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Wellbore instabilities frequently occur in mudstone formation with weak plane bedding because of strong anisotropies. The
mechanics parameters of weak plane bedding are of vital significance to the wellbore stability analysis for mudstone formations.
The conventional method for determining the mechanics parameters is to fit lots of triaxial test data due to the blindness of
coring. In this paper, an evaluation method of the mechanics parameters of weak plane bedding is proposed to improve the
accuracy of weak plane bedding mechanical properties. The mechanics parameters of weak plane bedding are obtained by
combing the single-weak plane failure criterion with the compressive strength of rock obtained by the triaxial test of cores with
different coring angles. It is seen that the new evaluation method is simple and convenient. On the other hand, a validation
method of the mechanics parameters of weak plane bedding is proposed to ensure their accuracy. The compressive strength
obtained from the core with the special coring angle is compared with the theoretical compressive strength for verifying the
accuracy of weak plane bedding mechanical properties. It is observed that the proposed evaluation and validation methods can
be used to measure the value of weak plane bedding mechanical properties precisely. The proposed methods are general and can
be used for measuring the mechanical properties of fracture weak-plane and joint weak-plane.

1. Introduction

The anisotropic rock (mudstone, shale, etc.) formed by the
weak plane (bedding, joint, etc.) can be weaker than the intact
rock. The current research focuses on the failure criterion of
the anisotropic rock, such as the Mohr-Coulomb, Drucker-
Prager, the Modified Lade, Hoek-Brown, single-weak plane
failure criterion, and 3D criteria (Mogi-Coulomb, Wiebols-
Cook, Desai-Salami, 3D Hoek-Brown) [1–4]. The 3D criteria
focus on the effects of the intermediate principal stress, which
is usually difficult in practice to analyze the wellbore stability
because of the more required input parameters. One of the
most widely used empirical criteria in the anisotropic rock
is the single-weak plane failure criterion. Since its first intro-
duction by Jaeger [2] in extending the earlier work of Bott
[1], the single-weak plane failure criterion has been used suc-
cessfully in evaluating wellbore stability [5–13]. In this crite-
rion, the failure of both the bedding planes and rock matrix is
described by using the Mohr-Coulomb criterion by two dif-

ferent sets of intact rock and weak plan constants. Then,
the mechanics parameters of weak plane bedding are impor-
tant parameters required for use of the single-weak plane fail-
ure criterion in evaluation wellbore stability. The
conventional method for determining the mechanics param-
eters is to fit lots of triaxial test data of anisotropic rocks [14–
19]. Donath [14] tested the several rocks with different types
of planar anisotropy with seven different δ, where δ is the
inclination of anisotropy, bedding planes. Chenevert and
Gatlin [15] early showed the rock properties of coefficient
of internal friction can vary with direction, depending on
the particular rock tested. Duveau and Shao [16] performed
78 triaxial compression tests in order to investigate the schist
strength anisotropy. The cohesion and friction of weakness
planes are determined from failure stresses obtained in triax-
ial tests with the loading orientation resulting in the mini-
mum strength. Heng et al. [17] analyzed the mechanical
properties of the bedding plane based on the experimental
data of shale with four different α, where α is the angle
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between the bedding planes and the coring orientation.
Wasantha et al. [18] studied the mechanics property of sand-
stone specimens with six different interconnected joint pat-
terns under three different combinations of confining
pressure and initial pore-water pressure. Liu et al. [19] found
that the presence of the weak plane greatly reduced the
mechanical strength of the shale. Although the above exper-
imental methods can measure the value of the mechanical
properties of the weak plane, lots of triaxial test data is neces-
sary to fit the properties.

In this paper, an evaluation method of the mechanics
parameters of weak plane bedding is proposed to improve
the accuracy of weak plane bedding mechanical properties.
On the other hand, a validation method of the mechanics
parameters of weak plane bedding is proposed to ensure their
accuracy. It is observed that the proposed evaluation and val-
idation methods can be used to measure the value of weak
plane bedding mechanical properties precisely and avoid
blindness of coring operation. Rock mechanical properties
of the mudstone specimen are measured using an RTR-
1500 triaxial rock testing system with an axial strain loading
rate of 0.05% per minute under successively higher confining
pressures. The frame stiffness, axial load, and cell pressure of
the RTR-1500 triaxial rock testing system are 0MN/mm,
Max. 1500 kN, and Max. 140MPa, respectively. Experimen-
tal results show that the proposed evaluation and validation
methods can be used to measure the value of weak plane bed-

ding mechanical properties precisely. The proposed methods
are general and can be used for measuring the mechanical
properties of fracture weak-plane and joint weak-plane.

