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Abstract
Layered rocks pose the challenge of wellbore stability in drilling engineering because of the anisotropic mechanical properties 
caused by the distinct weak planes. To understand the significant anisotropy of layered rocks in real formation condition, true 
triaxial compression tests are conducted by numerical simulation in this study. It is revealed that the mechanical responses 
of layered rocks are either controlled by the rock matrix or dominated by the weak plane and exhibit three different types 
associated with the orientations of the weak plane (including the dip direction α and dip angle β). When the orientations of 
the weak plane are α = 0°–90° and β = 0°, 60°–90°, the failure and strength properties of layered rocks depend entirely on 
the rock matrix, classified to the first type. Whereas the layered rocks with angle α ≤ 45° and β = 15°–45° fail by slipping 
failure along the weak plane, the relationship curves of rock strength versus the intermediate principal stress (σ2) are down-
ward convex parabolas. In the last type, the mechanical behaviors of layered rocks with α > 45° and β = 15°–45°, involved in 
the changes of failure mode and the strength curve, are complex. Besides, the limitation of the simulation is discussed, and 
further studies on layered rocks are essential.
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Introduction

The mechanical characteristics of rock are the basis of 
engineering design and construction in oil and gas explo-
ration. As a special rock material containing a (or a set of 
parallel) weak plane(s), the layered rocks exhibit anisotropic 
mechanical characteristics related to the orientation of weak 
planes, resulting in the challenge of mechanically induced 
wellbore instability in drilling process. Thus, it is essential to 
thoroughly understand the mechanical responses of layered 
rocks. As early as 1959, Jaeger (1959) had carried out com-
pression tests on layered rocks with artificial joint surfaces. 
Subsequently, great efforts have been made to investigate 
the mechanical properties of various layered rocks by using 
conventional triaxial tests and other methods. Based on 
experimental results, there are well comprehensions of ani-
sotropic mechanical properties under laboratory conditions 

for the natural layered rocks, such as shale (Donath 1961; 
Chenevert and Gatlin 1965; McLamore and Gray 1967; 
Kwaśniewski and Nguyen 1988; Niandou et al. 1997; Ajal-
loeian and Lashkaripour 2000; Cho et al. 2012; Geng et al. 
2016), schist (McCabe and Koerner 1975; Behrestaghi et al. 
1996; Nasseri et al. 1997; Zhang et al. 2011) and phyllite 
(Donath 1972; Ramamurthy 1993; Fereidooni et al. 2016).

The anisotropy of mechanical characteristics of layered 
rocks consists of the rock strength, failure mode and defor-
mation, associated with the dip angle β between the axial 
loading direction and the normal of the weak plane. The 
anisotropy of strength is usually the primary concern among 
them. Based on the results of conventional triaxial compres-
sion tests on shale and slate, Donath (1961) revealed that 
the rock strength curve of layered rocks with respect to the 
dip angle is an upward concave parabola. As the angle β 
increases from 0° to 90°, the rock strength decreases first 
and then increases for natural and artificial layered rocks. 
Consequently, it is widely recognized that the strength curve 
shows a U-shaped line, where the maximum strength occurs 
at β = 0° or 90° and the minimum probably corresponds to 
the angle β of 30° (Fereidooni et al. 2016). Further, Behre-
staghi et al. (1996) defined the shape of the relationship 
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curve between the UCS (uniaxial compressive strength) 
and β as “the type of anisotropy,” with the classifications of 
“Shoulder type,” “U-shaped type” and “Wave type.”

The failure and deformation of layered rocks are also 
vitally important for the engineering projects. According to 
the results of compression tests on layered rocks, there are 
two types of failure modes: the failure of the rock matrix 
and the failure of the weak plane (Tien et al. 2006). When 
the angle β belongs to the intermediate angles (around 
15° ~ 45°), the sliding failure occurs along weak planes, 
which results in a relatively lower rock strength. The failure 
modes of layered rocks at other dip angles are mainly shear 
failure across weak planes, occurring at a stress determined 
by the matrix. The anisotropy of deformation is also related 
to the dip angle, characterized by the differences of elastic 
modulus and Poisson’s ratio at different angles.

