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Abstract: The failure modes of rock and soil under compression are complex phenomena that have not been explained in a 
mechanical perspective. However, large amounts of studies indicate that the failure modes of rock and soil samples can be 
categorized into eight types. In this work, the inner tensile stress and the dissipation and conversion of energy of rock and soil under 
compression are analyzed, then the effective conversion coefficient of energy is deduced, thus the tensile failure criterion of rock and 
soil under compression is established. Combined with the shear strength criterion of Mohr–Coulomb, a tensile joint shear strength 
criterion for rock and soil under compression is built. Therefore, a mechanical criterion model concerning the failure modes of rock 
and soil under compression is established and verified by tests. This model easily explains the test results in the existing literature and 
many natural phenomena, such as collapse. 
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1 Introduction 
 

The failure modes of rock and soil under 
compression are complex phenomena that have not been 
explained in a standard mechanical model. However, for 
years, a large quantity of experimental studies have 
shown that the compression failure of rock and soil under 
uniaxial and triaxial tests can be divided into five modes: 
splitting failure, tensile shear failure, shear failure, 
dilatancy failure and bulging failure as illustrated by  
Figs. 1(a), (b), (c), (d) and (e), respectively. Though the 
pure tensile failure under axial extension as illustrated by 
Fig. 1(f) is possible, the geotechnical material under 
axial extension is also likely to rupture in the shear 
fracture mode as illustrated by Fig. 1(g) and the hybrid 
fracture mode as illustrated by Fig. 1(h) [1]. 

Why do these peculiar phenomena exist? Neither 
historical nor modern theories can fully describe the 
failure patterns, although many researchers have tried to 
study the mechanism from the influencing factors such 
as confining pressures, material composition, brittleness 

and ductility of the samples, and fissures. The study of 
confining pressures impacting the failure modes of rock 
and soil is enduring. TAYLOR [2] found that, in 
conventional triaxial compression tests, loose sand 
deformed mainly via drum-shaped deformation, yet 
dense sand failed via shear surfaces. From then on, more 
and more experiments prove that the failure modes of 
undisturbed and remoulded soil samples under low 
confining pressures should be strikingly different from 
those under high confining pressures. Undisturbed soil 
fails via shear surfaces under low confining pressures, 
whereas it deforms via tension deformation under high 
confining pressures [3−6]. In contrast, regardless of the 
confining pressure, disturbed and remolded samples 
deform via drum-shaped (tensile) deformation [3−7]. For 
example, the failure shape of the foamed particle light 
mass soil sample is in the form of a drum under a low 
confining pressure and a shear zone is observed, whereas 
the failure shape is a contraction without a shear zone 
under a high confining pressure. However, the study of 
the impact of material composition of rock and soil on its 
failure modes rises gradually in nearly 10 years [8,9] and  
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Fig. 1 Eight failure modes of rock and soil under compression 

 
the achievement is less. It is a remarkable fact that there 
are increasing researchers [10] noting the failure modes 
of rock and soil having a close relationship with their 
brittleness and ductility, which is also a focus of this 
work. The experiments and numerical simulations by  
HE [11], WU et al [12], LIU [13] and MORA et al [14] 
proved that the failure modes of rock and soil have a 
close relationship with its brittleness and ductility. 
Moreover, the fissures of geo-materials always have a 
governing impact on its failure modes [15,16]; however, 
we just discuss homogeneous isotropic rock and soil in 
this work, without considering the effect of fissures. In 
summary, we can discover that there are so many 
qualitative inquiries into this field from the perspective 
of the influencing factors, but the mechanics criterion of 
the failure mode of rock and soil under compression is 
still unknown. 

