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A failure criterion fully considering the anisotropy and hydration of shale is essential for shale formation
stability evaluation. Thus, a novel failure criterion for hydration shale is developed by using Jaeger’s shear
failure criterion to describe the anisotropy and using the shear strength reduction caused by clay miner-
als hydration to evaluate the hydration. This failure criterion is defined with four parameters in Jaeger’s
shear failure criterion (S;, Sz, « and ¢), three hydration parameters (k, ws, and ) and two material size
parameters (d and Ilp). The physical meanings and determining procedures of these parameters are
described. The accuracy and applicability of this failure criterion are examined using the published exper-
imental data, showing a cohesive agreement between the predicted values and the testing results,
R? = 0.916 and AAREP (average absolute relative error percentage) of 9.260%. The error (IDp|) is then dis-
cussed considering the effects of 8 (angle between bedding plane versus axial loading), moisture content
and confining pressure, presenting that |D,| increases when f is closer to 30°, and |D,| decreases with
decreasing moisture content and with increasing confining pressure. Moreover, |Dp| is demonstrated as
being sensitive to S; and being steady with decrease in the data set when g is 0°, 30°, 45° and 90°.
© 2023 Published by Elsevier B.V. on behalf of China University of Mining & Technology. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction because it is challenging to consider the effects of both anisotropy

and hydration. Thus, it is vital to develop a failure criterion for

To accurately evaluate the stability of geotechnical engineering
structures using a reasonable failure criterion is extremely crucial
[1,2] because it can scientifically guide the support to ensure long-
term stability [3]. Shale, a clastic sedimentary rock, has the charac-
teristics of obvious bedding planes and high clay minerals content
[4]. Therefore, the stability evaluation of shale formation is very
difficult since the mechanical behaviors of shale are similar to
many other rocks, complicated by water absorption [5]. Although
many failure criteria have been developed for different kinds of
rocks or soils considering different stress conditions [6,7], few of
them are suitable for predicting the strength of hydration shale
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hydration shale, which is meant for handling the instability prob-
lems of the geotechnical engineering structure related to shale.
The mechanical properties of rocks are highly affected by water
[8]. Water would weaken the bonds of the original structures
inside coal, resulting in reductions in the cohesion and shear
strength [9]. Thus, since water invasion cannot be avoided for
many geotechnical engineering structures in natural conditions, a
good failure criterion should consider the effect of water (or hydra-
tion) to predict the strength of rocks, especially for shale, which
contains lots of clay minerals. Lashkaripour and Passaris [10]
pointed out that, when it comes to shale strength evaluation, mois-
ture content (w,,) can be considered as an index, and thus, some
empirical failure criteria for rocks have been developed related to
w,, afterwards [11]. As well as, some scholars modified the
strength parameters in the widely accepted failure criteria to con-
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sider the effect of water on the rock strength. For example, Huang
et al. [12] adopted the reducing cohesion and friction angle caused
by hydration in Mohr-Coulomb failure criterion; Li et al. [13] gave a
failure criterion using a reduction of m; (material constant) in the
Hoek-Brown failure criterion to describe the rock strength change
affected by water absorption. Although people know that rock
strength is highly related to water and some failure criteria were
developed using w,, to evaluate hydrated rock strength, these cri-
teria are almost developed from empirical formula or using modi-
fied parameters in existing failure criteria. These would cause an
unclear physical meaning, and they still have low accuracy in eval-
uating the strength of hydration shale.

The shale strength also appears to be anisotropy resulting
from the shale mechanical properties, which are controlled by
the weak bedding planes [14]. Therefore, the shale strength can-
not be properly described by an isotropic failure criterion [15],
but can be predicted by the failure criteria considering their
microstructure in spatial anisotropy [16]. Therefore, some failure
criteria for transversely isotropic rocks were developed to handle
the stability evaluation of geotechnical engineering structures.
Jaeger [17] suggested a shear failure criterion early for trans-
versely isotropic rocks, in which the rock cohesion is assumed
as variation with the angle between bedding plane versus axial
loading (B), whereas the friction angle is regarded as constant.
This failure criterion was then modified by Donath [18] to clearly
show the relationship between the maximum and minimum prin-
cipal stresses (g7 and ¢3), and it can predict the strength of trans-
versely isotropic rocks well [19]. By using that the anisotropy of
rock strength can be described through the orientation depen-
dence of the parameters m and s (material constants) in Hoek-
Brown failure criterion, Saroglou and Tsiambaos [20] and Zhang
et al. [21] developed two modified Hoek-Brown failure criteria
for predicting the strength of transversely isotropic rocks. These
modified Hoek-Brown failure criteria show excellent performance
in the strength prediction of rocks, but their physical meanings
are missed because the Hoek-Brown failure criterion is an empir-
ical formula [22]. Thus, some failure criteria were developed to
reveal the meaning of the failure mechanism in rocks, and the
representative ones include the failure criteria formulated in
terms of the stress state [23] and microstructure characteristics
of rocks [24]. As mentioned above, the strength prediction for
transversely isotropic rocks was well performed by the failure cri-
teria developed by the empirical formula and the formula
obtained from the structural characteristics of rocks. Particularly,
many failure criteria developed from the geometry of transversely
isotropic rocks show clear physical meaning, indicating that the
structural characteristics of rocks can be formulated to predict
the strength of this kind of rock. However, these failure criteria
focus on the anisotropic characteristics of rocks, and a few of
them consider the water’s effect.

From what has been discussed above, many failure criteria were
developed for transversely isotropic rocks, and a few failure criteria
were obtained for rocks after water absorption. However, few of
them take account of the effects of both anisotropy and hydration.
Many rocks, especially shale, have anisotropy and hydration char-
acteristics, which can significantly affect their mechanical proper-
ties [8,14]. Thus, in the present study, a new failure criterion for
hydration shale is proposed based upon Jaeger’s shear failure crite-
rion to describe the anisotropy of shale, and the effect of hydration
on the shale strength is incorporated into this failure criterion by
the concept that the shear strength of the slip plane would
decrease for the shale after water absorption. The performance,
model parameters sensibility and prediction performance with
limited experimental data of the new failure criterion are then
demonstrated.
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2. Failure criterion for hydration shale
2.1. Failure criterion of dry shale

For the dry shale with bedding plane direction inclined at 8 to
the direction of axial stress, the shear strength for the shale under
uniaxial compression condition can be expressed as [17]:

S=51—S,cos2(ot — ) (1)

where S is the shear strength of a plane in the direction at « to the
direction of axial stress for dry shale, MPa; S; and S, the model con-
stants, MPa; and o the angle between the shear failure plane and
the direction of axial stress (Fig. 1), (°). o is in the range between
0° to 90° and its practical range would be much smaller, for the
homogeneous rocks when the failure occurs at the most vulnerable
surface, and o is approximately equal to 30° [18,25].

