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Abstract
Rock strength criterion is a basic subject in mining engineering and petroleum engi-
neering. It has important guiding significances to the process of underground energy 
exploitation. Different rocks have different strength envelopes. Most strength criteria 
have only one type of envelope in π plan. Thus, these criteria cannot predict different 
rock strengths accurately. Most criteria consider only the hydrostatic stress and the 
Lode angle effects and neglect their interaction. However, based on the experimental 
results in this study, there is an evident interaction between the two effects. In this 
study, a new strength criterion is proposed considering the hydrostatic stress and Lode 
angle effects, as well as the effect of hydrostatic stress on the Lode angle effect. 
Applicable results of previous experimental data showed that the proposed strength 
criterion has good applicability for different rocks. Compared with other strength cri-
teria, this criterion has the advantage of being able to adjust the strength of the Lode 
angle effect based on the hydrostatic stress. This advantage allows the strength crite-
rion to show different types of strength envelopes in the π plan and to accommodate 
different rocks under different stress states. The effect of hydrostatic stress on the Lode 
angle effect of rock may be caused by the proportion of particles destroyed in the rock.

K E Y W O R D S
hydrostatic stress effect, lode angle effect, rock, strength criterion

1 |  INTRODUCTION

Rock strength prediction plays an important role in  
underground engineerings. Rock strength criterion has im-
portant guiding significances for roadway and borehole 

stability. Currently, there are many types of rock strength 
criteria.1-4 The envelope shape in the main stress space can 
reflect the characteristics of the criteria. In the p- q plane, 
the envelope shape of the strength criteria can be divided 
into shapes parallel to the bisectrix line and not parallel to 
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the bisectrix line. There are strength criteria without con-
sideration attenuation of hydrostatic stress (such as the gen-
eralized von Mises yield criterion) and with consideration 
attenuation of hydrostatic stress. Many experiments show 
that the rock material has a attenuation hydrostatic stress 
effect,5,6 and this effect is reflected in most existing strength 
criteria.7,8 According to the envelope shape of a rock in the 
π plane (see Figure 1), its strength criteria can be divided 
into concave and nonconcave. The concave criteria (such 
as the 3D Hoek- Brown (HB) criterion9 and Mogi fracture 
criterion3) violate the Drucker postulate.10 However, some 
researchers believe that rocks of different materials do not 
agree with this postulate.11,12 Another category is the non-
concave envelope type of criterion, which can be subdi-
vided into three types based on the shape of the strength 
envelope in the π plane. The first type is a linear envelope, 
such as the Mohr- Coulomb criterion and the Hoek- Brown 
criterion.13 These strength criteria do not consider the in-
termediate principal stress, which shows a linear envelope 
in the π plane. Another type is the circular envelope crite-
rion, such as the Drucker- Prager criterion14 and the Mogi 
criterion.15 These criteria introduce the intermediate prin-
cipal stress through the second invariant stress deviation. 
The intermediate principal stress behaves similarly to the 
minimum principal stress in the second invariant stress de-
viation. This type of strength criterion considers the inter-
mediate principal stress; however, the strength envelope of 

the rock in the π plane is circular and does not reflect the 
Lode angle effect. Figure 2 shows a huge error when the 
Mogi criterion forecasts the experimental data introduced 
in this study. The third type is the noncircular, nonlinear en-
velope criterion, such as the Lade criterion16 and modified 
Lade criterion (MLade).17 These criteria include both the 
second and third invariant principal stresses, which can re-
flect the Lode angle effect. Therefore, this type of criterion 
considers both the intermediate principal stress effect and 
the Lode angle effect.

Studies based on the effect of Lode angle on strength 
mostly address the strength criteria of soil,18-20 such as the 
Tsinghua model,21 which is based on the associated flow 
rule. This model assumes that the envelope of the plastic is 
the yield envelope. The yield functions of this model in the  
p- q and π planes are obtained according to the associated 
flow rule and experimental data. However, this model does 
not consider the mutual influence of yield functions in the 
two planes. The widely recognized modified Lade crite-
rion17 for rocks is also supported by the soil strength crite-
ria. With the development of the true triaxial apparatus of 
rock, researchers observed that there is an obvious Lode 
angle effect in rocks. Some researchers have gradually 
considered introducing the Lode angle effect into the rock 
strength criteria, such as the modified three- dimensional 
HB criterion.22 However, the current strength criteria al-
ways apply the Lode angle effect in the π plane alone, 

F I G U R E  1  Strength criteria 
classification based on the envelope in stress 
space
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neglecting the effect of hydrostatic stress on the Lode angle 
effect.