2. Weak Plane Failure Criterion

The weak plane failure criterion which is that the failure con-
dition of the anisotropic mudstone depends on sets of the
single weak plane parameters was the first presented by Jae-
ger with the most extensive triaxial tests [1]. There are an
upper limit and a lower limit for the compressive strength
of the anisotropic mudstone with the weak plane. The upper
limit is corresponding to the compressive strength depending
on the rock mass. The lower limit is corresponding to the
compressive strength depending on the weak plane. β is the
angle between maximum principal stress and weak plane
normal, related to the failure mode of the anisotropic mud-
stone with the weak plane (Figures 1 and 2). For β1 ≤ β ≤
β2, the failure mode is conducted by the weak plane failure.

The weak plane failure criterion for β1 ≤ β ≤ β2 is defined
as

σ1 − σ3 =
2 Cw + tan ϕwσ3ð Þ

1 − tan ϕw cot βð Þ sin 2β , ð1Þ
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Figure 1: Relation between the failure mode of the anisotropic
mudstone and β.
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Figure 2: Weak plane failure curves based on the Mohr-Coulomb
failure criterion. The line AB is defined as the weak plane. τ is the
shear stress at failure.
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Figure 3: Sketch for the drilling core and rock specimen.
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Figure 4: A flow chart for the determination of the cohesion and
friction angle of the weak plane.
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where σ1 and σ3 is the maximum and minimum principal
stress, respectively. Cw is the cohesion of the weak plane.
ϕw is the friction angle of the weak plane [11].

The Mohr-Coulomb failure criterion for β < β1 orβ > β2
is defined as

σ1 = σ3 tan2
π

4 + ϕo
2

� �
+ 2Co tan

π

4 + ϕo
2

� �
, ð4Þ

where Co is the cohesion of the rock and ϕo is the friction
angle of the rock.

3. Evaluation Method of the Weak Plane
Mechanical Properties

θ is defined as the complementary angle of the angle between
the axis of the drilling core and that of the rock specimen for
rock mechanics testing (Figure 3). It is assumed that the angle
β of the drilling core is between β1 and β2. Hence, the failure
mode of this rock specimen should be determined by the
weak plane. The triaxial tests are run on the three rock spec-
imens with the same θ at three different confining pressures;
then, we can get three compressive strengths. The parameters
Cw, ϕw, and β can be got by combining equation (1) with the
three compressive strengths. β1 and β2 can be easily com-
puted using equations (2) and (3). If β ∈ ½β1, β2�, we will get
the correct cohesion and friction angle of the weak plane,
or else will increase the angle θ. Figure 4 shows the algo-
rithms with which the required cohesion and friction angle
of the weak plane can be obtained.
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Figure 5: Geometric sketch for the original angle of λ. (a) The orientation from the axis of the tested rock to the weak-plane line is
anticlockwise, θ < λ. (b) The orientation from the axis of the tested rock to the weak-plane line is clockwise, θ > λ.
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Figure 6: Standard cylinder (ϕ 25mm × 50mm).

Figure 7: RTR-1500 Rock triaxial experiment system.
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Figure 8: Original weak plane bedding for the drilling core.

Table 1: Compressive strength from triaxial test.

Specimen
number

θ
(°)

Confining pressure
(MPa)

Compressive strength
(MPa)

1-30° 30 0 59.958

2-30° 30 20 144.852

3-30° 30 30 188.185
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4. Validation Method of the Weak Plane
Mechanical Properties

λ is defined as the original angle which is the angle between
the axis of the drilling core and weak plane normal. The orig-
inal angle can be given by the geometric relationship. When
the orientation from the axis of the tested rock to the weak-
plane line is anticlockwise, λ = θ − β + ðπ/2Þ (Figure 5(a)).
When the orientation from the axis of the tested rock to the
weak-plane line is clockwise, λ = θ + β − π/2 (Figure 5(b)).
We can change the angle θ to make the angle β meet β ∈ ½
β1, β2�. The rock specimen with this angle θ will be con-
ducted with a triaxial test. It can be seen from equations (2)
and (3) that the failure model of the rock specimen with this
angle θ will be the weak plane failure. If the value of the com-
pressive strength from the triaxial test is close to that from
the theoretic calculation of the weak plane failure criterion,
the previous cohesion and friction angle of the weak plane
got by the method of evaluating the weak plane mechanical
properties will be accurate.