The aim of this work is to give a mechanical 
expiation and model for the failure modes of rock and 
soil under compression, not meaning there is just one 
model. We believe that the model established in this 
work can simply explicate and determine which failure 
mode the rock and soil have, and it can not only explain 
many phenomena in the mechanics tests of rock and soil, 
such as dilatancy, but also explain natural phenomena 
that the failure model of landslide characterized by shear 
failure often occurs in ductile rock and soil mass, and 
collapse characterized by tensile failure often occurs in 
brittle rock and soil mass under the action of gravity; 
however, the landslide characterized by shear failure also 
possibly occurs in brittle rock and soil mass when the 
confining pressure and overlying load are large. 
 
2 Stress and energy analysis in triaxial 

compression 
 

As illustrated by Fig. 2, in the triaxial compression 
stress state σ1≥σ2≥σ3, assuming that the triaxial test 
sample is a square block with height h and width b, h=2b, 
a complex inner stress field σ(x, y, z) is produced in 

geotechnical materials under the action of compressive 
stress σ1, and normal stress and shear stress are  
produced due to this inner stress field. Assume that the 
produced normal stress in the x direction is σ1x(x, y, z) 
and the produced normal stress in the y direction is  
σ1y(x, y, z). 
 

 

Fig. 2 Square cylinder under triaxial stress state 

 
For static equilibrium in the x direction, the 

equilibrium equation can be expressed as 
 

 

3 1 3 0
( , , )d 0    

b

x x y z x                   (1) 
 
That is 
 

 

1 0
( , , )d 0 

b

x x y z x                           (2) 
 
According to the symmetry, it can be easily known 

that 
 

 /2  

1 1 0  /2
( , , )d ( , , )d   

b b

x xb
x y z x x y z x           (3) 

 
Assuming 
 

 /2

13t 1 0
( , , )d    

b

x x x y z x                   (4) 
 
Therefore, there are two equal and opposite inner 
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tensile stresses, σ13t, symmetrical distributing in the x 
direction about x=b/2. Accordingly, applying this 
principle to the y direction, there are two equal and 
opposite inner tensile stresses, σ12t, symmetrical 
distributing in the x direction about y=b/2. This well 
agrees with the results by TANG [17] that there will be 
inner tensile stress in rock and soil due to the outer 
compressive stress, which indirectly proves the above 
derivation. 

Assuming that the compressive stress σ1 acting on 
the square block sample in triaxial test produces axial 
displacement δ1, generating lateral displacement δ12/2 in 
the direction of σ2 and –σ2 and lateral displacement δ13/2 
in the direction of σ3 and –σ3 as illustrated by Fig. 2. 
Because the geo-material is not an ideal elastic material, 
some inputting energy of geotechnical materials under 
the compressive stress σ1 is dissipated through plastic 
deformation, including micro-crack closure, internal 
friction and flaw evolution, and this dissipation energy, 
Qd, is dissipated and is not converted into the vertical and 
lateral deformation energy. According to the energy 
conservation law, there is 

 
2

12t 12 13t 13 1 1 d2 /2 /2bh bh b Q                  (5) 
 

where σ12t and σ13t are respectively the inner tensile 
stresses in the directions of σ2 and σ3. 

Equation (5) can be written as follows: 
 

2
12t 12 13t 13 1 1bh bh b                        (6) 

 
where ξ is the effective conversion coefficient of energy, 
having a close relationship with the brittleness and 
ductility of the geo-material, indicating the percent of the 
inputting energy into the samples converting into the 
energy consumed by the vertical and lateral deformation, 
0≤ξ≤1. When ξ=0, it indicates that all the inputting 
energy into the samples is dissipated by the processes 
such as micro-crack closure, internal friction and flaw 
evolution, not converted into the vertical and lateral 
deformation. When ξ=1, it indicates that all the inputting 
energy into the samples is converted into the vertical and 
lateral deformation, at this moment, Eq. (5) is just the 
Betti theorem in elastic mechanics [17]. 

Equation (6) can be simplified as follows: 
 

1
12t 13t 2

 


                              (7) 

 
where v is the Poisson ratio of rock and soil materials. 

