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The influence of loading path, intermediate principal stress and weak layers on the
deformation property and failure characteristics of soft-hard interbedded rock mass is
initially discussed in this study. First, the laboratory experiments of multiaxial compression
failure are carried out to soft-hard interbedded rock samples of Jinping. Three failure
modes of rock samples caused by different distribution forms of weak layers under uniaxial
compression and deformation property and failure characteristics of rock samples in
different loading paths under biaxial compression are analyzed. Then, considering the
property of strain softening, numerical models are established based on the elastic-brittle-
plastic constitutive relation. The effect of weak layer dip angle, quantity, distribution form,
and volume ratio on strength characteristics is further investigated. The results reveal that
the failure mode of Jinping soft-hard interbedded rock samples generally follows the
pattern of multi-fracture splitting under uniaxial compression, and the pattern of tension-
shear damage under biaxial compression. The intermediate principal stress is positively
correlated with the vertical failure loading. The number of weak layers has no significant
effect on the “U” type strength characteristics of samples. However, as the number of
weak layers increases, there is a tendency for the minimum of vertical failure loading to
move forward in the direction of smaller dip.

Keywords: hydro-junction project of JinPing, soft-hard interbedded rock mass, multiaxial compression experiment,
numerical simulation, elastic-brittle-plastic constitutive relation

1 INTRODUCTION

The soft-hard interbedded rock mass, as a special structural rock mass, is widely found in nature.
Because of its deformation transverse isotropy and strength anisotropy, but also by the influence of
the soft and hard components, the mechanical property is very complex, which has attracted a great
deal of interest (Brady et al., 2004).

In the past decades, the soft-hard interbedded rock mass has mostly been simplified to the transverse
isotropic rock mass like stratified rock mass at macroscopic level. Also, the mechanical property of both
nature and synthetic transverse isotropic rocks has been investigated (Niandou et al., 1997; Tien et al.,
2000; Tien et al., 2006; Lu et al., 2009; Li et al., 2014;Wang et al., 2018; Shen et al., 2021). On one hand, the
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shape of the curve relating to compression strength and dip angle
under varied confining pressure is an important representation of
the research. It found that most transverse isotropic rocks have their
maximal compression strength at an dip angle 0° or 90°, and their
minimal compression strength at an dip angle in the range of
30°–45°. With increase of confining pressure, the rock mass
become more ductile, and the effect of the strength anisotropy is
usually reduced. It has also been studied in terms of influence factors
such as the way layers are assembled, and the composition of the
rock formation on the strength, deformation characteristics, and
damage patterns of stratified rock mass. For example, based on
analysis of field surveys, Chen et al. (2000) classified the structure
characteristics of stratified rock mass and proposed “the sample
element method” to emulate the field large-size trail. Combined the
effect of stress redistribution and rock structure, Yan et al. (2016)
discussed the coring damage mechanism of the Yan-tang group
marble containing a kind of inclined grey ribbon-like stripes.
Considering the existence of rock structure at mesoscale, Li et al.
(2018) investigated the influence of heterogeneity on mechanical
property of soft-hard rock samples from the perspective of
mesomechanics. But overall, there is still a lack of information on
the influence of distribution pattern, and the volume ratio of the
different constituent materials on the mechanical property of soft-
hard interbedded rock mass.

On the other hand, several failure criteria have been proposed to
predict the variation of compression strength of transversely
isotropic rocks with the dip angles under various confining
pressure. According to the assumption and the treatment
method, they can be divided into two main categories, continuity
criteria and discontinuity criteria. For continuity failure criteria,
some progress has been made in its mathematical approach and
empirical theory (Nova et al., 1980; Cazacu et al., 1998; Pietruszczak
et al., 2002; Parisio et al., 2018). However, for the rock mass with
strong discontinuity, the simulation of their anisotropic strength
property by continuity criteria, and the value of relevant parameters
still need to be further enhanced. For discontinuity failure criteria,
the basic assumption is that the failure of the anisotropic rocks is
mainly caused by the extension of laminae or fractures in the
bedrock, and separate failure criteria are used for these two
different failure forms. The most popular discontinuity failure
criteria, called “the single plane of weakness theory”, were
suggested by Jaeger et al. (1960). Afterward, this theory has been
further extended (Mclamore et al., 1967; Duveau et al., 1998; Tien
et al., 2001; Huang et al., 2010; Xu et al., 2017;Mohamed et al., 2019).
At present, the establishment of a uniform failure criterion for
stratified rock mass that take into account the effect of
intermediate principal stress based on true triaxial tests is a hot
issue for research.

