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Abstract The joint pore pressure inside rock mass
significantly affects groundwater bursting. To inves-
tigate the couple effect of joint pore pressure and
joint orientations on rock strength, this study utilized
the three-dimensional numerical modeling code of
3DEC to carry out the experiments of uniaxial and
triaixal compression tests. Seven three-dimensional
models with parallel oriented joints of 0°, 15°, 30°,
45°, 60°, 75°, 90° inclination angle were developed.
The input parameters of rock, joints and fluid prop-
erties were calibrated based on the results of previ-
ous studies. The established models were tested in the
uniaxial and triaxial compression tests under uncou-
pled mechanical state and coupled hydro-mechanical
state with various joint pore pressures (0.5, 1.0, 2.0,
3.0 MPa). The results show that the strength var-
ied with different joint orientations producing the
classic “U”-shaped curve. However, when the joint
pore pressure was involved, the strength changed to
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a “W”-shaped curve. Additionally, the effect of the
joint pore pressure on rock strength depends on orien-
tations. The strength was decreasing with the increase
of joint pore pressure when the orientations are 0°,
15°, 30°, 75° and 90°; the strength was increasing
with the increase of joint pore pressure when the ori-
entation is 60°; the strength was increasing first and
then decreasing when the orientation is 45°. The
results indicate that the joint orientation plays more
important role than joint pore pressure on the strength
change, thus needs to be considered for studying
groundwater bursting.

Keywords Parallel oriented joints - Joint pore
pressure - Rock strength - Numerical modeling

1 Introduction

After longwall mining the overburden strata is dis-
turbed to different degrees, and might form four
zones including the caved zone, fractured zone,
continuous deformation zone and soil zone (Guo
et al. 2019, 2021; Peng et al. 2019; Zhao et al. 2020;
Esterhuizen et al. 2021). If aquifers are located in
the fractured zone, groundwater bursting, a severe
geological hazardous event, will happen because
of the pore pressure inside rock mass containing
joints, bedding planes, and other geotechnical defects
(Wu et al. 2004; Pei 2008; Shen et al. 2013; Zhang
et al. 2014; Wang et al. 2017). In addition, coupled
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hydro-mechanical problems are often observed in
the laminated shale rock which causes strength deg-
radation often leading to injuries related to roof fall
incidents. Therefore, the pore pressure in joints is the
key factor causing groundwater bursting and roof fall
incidents (Wu et al. 2004; Zhang et al. 2014). It is
significant to investigate the effect of pore pressure in
joints on rock strength, which can offer the theoreti-
cal supports for solving the problem of groundwater
bursting and roof failure with laminations.

On one hand, the research about the effect of
joints on rock strength has been highlighted by dif-
ferent methods in the past. Kulatilake et al. (1997)
investigated the jointed rock mass strength through
physical modeling under uniaxial compressive load-
ing, and found that orientation of joint sets played
a significant role related to the models of failure.
Cao et al. (2016) investigated the uniaxial compres-
sive strength and failure patterns of ubiquitous-joint
rock-like specimens by combining similar material
testing and two-dimensional numerical simulation.
Yang et al. (2017) studied the interaction of parallel
joints and its effect on the mechanical behavior of
jointed rock mass models. Alejano et al. (2017) per-
formed triaxial strength tests on artificially jointed
standard-size granite specimens with two sub-vertical
and three sub-horizontal joints, and found that the
Mohr-Coulomb and Hoek—Brown failure criteria
were fit to peak and residual strength tests results.
Wang et al. (2018) developed a modeling method to
predict the failure behaviors of fiber-reinforced clay
under the triaxial compression state. Huang et al.
(2019) used UDEC rock mass two-dimensional mod-
els to research the effect of joint orientations on rock
mass strength in an unconfined state. Li et al. (2021)
conducted a series of uniaxial and triaxial compres-
sion tests on slate samples at different foliation orien-
tations to investigate the size effect and anisotropy in
slate. All the above research mainly focus on the pure
mechanical effect of joints on the failure behavior of
rock and obtained some valuable results.