The same effect on the inner tensile stresses (σ23t 
and σ21t) by the stress of σ2 in the directions of σ3 and σ1 
and the inner tensile stresses (σ32t and σ31t) by the stress 
of σ3 in the directions of σ2 and σ1 can be obtained by the 
following formulas: 

2
23t 21t 2

 


                            (8) 

3
32t 31t 2

 


                             (9) 

 
Thus, the inner tensile stresses σ1t, σ2t and σ3t 

produced by compressive stresses σ1, σ2 and σ3 in the 
direction of principal stresses are shown as follows: 

 

1t 21t 31t 2 3( )
2

    


                    (10) 

2t 12t 32t 1 3( )
2

    


                    (11) 

3t 13t 23t 1 2( )
2

    


                    (12) 

 
Geotechnical material mechanics experiments show 

that, compared with ductile materials, the Poisson ratio 
of brittle materials is smaller [18]. Equations (8)−(12) 
demonstrate that the inner tensile stress of brittle 
materials is greater than that of ductile materials. 

In the triaxial compression stress state σ1≥σ2≥σ3, 
when the inner tensile stress σ3t, produced by 
compressive stresses σ1 and σ2 in the direction of 
principal stress σ3, plus the compressive stress σ3, is 
equivalent to the tensile strength σtf, a geotechnical 
material will be damaged, as shown in Eq. (13). In the 
triaxial extension stress state σ1≤σ2≤σ3, when the inner 
tensile stress σ1t, produced by the compressive stresses σ2 
and σ3 in the direction of the principal stress σ1, plus the 
compressive stress σ1, is equivalent to the tensile strength 
σtf, a geotechnical material will be damaged, as shown in 
Eq. (14). 

In triaxial stress state σ1≥σ2≥σ3, 
 

σ3t−σ3−σtf=0                                (13) 
 
In triaxial stress state σ1≤σ2≤σ3, 
 

σ1t−σ1−σtf=0                                (14) 
 
Substituting Eqs. (10), (11) and (12) into Eqs. (13) 

and (14) yields the following equations: 
In triaxial stress state σ1≥σ2≥σ3,  

1 2 3 tf( ) 0
2

    


                        (15) 

 
In triaxial stress state σ1≤σ2≤σ3,  

2 3 1 tf( ) 0
2

    


                        (16) 

 
When rock and soil samples are in a critical state of 

uniaxial compression, σ1>0, σ2=σ3=0, Eq. (15) can be 
simply written as follows: 

 

1 tf2

  


                                 (17) 

where 
 

σ1=σcf                                     (18) 



Lian-sheng TANG, et al/Trans. Nonferrous Met. Soc. China 26(2016) 2711−2723 

 

2714

where σcf is the uniaxial compressive strength of 
geotechnical materials. 

Substituting Eq. (18) into Eq. (17) produces the 
following equation: 

 

tf
cf / (2 )







v
                              (19) 

 
When rock and soil samples are in the critical state 

of biaxial tension and compression stress, σ1 is the 
compressive stress (the value of σ1 is positive), σ2=0, and 
σ3 is the tensile stress (the value of σ3 is negative). Thus, 
Eq. (15) can be written in the following simple form: 

 

1 3 tf2

   


                              (20) 

 
Both sides of Eq. (20) are divided by σtf, and the 

equation is combined with Eq. (19), yielding 
 

31

cf tf

1


 
                                 (21) 

 
Equation (21) happens to be the theory formula of 

the failure criterion of brittle rock and concrete under 
biaxial tension and compression, which is consistent with 
the test results of a large number of brittle materials, such 
as rock and concrete [19−21]. This equation is applied in 
general engineering. This formula is also adopted in the 
Japanese Dam Design Code (1978 revised edition). 
Hence, Eq. (21) could reflect the deformation 
characteristics of brittle materials, such as concrete and 
rock, which also indirectly proves the inner tensile stress 
theory in this paper used to analyze the deformation 
characteristics of geotechnical materials. 
 