To find out the relationship between the Lode angle and 
hydrostatic stress effects, a novel loading path is designed 
and conducted in this study. The experimental data in this 
study show that the strength envelope in the π plane con-
tinuously changes with the increasing hydrostatic stress. 
However, in the existing strength criteria, the strength en-
velope in the π plane generally contains only one type of 
envelope. Thus, there will be inaccurate predictions as the 
hydrostatic stress changes. Therefore, the strength criterion 
should satisfy the hydrostatic stress effect, Lode angle ef-
fect, and the effect of their interaction. Based on the three 
elements and the experimental data, a new rock strength cri-
terion is proposed to meet the above three conditions in this 
study.

2 |  EXPERIMENTAL SCHEME

2.1 | Experimental apparatus
This experiment is conducted by a true triaxial geophysical 
(TTG) apparatus.23 This TTG apparatus can provide bidi-
rectional 6000 kN rigid loading and 4000 kN rigid loading 
or 60 MPa flexible loading in the other direction. In order 
to decrease the end effect, the hardware, and software work 
together to keep the center of the sample constant. In terms 
of hardware, two independently controllable platens are de-
signed in each direction. They can be set to active and pas-
sive plates to achieve different loading methods. In terms 
of software, three tracking methods (Trace- force, Trace- 
displacement, and Trace- displacement fixed) are designed 
to reduce the unbalance force caused by the heterogeneity 
of the samples. In the Trace- force and Trace- displacement 

method, the passive plate traces the active plate by force 
or displacement. In the Trace- displacement- fixed method, 
based on the Trace- displacement, the force of passive plate 
is modified to further eliminating the unbalance force. The 
Trace- displacement- fixed method is used in this experiment. 
The LVDT displacement sensor is used in this apparatus. The 
power system is controlled by a MOOG servo valve, which 
can provide a high accuracy loading force. Figure 3 shows 
some detail of this apparatus.

2.2 | Experimental scheme

The effect of intermediate principal stress is generally 
considered to be that the rock strength first increases and 
then decreases with the increase of the intermediate prin-
cipal stress.15 To avoid the influence of hydrostatic stress, 
a novel true triaxial loading path is designed (constant 
Lode angle and hydrostatic stress). This experimental 
scheme includes four sets of experiments with different 
hydrostatic stresses (50, 100, 150, and 175 MPa), and each 
set of experiments includes seven different Lode angle 
conditions (−30°, −20°, −10°, 0°, 10°, 20°, and 30°). The 
effects of the Lode angle and the hydrostatic stress on the 
Lode angle can be obtained by intragroup and intergroup 
comparisons.

2.3 | Sample preparation

The sandstone for this experiment was gathered from Chayuan 
Chongqing, Sichuan basin, as shown in Figure 3. The nuclear 
magnetic resonance test result shows that the permeability of 
this rock is 0.4928 mD and porosity is 4.8%. The density of 
this sandstone is 2247 kg/m3. The uniaxial compress strength 
is 62.5 MPa. These sandstones were processed into a cub of 
100 × 100 × 100 mm3.

2.4 | Experimental result
The magnitude of the rock deviatoric stress that changes 
with the increasing Lode angle is called the Lode angle ef-
fect. In this experiment, the magnitude of the second invar-
iant deviatoric stress of rock decreases with the increasing 
Lode angle. The reduction rate under different hydrostatic 
stress conditions is different (see Figure 4). The decreas-
ing rate slows down with an increase in hydrostatic stress 
(except θ = −30°). This means that the deviatoric stress 
becomes less sensitive to the Lode angle. Therefore, it can 
be seen that the hydrostatic stress has a certain effect on 
the Lode angle effect of the rock. However, these charac-
teristics of the rock are not given sufficient consideration 
in most rock strength criteria. In this study, a novel rock 
strength criterion is proposed based on this experiment 
results.