Since around the same time, a number of true triaxial 
tests have been conducted to investigate the effect of prin-
cipal stresses (especially the intermediate principal stress 
σ2) on rock mechanical characteristics (Mogi 2006). These 
experiments made by Mogi (1967, 1971), Takahashi and 
Koide (1989), and others studied a variety of homogene-
ous rocks, and the results revealed the strengthening effect 
of the intermediate principal stress on rock strength. With 
the discovery of it, the σ2 effect on layered rock has also 
attracted the attention of scholars. Akai (1971) carried out 
triaxial compression tests on the chlorite schist under a con-
stant average principal stress. Then, Kwaśniewski and Mogi 
(2000) investigated mechanical characteristics of the Chi-
chibu greenschist under true triaxial condition with the con-
sideration of the dip direction (α) of the weak plane. Lately, 
Lin et al. (2013) explored the σ2 effects on the low-strength 
layered rocks at the angle α = 0° or 90° by using numerical 
simulation. The previous studies have proved that the ori-
entations of weak planes (including the dip direction α and 
dip angle β) have significant influences on the strength and 
failure of layered rocks. However, with a few experiments 
on layered rocks, there are still many unknowns about their 
mechanical properties under true triaxial compression, such 
as the coupled effect of the angles α and β (Mogi 2006).

In this paper, the numerical simulation method is used 
to explore the anisotropic mechanical properties of layered 
rocks under true triaxial compression. With the full consid-
eration of weak plane orientations and stress conditions, the 
corresponding research on layered rocks has been system-
atically completed. Thus, the further understanding of the 
mechanical responses of layered rocks is obtained from the 
study, which can promote the development of the related 
experimental and theoretical studies. Future research on lay-
ered rocks, subjected to the stress states of real formation, 
will make it possible to solve engineering problems such 
as the mechanically induced wellbore instability in shale 
formation.

Modeling

In this study, the sample models of layered rocks were 
built by the same method adopted by Lin et al. (2013) and 
then imported into FLAC3D for calculation and analy-
sis. At present, cubic and rectangular prismatic samples 
are commonly used in true triaxial compression tests 
(Kwaśniewski et al. 2012). The rock models adopted in 
this study are standard rectangular prisms with the size of 
50 mm × 50 mm × 100 mm. As mentioned before, the ori-
entations of weak planes consist of the dip angle β and dip 
direction α under true triaxial condition. The dip direction 
α is the angle between the trace line of the weak surface in 
the horizontal plane (the plane formed by σ2 and σ3) and the 
intermediate principal stress σ2, and the dip angle β is the 
angle between the weak surface and the maximum principal 
stress σ1, as shown in Fig. 1. Both α and β vary from 0° to 
90°, with the change gradient of 15°. Therefore, there are 
seven rock models with different angle α at the same angle 
β, taking the specimens with the angle β = 0° as examples, 
as shown in Fig. 2a–g. However, the weak plane is parallel 
to the horizontal plane at β = 90°, resulting in only one rock 
model, as shown in Fig. 2h. Thus, there is an assumption that 
layered rocks with the angle β = 90° and different dip direc-
tions exist, which are same as each other. In the rock models, 
the weak planes are represented by the white grid surfaces 
with no thickness, which divide the rock matrix into blocks 
(the equal-thickness blue part) with a thickness of 10 mm. 

The Drucker–Prager plasticity model in FLAC3D, char-
acterized by the Drucker–Prager criterion and a tensile limit, 
was selected as the constitutive model of the rock matrix 
(Itasca Consulting Group 2002). For this model, the strength 

Fig.1  Schematic diagram of the weak plane orientation
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envelope in the σ–τ plane is divided into two parts: shear 
failure and tension failure. The shear failure of the strength 
envelope is defined by the Drucker–Prager criterion, and the 
function expression is as follows:

where σ are τ are the octahedral normal stress and shear 
stress (Alejano and Bobet 2012), respectively; q and k are 
constants related to the material, determined by cohesion 
and internal friction angle using the following equations:
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where c is the cohesion of the rock matrix, MPa; ϕ is the 
internal friction angle of the rock matrix, °.

The tensile failure is defined by the tensile failure crite-
rion as

where σt is the tensile strength of the rock matrix, MPa.
In addition, this model is an ideal plastic model and fol-

lows the basic assumption of plasticity theory, that is, the 
total strain increment is composed of elastic and plastic 
parts, but only the elastic part will contribute to the stress 
increment. In elastic deformation stage, stress increment and 
strain increment satisfy Hooke’s law:

where Δγe and Δεe are the increments of shear strain and 
volume strain, Δτ and Δσ are the increments of tangential 
stress and normal force, respectively, G is the shear modulus, 
and K is the bulk modulus.