Then, if the shear failure appears on the plane inclined at o to
the direction of axial stress with a confining pressure (o3), the fail-
ure criterion of dry shale (Jaeger’s shear failure criterion), which is
a typical shear slide failure model for rocks, can be obtained,
expressed as [17,18]:

cos o(sino + tan ¢ cos )
*sino(cos o — tan ¢ sin o)

S1 —=S;cos2(a— f)

g1 = 0 T
sin o(cos o — tan ¢ sin o)

(2)

where ¢ is the maximum principal stress (axial stress) at failure,
MPa; g3 the minimum principal stress (confining pressure), MPa;
and ¢ the internal friction angle of the rock matrix, (°).

0,=0;3 0,703

Fig. 1. Schematic diagram of the shear slide failure model of rocks. Notes: N is the
normal stress, MPa; 7 is the shear stress, MPa; ¢, and a3 are the confining pressure,
MPa.
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¢ is determined by the experimental data of triaxial compres-
sion tests under different g5 for the shale sample at §=90°, based
on the concept of Jaeger’s shear failure criterion. In the Jaeger’s
shear failure criterion, ¢ is a strength parameter of the shale
matrix sheets, and the effect of anisotropy is determined by S;,
S, and B. Thus, the experimental data of the shale sample at
p=90° that is used for fitting ¢, is according to the following rule
for the shale sample conducted by compression tests: No matter
how the confining pressure is, the shear failure plane would cut
the shale matrix sheets during compression tests [26]. However,
for the shale sample at other g, the shear failure would happen
at the bedding plane, for which condition, the strength of the
bedding plane will be the major factor in determining the inter-
nal friction angle of rocks, and the data cannot be used for
fitting o.

2.2. Shear strength reduction of hydration shale

Shale hydration, which is actually clay minerals intercrystalline
hydration, can alter shale microstructures resulting in the varia-
tions of Van der Waals force, double-layer repulsive force, and
hydration force, the sum of which is the total force in two charged
parallel plates [27]. The smaller distance between intercrystalline
layers will lead the short-range repulsive effect of hydration force
to become more dominant [28]. Thus, a strong hydration swelling
stress will appear to make the distance between intercrystalline
layers increase [27], and this process would cause the Van der
Waals force in two charged parallel plates to be highly reduced.
Finally, the total force in two charged parallel plates of shale may
reduce after hydration. Here, we use a shear strength reduction
(o) of the direct shear plane in shale resulting from the total force
decrease after clay minerals intercrystalline hydration to deter-
mine the strength decrease of hydration shale. ¢, can be obtained
by two direct shear tests using the dry shale sample and saturated
hydration shale, expressed as Eq. (3), and the shear plane of these
direct shear tests should be the clay minerals layer.

Os = 0ds — Ops

3)

where g4 is the shear strength of the direct shear plane for the dry
shale when the shear failure is along the single clay minerals layer,
MPa; and oy, the shear strength of the direct shear plane for the sat-
urated hydration shale when the shear failure is along the single
saturated hydration clay minerals layer, MPa.

2.3. Failure criterion of saturated hydration shale

For saturated hydration shale, the shale failure is assumed as in
the hydrated clay minerals layer based on the test result by Fan
et al. [29]. Thus, the shear strength reduction (o) of shale con-
cerning f is suggested to determine the strength change of shale
caused by the saturated hydration of shale compared with the
dry shale. Therefore, the shear strength (S') of a plane in the direc-
tion at « to the direction of axial stress for the saturated hydration
shale should be:
S=5- Osp

(4)
Combining Egs. (1) and (4), the failure criterion of saturated

hydration shale under uniaxial compression condition can be

expressed as:

S =581 —Syc052(0t — B) — T (5)

Thus, the failure criterion of saturated hydration shale under a

confining pressure (o3) can be obtained by combining Egs. (2)
and (5), as shown by Eq. (6).
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coso(sino + tan ¢ cos )
® sin o(cos o — tan ¢ sin o)
- Osp

sino(cos o — tan ¢ sin o)

S1—S,c082(f— )
sino(cos o — tan ¢ sin o)

01 =0

(6)

As shown in Fig. 2a, AB is the shear failure plane of homoge-
neous rock. Considering the shear strength reduction (os) in the
clay minerals layer caused by the hydration of shale, a reduced
angle between the hydrated clay minerals layer and AB (0) will
cause an increased effect of hydrated clay minerals layers on the
shale strength when the shear failure is along AB. Hence, the shear
strength reduction (oss) will be greater for the hydration shale.
However, it is tough to determine oz by 6 and ;. Here we use
the product of the number of the saturated hydration clay minerals
layers which are across the normal (OP) of AB in the shale sample
(m) and o5 to determine o4 as shown in Eq. (7). This is based on
the rule of that the lower 0 is, the higher m will be, as shown in
Fig. 2. In addition, o5 is determined by direct shear tests and o
is used to evaluate the strength reduction caused by shale hydra-
tion for compression tests, the product of m and o, is thus not
equal to o, due to the differences in test methods, size and mate-
rial of shale sample. Therefore, k is employed here to correct their
differences.

7)

where k is the coefficient for correcting the differences in test
method, size, and material of shale sample, dimensionless; and m
the number of the saturated hydration clay minerals layers across
the normal (OP) of AB in the shale sample, integer.

As shown in Fig. 2a, m can be obtained by counting the number
of clay minerals layers which are across MO, expressed as:

05 = kmos

m:dcos(cxfﬁ)
I cos o

(8)

where d is the shale sample diameter, mm; and [, the thickness
of one alternant clay minerals layer and rock matrix layer, mm, as
shown in Fig. 2b.

————
A

e
le——

e—
8. Clay minerals
layers

||

(a) Relationship between bedding planes
and the shear failure plane of the homo-
geneous rock

|

g,

(b) Thickness of one alternant
clay minerals layer and rock
matrix layer (/,)

Fig. 2. Schematic diagram for determining the shear strength reduction of
saturated hydration shale.
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Thus, o5, can be obtained by substituting Eq. (8) into Eq. (7),
expressed as:
_kdcos (- p)

O =T cosa °° (3)

Finally, the failure criterion of saturated hydration shale can be

obtained by substituting Eq. (9) into Eq. (6), expressed as:
cos o(sin o + tan ¢ cos o)

® sin o/(cos o — tan ¢ sin o)

S1 =S, cos2(a— )
sinoi(cos oo — tan ¢ sin o)

kdas cos(o — B)

Iy sinacos o(cos o — tan ¢ sin o)

o1 =0

(10)

2.4. Failure criterion of unsaturated hydration shale

For unsaturated hydration shale, the shear strength reduction
(oup) of the clay minerals layer due to the unsaturated hydration
of shale is assumed to be in direct proportion to moisture content
(ww), which is similar to other rocks [30,31]. Thus, oy; can be
expressed as:

Ow
Oup O's/sth (11)
where wg, is the moisture content of saturated hydration shale, %.

Therefore, using g to replace o, the failure criterion of unsat-
urated hydration shale can be obtained by combining Egs. (6), (9),
and (11), expressed as:

cos o(sin o + tan ¢ cos o)
®sin o(cos o — tan ¢ sin o)
S1—S5;c082(f — o)
sino(cos oo — tan ¢ sin o)
kdw,, 0, cos (o — B)
" loyg, Sin o cos o(cos o — tan ¢ sin o)

g1 =0

(12)

3. Parameters determination method

The proposed failure criterion, a nine-parameter model, is
developed from Jaeger’s shear failure criterion for transversely iso-
tropic rocks, using the shear strength reduction of hydration shale
and the geometrical relationship between the hydrated clay miner-
als layers and the shear failure plane to consider the effect of shale
hydration. Thus, the nine parameters of the proposed failure crite-
rion can be categorized into three groups: (1) Strength parameters
of Jaeger’s shear failure criterion: S, S,, o« and ¢; (2) Hydration
parameters of shale: o, k and wgp; (3) Material size parameters:
d and I,.