F I G U R E  2  Mogi criterion used to fit the experimental data in 
this study
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3 |  NEW STRENGTH CRITERION 
MEETING THREE CONDITIONS

3.1 | New strength criterion

To reflect the three conditions in the new strength criterion, 
the expression of the intermediate principal stress coefficient 
interacting with the hydrostatic stress should be included in 
the strength criterion. Simultaneously, when the intermediate 
principal stress coefficient is 0, it must be able to show the 
characteristics of the hydrostatic stress effect. Therefore, one 
form of the strength criterion is given by Equation (1).

where b is the intermediate principal stress coefficient, 
b= (�2−�3)∕(�1−�3). The first term in this criterion 
contains the intermediate principal stress factor b to re-
flect the Lode angle parameter. Simultaneously, the effect 
of hydrostatic stress on the Lode angle is reflected in the 
first item f1(I1,b). The second item f2(I1) in this criterion 
includes the effect of hydrostatic stress. The hydrostatic 

stress effect reflects the relationship between rock strength 
and hydrostatic stress, which is usually not linear. The ac-
curacy of the predicted values of the MC and HB criteria 
will be reduced when the hydrostatic stress is very high. 
In the Mogi criterion, considering the intermediate prin-
cipal stress, it is clearly seen that the relationship of the 
hydrostatic stress effect is a quadratic equation relation-
ship. However, most researchers believe that the hydro-
static stress effect should satisfy the relationship of the  
power function. Lu24 put forward a strength criterion in the 
form of a power function under the strength condition of 
b = 0. Researchers have conducted many studies, collected 
experimental data of 55 types of rocks, and determined their 
strength criterion in the form of power functions that can ad-
just to conventional triaxial experiments well.25 At the same 
time, the compaction process of rock accords with the power 
law. Therefore, the power function can be used to describe 
the hydrostatic stress effect. The response of different rocks 
to hydrostatic stress is different. The power function can fit 
the hydrostatic stress effect of rock well with only two pa-
rameters. At the same time, combined with the experimental 
results of this study, the fitting effect in the form of the power 

(1)�1 = f1
(

I1,b
)

+ f2
(

I1

)

,

F I G U R E  3  Multi- functional TTG apparatus and samples
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function is the best. Therefore, this study uses the power 
function form to describe the hydrostatic stress effect of a 
rock. f2(I1) is set as an exponential function f2

(

I1

)

=m ⋅ In
1
.

The Lode angle effect includes two implications: the 
magnitude of Lode angle effect and the strength variation 
law with the Lode angle. Researchers always define the stress 
difference of the rock under stress state of triaxial compres-
sion and triaxial tension to describe the magnitude of Lode 
angle effect. And the strength variation law always depends 
on the experimental results. Based on the experimental data, 
Li et al26 proposed the Tsinghua model which have an el-
lipse law in the π plan. According to the characteristics of 
the experimental data in this study, f1

(

I1,b

)

 is set as a linear 
function: f1

(

I1,b

)

=
(

k ⋅ I1+h
)

b. The expression of the new 
criterion is shown in Equation (2).

where k is determined by the stress difference of the rock 
under stress state of triaxial compression and triaxial tension, 
k ⋅ I

1
⋅b=�

c
−�

t
, where σc and σt are triaxial compression and 

triaxial tension strength of the rock, respectively. Under the 
same hydrostatic stress, k and h determine the stress ratio 
of the rock, and the ratio is characterized by the strength of 
the Lode angle effect of the rock. As shown in Figure 5, the 
strength envelope is controlled by the combination of these 
two parameters.

3.2 | π plan strength envelope
The strength envelope in the π and p-q planes can be drawn 
according to the above expressions, as shown in Figure 6. 
The π plane graph shown in Figure 6A demonstrates that the 
strength envelope of the same rock in the π plane varies with 
hydrostatic stress. When the hydrostatic stress is low, the 

(2)�1 =
(

k ⋅ I1+h
)

⋅b+m ⋅ I1
n,

F I G U R E  4  Different decrease law of J2 with θ under different 
hydrostatic stresses

F I G U R E  5  Variation of the strength envelope shapes with k and 
h in the π plane

F I G U R E  6  Strength envelope of sandstone in (A) π plane and 
(B) p- q plane
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rock strength envelope in the π plane is similar to that of the 
Lade criterion. As the hydrostatic stress increases, the shape 
of the envelope gradually changes to be similar to that of the 
HB criterion. The Lode angle effect changes with a change 
in hydrostatic stress; thus, the p-q plane envelopes of differ-
ent Lode angles are different, as shown in Figure 6B. There 
is an intersection of the strength envelopes of the rock in the 
p-q plane, which indicates that the hydrostatic stress effects 
of the rock at different Lode angles are different, which is 
not note the case in most of the strength criteria. Most of 
the strength criteria do not consider the effect of hydrostatic 
stress on the Lode angle effect. Their strength envelope in π 
plane shares the same shape, such as MLade and Mogi crite-
ria (see Figure 7). So, their strength envelope in the p-q plane 
under different Lode angle will not intersect with each other.