On the other hand, besides the pure mechanical
effect, many scholars studied the hydro-mechanical
couplings between the solid phase of rock and the
pore fluid, which is also playing an important role in
rock deformation. Li et al. (2008) developed a shear-
flow testing apparatus for rock fractures and carried
out shear-flow coupling tests to evaluate the influence
of morphological properties of rock fractures on their
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hydro-mechanical behavior (Li et al. 2008). Asahina
et al. (2019) characterized the hydraulic and mechani-
cal responses of Kimachi sandstone associated with
fracture plane reactivation induced by elevated pore-
fluid pressure (Asahina et al. 2019). Ke et al. (2020)
explored the two-phase flow system inside the actual
hydraulic geometry of a milling circuit hydrocyclone
with the aid of both computational and experimental
techniques (Ke et al. 2020). Neupane et al. (2020)
measured the changes in pore pressure in the rock
mass near the tunnel walls during load changes, and
concluded that the development of hydraulic gradient
and additional pore pressure acting on the rock blocks
cause a delayed response from the rock mass during
pressure transients (Neupane et al. 2020). Farahmand
and Diederichs (2021) simulated the mechanical
responses of the rock to analyze the role of interaction
between the pore fluid and the rock (Farahmand and
Diederichs 2021). The above studies provide useful
insights to analyze the effect of the hydro-mechanical
couplings on rock.

In summary, previous studies obtained meaningful
results about the pure mechanical or coupled hydro-
mechanical effect on the rock deformation from dif-
ferent perspectives. However, the effect of the joint
pore pressure in parallel joints on the rock strength
under the coupled hydro-mechanical state is not fully
understood. In this paper, three-dimensional cylindri-
cal models with different parallel oriented joints were
designed. Uniaxial and triaxial compression tests
were simulated under different joint pore pressures.
Finally, the results compared with literatures and the
couple effect of joint pore pressure and joint orienta-
tions on rock strength was discussed.

2 Modeling Strategy

3DEC (Distinct-Element Modeling of Jointed and
Blocky Material in 3D) is a three-dimensional numer-
ical modeling code for advanced geotechnical analy-
sis of soil, rock, ground water, structural support, and
masonry. One of its advantages is to offer a compre-
hensive set of capabilities for modeling fluid flow and
the effect of fluid pressures on rock, thus, we choose it
to investigate the couple effect of joint pore pressure
and joint orientations on rock strength. In this paper,
seven three-dimensional numerical models with par-
allel oriented joints at 0°, 15°, 30°, 45°, 60°, 75°, 90°
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were developed by 3DEC. The numerical simulation
schemes and models are shown in Fig. 1.

According to Fig. 1, the models are 50 mm in
diameter and 100 mm in height. The joint spacing
of each model is 5 mm. Two rigid plates at the bot-
tom and top of each model were set 5 mm in height.
The uniaxial and triaxial compression simulation tests
were conducted to obtain the rock strength under
uncoupled state and coupled hydro-mechanical state.
The boundary conditions and the patterns of fluid
flow through parallel joints are shown in Fig. 2.

The bottom plate was set to zero displacements
along x-, y- and z- directions. The top plate was set
to 10 mm/s of the axial strain-loading rate along z-
directions for uniaxial and triaxial compression tests
and zero displacements along x- and y- directions.

50 mm

When conducting the triaxial compression tests
(Fig. 2b), the confining pressure were set at 10, 20,
30 and 40 MPa, respectively. When fluid involves,
we set three directions of fluid flow through paral-
lel joints (Fig. 2c—e) according to the different ori-
ented joints. The pump was located at the left side
of the model for horizontal joints and at top for ver-
tical joints (Fig. 2c, d). Then, the fluid could pass
through the all flow planes, and discharge from the
right and bottom side of the rock specimens. How-
ever, when facing the inclined joints (15°, 30°, 45°,
60°, 75°), we set two pumps at the left and top side
of the rock specimens simultaneously (Fig. 2e). In
this case, some fluid would discharge from the right
side and others from the bottom side.