3.1. Determination method of Sy, S5, o and ¢

o is set as 30° as mentioned in Section 2.1. S; and S, are deter-
mined by fitting the uniaxial compression test data for the dry
shale samples at different g, using Eq. (2). ¢ is determined by fitting
the triaxial compression test data for shale samples at f=90°, at
least four confining pressures, using Eq. (2).

3.2. Determination method of a5, k and s

As mentioned in Section 2.2, g can be obtained using two direct
shear tests for the dry shale sample and saturated hydration shale.
The test procedure is presented as follows: first, two shale samples
(diameter of 50.8 mm, height of 25.4 mm, or other size requested
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by direct shear test standard, the effect of size difference can be
corrected by k) are prepared for the direct shear tests, and one is
dried in an incubator at a temperature of 105 °C for 24 h and the
other one is saturated with fresh water using the vacuum satura-
tion test according to the “Regulation for testing the physical and
mechanical properties of rock—Part 5: Test for determining the
water absorption of rock”. These two shale samples then undergo
the direct shear tests according to the “Regulation for testing the
physical and mechanical properties of rock—Part 28: Test for deter-
mining the strength of rock mass (Direct shear test)”, and the shear
strengths of the direct shear planes for the dry shale and the satu-
rated hydration shale, when the shear failure is along the single
clay minerals layer (g4s and oys), can be obtained by dividing the
peak shear force by the cross-sectional area of the shale samples.
Finally, g5 can be calculated using Eq. (3).

k can be determined by fitting the compression test data for
shale samples at =90°, with any level of moisture content ()
and confining pressure (o3), using Eq. (12).

Saturated hydration shale involves the amount of free water in
pores and water in hydrated clay minerals. Thus, ws, should be
determined by the saturated shale sample for compression test.
Since shale is usually tight and has low porosity, we use a test
method of injecting water into a vacuum shale sample with posi-
tive pressure to determine ws,. The test procedure is presented
as follows: First, a shale sample (diameter of 25.4 mm, height of
50.8 mm) is prepared. Second, this shale sample is dried in an incu-
bator with a temperature of 105 °C for 24 h, and its weight is then
measured as My. Third, this shale sample is put into a pressure ves-
sel, and the air in the shale sample is pumped out by a vacuum
pump. Fourth, a confining pressure of 10 MPa is applied to the
shale sample. Fifth, water is injected into the shale sample from
one side by a positive pressure of 8 MPa until the water can be seen
on the other side of the shale sample for at least 24 h. Finally, the
shale sample is taken out and is then measured as M,,. Thus, wsp
can be calculated by Eq. (13).

Mw*Md

)
M, x 100%

Wsh = (13)

3.3. Determination method of d and I,

d is the diameter of the shale sample, which can be measured
directly using a vernier caliper. Iy is the thickness of one alternant
clay minerals layer and rock matrix layer, which can be measured
directly by the digital image of an electron microscope for bedding
planes section of shale.

4. Evaluation of the proposed failure criterion

4.1. Mechanical behavior of hydration shale and database for
evaluation

The data for demonstrating the proposed failure criterion is col-
lected from the literature of Zhang et al. [32,33]. The shale samples
with seven bedding plane orientations (f, in degrees) relative to
the axial direction were drilled from one shale outcrop collected
from the Silurian Longmaxi formation in Shuanghe Town, Changn-
ing County, Sichuan Province, Southwest China. The shale samples
were then prepared with three moisture contents: dry shale sam-
ples (S-level moisture content), L-level moisture content
(ww=0.594%-0.753% with an average value of 0.674%) and H-
level moisture content (w,,=0.909%-1.127% with an average value
of 1.020%). The confining pressures of these compression tests
were set as 0, 10, 20 and 30 MPa.
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4.1.1. Stress-strain curves

Fig. 3 presents the stress-strain curves of the shale samples
under a confining pressure of 10 MPa. The shale samples all have
a significant elastic deformation stage, short plastic deformation
stage and no compaction deformation stage, and the stress drops
very quickly during the residual stress stage. These indicate that
the shale is characterized by brittleness [34]. In addition, the
mechanical behaviors of the shale samples are highly dependent
on B, wy and a3, and their detailed presentation can be seen in
the literature of Zhang et al. [32]. From Fig. 3, we can infer that
the clay minerals hydration alone bedding plane would make the
failure of shale samples prefers alone the hydrated bedding plane
resulting in reduced mechanical behaviors of the hydration shale
samples. Therefore, the shale samples would fail as a shear slide
failure mode coupling the effects of hydration, bedding plane and
confining pressure, as shown in Fig. 4. This indicates that the basal
concept for developing the new failure criterion can match the real
failure mode of shale samples very well.

The symbol S, L, and H indicate the dry shale sample, hydration
shale sample with low and high moisture contents, respectively;
&3¢ is the radial strain calculated using the displacement of the cir-
cumferential extensometer, %; &yc is the volumetric strain calcu-
lated wusing the displacement of the circumferential
extensometer, %; and ¢; is the axial strain, %.

The broken red lines indicate the main shear failure mode; the
broken white lines indicate the other failure features affected by
bedding plane or microcracks.

4.1.2. Data for evaluating the proposed failure criterion

The 74 samples compression tests’ data all [32], as shown in
Fig. 3, indicate that the shale samples collected from Longmaxi for-
mation exhibit strong anisotropy [35], showing the lowest strength
occurs for the shale sample at f=30°. Moreover, the hydration shale
sample would have smaller strength than the dry one. The strength
change rules of the shale samples with g and w,, highly match the
concept for developing the new failure criterion. Using these data,
the performances of the proposed failure criterion are evaluated as
shown in Sections 4.5-4.7.

4.2. Other failure criteria used for comparison

We briefly present four widely accepted failure criteria for com-
parison: Cai-Huang criterion, modified Hoek-Brown criterion,
Saeidi criterion and Al-Bazali criterion. The details of these failure
criteria are introduced as follows.
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4.2.1. Cai-Huang criterion

Cai-Huang criterion has considered the effects of both hydration
and bedding planes on rock strength. It is developed by the concept
of two failure modes in rock: failure of the dry rock matrix and fail-
ure of dry weak planes in rock, expressed as Eq. (14) [36].

2(Cw+oztangy,)

01 =03+ g, cotpsnzs P < B<Pa)

01 = Tansl 03 + 25000 (< By o1 B> B)) 14
By =%+1 arcsin—<”‘*”3*2§:’f§2‘/’w>5‘“‘pw

By =5 +% — 1} arcsin (7L 20n ot Gul iy

where 8, and B, are the specific angles among g distinguishing fail-
ure along or across weak planes of shale, (°); Co the cohesion of dry
rock matrix, MPa; ¢q the internal friction angle of dry rock matrix,
(°); Cw the cohesion of weak planes in dry rock, MPa; and ¢,, the
internal friction angle of weak planes in dry rock, (°).