3.3 | Comparison of different strength criteria
The form of this strength criterion shows that, under the con-
dition that the hydrostatic stress remains constant, σ1 contin-
uously decreases linearly as the intermediate principal stress 
coefficient increases. Therefore, the degree of linearity of the 
relationship between the rock's strength and b determines the 
applicability of this form criterion. The experimental data's 
fitting results show that the criterion can predict the experi-
mental results well, as shown in Figure 8. The data also show 
that the criterion is only suitable for rocks whose strength is 
linearly related to the Lode angle when the hydrostatic stress 
is constant. This criterion needs to be modified further for the 
nonlinearly changing rocks.

For further comparison with other criteria, criteria of dif-
ferent types of the envelope in the π plane are tested based 
on the experimental data. The characteristics and accuracy 

of these criteria are observed by comparing the relationship 
between σ1 and b at certain hydrostatic stress.

3.3.1 | HB criterion
The HB criterion is the strength criterion for rock materials 
and rock masses,13 and it is applied successfully in many 
fields, such as hydraulic engineering. The expression of the 
HB criterion is shown in Equation (3). This criterion does not 
consider the intermediate principal stress; thus, the criterion's 
strength envelope is linear in the π plane.

(3)�1 =�3+�c ⋅

(

m ⋅

(

�3∕�c

)

+s
)

,

F I G U R E  7  The strength envelope in p- q plane. (A) MLade criterion, (B) Mogi criterion

MLade Mogi

(A) (B)

F I G U R E  8  Relationship between rock strength and intermediate 
principal stress coefficient, where the square points and lines represent 
the experimental data and predicted trends, respectively
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where σc is the uniaxial strength. The rock is a complete rock, 
where s is taken as 1. By fitting the experimental results in 
this study, parameters are obtained—m = 1195.28632 and 
a = 0.14788. Based on these parameters, the relationships 
between σ1 and b are calculated when the hydrostatic stresses 
are 50, 100, 150, and 175 MPa.

In Figure 9, the relationship predicted by the HB cri-
terion is a logarithmic reduction. This changing trend 
basically conforms to the experimental data. When the 
hydrostatic stress is equal to 100 MPa, the strength of the 
rock can be accurately predicted. However, when the hy-
drostatic stress is low, the prediction value of the criterion 
is lower than the experiment value. When the hydrostatic 
stress is high, the prediction value becomes higher than the 
experiment value. This shows that the Lode angle effect in 
the HB criterion remains constant with the increase of the 
hydrostatic stress. The HB criterion does not include the in-
fluence of the hydrostatic stress on the Lode angle effect. 
The error of the HB criterion is mainly manifested when the 
intermediate principal stress coefficient is low under differ-
ent hydrostatic stress. This is because, to get a better fitting 
effect, the fitting parameters match more experimental data 
when b is larger. This shows that the logarithmic decline in 
the criterion does not fit well with the true strength variation 
law of the rock.

3.3.2 | Mogi criterion
The Mogi criterion is an empirical strength criterion sum-
marized from a large number of true triaxial experimental 
data.15 The expression of the Mogi criterion is as shown in 
Equation (4). This criterion neglects the Lode angle effect; 

thus, τoct remains unchanged under the same hydrostatic 
stress, so the strength envelope in the π plane is circular. Here, 
the quadratic form of the Mogi criterion is used to fit the ex-
perimental data, as shown in Figure 2. The final strength cri-
terion expression is �oct =9.7102+0.2564 ⋅ I1−0.0027 ⋅ I1

2

. According to this expression, the relationship between the 
rock strength and the intermediate principal stress coefficient 
under different hydrostatic stresses is plotted, as shown in 
Figure 10.

