

for rock breaking and supportive design in rock engineer-
ing. The effect of PFN inclination on rock mass strength
and elastic modulus is shown in Figure 7(a). The &, and
B are approximately positively correlated. However, the
relationship between o, and f is nonlinear; when f =30°,
0, is the minimum value, which is 2.49 MPa; when $=0°
and 15°, o, is about 4.3 MPa; when f is greater than 30°,
0. becomes large as f increases. When B=90°, o, is
22.65MPa, and e, is 1.34%, which is close to the intact
rock. Therefore, when the long axis of PFN is parallel to
the loading direction (f8=90"), the decrease in strength is
minimal, and when f is small, the influence on the stabil-
ity of PEN-containing rock mass is significant. When S is
30°, it causes the greatest impact on the mechanical prop-
erties of rock mass.
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Ficure 8: Development of secondary cracks in the rock mass with 45° PEN.

B has less effect on the elastic modulus of rock mass than
that on UCS (Figure 7(b)). In general, the macroscopic elas-
tic modulus E of rock mass decreases when f is small. When
Bis 0° or 15°, E is 1.51 Gpa; when f is 30°, E is the smallest,
which is 0.84 Gpa. E increases as 3 increases. When 3 is 90°,
E reaches the maximum value of 3.79 Gpa, which is close to
the intact rock.

4.3. Secondary Crack Propagation. The propagation and
penetration of secondary crack are the most essential factors
affecting the load-bearing ability of rock mass. Secondary
crack development in the PFN-containing rock mass and
its relationship with the stress—strain curve when f3=45"is
shown in Figure 8. PFN crack initiation started in the early
stage of compaction and is composed mainly of coplanar
cracks (Figure 8(a)). As the load increases, coplanar cracks
(generated by adjacent fractures) penetrate (Figure 8(b))
and form wing cracks along the loading direction
(Figure 8(c)). Local crack propagation can lead to the insuf-
ficient fracture of the rock bridge, but the rock mass failure
does not occur. In the aforementioned stages, the secondary
crack is mainly a tensile crack. The rock mass loses its bear-
ing capacity when the primary fracture and the secondary
crack form the dominant fracture surface in it. The primary
fracture does not completely cut the rock bridge along the
main shear direction. The bearing capacity of model is not
completely lost. The stress rises in postpeak stage as can be
seen from Figure 8(f). In addition, due to the frictional slip-
page of the broken rock on the fracture surface, the rock still
has residual strength in the postpeak stage (Figure 8(g)).
The plastic zone development inside the PFN-containing
rock mass at different strains is illustrated in Figure 9. Rock

mass failure with different PEN inclination angles has some
common characteristics. Under compaction, the nonuni-
form distribution of internal stress leads to preferential
cracking at the ends and in the middle of fractures. Second-
ary crack growth is relatively independent of each other in
the early stage of compaction within a limited time and
space around the fracture (Figures 9(a), 9(q), and 9(u)).
The newly generated plastic zone is mainly tension failure
or tension-shear mixed failure within this stage. Rock block
movement is dominated by frictional slippage along the frac-
ture surface after the visible model damage (Figures 9(f)-
9(h). Therefore, the tensile failure of a plastic zone gradually
transforms into shear failure in the postpeak stage
(Figures 9(c), 9(g), 9(k), 9(0), 9(s), and 9(V)).

According to the location and growth of PEN, the sec-
ondary crack can be divided into the following four types:
type I is the coplanar crack that emerges in the rock bridge
along the long axis direction of the primary fracture. Type
IT is the boundary wing crack, which is arc-shaped and
formed around PEN. Its development direction is similar
to the loading direction. Type III is the near-field wing crack
that is approximately in the plane direction of PEN. The
development direction of type III crack is nearly perpendic-
ular to the normal direction of PFN. Type IV is the macro-
scopic shear crack that is formed by the convergence of
secondary shear cracks in a certain direction.

4.4. B Effect. Secondary crack development in PFN-
containing rock mass has some particularities as 3 changes.

(1) When S is 0°, the first damaged area is located in the
middle of the fracture, mainly tensile failure. The
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FIGURE 9: Failure of jointed rock mass.

vertical tensile crack in the middle of a horizontal and lower fractures in the vertical direction in
open fracture develops preferentially (Figure 9(a)), the early stage with the increasing load and then
which is consistent with the result of Equation (13). type II crack emerges (Figures 9(b) and 9(c)).