The method of reducing cohesion and internal friction angle is
used to describe the hydration effect, and the expressions of the
cohesion and the internal friction angle for rock after water absorp-
tion are given by Huang et al. [12]:

Colmww] = Co — a1w

Qolww] = @y — by
Colow] = Cw — a0y

(pw[(})w] =Qy — bZ(Uw

(15)

where Co[ ] is the cohesion of rock matrix changed with w,,, MPa;
¢@olwyw] the internal friction angle of rock matrix changed with w,,
(°); Cw[ww] the cohesion of weak planes of rock changed with .,
MPa; ¢w[ww] the internal friction angle of weak planes of rock
changed with w, %; and ay, a,, by and b, the model parameters,
dimensionless.

Therefore, using Co[ Ww], @ol ®w], Cwl®ww], and gw|[ww] in Eq. (15)
to take the place of Gy, ¢o, Cw and ¢, in Eq. (14), the strength of
hydration shale can be predicted by Eq. (14).

4.2.2. Modified Hoek-Brown criterion
The modified Hoek-Brown criterion has the capacity for predict-
ing the strength of transversely isotropic rocks. This failure crite-
rion was developed from Hoek-Brown criterion [22] by using a
parameter k; to describe the anisotropy of rocks, expressed as [20]:
0.5
03
O'1=O'3+O'C/j(kﬁm,‘7+1) (16)
Ocp
where k; is the model parameter describing the anisotropy effect on
rock strength, dimensionless; m; the material constant, dimension-

=
S

=
(=]
(MPa)
'S
foed
<

o
S
03

80

52
S O

o
S

Deviatoric stress g,~a; (MPa)

Deviatoric stress o,

o
=)

)
x
T

3
Eye-30°]
&0-45°
&-45°

Eye-45°)
£3¢-60°
£-60°

Ey-60°)
—8-83c-90°
——£,-90°

—a—Eyc-90°)

80

Deviatoric stress a,~a; (MPa)

=)

-1.0

-0.5 0
Strain ¢ (%)

(a) The shale samples with different mois-
ture contents for =30°

Strain ¢ (%)

(b) The shale samples with different mois-
ture contents for f=90°

|
0.5 0 0.5
Strain ¢ (%)

1.0 1.5

(c) The dry shale samples for
S of 0°,30°, 45°, 60°, and 90°

Fig. 3. Stress-strain curves of the shale samples with different moisture contents tested under a confining pressure of 10 MPa [32,33].
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(a) p=0° (c) p=45° (e) =90°

Fig. 4. Typical failure modes of the shale samples after triaxial compression tests.

(b) p=30° (d) p=60°

less; and o; the uniaxial compressive strength at orientation p,
MPa, which can be calculated by Eq. (17) [18].

Ocp =A —Dcos2(f — min) (17)

where Bmin is the angle between bedding plane versus axial loading
of the rock sample having the minimum uniaxial compressive
strength, (°); and A and D the model parameters, MPa.

4.2.3. Saeidi criterion

Saeidi criterion, which is a failure criterion for transversely iso-
tropic rocks, was developed based on an empirical failure criterion
introduced by Rafiai [37], expressed as [38]:

1 +A/3(O'3/Uc/3)>

A+ By(03/0c) (18)

01 _0'3+O'c/z<

where / is the strength reduction parameter related to the rock ani-
sotropy, dimensionless; and A; and B; the model parameters,
dimensionless. o.; can be determined by Eq. (17).

4.2.4. Al-Bazali criterion

Al-Bazali et al. [11] summarized a failure criterion of uniaxial
compression condition for hydration rock, and the expression of
this failure criterion is as follows:

oc = 0% exp(Ayw) (19)

where ¢, is the uniaxial compressive strength of rock after water

absorption, MPa; A, the model parameter, dimensionless; and adv
the uniaxial compressive strength of dry rock, MPa.

4.3. Prediction performance indicators

We use three different error measurements to assess the valid-
ity of the proposed failure criterion: the regression R-square value
(R?), the discrepancy percentage (D,), and the average absolute rel-
ative error percentage (AAREP). Their expressions are given by
[39]:

n test pred 2
es!
>t (‘71.1‘ — 01 )

R =1 . (20)
St (o~ E[ot])
red
Dy = T 100, 21
pi = g x 100% (21)
1,
n
"D, .
AAREP — 2i-1/Dnil (22)

n

where n is the number of available observations; o' the tested
maximum principal stress (axial stress) at failure, MPa; %" the
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maximum principal stress (axial stress) at failure predicted by the
criteria, MPa; and E[-] the expected (or statistical mean) operator.

4.4. Parameters of the failure criteria

4.4.1. Parameters of the proposed failure criterion

The parameters of the proposed failure criterion are determined
according to the method mentioned in Section 3. Using the exper-
imental data presented in Section 4.1, Sy, S, and ¢ are obtained by
fitting the uniaxial compression test data for the dry shale samples
at f=0°, 15°, 30°, 45°, 60°, 75° and 90°, and the triaxial compression
test data for the shale samples at f=90° under the confining pres-
sures of 0, 10, 20, and 30 MPa, using Eq. (2). « is set as 30° accord-
ing to the works presented in the literatures of Donath [18] and
Chen et al. [25], as mentioned in Section 2.1.

g, is determined by the test method of injecting water into a
vacuum sample with a positive pressure as introduced in Sec-
tion 3.2, and My and M,, are measured as 64.994 and 66.703 g,
respectively, for the shale sample with a diameter of 25.52 mm
and height of 49.97 mm, so ws, can be determined as 1.120% using
Eq. (13). o, is obtained by two direct shear tests for the dry shale
sample with a diameter of 50.01 mm and height of 25.67 mm
and the saturated hydration shale sample with a diameter of
49.98 mm and height of 25.54 mm, following the test procedure
as introduced in Section 3.2. Fig. 5 presents the rock direct shear
device (Fig. 5a), the saturated shale sample (Fig. 5b) and the dry
shale sample (Fig. 5c) after the direct shear tests. As shown in
Fig. 5b and c, the shear failure planes of the two shale samples
are along the bedding planes of shale, and a hydrated crack can
be clearly seen in the saturated shale sample. 45 and oy,s are mea-
sured as 1.58 and 0.32 MPa, respectively, and o is therefore calcu-
lated as 1.26 MPa by Eq. (3). k is determined as 5.720x10~* by
fitting the triaxial tests data for the dry shale sample and hydration
shale sample with H-level moisture content at =90° under a con-
fining pressure of 10 MPa, using Eq. (12).

d is measured as an average value of 25.4 mm directly using a
vernier caliper. Iy is measured to be 1.978 x10~> mm using the dig-
ital image of an electron microscope for the bedding planes section
of shale, as shown in Fig. 6.

Although some parameters are fitted by the experimental data,
as mentioned above, these experimental data are very limited.
Thus, the predicted values for the other shale samples with differ-
ent f, moisture contents and confining pressures can be compared
with the corresponding experimental data to demonstrate the pro-
posed criterion’s predictive capabilities.