The Mogi criterion predicts that the rock strength de-
creases nonlinearly with an increase in b; however, the rate 

(4)�oct = f
(

I1

)

.

F I G U R E  9  Relationship between rock strength and intermediate 
principal stress coefficient under different hydrostatic stresses in the 
HB criterion
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of decline increases with an increase in b. The Mogi crite-
rion does not consider the Lode angle effect; thus, its pre-
diction accuracy for rock with an obvious Lode angle effect 
is poor.

3.3.3 | Modified Lade criterion
The modified Lade criterion is a strength criterion widely 
used in geotechnical engineering.17 This criterion is modified 
from the Lade criterion. The expression of the modified Lade 
criterion is shown in Equation (5).

where I��
1
=
(

�1+S1−p0

)

+
(

�2+S1−p0

)

+
(

�3+S1−p0

)

 and 
I��
3
=
(

�1+S1−p0

)

⋅

(

�2+S1−p0

)

⋅

(

�3+S1−p0

)

. P0 is pore 
pressure, and S1 and η are material constants. Furthermore, 
the S1 = 1.0171 and η = 61.4945. The relationship between 
rock strength and the intermediate principal stress coefficient 
under different hydrostatic stresses is calculated. The result is 
shown in Figure 11.

Figure 11 shows that the trend of the rock strength pre-
dicted by the modified Lade criterion with b is similar to 
the experimental result. When the hydrostatic stress is low, 
the rock strength can be well fitted, such as I1 = 50 and 
100 MPa. However, as the hydrostatic stress increases, the 
predicted rock strength of this criterion is obviously higher. 
This is because, with an increase in hydrostatic stress, the 
Lode angle effect was affected by the increasing hydrostatic 
stress. Therefore, the prediction error value increases with 
the increase in hydrostatic stress. It is necessary to modify 
the modified Lade criterion further to suppress the increase 
in the Lode angle effect with the increase of hydrostatic 
stress.

By comparing the variation of the rock strength predicted 
by the three different types of criteria with b, the Lade crite-
rion is predicted the best. However, the neglect of the effect 
of hydrostatic stress on the Lode angle effect causes a large 
deviation in the prediction results occurs when the hydro-
static stress is high. The fitting effect of the HB criterion is 
secondary, and only a part of the experimental data can be 
well fitted. Neglecting the Lode angle effect makes the Mogi 
criterion the worst for rocks with a strong Lode angle effect. 
In all three criteria, the parameters of the effect of hydrostatic 
stress on the Lode angle effect are absent. Thus, these criteria 
are only suitable for a part of the experimental data. Once 
the stress range of the hydrostatic exceeds a certain range, 
these criteria cause great errors. In addition, different types 
of rock have different Lode angle effects. The fitting effect 
of these criteria becomes worse with increasing hydrostatic 
stress. Researchers also discussed the applicability of these 
strength criteria27-31 and observed that different criteria have 
different applications.

4 | EXPERIMENTAL VERIFICATION 
OF THE NEW CRITERION

To study the suitability of the new criteria for different rocks, the 
new criterion was verified using the existing experimental data. 
Six types of rocks (shale,3 limestone,3 granite,32 amphibolite,28,33 
and sandstone34 were used to validate the applicability of this 
new criterion. The strength criterion was used to predict the rock 
strength with a given σ2 and σ3. The fitting result is presented in 
Table 1. The parameters in Table 1 were used to predict the rock 
strength. The specific forecast situation is shown in Figure 12.

The rock strength increases with an increase in minimum 
stress. Thus, a high minimum stress represents a high hydro-
static stress. According to the definition of Lode angle (θ), 
θ increases with an increase in intermediate principal stress. 
From these experiment data, it is easy to find the relation-
ship between the Lode angle effect and hydrostatic stress. 
When the hydrostatic stress is low, the strength of the rock 
changes rapidly with the increase of the intermediate prin-
cipal stress. With the increase of hydrostatic stress, the rock 
strength tends to be gentle with the increase of the interme-
diate principal stress. This phenomenon is clearly reflected 
in Figure 12E. It indicates that hydrostatic stress can reduce 
the Lode angle effect. However, different rocks have different 
Lode angle effects, and the variations in Lode angle effects of 
different rocks with the hydrostatic stress are also different. 
In the experiment of amphibolite and granite, the hydrostatic 
stress varies greatly. Thus, the phenomenon of the Lode angle 
effect influenced by hydrostatic stress is very clear. When the 
minimum principal stress is low, the strength of the rock in-
creases rapidly with the increase of the intermediate principal 
stress. When the minimum principal stress is very high, the 
rock strength increases and then decreases slowly with the 
increase of the intermediate principal stress. This means that 
the Lode angle effect of this rock is weak under a high hydro-
static stress. Therefore, this phenomenon can also be seen in 
the previous experimental data that the Lode angle effect of 
rock is influenced by hydrostatic stress.