3 Mechanical failure criteria and model 
 

Using the lode angle θ, the second invariant of the 
stress deviator (the second deviatoric stress tensor 
invariant) J2 and the first invariant of main stress 
deviator (the first principal stress invariants) I1, Eqs. (15) 
and (16) can be combined as follows: 

 

1
2 tf

1
sin cos 0

33

I
J B A   

    
 

         (22) 

 

where 
2 2( )

,  
2 2

A B
  

   


 
 

. 

 
The general formula of Eq. (22) for the yield 

condition is as follows: 
 

1
T 2 tf

1
sin cos 0

33

I
F J B A   

     
 

     (23) 

 
Equations (22) and (23) are the tensile failure 

criteria of geotechnical materials under a triaxial stress 
state. If Eq. (22) is not valid, the equation shows that the 

inner tension stress has become greater than or equal to 
the tensile strength when shear failure occurs or that 
shear failure has occurred before tensile failure occurs. 
Otherwise, only shear failure will have occurred in the 
samples. 

The strength criterion of Mohr−Coulomb belongs to 
the single shear angle of the shear failure criterion, which 
shows that the shear strength is related to the normal 
stress applied on the plane. The combination τ−σ on the 
plane (rather than the maximum shear stress) is the most 
dangerous situation because it causes material damage. 
Its negative half-shaft is often equivalent to the tensile 
failure criterion, which is not strict tensile failure 
criterion, and in fact the destruction in the negative 
half-shaft is still a shear failure mode. The strength 
criterion of Mohr−Coulomb is represented as follows: 

 

1
M 2

sin
sin cos sin cos 0

33

     
      

 

I
F J c  

 (24) 
 

where  is the internal friction angle. 
Thus, Eqs. (23) and (24) are just the tensile joint 

shear strength criteria of geotechnical material under 
compression. They indicate that the deformation mode of 
geotechnical materials is represented by only three 
failure modes: shear failure, tension failure or 
(coexistence) hybrid failure. With Eqs. (19) and (20), the 
yield curve on the π plane and the yield surface in 
principal stress space can be determined by tensile 
failure and Mohr−Coulomb failure, respectively. 
However, determining the type of failure mode that 
actually occurs in a geotechnical material requires further 
concise criterion. 

With Eqs. (23) and (24), the distance from the cone 
point of the tensile failure yield surface (an equilateral 
triangle cone surface) to the origin of coordinates 0

1I  
and the distance from cone point of the Mohr−Coulomb 
failure yield surface (an irregular hexagon cone surface) 
to the origin of coordinates 0

1I
  are calculated 

respectively as follows: 
 

0
1 tf3I


 

  


                           (25) 

 
0
1 3 cotI c                                  (26) 

 
0
1I  is determined by the tensile strength of 

materials σtf, Poisson ratio ν and stress conversion 
coefficient ξ,  whereas 0

1I
 is determined by the 

cohesion c and internal friction angle. 
If rσ represents the deviator stress of the tensile yield 

curve and r′σ represents the deviator stress of the 
Mohr−Coulomb shear yield curve on the π plane and 

22r J  , then rσ and r′σ are calculated respectively as 
follows: 
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1 tf
6

( )
3sin 3 cos

B
r I A 

 
 


              (27) 

 

1
6 sin

( cos )
3sin sin 3 cos

r I c
 

  
   


      (28) 

 
With Eqs. (27) and (28), assuming a triaxial stress 

state, the value rσ is determined by the material tensile 
strength σtf, Poisson ratio ν and stress conversion 
coefficient ξ, whereas r′σ is determined by the material’s 
cohesion c and internal friction angle . 

Compared with rσ and r′σ, the mechanical model for 
the failure modes of rock and soil materials under 
compression is given as follows: 

 

,
r

K
r






   

when < 1, if  failure occurs, 

    it will only be shear failure model;

when > 1, if  failure occurs,

    it will only be tension failure model;

when = 1, if  failure occurs,

    it will only be hybrid failur

K

K

K

e model











          (29) 

 
where  

sin 3 cos
,

sin sin 3 cos

 
  





  

1

1 tf

1
cot

3
1

3




 
 

 


 


I c

I
,  

2
sin .