5. Experiments and Discussions on Weak Plane
Mechanical Properties

5.1. Materials and Experimental Methodology. Mudstone
samples buried to 6670-6678mwere obtained from the Sang-
tamu formation in Tarim Basin, Northwest China. The
Tarim Basin has abundant hydrocarbons and is currently
the largest natural gas-producing region in the country. The
complex situations in the process of drilling are liable to
occur while drilling in the Sangtamu formation in Tarim
Basin. Rock mechanical properties of weak plane bedding
in mudstones are of vital significance to these situations
because of the poor mechanical properties of weak plane bed-
ding. The rock specimens are from the drilling core accord-
ing to the angle depicted in Figure 3. The geometry size of
these rock specimens is 50mm in length and 25mm in diam-
eter (Figure 6). Rock mechanics of these rock specimens are
tested with an RTR-1500 triaxial rock testing system with
an axial strain loading rate of 0.05% per minute under succes-
sively higher confining pressures (Figure 7).

5.2. Experimental Results and Analysis

5.2.1. Experiment for Evaluation Method of the Weak Plane
Mechanical Properties. We can find that the original angle λ
is 10° when the drilling core is coring along with the horizon-
tal or vertical direction (Figure 8). We choose to conduct the
triaxial test for the rock specimens with θ = 30°. The com-
pressive strength values of these rock specimens are listed
in Table 1. The stress-strain curves of these rock specimens
are as shown in Figure 9. By equation (1), we can obtain that
β = 69:3697°, cw = 13:0318MPa, and ϕw = 37:7435°. Then, β1
and β2 can be given by equations (2) and (3), which are listed
in Table 2. It can be easily verified that β ∈ ½β1, β2�. Therefore,
cw = 13:0318MPa and ϕw = 37:7435° are the required cohe-
sion and friction angle of the weak plane.

5.2.2. Experiment for Validation Method of the Weak Plane
Mechanical Properties. As λ = θ + β − 90°, we have θ = 30°,
β = 69:3697°, and so λ = 9:3697°. We should drill the rock
specimen with θ = 35:4980° again, according to the validation
method of the weak plane mechanical properties described in
Section 4. The compressive strength of this rock specimen is
measured with an RTR-1500 three-axial rock testing system
for checking the difference between the experimental value
of compressive strength and the calculated value of that from
the weak plane failure criterion. The stress-strain curve of
this rock specimen is as shown in Figure 10. The
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Figure 9: Stress-strain curves of rock specimens from Sangtamu
mudstone formation.

Table 2: Relationship among β, β1, and β2.

Specimen number
β1
(°)

β2
(°)

β
(°)

1-30° 55.3291 72.4144 69.3697

2-30° 57.2389 70.5046 69.3697

3-30° 57.4011 70.3424 69.3697
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Figure 10: Stress-strain curves of the verified rock specimen with
θ = 35:4980°.
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experimental value of compressive strength is 258.074MPa,
and the calculated value of that is 260.9528MPa. The relative
error between the results of the theoretic calculation and
experiment is only 1.12%. Therefore, the previously obtained
weak plane mechanical properties by the evaluation method
of the weak plane mechanical properties is accurate.

6. Conclusions

In this paper, we investigated both the evaluation method
and the validation method of the weak plane mechanical
properties by the theory analysis and experimental investiga-
tion in mudstone with the weak plane bedding. The evalua-
tion method of the weak plane mechanical properties is
proposed, based on the weak plane failure criterion. This
method can guide the measurement of the weak plane
mechanical properties to avoid blindness of coring operation.
The validation method of the weak plane mechanical proper-
ties is proposed, equally based on the weak plane failure cri-
terion. The validation method can further ensure the
correctness of the weak plane mechanical properties which
is previously obtained by the evaluation method of the weak
plane mechanical properties. Both methods are general and
can be used for measuring the mechanical properties of frac-
ture weak-plane or joint weak-plane.
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