The strength envelope in the π plane changes continuously 
with different rock types and hydrostatic stresses. However, 

(5)(I��
1

)3∕I��
3
=27+�,

T A B L E  1  Results of parameters in the new criterion and fitting 
accuracy tables for different rocks

Rock k h m n

Shale −0.185 −21.643 1.856 0.836

Limestone −0.084 −135.619 4.341 0.739

Granite −0.384 −73.271 1.728 0.899

Amphibolite −0.312 −52.412 1.640 0.900

Sandstone −0.139 −43.908 2.060 0.824

In the table, k, h, m, and n are parameters.
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the shapes of strength envelopes of the existing strength cri-
teria are similar to increasing hydrostatic stress. This is why 
each type of strength criterion is only suited for certain types 

of rocks under a certain hydrostatic stress. If the situation is 
beyond the range of rock types and stress states, it will lose 
its accuracy.

F I G U R E  1 2  Strength prediction results of different rocks with the new criteria: experimental data in solid dots and the predictions in solid 
curves. (A) Shale; (B) sandstone; (C) granite; (D) limestone; (E) amphibolite
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5 |  DISCUSSION

5.1 | Discussion of the reason for the Lode 
angle effect and shape of the envelope in the π 
plane
Shear failure commonly occurs in rock under traditional tri-
axial conditions (σ2 = σ3 or b = 0). However, because of the 
dilatancy effect, the intermediate and minimum strains have 
some deviations in the strain space. This causes the stress path 
and strain path not to coincide (see Figure 13). According to 
the associated flow law, the plastic potential surface of the 
rock is orthogonal to the direction of strain path. The direc-
tion of the strain path can be obtained in strain space at the 
stress peak point. Meanwhile, this direction is perpendicular 
with the plastic potential curve. So the tangent line of the 
plastic potential curve can be obtained in the stress space at 
the stress peak point. Therefore, the plastic potential surface 
at this point must be not perpendicular to the stress path. As 
shown in Figure 13, the tangent line of strength envelope in π 
plan at stress state of b = 0 is perpendicular with strain path 
and not perpendicular with stress path. This results in a non-
circular strength envelope in the π plane and causes the Lode 
angle effect. At the same time, this will inevitably lead to 
the rock strength envelope not being smooth in the π plane 
when b = 0. In soil mechanics, the extremely low tensile and 
shear strength and the plastic of the soil, in the conventional 
triaxial test, show that there is a case in which the sample 
expands uniformly with the loading maximal principal stress. 
Therefore, the strength envelope of the criterion of the soil in 
the π plane can be smooth when b = 0, which is similar to the 
Tsinghua model and the Lade criterion.

Therefore, the Lode angle effect of rock is caused by the 
dilatancy effect, which is caused by the sliding and rolling of 

particles inside the rock when it is broken. The lesser the par-
ticles in the rock, the less evident would be the dilatancy phe-
nomenon when a rock is broken and the weaker of Lode angle 
effect of rock. That is the reason why many metals follow 
the Drucker- Prager (DP) strength criterion, which neglects 
the Lode angle effect. The research of also indicated that the 
size of rock particles and stress path affects rock strength.35,36 
Because of the interaction of rock properties with the stress 
state, the shape of the π plane strength envelope continuously 
changes. For example, the strength of rock cement will affect 
the rock strength, and the particle size and strength will affect 
the rock dilatancy, which will affect the Lode angle effect. At 
the same time, the composition and distribution of different 
minerals inside the rock lead to local anisotropy of the rock. 
This makes it more complex to predicted accuracy deforma-
tion of rock.

The composition of the rock, cementation form, distri-
bution form, and diagenetic process, each of them affects 
the shape of the rock's strength envelope in the π plane. 
Singh and Basu37 observed that the accuracy of the strength 
creation differs with different rock types. Therefore, the 
strength envelope of a rock may be related to the materials, 
properties, and different failure modes of the rock caused 
by different stress states. Thus, it would require more 
simulations and experimental studies to verify the above 
postulate.