" — . 5mm
| § \\
§ | \
- |
£ \
£
)|
(a) 0° (b) 15° (c) 30° (d) 45° (e) 60° (f) 75° (g) 90°
(a) 2D schemes with parallel oriented joints
E 50 mm
No joints
0°joints 15°%joints 30°joints 45 °joints 60°joints 75°joints 90°joints
Parallel
joints

(b) 3D models generated by 3DEC

Fig. 1 Numerical simulation schemes and models
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Fig.2 Boundary conditions and directions of fluid flow »
through horizontal joints

There are three components involved in this
research, i.e., rock (matrix), joint (contact) and fluid
(pore pressure). The chosen constitutive model for
rock is Mohr—Coulomb model, which is a conven-
tional model used to represent shear failures in rocks.
The model for joint is Mohr—Coulomb Joint model,
which simulates displacement-weakening of the joint
by loss of cohesive and tensile strength at the onset of
shear or tensile failure. Fully coupled hydro-mechan-
ical model was applied when fluid involves. In this
case, rock deformation influence the fluid pressures,
and the fluid pressures also affect the rock stresses
and strains.

In addition, it is important to note that in labora-
tory test, the specimen in a triaxial state is jacketed
and the confining pressure is applied by pressuring
the fluid around the specimen. The only two places
which are not jacketed are the top and the bottom
end of the specimens which are in contact with the
platens. The top platens have holes which introduces
the fluid, and the discharge is collected through the
lower platen. In this research, however, we set three
flow patterns presented above, which ensure that fluid
could pass through all flow planes. We have assumed
that the rock and the platen are frictionless bounda-
ries for obtaining more accurate rock strength. In
actual tests, some initial confining pressure is first
introduced and then the axial stress is applied to reach
a hydrostatic state followed by introduction of the
pore pressure. In this numerical modeling, we took
into account the above specific procedures.

3 Calibration of Numerical Models
3.1 Calibration of Uncoupled Mechanical Modeling

According to the above-established models, the reli-
ability of the input parameters for rock and joints
would be tested in this section. The input parameters
for the above models are shown in Table 1.

The wuniaxial and triaxial compressive tests
were conducted under the uncoupled state with the
Mohr—Coulomb constitutive model for rock and
joints. Stress—strain curves under 0, 10, 20, 30 and
40 MPa of confining pressures of different joint
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Table 1 Input parameters of rock and joints

Density p (kg/m®)  Elastic modulus E Poisson’s ratio u

Cohesion C (MPa)

Internal friction angle Tensile strength o

(GPa) » () (MPa)
Rock material properties
2500 55 0.15 18 39 8.00
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(GPa) (GPa) @; () (MPa)
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Fig. 3 Stress—strain curves of different parallel oriented joints rock specimens models
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(c) the classic “U”-shaped curve (Li et al. 2021)

Fig. 4 Curves for describing influence of confining pressure
and parallel oriented joints on compressive strength

orientations obtained from the 3DEC simulation
are shown in Fig. 3a—h. Specially, Fig. 3i shows the
stress—strain curves of UCS (Unconfined Compres-
sion Test) for different parallel oriented joints models.
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Fig. 5 Testing method and results

In Fig. 3, o, refers to axial stress, and &, refers to
axial strain. From the stress—strain curves, we can
obtain rock strength (uniaxial compressive strength
and triaxial compressive strength). In order to clearly
reflect the effects of confining pressure and joint ori-
entations, the curves of rock strength versus confining
pressure and curves of rock strength versus parallel
oriented joints are shown in Fig. 4a and b.

From Fig. 4a, at 0°, 15°, 30°, 45° and 75° orien-
tations rock strength presents a linear growth with
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Fig. 6 Final balance state of joint pore pressure of each rock specimen model after fluid flow through parallel oriented joints

the increase of the confining pressure. However, in
the both cases of 65° and 90° rock strength presents
a growth until the confining pressure increases at
20 MPa and 30 MPa, respectively. Figure 4b shows
that the rock strength decrease until the orientation
reaches at 75°. Rock strength varies with different
orientations producing the classic “U”-shaped curve,
as shown in Fig. 4c (Yang et al. 2017; Li et al. 2021).
Therefore, the above input parameters are valid.

3.2 Calibration of Coupled Hydro-Mechanical
Modeling

In this paper, fully coupled hydromechanical simu-
lation is conducted. The solution is performed by
alternating frequently between mechanical and fluid
calculations. During the simulation progress, the
time associated with mechanical deformation is

significantly less than that associated with fluid flow.
The fluid material properties required for analysis are
shown in Table 2. For testing the reliability of these
parameters, the method and results are shown in
Fig. 5.