This study is a preliminary study on the mechanical properties
of soft-hard interbedded rock mass of Jingping. It is structured as
follows: in section 2, the research method is introduced,
including the setup of laboratory experiments of multiaxial
compression failure and the numerical simulation scheme. In
section 3, results are discussed, including the effect of loading
path and intermediate principal stress on deformation and failure
characteristics of rock samples under biaxial compression and the
effect of dip angle, quantity, distribution form, and volume ratio

of weak layers on strength characteristics and failure pattern of
rock samples under uniaxial compression. In section 4, some
concluding remarks are presented.

2 RESEARCH METHOD

2.1 Setup of Laboratory Experiments of
Multiaxial Compression Failure
2.1.1 Information of Rock Samples
The experimental rock interbedded greyish-white marble and green
schist was taken from the underground caverns of Jinping
Hydroelectric Station. The microstructure of the two components
is shown in Figure 1A. The marble component is relatively hard,
with a medium to fine-grained structure and calcite as the main
mineral constituents. The green schist component is relatively soft,
with calcite and chlorite schist as the mainmineral components, and
is characterized by the development of lamellar and looseness. In
accordance with the relevant specification, the rock was processed
into cubic rock samples with sides of 50 and 70mm in length, where
the 70-mm cubic rock samples have a dip of approximately 30°. The
50-mm cube samples were selected for experiments of uniaxial
compression failure, and the 70-mm cube samples were selected
for experiments of biaxial compression failure.

2.1.2 Experiment Procedure
Experiments of uniaxial compression failure were carried out on the
electro-hydraulic servo uniaxial universal testing machine WAW-
E2000 as shown in Figure 1D. Themaximum loading capacity of the
testing machine is 2000 kN, and the experiment of biaxial
compression failure was conducted using the biaxial universal
testing machine CSS-283, as shown in Figure 1E. The maximum
loading capacity of the testing machine is 500 kN (compression),
200 kN (tension) in the vertical direction, and 300 kN (pressure) in
the horizontal direction. Differential displacement sensors were used
to measure the deformation with a deformation measurement range
of 1mm and a resolution of 1 μm.

In total, two types of loading path were used during the biaxial
experiments:1) loading with a constant lateral pressure. In three
experiment groups, the horizontal lateral pressure is first loaded to 3,
6, and 9MPa at a rate of 2MPa/min, respectively, and then the
loading is held constant, followed by loading vertical pressure until
rock samples were failed; 2) loading with a constant lateral pressure
ratio followed by the constant lateral pressure. In the experiment
group, vertical and horizontal pressures are first loaded
simultaneously until 9 MPa according to the stress ratio of 1:1,
with the loading rate both of 2MPa/min. Then, the horizontal
loading is kept constant, followed by loading the vertical pressure
according to the original loading rate until rock samples were failed.

2.2 Numerical Simulation Scheme and
Computational Modeling
2.2.1 Numerical Simulation Scheme
In order to further investigate the influence of dip angle, quantity,
distribution, and volume ratio of weak layers on strength
characteristics and failure pattern of rock samples; numerical
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simulations were used to carry out comparative compression
failure tests on four groups of soft-hard interbedded rock samples
(S-1-N-β, S-1-W-β, S-2-β, and S-3-β) under uniaxial

compression. The dip angles of 0°, 15°, 30°, 45°, 60°, 75°, and
90° were set for each group samples. As can be seen in Table 1, the
number of weak layers in rock sample groups S-1-N-β, S-2-β, and

FIGURE 1 | Laboratory experiments of multiaxial compression failure.

TABLE 1 | Information of greenschist layers in each test group.

Test group name S-1-N-β S-1-W-β S-2-β S-3-β

Number of green schist layers 1 1 2 3
Volume ratio of green schist layers/% 8.52 18.92 17.04 25.56
Sketch of the test group
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S-3-β tends to increase in succession, and for the same number of
weak layer, the volume ratio of green schist in the rock sample
group S-1-W-β is higher than that in the rock sample group S-1-
N-β.