The parameters of the proposed failure criterion are listed in
Table 1.

4.4.2. Parameters of the other failure criteria

The parameters of the Cai-Huang criterion are determined by
fitting the experimental data of the shale samples at =30° and
90°, with S-, L-, and H-level moisture contents and confining pres-
sures of 0, 10, 20, and 30 MPa. The parameters of the Cai-Huang
criterion are presented in Table 2.

The parameters of the modified Hoek-Brown criterion are
determined according to the method introduced by the literature
of Saroglou and Tsiambaos [20], using the data of the dry shale
samples for =90° under the confining pressures of 10, 20, and
30 MPa and for different g under the confining pressures of 0
and 10 MPa. The parameters of the modified Hoek-Brown criterion
are presented in Table 3.

A and D for calculating o, in the Saeidi criterion are determined
as the same for the modified Hoek-Brown criterion and their val-
ues are shown in Table 3. 4, A; and B in the Saeidi criterion are
determined according to the method introduced by the literature
of Saeidi et al [38], using the data of dry shale samples for different
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]
== - Shear failure planes along bedding planes

Hydrated crack along bedding plane

(a) Rock direct shear
device

(b) Saturated shale
sample after direct
shear test

(c) Dry shale sample
after direct shear test

Fig. 5. Device and shale samples of direct shear tests to determine .

p tested under different confining pressures. 4, A; and By are pre-
sented in Table 4.

A, in Al-Bazali criterion is determined as —0.266 with R?><0.956
by fitting the uniaxial compressive strength of S- and L-level mois-

ture content shale samples. The tested g2 is used to calculate ¢. of
the shale samples with different w,, for the corresponding g.

4.5. Prediction performance of the proposed failure criterion

4.5.1. Comparison of the prediction performances for the failure
criteria

The comparisons of the predicted ¢, for the failure criteria
with the tested results are presented in Fig. 7. For strength pre-
diction of dry shale sample, the prediction performance of the
proposed failure criterion is a little worse than that of the modi-
fied Hoek-Brown criterion, and slightly better than that of Saeidi
criterion, as shown in Fig. 7a, e and f. This would be due to that
the Hoek-Brown criterion can have good adaptability by adjusting
the parameters (o, m; and s) [20]. In addition, kg in the modified
Hoek-Brown criterion is fitted by the tested results of the shale
samples for corresponding p, which implies that this criterion
has high limitation due to that it cannot predict the strength
for the shale sample without the tested data of the shale sample
for the corresponding . On the other hand, although the param-
eters (As By and 2) in the Saeidi criterion are fitted using the
tested data of the shale sample for the corresponding p, its perfor-

[=1.978 um

Fig. 6. Digital image of electron microscope for bedding planes section of shale.

453

International Journal of Mining Science and Technology 33 (2023) 447-462

Table 1
Parameters of the proposed failure criterion.
Parameter type Parameter Value
Parameters of Jaeger's shear failure criterion S1 (MPa) 40.439
S> (MPa) 16.984
o (°) 30
o (°) 44.53
Hydration parameters k 5.720x10°*
wsh (%) 1.120
as (MPa) 1.26
Material size parameters d (mm) 254
lp (mm) 1.978x103

mance is worse than the modified Hoek-Brown criterion and the
proposed failure criterion. Furthermore, the modified Hoek-
Brown criterion and the Saeidi criterion do not consider the effect
of shale hydration, thus the proposed failure criterion shows a
better performance than the two failure criteria.

For strength prediction of shale sample after water absorption,
the prediction performance of the Al-Bazali criterion is a little bet-
ter than that of the proposed failure criterion, as shown in Fig. 7b
and g. However, the Al-Bazali criterion just has the capacity for
predicting the rock strength under uniaxial compression condition
and the parameter (A,) is determined by fitting the tested data for
the corresponding B. As well as, the tested ¢4 of the dry shale sam-
ple is used to calculate the strength of the shale sample after water
absorption with the same g. These indicate that the application of
the Al-Bazali criterion is highly limited.

The results of all the shale samples predicted by the pro-
posed failure criterion agree well with the tested results, show-
ing that R?><0.916 and AAREP=9.260% (Fig. 7c). The error
analysis of the results predicted by the Cai-Huang criterion
shows that R? and AAREP are 0.449% and 17.821% (Fig. 7d),
respectively. This indicates that the prediction performance of
the proposed failure criterion is significantly better than that
of the Cai-Huang criterion.

Therefore, the proposed failure criterion is generally better than
the other four criteria, comprehensively considering the adaptabil-
ity, the physical meaning of their parameters and the prediction
accuracy of the results.

4.5.2. Prediction performance of the proposed failure criterion with the
changes of B, w,, and o3

Figs. 8-10 show the comparisons between the predicted values
and the tested results with the changes of g, wy, and a3. Fig. 11
shows the error (|Dp|) of the results predicted by the proposed fail-
ure criterion compared with the tested results. As shown in Fig. 8,
the predicted results and tested values both appear that ¢, reduces
with increasing g when $<30° and then increases, forming a “U”
shape between ¢ and g, which is also well agreed with the results
obtained by other scholars [40,41]. As shown in Fig. 11a, the aver-
age |Dp| shows higher values of the shale samples at f=15°,
p=30°and p=45°, these |Dp| are all bigger than 10%. According to
the determination method of the parameters in the proposed fail-
ure criterion, as mentioned in Section 3.1, the experimental data of
the shale samples at $=90° are used to determine ¢, indicating the
failure of the rock matrix layer. The sheal failure of the shale sam-
ple when g is closer to 0° and 90° is regarded as damage to the rock
matrix layer [42]. In this case, we can obtain better predicted
results when g is closer to 0° or 90°. At f=15°, 30° and 45°, the fail-
ures of shale samples always result from the damage to rock
matrix sheets and bedding planes, and even almost result from
the damage of bedding planes of the shale samples for 30°<<45°
[32]. This would cause the tested results to have poor regularity
due to the complex effects of pore water, such as clay minerals



Q. Zhang, B. Yao, X. Fan et al.

International Journal of Mining Science and Technology 33 (2023) 447-462

Table 2

Parameters of the Cai-Huang criterion.
Moisture content level Co (MPa) o (°) Cw (MPa) ow (°) B (°) B2 (°) a; a by b,
S 48.080 44.530 23.680 47.100 20.430 65.410 6.463 3.536 2.689 9.374
L 43,737 42,723 21.304 40.801 20.430 65.410 6.463 3.536 2.689 9.374
H 41,501 41.792 20.081 37.558 20.430 65.410 6.463 3.536 2.689 9.374
R? 0.797 0.717 0.990 0.952

Table 3

Parameters of the modified Hoek-Brown criterion.
B(°) kg R? A (MPa) D (MPa) R?
0 1.451 0.999 200.96 89.12 0.872
15 1.525 0.986 200.96 89.12 0.872
30 0.709 0.936 200.96 89.12 0.872
45 0.981 0.977 200.96 89.12 0.872
60 0.861 0.846 200.96 89.12 0.872
75 0.909 0.974 200.96 89.12 0.872
90 1.000 0.950 200.96 89.12 0.872

Table 4

Parameters of the Saeidi criterion. 30° as mentioned in Section 4.4.1. ¢, wgy, 75, d and ly, which are the
) A B, , R parameters of the material’s inherent properties, and can be

directly measured using the methods as introduced in Section 3.