(4)f t = � − �t

(5)
Δ� = GΔ�e

Δ� = KΔ�e

Fig. 2  Grid models of some rocks; a α = 0°, β = 0°, b α = 15°, β = 0°, c α = 30°, β = 0°, d α = 45°, β = 0°, e α = 60°, β = 0°, f α = 75°, β = 0°, g 
α = 90°, β = 0°, h β = 90°
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On the other hand, the weak planes of layered rock are 
controlled by the interfaces, which are characterized by the 
Coulomb shear strength criterion (Itasca Consulting Group 
2002). If the shear yield of the weak plane happens, the 
required shear force is limited by the following relation:

where cw is the cohesion of the interface, ϕw is the friction 
angle of the interface, Fn is the normal force of the interface, 
A is the interface area, and p is the pore pressure (not con-
sidered in this study).

The properties of the layered rock are cited from the 
results of conventional triaxial compression tests on shale: 
c = 28.00 MPa, ϕ = 38.50°; cw = 15.90 MPa, ϕw = 30.00°. 
Following the theory and background of the FLAC3D user 
manual (Itasca Consulting Group 2002), the parameters of 
the rock matrix and weak plane are shown in Table 1 and 
Table 2, respectively. The intermediate principal stress σ2 
and the minimum principal stress σ3, as stress loads, are both 
uniformly applied to the corresponding side surfaces of the 
rock sample, as shown in Fig. 1 and Fig. 2. And the two rock 
surfaces perpendicular to the Z-axis direction are simulta-
neously subjected to the displacement loads with the same 
magnitude and opposite directions. During the simulation 
process, the stress loads that ignore the influence of stress 
increments are first performed, and then the displacement 

(6)Fs max
= cwA + tan�w

(

Fn − pA
)

loads with the magnitude of 4.5 ×  10–5 mm/step run for pre-
determined steps.

Results

True triaxial tests of σ2 = σ3

At first, the true triaxial compression experiments with the 
stress state of σ2 = σ3 were performed on all the rock sam-
ples. Due to the same magnitude, the stress loads (σ2 and σ3) 
were referred to as the confining pressure, which increases 
from 0 to 30 MPa with the gradient of 10 MPa. Based on 
the basic assumptions of plasticity theory, the stress–strain 
curve of rock sample in the numerical simulation turns into 
two phases: The first is the linear elastic phase, where the 
stress increases linearly with the increasing strain, whereas 
the change of stress in the second phase (called as the plastic 
phase) is relatively small, as shown in Fig. 3. The intersec-
tion of the two phases is the critical point of deformation 
with the rock failure. Thus, the peak strength can be obtained 
from the stress–strain curve when the Z-axis strain of rock 
reaches this point.

For layered rocks with dip direction α = 0°, the relation-
ship curves between rock strength and dip angle β are in 
the shape of “Shoulder type” under different confining pres-
sures, as shown in Fig. 4. As β increases from 0° to 90°, the 
rock strength decreases first and then increases, which is 
consistent with the result of conventional triaxial experi-
ment. Taking two rock samples (one with α = 0° and β = 0° 
and another one with α = 0° and β = 30°) as examples, the 
errors between the simulated and experimental value of rock 
strength are small, and the curves of rock strength versus 
confining pressure all follow a linear law, as shown in Fig. 5. 
These strength characteristics are also applicable to layered 
rocks with other dip directions.

The angle β plays a significant role in the strength of lay-
ered rocks under the condition of σ2 = σ3, whereas the varia-
tions of rock strength with angle α are almost negligible for 

Table 1  Parameters of the rock matrix

Density (kg·cm−3) K (GPa) G (GPa) k q σt (MPa)

2500 16.67 10.00 32.00 0.907 3

Table 2  Parameters of the weak plane

Kn (GPa) Ks (GPa) c
w
 (MPa) �

w
 (°) Tensile strength (MPa)

60 60 15.90 30.00 0.10

Fig. 3  The stress–strain curve 
of some layered rocks; a α = 0°, 
β = 0°, and σ2 = σ3 = 10 MPa, 
b α = 0°, β = 30°, and 
σ2 = σ3 = 10 MPa (Z-axis: the 
Z-axis strain of specimen, 
X-axis: the X-axis strain of 
specimen, Y-axis: the Y-axis 
strain of specimen. The latter 
two overlap each other)
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layered rocks with the same dip angle. Taking the two series 
of rock samples with β = 0° and β = 30° as examples, the 
rock strength curves with respect to the angle α are nearly 
horizontal straight lines at different confining pressures, as 
shown in Fig. 6. Based on the assumption about the rock 
models, it is also suitable for layered rocks with β = 90°.