2.2.2 Computational Modeling
The numerical procedure was carried out using the elastic-brittle-
plastic modeling based on strain softening. In this modeling, the
Mohr–Coulomb yield criterion with a tensile cut-off is adopted as
a criterion for the onset of element degradation. The plastic
parameters κs and κt, which are closely related to the plastic shear
and plastic tensile strains, are introduced and the strength
parameters are expressed as a function of both to describe its
plastic shear softening behavior and plastic tensile softening
behavior. The incremental mathematical expression for κs and
κt are as follow:

Δκs �
���������������������������������(Δεps1 − Δεpsm )2 + (Δεpsm )2 + (Δεps3 − Δεpsm )2

2

√
, (1)

Δκt � Δεpt3 , (2)
Δεpsm � Δεps1 + Δεps3

3
, (3)

where Δεps1 and Δεps3 are the plastic shear strain increments in the
direction of the first principal stress and the third principal stress,
respectively; Δεpt3 is the plastic tensile strain increment.

For the numerical grid, a homogenized computational grid of
soft-hard interbedded rock samples is established by the
proportional relationship mapping method. The grid size is
50 mm × 50 mm, with an element scale of 0.5 mm × 0.5 mm,
divided into 10,000 cells in total. The relevant mechanical
parameters of the Jinping soft-hard interbedded rock mass are
given in Table 2 referring to literature (Deng et al., 2001;
Chengdu Hydroelectric Investion and Design Institute and
China Hydropower Engineering Consulting Group Co, 2003;
Huang et al., 2008). As the friction angle of brittle hard rock
usually does not change much before and after failure, the effect
of friction angle is not considered in the calculation.

3 RESULTS AND ANALYSIS

3.1 Experimental Results and Analysis
3.1.1 Laboratory Experiments of Uniaxial
Compression Failure
Figure 1B,C show a comparison of typical rock samples before
and after failure under uniaxial compression. It can be seen from

the figures the rock sample S-C50-T1 consists of a simple splice of
green schist with marble to the left and right, with a dip angle of
0°. When the axial compression reaches 191.2 kN, the sample is
failed with significant brittleness. The final main crack of failure
occurs within each of the soft and hard rock layers near the
junction and at an angle to the loading direction. The rock sample
S-C50-T2 has weak layers of green schist on the left, middle and
right sides, with the left and middle layer at a dip angle of 0° and a
through trend in the middle layer. In contrast, the right layer is
thinner and at an angle to the loading direction. When the axial
compression reaches 143.3 kN, the sample is failed. The failure
pattern is characterized by penetration failure in the left and
middle layers of the green schist and main cracking failure from
the expansion of the thin layer on the right side. The expansion
trend of the main crack is highly correlated with the distribution
of the thin layer of the green schist. The layers of green schist in
rock sample S-C50-T3 are mainly present in the left and upper
sides, with a relatively concentrated distribution. When the axial
compression reaches 339.7 kN, through main crack occurred on
the left layers of green schist at an angle to the loading direction.
At the same time, multiple cracks along the loading direction
appear inside the layer of green schist in the upper side at an angle
of 90° to the loading direction. The sample eventually maintains a
typical failure form of multi-fracture split under uniaxial
compression.

In general, it can be seen from the experiments that the failure
characteristics of the soft-hard interbedded rock mass of Jinping
are closely related to the dip angle of weak layer, and the failure
mode basically follows the multi-fracture split mode of uniaxial
compression failure. The specific failure mechanism is in good
agreement with the single weak face theory developed by Jaeger
(Jaeger et al., 1960; Tien et al., 2001; Mohamed et al., 2019), that is
in the range of slow dip angle, the failure of rock mass is
controlled by the property of the rock material itself while in
the range of larger dip angle the influence of weak structural
surfaces is the dominant factor.

3.1.2 Laboratory Experiments of Biaxial Compression
Failure
Figure 2 shows the typical stress, strain and time curves of 70mm
cubic rock samples in different loading paths under biaxial
compression. As can be seen, the second principal strain is
significantly smaller than the first principal strain for both
loading paths and undergoes a positive to negative variation. At
higher stress (σ2 = 6MPa, 9MPa), the slope of the strain-time curve
increases and has an upward trend as the rock sample approaches
failure. In the constant lateral compression loading path, the failure
strength increases from 73.50 MPa, 77.96–82.65MPa as the

TABLE 2 | Parameters of soft-hard interbedded rock mass in Jinping.