0 12.718 2.780 1.032 0.871 W. | he th fitti S s d Kk heck
15 15.529 3638 1.052 0.765 e analyze t_e three ttmg.parameter.s 1, Sp an to check
30 7.086 0.938 1.195 0.849 how the predicted results will change if these poorly accurate
45 10.789 3.628 0.914 0.841 parameters are used. The other parameters (¢, o, wsn, 05, d and
60 6.989 2394 0.792 0.899 lp) are invariable, as listed in Table 1, and by setting 20% growth
5 19.852 9.395 0.886 0.847 of S, S5, and k, the predicted ¢, and its changing rate are calculated
90 18,523 6.972 1.057 0.936 192, »the p 1 ging

hydration, pore water pressure, water lubrication action, etc [32].
Therefore, a higher |Dy| can be found for the shale samples at
B=15°, 30° and 45° with higher w,,, as shown in Fig. 8.

|Dp| also varies with w,,. As shown in Figs. 9 and 11b, the error
of the predicted results rises with increasing w.,, which is verified
by the average |Dp| of 7.95% for dry shale samples (S-samples),
9.69% for low-level moisture content samples (L-samples) and
10.22% for high-level moisture content samples (H-samples). This
may be because of that the proposed failure criterion is a little dif-
ficult to evaluate the strength when p is closer to 30° due to the
complex effects of pore water as mentioned above. As shown in
Fig. 9, |Dy| is slightly higher for the hydration shale sample for
which $=30° compared with the |D;| for the hydration shale sam-
ples at other 8. However, the tested results and the predicted val-
ues decrease with increasing w,,, showing good consistency of the
changing trend for them, and all the average |Dp| are almost less
than 10%. These indicate that the proposed failure criterion has a
good performance for predicting the strength of hydration shale.

Fig. 10 shows a good consistency of the changes in the predicted
values and the tested results with the increase in confining pres-
sure (03). The average |D,| generally decreases with the increase
in g3, as shown in Fig. 11c, presenting that the prediction perfor-
mance of the proposed failure criterion would increase with
increasing ¢s. This may be due to that confining pressure can
weaken the complex effects of pore water [32].

In general, |Dy| is lower than 15%, with an average value of
9.260% for all the predicted results (Figs. 7 and 11), indicating that
the proposed failure criterion has good performance for predicting
shale strength.

4.6. Parametric sensitivity analysis of the proposed failure criterion

A sensitivity analysis of the fitting parameters is presented here.
The proposed failure criterion contains nine parameters. « is set as
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for sensitivity analysis.

Fig. 12 shows the sensitivity analysis results of S; and S,. w,, of
the shale samples is set as 1%. The predicted ¢, and its changing
rate grow with increasing S;, due to that the predicted o, is posi-
tively correlated with S;, as shown in Eq. (12). The predicted o,
with a 2.0 growth ratio of S; has changing rates of 40.752%,
45.203% and 33.791% for the shale samples at g=0°, 30°, and 90°,
respectively. This implies that the predicted ¢, is more sensitive
with S; for the shale sample at p=30° compared with the shale
samples at other . This is because of that the minimum o, (the
denominator used for calculating changing rate) is predicted by
the proposed failure criterion for the shale sample at $=30°, but,
as shown in Eq. (12), the changed values of ¢; (Ag, the numerator
used for calculating changing rate) are constant caused by the
increasing S; for all g. On the other hand, the predicted ¢; and
its changing rate decrease with increasing S, for shale samples at
p=0° and 30°, but grow with increasing S, for shale sample at
B=90°. This is because of the predicted o, that is negatively corre-
lated with S, for shale samples at f=0° and 30° and is positively
correlated with S, for the shale samples at f=90°, as shown in Eq.
(12). Identical to the sensitivity analysis result for Sy, the predicted
o1 is more sensitive with S, for the shale sample at f=30° too, cer-
tified by the increasing rates of the predicted ¢, with a 2.0 growth
ratio of Sy, —16.883%, —53.014% and 9.676% for the shale samples
at f=0°, 30°, and 90°, respectively, as shown in Fig. 12. Besides that
the minimum o, is predicted by the proposed failure criterion for
the shale sample at =30°, the changed values of 6, (Ag) is caused
most significantly by the increasing S, for the shale sample at
p=30°, due to that effect of S, on the predicted ¢, is multiplied
by cos2(a—p). Therefore, the error of the predicted results will
increase when the fitting accuracy of S; and S, reduces, and this
error increase would also increase for the shale sample when 8 is
closer to 30°. This would be one reason why |Dy| is a little higher
for the shale sample when g is closer to 30°, as shown in Fig. 11a.

Fig. 13 shows the sensitivity analysis results of k. The pre-
dicted o, at different B, with different w,, decreases with
increasing k due to the predicted ¢, that is negative correlated
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Fig. 7. Comparisons of the predicted o, for the failure criteria with the tested results.
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Fig. 8. Comparison between the predicted values of the proposed failure criterion and the tested results changed with g.

with k, as shown in Eq. (12). The absolute value of the changing
rate is biggest for the shale sample at =30°, certified by the
changing rates of the predicted o; with a 2.0 growth ratio of k,
-16.354%, —24.170% and -6.404% for the shale samples at
p=0°, 30° and 90°, respectively. This would be due to the effect
of k on the predicted ¢, that is multiplied by cos(a—p), thus,
considering that ¢=30°, the shale sample at p=30° will have a
biggest changing rate of the predicted ¢; with the increasing k.
The absolute value of the changing rate rises with increasing
wy, certified by the changing rates of the predicted o; with a
2.0 growth ratio of k, —9.733 %, —16.173%, and —24.171% for
the shale samples with w,,=0.50%, 0.75%, and 1.00%, respectively.
This can be explained by that the effect of k on the predicted o,
is multiplied by w,, for which a larger w,, can cause a bigger
changing rate of the predicted ¢; with the increasing k. There-
fore, the error of the predicted results will increase when the fit-
ting accuracy of k becomes less, and this error increase would
also increase for the shale sample when g is closer to 30° and
w,, becomes larger.

From Figs. 12 and 13, the predicted results are generally very
sensitive to S;, and are less sensitive to S, and k, but are very sen-
sitive to S, at f=30°. From what has been discussed above, the
accurate fitting parameters of Sy, S, and k can highly improve the
prediction performance of the proposed failure criterion, and a
lower predictive effect of the proposed failure criterion would be
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noted for the shale when g is closer to 30° and w,, become higher,
if the fitting accuracy of Sy, S, and k is poor.

4.7. Prediction performance of the proposed failure criterion with
limited experimental data for parameters determination

A superior failure criterion is capable of predicting rock
strength, even if the experimental data is limited to determine
the model parameters [43]. In this failure criterion, the parameters
of S1, S5, @ and k are determined by fitting the experimental data
related to 8, w, and ag3. The other parameters of «, wgy, 05, d and
I are all determined by the independent methods. Therefore, the
prediction performance of the proposed failure criterion is exam-
ined here considering four limited experimental data situations
for parameters determination: (1) the experimental data of shale
samples without available uniaxial compression test data; (2) the
experimental data of shale samples without a specific ; (3) the
available experimental data of shale samples at less ; (4) the
experimental data of shale samples having limited moisture con-
tent level.