In terms of the failure characteristics of layered rocks, 
the simulation results are in agreement with the experiment 
results. The failure modes of layered rocks in numerical sim-
ulation can also be classified into two types, including the 
shear failure of the rock matrix and slipping failure along the 
weak plane. In this paper, the rock failure is illustrated by the 
Z-direction displacement diagram after simulated due to the 
limit of software. When α = 0° ~ 90° and β = 0°, 60° ~ 90°, 
the layered rocks fail by the shear failure of matrix, charac-
terized by the uniform distribution of displacement in the 
Z-axis direction, as shown in Fig. 7. And the slipping failure 
along the weak plane occurs at α = 0° ~ 90° and β = 15° ~ 45°. 
As a result of it, the rock sample disintegrates into two parts 
along a weak plane, which are equal in magnitude but oppo-
site in direction, as shown in Fig. 8.

True triaxial tests of σ2 > σ3

Based on the true triaxial tests mentioned in Sect. 3.1, a 
series of true triaxial tests with the stress load of σ2 > σ3 are 
further carried out on layered rocks. The minimum principal 
stress σ3, same as before, can be one of four values: 0 MPa, 
10 MPa, 20 MPa and 30 MPa. The intermediate principal 
stress σ2 increases from the value of σ3 with the gradient of 
20 MPa. The simulation results show that the mechanical 
characteristics of layered rocks can be classified into three 
types under the influences of the intermediate principal 
stress and the weak plane orientations.

When weak planes are at the angle α = 0° ~ 90° and 
β = 0°, 60° ~ 90°, the strength and failure characteristics of 
layered rocks are only controlled by the rock matrix. The 

Fig. 4  The relationship between the strength of layered rocks with 
α = 0° and the dip angle of weak planes

Fig. 5  Comparison of experimental and simulated results (σ0,e and 
σ0,s: the experimental and simulated strength at β = 0°, respectively; 
σ30,e and σ30,s: the experimental and simulated strength at β = 30°, 
respectively)

Fig. 6  Relationship between the 
rock strength and the dip direc-
tion of weak planes under the 
stress state of σ2 = σ3; a β = 0°, 
b β = 30°
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σ1–σ2 curves of these rock samples are roughly the same as 
each other at the same stress σ3. Taking some rock samples 
as examples, the rock strength of each specimen increases 
almost linearly with the σ2, as shown in Fig. 9. Correspond-
ingly, these layered rocks all have been broken by the shear 
failure of the rock matrix and characterized by the similar 
Z-direction displacement in Fig. 7. Therefore, these mechan-
ical characteristics unassociated with the weak plane are 
summarized as the first type.

For the layered rocks with α = 0°–45° and β = 15°–45°, 
the mechanical responses are mainly affected by the weak 

plane. With the increase in the σ2, the rock strength first 
increases and then decreases, as shown in Fig. 10. The 
strength curves of these rocks are convex parabolas with 
opening downward. Under a certain stress condition, the 
initial slope and peak value of σ1–σ2 curve increase with the 
increase in the angle α, that is, the σ2 effect on rock strength 
of these layered rocks strengthens gradually as the increasing 
angle α in the range of 0°–45°. Thus, the strength curves of 
layered rocks with α = 0° are almost straight lines as a result 
of the negligible effect of σ2. In terms of failure character-
istics, these layered rocks are dominated by sliding failure 

Fig. 7  The Z-direction displacement diagram of the shear failure of the rock matrix; a α = 0°, β = 0°, and σ2 = σ3 = 0 MPa, b α = 45°, β = 60°, and 
σ2 = σ3 = 10 MPa

Fig. 8  The Z-direction displacement diagram of the slipping failure along the weak plane; a α = 0°, β = 30°, and σ2 = σ3 = 0  MPa, b α = 45°, 
β = 30°, and σ2 = σ3 = 10 MPa
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along the weak plane, as shown in Fig. 11. These mechanical 
characteristics are classified into the second type under the 
coupled effect of the σ2 and the weak plane orientations.