Seven observation fluid knots were set at the center
of each model for measuring the joint pore pressure
(Fig. 5a). From Fig. 5b, the joint pore pressure pre-
sented the logarithmically growth with the stepwise
increase. Finally, four joint pore pressure (0.5, 1.0,
2.0, 3.0 MPa) were achieved. The final balanced state
of joint pore pressure is shown in Fig. 6. The right
legend in Fig. 6 indicates that all flow planes inside
each model reached the joint pore pressure we set.
Therefore, the input parameters of fluid properties are
reliable.
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Table 3 Rock strength

Joint pore- Confining Joint orientations
ggder the couple effect of pressure pressure
J01.nt pore pressure and joint (MPa) (MPa) 0° 15° 30° 45° 60° 75° 90°
orientations
0.5 0 14563  97.83 17192 76.88 7.04 40.67  74.88
10 25337 16137 27259 109.50 12.68  66.07 120.52
20 319.37 22749 327.18 147.17 21.51 89.24 164.30
30 384.17 292.18 38197 18538 31.15 11293 208.71
40 447775 35845 433.68 22538 4098 136.88 252.75
1.0 0 145.76  96.10 172.39 8549 11.27  40.02  74.15
10 253.69 162.50 274.11 165.25 12.27  64.94 120.74
20 319.14  227.27 328.15 211.13 2276  88.06 163.79
30 383.64 290.98 381.07 24542 3148 111.62 209.04
40 454.03 35772 431.61 281.43 41.61 13599 252.27
2.0 0 146.07  96.24 172.25 632 39.08 3591 7429
10 253.44 16233 270.88  13.71 1334  62.07 119.80
20 317.23  227.10 32544  26.07 2295 86.08 164.13
30 389.06 290.50 376.66  38.66 31.72 110.14 208.76
40 456.17 35695 43051 4921 4198 13475 252.10
3.0 0 146.16 7391 171.71 7.19 4029 3233 71.84
10 253.03 117.76 270.03  16.66 1693 57.86 118.01
20 316.07 16091 32220 2790 28.50 8244 16391
30 37591 20495 36995 38.80 38.53 107.14 206.08
40 455.12  247.40 426775 4878 4294 13242 250.66

4 Results and Analysis

The tests were conducted with the joint pore pres-
sure maintained constant (Rutqvist and Stephansson
2003), and the corresponding strain-strength curves
were obtained for calculating rock strength. Due to
the space limits, the strain-strength curves were not
presented, but the final rock strength was listed under
the couple effect of joint pore pressure and joint ori-
entations in Table 3.

According to the results in Table 3, curves for
describing rock strength under the couple effect of
joint pore pressure and joint orientations are shown
in Fig. 7.

From Fig. 7, the maximum strength is achieved
at 0° orientation, while the minimum is at the 60°
or 45°. A slight increase in the strength is presented
at the 30° due to the couple effect of the pore pres-
sure and the orientation of joints. The curve changed
from the classic “U”-shaped curve (Fig. 4) to a “W”-
shaped curve due to the joint pore pressure.

In order to further analyze the couple effect of joint
pore pressure and joint orientations on rock strength,
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relationship between the rock strength and joint pore
pressure with different confining pressure are shown
in Fig. 8.

From Fig. 8, the strength presents a slight decrease
with the increase of the joint pore pressure from 0.5
to 3 MPa at the orientations of at 0°, 30°, 75° and
90° (Fig. 8a, c, f, g). The strength at 15° (Fig. 8b)
keeps a constant until the joint pore pressure reaches
at 2 MPa and then decreases rapidly. The strength
at 45° (Fig. 8d) increases firstly and then decreases.
However, the strength at 60° (Fig. 8e) show a growth
tendencies as the joint pore pressure increases. There-
fore, an increase in the joint pore pressure has differ-
ent effects on the rock strength due to different joint
orientations.