4.7.1. Prediction performance of the proposed failure criterion without
available uniaxial compression test data for parameters determination

Fig. 14 shows the predicted g, of the proposed failure criterion
using the uniaxial and triaxial compression test data and only tri-
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Fig. 9. Comparison between the predicted values of the proposed failure criterion and the tested results changed with moisture content.

axial compression test data for parameters determination com-
pared with the tested ¢;. The values of S;, S, and k are
41.499 MPa, 17.175 MPa and 5.118x10~* for the first situation,
and the values of Sy, S, and k are 40.439 MPa, 16.984 MPa and
5.720x10~* for the second situation, showing a small difference
between them. The error of the predicted o, by the proposed fail-
ure criterion using the parameters determined by only triaxial
compression test data is just a little higher than that using the
parameters determined by the uniaxial and triaxial compression
test data, as shown in Fig. 14. This indicates that the proposed
failure criterion also has good prediction capability for the situa-
tion that the parameters are determined using only triaxial com-
pression test data.

4.7.2. Prediction performance of the proposed failure criterion with the
experimental data of shale samples without a specific p for parameters
determination

In order to assess the contribution of the experimental data for
the shale sample at each  on the predictive capability of the pro-
posed failure criterion, an error analysis of the results is done here
using the parameters determined by the experimental data of shale
samples without a specific g. Since the experimental data of shale
samples at =90° should be used for determining ¢, here the orien-
tation g of 0°, 15°, 30°, 45°, 60°, and 75° for shale samples are used
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for analysis. The errors of the predicted ¢, and the parameters (S,
S», k) determined with the experimental data of shale samples
without a specific g are presented in Table 5. According to the val-
ues of R? and AAREP in Table 5, we can clearly see that the error of
the predicted o, gradually increases with the data sets used for
prediction without a 8 of 15°, 75°, 60°, 0°, 45° and 30°. However,
all R? are higher than 0.91 and all AAREP are lower than 9.7 %, indi-
cating that the prediction capability of this failure criterion is also
excellent to use under these situations.

4.7.3. Prediction performance of the proposed failure criterion with
available experimental data of shale samples at less B for parameters
determination

The experimental data of the shale samples for less g are used to
determine S;, S, and k, and the corresponding errors of the
predicted results are discussed here to analyze the prediction per-
formance of the proposed failure criterion. The data set of the ori-
entation f of the shale samples used for analysis is presented in
Table 6. The errors of the results increase with the decrease in
the number of p for the experimental data used for analysis. The
error of that R? is higher than 0.91 and AAREP is lower than 9.4%
for the predicted results using the experimental data of shale sam-
ples at =0°, 30°, 45°, and 90° for parameters determination indi-
cates that the predicted o, agree well with the tested results
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Fig. 10. Comparison between the predicted values of the proposed

(Fig. 15). However, the error of the predicted ¢, calculated by the
parameters fitted with the experimental data of the shale samples
at =0°, 30°, and 90° shows that R? is lower than 0.9 and AAREP is
bigger than 10%, as shown in Table 6. Therefore, a good prediction
performance of the proposed failure criterion can be obtained if the
parameters are determined with at least four g values (p=0°, 30°,
45°, and 90°).
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failure criterion and the tested results changed with confining pressure.

4.7.4. Prediction performance of the proposed failure criterion with the
experimental data of shale samples having limited moisture content
level for parameters determination

The experimental data of S- and H-samples are used to deter-
mine k, and the error of the predicted results is discussed here.
Table 7 presents the error of the predicted o, and the parameters
(51, Sz and k) determined with the experimental data of shale sam-
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Fig. 11. Error analysis of the predicted values of the proposed failure ceriterion compared with the tested results.
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Fig. 13. Sensitivity analysis of k on the predicted ¢, of the shale samples.

ples having different moisture content level sets. We can clearly
find that the prediction performance of the proposed failure crite-
rion is also excellent if the experimental data of S-samples and H-
samples for seven p and the experimental data of S-, L-, and H-
samples for four f are available for the parameter determination.

Even the error of the results using the experimental data of S-
and H-samples for four g can be accepted, which is verified by R?
being greater than 0.9 and AAREP being lower than 9.7% for the
predicted results.
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5. Discussions

As mentioned above, the proposed failure criterion has good
prediction accuracy for the shale strength. The parameters of wgp,
os, d and [y are measured by the independent methods and the
parameters of Sy, S,, k and ¢ are fitted using the compression test
results at least four B, with one level of moisture content. These
model parameters have very clear physical meanings. There is only
one new fitting parameter (k) in the proposed failure criterion
besides the three fitting parameters (S, S, and ¢) in Jaeger’s shear
failure criterion for transversely isotropic rocks, and all the fitting
parameters are steady using the determination method. The eval-
uation of the proposed failure criterion shows excellent capability
for the shale strength prediction.

The prediction accuracy of the proposed failure criterion
depends on g, w,, and a3 due to the concept of the shear slide fail-
ure model for rocks and the parameter determination method.

Table 5
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When g is closer to 90° or 0°, more rock matrix sheets are cut by
the shear failure plane according to the shear slide failure model,
as shown in Fig. 2. The rock matrix sheets’ failure has a small effect
by water absorption [32]. The strength, when B is closer to 90° or
0°, can well be described by the proposed failure criterion. Addi-
tionally, ¢ is obtained by fitting the experimental data of the triax-
ial compression tests for the shale samples at $=90°, under
different g3. Therefore, the prediction accuracy of the proposed
failure criterion is better for the shale sample when g is closer to
90°, as shown in Figs. 8 and 11. On the other hand, since the bed-
ding planes are subject to moisture and water action when the
humidity environment changes and most microstructure changes
occur along the inter-layers space, which can cause that the
mechanical properties of shale becomes weaker when o,
increases [44], the irregular change rule of the strength for the
shale samples failed along bedding planes would become more sig-
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Fig. 15. Comparisons of the predicted ¢; with the tested values using various sets
of experimental data.

Error of predicted o1 and parameters (S, S,, k) determined with the experimental data of the shale samples for lacking a specific .

Data sets Orientation g of shale samples Parameter Error of the predicted g,
used fo.r pa.rameters s, S, K R AAREP (%)
determination (°)

Data of shale samples without 0° 15, 30, 45, 60, 75, 90 39.689 17.050 5.598x104 0.9135 9.2532

Data of shale samples without 15° 0, 30, 45, 60, 75, 90 40.487 16.707 5.955x107* 0.9163 9.3272

Data of shale samples without 30° 0, 15, 45, 60, 75, 90 40.253 18.069 5.512x1074 0.9105 9.3420

Data of shale samples without 45° 0, 15, 30, 60, 75, 90 40.449 14.820 5.865x10°4 0.9136 9.6381

Data of shale samples without 60° 0, 15, 30, 45, 75, 90 40.557 16.971 5916x10°* 0.9156 9.3166

Data of shale samples without 75° 0, 15, 30, 45, 60, 90 40.549 17.093 5.572x107* 0.9153 9.2711

Table 6

Error of the predicted ¢, and the parameters (S;, Sy, k) determined with available experimental data of the shale samples for less .