In the third type, the mechanical characteristics of layered 
rocks with α > 45° and β = 15°–45° are complex, involved in 
the changes of the strength curve and failure mode. Due to 
the increase in angle α, the rock strength curves are charac-
terized by two linear portions, as shown in Fig. 12. The slope 
of the previous linear portion changes from the minimum 
(the slope of strength curve at α = 60°) to the maximum (the 
slope of the critical line with σ2 = σ3) as angle α increases 
from 60° to 90°, whereas the slope of the next linear portion 
is mostly a constant for layered rocks (expect for these with 
α = 60°) at any stress σ3. In fact, the slope of strength curve 
decreases suddenly to a lower value as a result of the change 
of the failure mode. Taking the layered rock with β = 30° and 
α = 90° as an example, the failure modes corresponding to 
the previous and next portion of strength curve are sliding 
failure along the weak plane and shear failure of matrix, 
respectively, as presented in Fig. 13. Because of the lack of 
this change, there is only the previous portion for the lay-
ered rocks with α = 60°. It is evident that the domination of 
mechanical mechanisms (either rock matrix or weak planes) 

is determined by the coupled effect of the stress state and the 
weak plane orientations. Thus, the last type in mechanical 
characteristics of layered rocks can be regarded as a combi-
nation or transition of the former two types.

Discussion

It has been proved that the mechanical characteristics of lay-
ered rocks are determined by either the rock matrix or the 
weak plane based on the results of conventional triaxial tests. 
As mentioned above, the anisotropy of mechanical behaviors 
is closely related to the dip angle of weak planes (β). In the 
simulation results of this study, it is found that the anisotropy 
is also associated with the dip direction of weak planes (α) 
and the stress state (σ2 and σ3) under the true triaxial condi-
tions. However, there are a very few existing true triaxial 
tests on layered rocks to identify this discovery. By compar-
ing with the results of Chichibu green schist (Kwaśniewski 
and Mogi 2000), the results of the numerical simulation on 
layered rocks are discussed below.

In terms of the first-type property, the similar results are 
obtained in experiments and simulations. With the increase 

Fig. 9  The relationship curves 
between rock strength and 
intermediate principal stress in 
the first type; a α = 0°, β = 0°, b 
α = 45°, β = 0°, c α = 90°, β = 0°, 
d β = 90°
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Fig. 10  The relationship curves 
between rock strength and inter-
mediate principal stress at the 
angle α = 0° ~ 45° and β = 30°; 
a α = 0°, β = 30°, b α = 15°, 
β = 30°, c α = 30°, β = 30°, d 
α = 45°, β = 30°

Fig. 11  The Z-direction displacement diagrams of layered rock with α = 0° and β = 30° at different stress states; a σ3 = 0 MPa, σ2 = 30 MPa, b 
σ3 = 0 MPa, σ2 = 60 MPa
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Fig. 12  The curves of rock 
strength versus σ2 at the angle 
α = 60° ~ 90°and β = 30°; a 
α = 60°, β = 30°, b α = 75°, 
β = 30°, c α = 90°, β = 30°

Fig. 13  The Z-direction displacement diagrams of layered rock with α = 90°and β = 30° at different stress states; a σ3 = 0 MPa, σ2 = 30 MPa, b 
σ3 = 0 MPa, σ2 = 90 MPa
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in σ2, the rock strength of the green schist with β = 90° 
increases gradually to an approximate constant; see Fig. 8 
in the literature by Kwaśniewski and Mogi 2000. The failure 
patterns of these schists at different stress states all are the 
shear failure of the rock matrix, presented in the form of 
a schematic diagram as shown in Fig. 14a. Obviously, the 
mechanical mechanism of layered rocks entirely depends on 
rock matrix for both numerical simulation and experiment, 
whereas there are some differences between them. With the 
application of the Drucker–Prager constitutive model, the 
slope of the strength curve in the simulation remains con-
stant, without the gradual decline as green schist. Thus, due 
to the overestimation of rock strength by the Drucker–Prager 
criterion (Colmenares and Zoback 2002), the use of it should 
be careful in engineering evaluation. Moreover, the fail-
ure surface is uncertain in the simulation as a result of the 
limitation of the constitutive model. Based on the whole 
experimental and simulated studies on layered rocks, it can 
be inferred that the mechanical characteristics of some lay-
ered rocks are related to the rock matrix, and similar to each 
other. The range of the weak plane orientations for these 
rocks (β = 0°, 60° ~ 90° and α = 0° ~ 90°) obtained from the 
simulation can provide reference for further study on layered 
rocks.