Type of
rock material

Young’s modulus/GPa Poisson’s ratio Cohesion/MPa Friction angle/° Tensile strength/MPa

Marble 50 0.22 45 50 2
Greenchist 11 0.25 10 37 1

Note: residual tensile strength coefficient and residual cohesion coefficient defined as 0.1, respectively.
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FIGURE 2 | Stress-strain-time curves for different loading paths under biaxial compression experiments.

FIGURE 3 | Variation of the failure stress with the dip angle and the volume ratio occupied by green schist.
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intermediate principal stress σ2 increases from 3MPa, 6–9MPa.
And the ultimate strain tends to increase as the intermediate
principal stress σ2 increases. At the intermediate principal stress
σ2 = 9MPa, the first strain-time curve is more volatile in the first half
for the constant lateral pressure loading path compared to the
constant lateral pressure ratio followed by the constant lateral
pressure loading path. This may be caused by the different
timing of pore closure within the rock samples.

Figure 1E shows the failure pattern of typical 70 mm cubic
rock samples under biaxial compression. It can be observed that
the failure pattern under biaxial compression is basically the same
as tension-shear failure. Spalling failure caused by tensile strain
due to biaxial compression occurs first on the free surface of the
rock samples. Afterward, as the loading continues to be applied,
the tension failure of the rock sample gradually increases and the
strength of the rock sample continues to weaken. Eventually, a
shear failure surface is formed, leading to overall penetration
failure. The cracks produced by tensile failure are mostly parallel
to the vertical loading, and the main shear failure plane is
basically an “X” shaped conjugate plane.

3.2 Numerical Results and Analysis
Figure 3 shows the variation of the failure strength
corresponding to the test group S-1-N-β, S-1-W-β, S-2-β,
and S-3-β with the dip angle and the volume ratio occupied
by green schist. As can be seen from Figure 3A, the strength
anisotropy of numerical samples in the four group tests is
significant, and the failure strength-dip angle curve appears a
parabolic-like concave shape, which is consistent with the
U-shaped strength law of stratified rocks summarized by
Hudson et al. (1993). With the same number of weak layers,
test group S-1-W-β, where the percentage of volume of green
schist is larger, has a smoother failure strength-dip angle curve
than test group S-1-N-β. In terms of extremes, the minimum of
failure strength for four group of tests occur between 30° and 60°,
which is similar to the findings of Tien et al. (2001) and Mao
et al. (2005), that is, the strength of soft-hard interbedded rock
mass is higher and the failure is generally unaffected by the dip
angle in the slow dip phase. However, as the dip angle increases
the strength of the rock mass gradually decreases, tending to
have a minimum at the middle dip angle phase. At the same
time, a comparison shows that as the number of weak layers
increases, the minimum tends to move forward, that is, when
the number of weak layers is 2 and 3, the minimum of failure
strength moves from 45° when the number of weak layers is 1 to
near 30°.

As seen in Figure 3B, the failure strength shows an overall
decreasing trend with the increase of the volume ratio occupied by
green schist in the test groups with different dip angles, although
there is a certain degree of fluctuation in individual cases. When the
volume ratio occupied by green schist is close, the effect of increasing
number of weak layers on the decrease of failure strength of rock
samples has a positive correlation with the dip angle. It is also worth

mentioning that the effect of the volume ratio occupied by green
schist on the failure strength is greater in the range of medium to
high level of dip angle for the weak layer number of 1.

4 CONCLUSION

(1) There is a significant difference in the failure pattern of rock
samples in uniaxial and biaxial compression experiments. In
uniaxial compression, the failure is usually in the form of
splitting or shear failure, and in biaxial compression, spalling
is first produced at the free surface due to tensile strain, and
finally the shear failure is formed at an angle to the loading.

(2) In the biaxial compression experiment, the failure loading
increases with the increasement of intermediate principal
stress, and the first strain-time curve is more volatile in the
first half for the constant lateral pressure loading path
compared to the constant lateral pressure ratio followed
by the constant lateral pressure loading path, which may
be caused by the different timing of pore closure within the
rock samples.

(3) The numerical results indicate that the number of weak layers has
no significant effect on the U-shaped strength pattern of the soft-
hard interbedded rock mass. However, with the increase of the
number of weak layers, the minimum of the failure strength tends
to move forward in the direction of the smaller dip angle; the
failure loading shows an overall decreasing trend with the increase
of the volume ratio occupied by green schist. And when the
volume ratio occupied by green schist is close, the influence of
increasing number ofweak layers on the decrease of failure loading
of rock samples is basically positively correlated with the dip angle.
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