Orientation p of samples used for analysis (°) Parameter Error of the predicted o,

S S, k R? AAREP (%)
0, 15, 30, 45, 60, 75, 90 40.439 16.984 5.572x107* 0.9157 9.2602
0, 15, 30, 45, 60, 90 40.549 17.093 5.757x107* 0.9154 9.2798
0, 30, 45, 60, 90 40.313 18.126 5.328x10°* 0.9107 9.2591
0, 30, 45, 90 40.315 18.125 5.482x107* 0.9104 9.3311
0, 30, 90 39.923 19.059 5.174x107* 0.8915 10.6496
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Table 7
Error of predicted ¢; and parameters (S, S, k) determined with available experimental data of the shale samples for limited moisture content level.
Orientation S of shale samples (°) Moisture content level sets Parameter Error of the predicted g,
S S, k R2 AAREP (%)
0, 15, 30, 45, 60, 75, 90 S,LLH 40.439 16.984 5.572x107* 0.9157 9.2602
0, 15, 30, 45, 60, 75, 90 S, H 40.439 16.984 6.225x107* 0.9147 9.4358
0, 30, 45, 90 S,LLH 40.315 18.125 5.482x107* 0.9104 9.3311
0, 30, 45, 90 S,H 40.315 18.125 6.062x107* 0.9076 9.6616

nificant with the increase in w,, due to the differences in clay min-
erals content, pore structure and water action. This would result in
that any failure criterion will predict the shale strength in a diffi-
cult manner. This is why the proposed failure criterion has a little
low prediction accuracy for the strength of the shale sample at
B=30° after water absorption, as mentioned in Section 4.5.2. In
addition, o is determined by the direct shear tests, for which con-
dition the shear failure plane may not be the weakest plane of the
shale sample after sufficient water absorption, as shown in Fig. 5b.
In this case, the error of the predicted results would increase, even
k is used to correct the effect of that. Therefore, the prediction
accuracy decreases with the increasing w,, especially when g is
closer to 30° due to the shear failure along the hydrated bedding
planes, as shown in Figs. 9 and 11. Fortunately, confining stress will
limit the effect of water absorption on the shale hydration [45], and
the irregular change rule of the shale strength affected by the
increase of w,, will weaken with the increase in o3, resulting in
the prediction accuracy being better under the condition of a
higher o3 (Figs. 10 and 11).

The natural variability in the rock sample should be considered
for estimating the accuracy of a failure criterion [46], and more
experimental data used to fit the model parameters can increase
the prediction accuracy. Although the prediction performance
analysis, with limited experimental data, shows that the error of
the results using the experimental data of S- and H-samples for
four p can be accepted, as mentioned in Section 4.7.4, the obvious
different errors for the different richness of the data can indicate
that the abundant data for fitting the parameters can truly increase
the prediction accuracy of the proposed failure criterion.

There are two limitations with respect to the proposed failure
criterion based on the concept for developing it. On the one
hand, the accuracy for predicting the strength of shale with ten-
sion failure may be unsatisfactory because this failure criterion is
developed based on the shear slide failure model. The tension
failure along the bedding planes will appear when the shale
sample has low g and is tested under low o3 [26]. This can be
verified by the change rule of the error for the shale sample at
p=0° with o3, as shown in Fig. 8. On the other hand, the pro-
posed failure criterion’s good performance for predicting the
hydration shale strength under high o3 needs to be further dis-
cussed. As shown in Eq. (12), the linear relation between g,
and o3 is determined in this failure criterion, which is in agree-
ment with the results obtained by other scholars [47,48]. How-
ever, whether the linear relation between ¢; and o3 can adapt
for the shale sample tested under high o3 is worth thoroughly
studying, because some scholars believe that the consideration
of the parabolic relationship between ¢, and o3 would be more
reasonable for the rocks [49].

In general, the proposed failure criterion for hydration shale has
a good prediction capability and clear physical meaning of the
parameters and an easy parameter determination method. This
failure criterion is intended for use in the strength prediction of
hydration shale but can also be extended to other transversely iso-
tropic rocks with the property of hydration. In addition, the engi-
neering application to show the adaptability of the newly

461

proposed failure criterion to evaluate the stability of geotechnical
engineering structures in engineering practices need to be further
discussed.

6. Conclusions

(1) On the basis of the shear slide failure model of rock, a novel
failure criterion for hydration shale has been developed and
presented. In this new failure criterion, Jaeger’s shear failure
criterion is used to describe shale’s anisotropy. The effect of
water on shale’s strength considered in this failure criterion
is based on the fact that the strength of the shear failure plane
with respect to 8 in shale would decrease resulting from clay
minerals hydration. This shear strength decrease is deter-
mined by the geometrical relationship between the hydrated
clay minerals layers and the shear failure plane. When the
effect of water is not taken into account (w,,=0), the proposed
failure criterion becomes Jaeger’s shear failure criterion.

(2) The newly proposed failure criterion consists of nine param-
eters. They are four parameters in Jaeger’s shear failure cri-
terion (Sy, So, o and ¢), three hydration parameters of shale
(k, wsn, and o), and two material size parameters (d and
lo). The physical meanings of these parameters and proce-
dures for determining these parameters are described.

(3) The accuracy and applicability of the proposed failure crite-
rion are examined using the published experimental data,
showing a good agreement between the predicted values
and the testing results, which can be verified by R><0.916
and AAREP=9.260%. Also, the prediction performance of the
proposed failure criterion is demonstrated to have a better
prediction performance compared with other four failure
criteria.

(4) The errors (|Dp|) of the predicted values are analyzed consid-
ering the effects of g (angle between bedding plane versus
axial loading), moisture content (w,, ), and confining pres-
sure (03). The results show that |Dp| increases when g is clo-
ser to 30°, and |Dy| increases with the increasing ., but |Dy|
decreases with the increase in os.

(5) The parameter sensitivity of the proposed failure criterion is
also presented, showing that the predicted values are sensi-
tive to Sy, and less sensitive to S, and k, but very sensitive to
S, at =30°. The accurate fitting parameters of S, S, and k
can highly improve the prediction performance of the pro-
posed failure criterion, but a lower predictive effect should
be noted when S is closer to 30° and for shale sample with
a higher wy,.

(6) The prediction performance of the proposed failure criterion
with the limited data set for parameters determination is
discussed, showing that good accuracy can be acquired by
determining the parameters using the compression tests
data of shale samples with at least four g values (5=0°, 30°,
45° and 90°). Even, the prediction values with the experi-
mental data of the shale samples for the four g and with only
one level of moisture content has the accepted error.
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(7) The proposed failure criterion can be employed to evaluate
the shale strength considering the anisotropy and hydration
of shale, together with some physical experiments and com-
pression tests of shale. Meanwhile, this failure criterion can
also be extended to the strength prediction for other trans-
versely isotropic rocks with the property of hydration.
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