2( )

  
 





 

In the stress state of a conventional triaxial 

compression test (σ1≥σ2=σ3), the lode angle is θ=−30° 

and 
2

3 sin
K 





. In the stress state of a 

conventional triaxial extension test (σ1≤σ2=σ3), the lode 

angle is θ=30° and 
4

3 sin
K 





. 

Equation (29) is the mechanical model for the 
failure modes of rock and soil under compression. It 
should be noted that Eq. (29) is just the mechanical 
model of geotechnical materials when deformation 
occurs; whether geotechnical material damage occurs 
depends on whether the rule of the tensile joint shear 
strength criterion (Eq. (25)) is met. 

According to Eq. (29), the mechanical model for the 
compression failure mode of rock and soil is 
co-determined by ψ, χ and η. Among these parameters, 

the parameter ψ is primarily determined by the internal 
friction angle . The parameter χ is co-determined by the 
average stress level (confining pressure) I1, Poisson ratio 
ν, the stress conversion coefficient ξ, the cohesion c, the 
internal friction angle  and the tensile strength σtf, which 
is complex. However, χ depends mainly upon the curve 
of ν−ξ when the confining pressure is low, and its value 
tends to be 1 when the confining pressure is high. The 
parameter η is primarily determined by the curve of ν−ξ. 
This means that the geotechnical material failure mode is 
not only determined by the internal causes such as shear 
strength parameters (e.g., c and ) and tensile strength σtf, 
but also by external causes such as the stress level and 
confining pressure. All of these factors will affect the 
compressive failure mode of geotechnical material. 

In the conventional triaxial compression stress state 
(σ1≥σ2=σ3), differentiating K with respect to internal 
friction angle  yields: 

 

1
2

1 tf

2
(cos 3sin )2( )

1 (3 sin )
3

 
  

 
 


  


  



I cK

I
       (30) 

 
Thus, there is stagnation point, 0, which means for 

internal friction angles of <0, the larger the internal 
friction angle  is, the larger the K is, and the more the 
tension failure tends to occur. For internal friction angles 
of ≥0, the larger the internal friction angle  is, the 
smaller the K is, and the more the shear failure tends to 
occur. 

In the conventional triaxial extension stress state 
(σ1≤σ2=σ3), differentiating K with respect to internal 
friction angle  produces 

 

1
2

1 tf

2
(cos 3sin )2( )

1 (3 sin )
3

I cK

I

 
  

 
 


  


  



       (31) 

 
Thus, there is a stagnation point, ′0, which means 

for internal friction angles of <′0, the larger the internal 
friction angle  is, the larger the K is, and the more the 
tension failure tends to occur. For internal friction angles 
of ≥′0, the larger the internal friction angle  is, the 
smaller the K is, and the more the shear failure tends to 
occur. 

Differentiating K with respect to cohesion c 
produces, ∂K/∂c>0, which indicates that the larger the 
cohesion value c is, the larger the K is, and the more the 
tension failure tends to occur. 

Differentiating K with respect to Poisson ratio ν 
produces, ∂K/∂ν>0, which indicates that the smaller 
Poisson ratio ν is, the larger K is, and the more tension 
failure tends to occur. This relationship means that more 
brittle materials tend to experience more tension failures. 
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Differentiating K with respect to the stress 
conversion coefficient ξ produces ∂K/∂ξ>0, which 
indicates that the larger the stress conversion coefficient 
ξ is, the larger the K is, and the more the tension failure 
tends to occur. This relationship means that the more 
lateral tensile strain energy that is converted from 
longitudinal compression strain energy is, the more the 
tension failure tends to occur. 