On the other hand, the mechanical characteristics of green 
schist with angle β = 30° are significantly affected by the 
weak plane. The σ1–σ2 curves of these schists are in shapes 
of downward convex parabola; see Fig. 8 in the literature 
by Kwaśniewski and Mogi 2000. And the failure modes 
of these rocks exhibit the slipping failure along the weak 
plane, as shown in Fig. 14(b - c). When the angle α = 0° and 
β = 30°, the mechanical behaviors of green schist are roughly 
the same as those of layered rocks in the simulation due to 
the failure surface parallel to the σ2. At α = 45° and β = 30°, 
the failure mechanisms of layered rocks in simulation and 
experiment all are associated with the weak plane, but it 
is obvious that the rock strength obtained from simulation 
is overestimated at high σ2. Therefore, the failure criterion 
of the weak plane tends to overpredict its strength at some 
conditions. Besides, there is a prediction proposed by Mogi 
(2006) that a larger σ2 may cause a change in the failure 
mode of the green schist with α = 90° and β = 30°, confirmed 
by the results of numerical simulation. But due to the limi-
tations of theoretical models, these results still need to be 
identified by real tests.

Overall, the mechanical behaviors of layered rocks under 
the true triaxial stress state are complex, and the accuracy 
of numerical simulation results is limited as a result of the 
insufficient research on layered rocks. This study shows 
that the mechanical mechanism of layered rocks is strongly 
affected by the stress state and the weak plane orientations. 
As discussed above, there are some theoretical and experi-
mental problems about layered rocks. For the demands of 
engineering construction and theory development, further 
studies on layered rocks are extremely essential.

Conclusions

By simulating the true triaxial compression tests on layered 
rocks with stress condition of σ2 = σ3, the results of it are 
similar to those of real conventional triaxial tests, and it is 
found that the influence of the weak plane direction α on the 
rock mechanical characteristics is negligible. Based on it, 
the true triaxial tests with stress state of σ2 > σ3 were further 
simulated, and the following conclusions were obtained:

(1) Under the true triaxial compression, the anisotropic 
mechanical characteristics of layered rocks are either 
controlled by the weak plane or dominated by the 
matrix. The failure mechanism of layered rocks is 
closely related to the stress state and orientations of 
weak planes, resulting in three different types of prop-
erty. In each type, there are unique mechanical charac-
teristics, including failure mode, strength curve and the 
σ2 effect on rock strength, etc.

Fig. 14  The schematic diagram of failure modes of green schist; a 
β = 90°, b α = 0°, β = 30°, c α = 45°, β = 30°, d α = 90°, β = 30° (Drew 
based on the description and photographs of rock failure in the book 
by Mogi 2006)
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(2) When weak planes are at angle α = 0° ~ 90° and β = 0°, 
60° ~ 90°, the mechanical characteristics of layered 
rocks are entirely associated with rock matrix, clas-
sified to the first type. Under the simulated condition, 
these specimens fail by the shear failure of the rock 
matrix, and the σ1–σ2 curves at a certain σ3 are the same 
as each other for these rocks. Thus, the σ2 effect on rock 
strength only depends on the mechanical properties of 
the rock matrix.

(3) In the second type, the mechanical behaviors of layered 
rocks with α ≤ 45° and β = 15° ~ 45° are related to the 
weak plane. The rock failure modes are all the sliding 
failure along the weak plane. And the σ1–σ2 curves of 
these specimens are in the shape of a downward con-
vex parabola, which is affected by the orientation of 
weak planes. As a result, the σ2 effect on the strength of 
these layered rocks strengthens gradually as the angle 
α increases from 0° to 45°.

(4) For the layered rocks with angle α > 45° and 
β = 15° ~ 45°, the mechanical characteristics are com-
plex. Under the coupled effect of the σ2 and the weak 
plane orientations, the changes of the strength curve 
and failure mode are observed in the results of simu-
lation. The mechanical mechanism is determined by 
this coupled effect. Thus, the last type in mechanical 
characteristics of layered rocks can be regarded as a 
combination or transition of the former two types.
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