Type I crack expands and connects the upper Type IV single shear crack, which is oblique to



Geofluids

(2)

3)

(4)

(5)

Figure 10: Failure of the model when =90".

the loading direction, is formed and leads to rock
mass failure

When f is between 15° and 45°, type III crack is ini-
tiated preferentially and connects adjacent fractures
(Figures 9(e), 9(i), and 9(m). Subsequently, types I
and II begin to show up as compaction rises. Type
IV crack is mainly developed from the further
growth of type III crack (Figures 10(h), 10(1), and
10(p)). Types I and II develop almost simultaneously
when 5 =15 and 30° (Figures 9(f) and 9(j)). Type II
crack is formed and developed earlier than type I
fractures when f is 45° (Figures 9(m) and 9(n))

When 8 is 60° or 75°, secondary crack initiation
starts at € = 0.5%, which is slower than in other situ-
ations, and crack location is irregular (Figures 10(q)
and 10(u)). The macroscopic model failure is no lon-
ger dominated by type III crack but transforms into
multiple shear failures (Figures 10(s), 10(t), 10(w),
and 10(x)). PFN development when f is 60° or 75°
has a smaller influence on the failure characteristics
and mechanical properties of rock mass than it is
when f3 is between 15° and 45°. The UCS and elastic
modulus of rock mass are also close to the complete
rock

When S is 90°, the progressive development of the
plastic zone is not obvious, but type IV crack rapidly
grows within 0.5% of strain. Rock mass failure is
dominated by multiple shears and tensile failures
(Figure 10). Little interconnection exists between
the dominant crack and PFN. PFN also has less
effect on the deterioration of the mechanical proper-
ties of the model

PEN inclination has the greatest influence on the
mechanical behavior of rock mass when S is 30"
According to the crack initiation mechanism of the
open fracture, the effective shear force on the crack

surface is 0 when 8 is 90°. No driving force is
observed at the tip of the fracture to produce micro
secondary crack, and normal stress o,, is vertical to
the closed crack surface. It also contributes little to
the stress concentration at the tip of the fracture.
0, is the same when o, is 0" and 90°. However, the
new tensile—shear stress formed at the tip of the open
crack lowers the threshold for crack propagation and
causes the deterioration of the macroscopic mechan-
ical properties of rock mass

(6) According to Figure 6, for type I curve, the reason
for the single stress peak and the rapid decrease of
stress after failure is that PFN propagation in rock
mass forms a dominant fracture, which is before
the fracture propagation in other zones. After the
failure of the core bearing part of the rock mass,
the stress drop occurs rapidly. Subsequently, the rock
mass in the noncore load-bearing area continues to
be loaded and damaged, and the broken rock blocks
slide along fracture surfaces, making the full stress—
strain curve a type II curve

5. Conclusion

The mechanical behavior of rock mass with a different PEN
inclination is investigated in this research. Through the
numerical simulation of unconfined compression, the bear-
ing capacity, failure mode, and secondary crack propagation
are analyzed. The main conclusions are as follows:

(1) The inclination angle of PFN has a significant non-
linear influence on the mechanical behavior of rock
mass. The strength and elastic modulus decrease
when the inclination angle is between 0° and 45°.
The impact of PEN reaches its maximum when f is
30°, and the mechanical properties of rock mass are
close to the intact rock when f is 90°

(2) The stress-strain curves of PFN-containing rock
mass can be divided into two types: type I curve is
with multipeak and strain softening in the postpeak
stage when 8 is 15°, 30°, 45°, 60°, and 90°; type II
curve is unimodal and with brittle failure when g is
60° and 75°

Secondary crack propagation can be classified into four
main types: type I is the coplanar crack, type II is the wing
crack around PEN, type III is the near-field wing crack,
and type IV is the macroscopic shear crack.

(3) Due to continuously increased loading, the tip of the
fracture cracks first, and the main damage is the ten-
sion and shear mixed. Secondary crack propagation
can be divided into four types: type I is the coplanar
crack, type II is the wing crack around PEN, type III
is the near-field wing crack, and type IV is the mac-
roscopic shear crack. Type IV crack is mainly devel-
oped from type III crack when S is between 0° and
45°. Rock mass failure involves multiple shears, and
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the influence of PFN and secondary crack propaga-
tion on the degeneration of mechanical properties
of rock mass is weakened when f is larger than 60°
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