5.2 | Discussion on the mechanism of 
hydrostatic stress effect on Lode angle effect
As rock is a friction- type granular material, not only the 
destruction of cement but also the destruction and fric-
tion of particles during the destruction process should 
be considered.12,38 The cement and particles have differ-
ent mechanical responses under the action of hydrostatic 
stress because they have different strengths (the strength 
of particles is often greater than that of a rock cement). 
Further, the roughness of the shear surface of the rock 
influences the rock strength significantly.1,39 When the 
hydrostatic stress is less, a failure in the rock is mainly 
caused by the rupture of cement, and the particles on the 
shear surface are not damaged. Therefore, when the rock's 
shearing fracture surface is sliding, the particles tend to 
roll, thereby causing an obvious dilatancy effect in one 
direction, which causes the Lode angle effect. With an 
increase in hydrostatic stress, some large particles are de-
stroyed by the high shear stress. As the diameter of the 
particles decreases, the dilatancy effect caused by the 
tumbling is also weakened, thereby changing the princi-
pal strain in all directions of the rock. Therefore, its Lode 
angle effect also changes. Simultaneously, the destruction 
of large particles changes the gradation of rock particles 
and affects the friction angle of the rock. With further 

F I G U R E  1 3  Deviation of stress and strain paths in the π plane
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increase in hydrostatic stress, the particles on the rock's 
shear surface find it difficult to roll, and most of the parti-
cles are destroyed by the high hydrostatic stress when the 
shear surface is sliding. For example, for limestone shown 
in Figure 12D, there are not many particles in this rock; 
thus, the Lode angle effect of limestone is not obvious. 
Further, the Lode angle effect of the rock is almost not af-
fected by the hydrostatic stress. The relationship between 
the strength of rock and intermediate principal stress is 
similar under different minimum principal stresses. At 
this time, the pore structure of the rock near the shear 
zone is destroyed. The rock starts shrinking, that is, the 
volume strain of the rock decreases continuously during 
the destruction process. In this case, the Lode angle ef-
fect of the rock will become very weak. Considering the 
high hydrostatic stress of granite, its Lode angle effect is 
very inconspicuous. Therefore, the strength envelope of 
the rock on the π plane will demonstrate a tendency to 
change to a circle. The hydrostatic pressures in most soil 
experiments are low. Soil particles keep intact during the 
experiments. Therefore, the curves of their function of hy-
drostatic stress on the Lode angle effect is like the one in 
Figure 11. However, in most rock experiments, the hydro-
static stress is high enough to break the structures and par-
ticles. Therefore, the function curve is a linear one. This 
strength criterion is suitable for compressible rock under 
a high stress condition. The inhibition of the Lode angle 
effect by the hydrostatic stress should be reflected in the 
rock's strength criterion, and the shape of the strength en-
velope on the π plane will continuously change with the 
increasing hydrostatic stress.

6 |  CONCLUSION

The following conclusions can be drawn from the experiment 
results of this study:

• Based on the experiment results, it is observed that the hy-
drostatic stress influences the Lode angle effect of a rock. 
Most existing strength criteria neglect the interaction be-
tween these two effects.

• In this study, a rock strength criterion was presented and 
discussed that considers the effects of hydrostatic stress, 
Lode angle, and the influence of hydrostatic stress on the 
Lode angle effect. Based on the experimental results, a 
new strength criterion is proposed.

• The previous true triaxial experiment data were used to ver-
ify the accuracy of this strength criterion. The Lode angle 
effect of different rock materials varies according to the char-
acteristics of the rock material and the stress state. Therefore, 
a strength criterion with a similar shape in the π plane can 
adapt to only a certain range of stone and stress states.

• According to the associated flow rule, the dilatancy of rocks 
on a sliding surface causes the Lode angle effect. The pro-
portion of particles destroyed inside a rock vary the Lode 
angle effect of the rock under different hydrostatic stresses.
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NOMENCLATURE 

σ1 maximum principal stress
σ2 intermediate principal stress
σ3 minimum principal stress
b   intermediate principal stress coefficient, 
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(
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∕
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σm  first invariant of stress tensor, 
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(
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