5 Discussion

Typically, groundwater bursting is the problem of
fluid flow in rock masses, which is a hydro-mechan-
ically coupled problem. That is, pore pressures
affect the mechanical deformation, and mechanical
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Fig. 8 (continued)

fractured rock mass: (1) the effect of pore pressure
on strength of fractured rock masses, (2) the effect of
mechanical deformation on permeability, and (3) the
effect of mechanical deformation on pore pressures.
In this study, the effect of the joint pore pressure in
parallel oriented joints on rock strength was investi-
gated for attempting to reveal the above first aspects.
The fractured rock masses were simplified by rock
samples fractured with parallel oriented joints.
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Fig. 9 Hydromechanical couplings in geogical media. (i) and
(ii) are direct couplings through pore volume interactions,
whereas (iii) and (iv) are indirect couplings through changes in
material properties (Rutqvist and Stephansson 2003)

The classic “U”-shaped curve of rock strength
with various orientations was obtained under uncou-
pled mechanical state. The curve changed to a “W”-
shaped curve when the joint pore pressure was
involved. Therefore, we found that besides the par-
allel oriented joints, the joint pore pressure has an
extra effect on the deformation of the rock specimens.
This extra effect by the joint pore pressure was men-
tioned by Rutqvist and Stephansson (2003) in Fig. 9,
but it is not clear. In this paper, by numerical mod-
eling we found that a slight increase in the strength
is presented at the 30° orientations due to the com-
bination effect of the pore pressure and the orienta-
tion of joints. The slight increase changes the classic
“U”-shaped curve to “W”-shaped curve. It means that
the extra effect occurs between 0° to 90° orientations,

at 30° orientation in this numerical modeling, which
needs to be further verified by laboratory tests in
future work.

In addition, some scholars concluded that the
effect of pore pressure on rock strength are negative
without consider the factor of parallel oriented joints.
For examples, Murrell (1965) found that an increase
in the pore pressure has the same effect as a decrease
in confining pressure on the strength based on the
sandstone specimens (Fig. 10a) (Murrell 1965); Far-
ahmand and Diederichs (2021) argued that the rock
strength is negatively correlated with the pore pres-
sure based on grain-based models (Fig. 10b) (Farah-
mand and Diederichs 2021). However, we found that
the effect of pore pressure on rock strength depends
on the joint orientations, and compared with pore
pressure effects, the joint orientation has more effect
on the compressive strength. For examples, the
strengths at 0°, 15°, 30°, 75° and 90° orientations
decrease with the increase of the joint pore pres-
sure, while the strength at 60° increases as the joint
pore pressure increases. It means that the increase of
pore pressure probably leads the less effective stress,
and at specific joint angle 60, the rock shows more
strength. However, the strength at 45° increases firstly
and then decreases. The results indicate that the joint
orientation plays more important role than joint pore
pressure on the strength change, thus needs to be con-
sidered for studying groundwater bursting.

It is important to note that few previous stud-
ies tested the effect of joint pore pressure on rock
strength with different orientations. Therefore, the
research results by numerical modeling in this paper

Fig. 10 Previous refer- 400
ence results about effect 450( 380
of pore pressure on rock 400+ 360
failure modes and rock peak < 350F & 340t
strength; o5 refers to confin- < 300} S a0}
ing pressure 7‘3/ 2501 § 300 f
£ 200f @ 280 F
¥ 1501 T 260
o 1001\ \ 0 240
50.=76.-14 035 220+ 0373
0 : : : : : 200 —
0 25 50 75 100 125 150 0 2 4 6 8 10 12

Pore pressure (MPa)

(a) Test results of Darley Dale sandstone
with 21% porosity (Murrell 1965)

Pore pressure (MPa)
(b) Test results based on the grain-based
model (Farahmand and Diederichs 2021)
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needs to be further verified by laboratory tests in the
future work.

6 Conclusions

1. Three-dimensional models with parallel ori-
ented joints were developed by 3DEC. Uniaxial
and triaxial compression tests were conducted
under uncoupled mechanical state and coupled
hydro-mechanical state with different joint pore
pressure. The input parameters of rock, joints
and fluid properties were calibrated based on the
results of previous research.

2. The results show that the classic “U”-shaped
curve of the rock strength with various joint
orientations was obtained under the uncoupled
mechanical state. The curve changed to “W”-
shaped due to the effect of joint pore pressure.

3. Effect of joint pore pressure on rock strength
depends on the joint orientations. The strength at
0°, 15°, 30°, 75° and 90° orientations decreases
as the joint pore pressure increases; at 60° the
strength increases; at 45° the strength increases
firstly and then decreases.
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