Under certain stress states (σ1, σ2, σ3), as shown in 
Fig. 3(a), when the shear strength (c, ) is constant, as 
Poisson ratio ν increases or the stress conversion 
coefficient ξ decreases, K decreases. Therefore, on the π 
plane, the tensile yield curve will spread out, possibly 
leading to a shear yield line located inside the tensile 
yield curve. In this case, the rock or soil will experience 
shear failure. In contrast, when Poisson ratio ν decreases 
or the stress conversion coefficient ξ increases, K 
increases. On the π plane, the tensile yield curve will 
shrink, possibly shifting the location of the shear    
yield curve outside of the tensile yield curve. In this case, 
tensile failure occurs in rock and soil. During this 
process, three contacts (the inner contact, the intersection 
and the outer contact) will occur, which indicates the 
existence of two hybrid failure modes (the shear 
dilatancy zone and the tensile shear zone). As shown   
in Fig. 3(b), when parameters ν and ξ are constant, as the 
 

 
Fig. 3 Tensile yield curve and Mohr−Coulomb yield curve on π 

plane: (a) Relationships among tensile yield curve, ν and ξ;   

(b) Relationships among Mohr−Coulomb yield curve, c and 

angle of internal friction  increases or cohesion c 
decreases, K decreases. Therefore, on the π plane, the 
tensile yield curve will spread out, possibly leading to 
the shear yield line being located inside the tensile yield 
curve. In this case, rock and soil will experience shear 
failure. In contrast, as the angle of internal friction  
decreases or cohesion c increases, K increases. On the π 
plane, the tensile yield curve will shrink, possibly 
shifting the location of the shear yield curve to the 
outside of the tensile yield curve. In this case, tensile 
failure occurs in rock and soil. During this process, three 
contacts (the inner contact, the intersection and the outer 
contact) will occur, indicating the existence of two 
hybrid failure modes (the shear dilatancy zone and the 
tensile shear zone). 

Tensile strength tests show that the tensile strength 
of rock and soil materials is in accordance with the 
relationship σtf<c·cot. However, ν/(ν−ξ)>1, thus, it is 
unclear which is larger between 0

1| |I  and 0
1| |I  . This 

question can be answered with rσ and r′σ (i.e., K can be 
greater than, less than or equal to 1) according to    
Eqs. (22) and (23). The value of K is affected by Poisson 
ratio ν according to Eq. (27), which is greatly influenced 
by the confining pressure. Thus, the tensile failure 
envelope is a curve rather than a straight line on the 
meridional plane, which is different from the 
Mohr−Coulomb yield curve (a six-sided conical surface, 
shown in Fig. 4(a). In terms of soft (or loose) rock and 
remolded soil, their Poisson ratios are larger. However, 
they will decrease as the brittleness of the soft (or loose) 
rock and remolded soil increases with the increasing 
confining pressure. Hence, the tensile yield surface is 
rendered as a convex trilateral conical surface, as 
illustrated by Fig. 4(a). In terms of hard rock and 
undisturbed soil, however, the Poisson ratio ν increases 
as the brittleness decreases with increasing confining 
pressure. Thus, the tensile yield surface produces a 
concave trilateral conical surface, as illustrated by    
Fig. 4(b). 

Under a certain stress path, the failure mode of a 
geotechnical material may always change with its stress 
state. In terms of soft (or loose) rock and remolded soil, 
its Poisson ratio is larger and its stress conversion 
coefficient ξ is smaller; thus, ν/(ν−ξ)≤cot (i.e.,  
ν≥[cotcot−sin)]ξ) can be more easily satisfied, i.e., 

0
1| |I ≤ 0

1| |I  . Hence, the cone point of the tensile yield 
surface is usually inside the Mohr−Coulomb yield 
surface. However, the generatrix slope of the tensile 
yield surface is larger than of the Mohr−Coulomb yield 
surface, and the tensile yield surface shifts out from the 
Mohr−Coulomb yield surface at high confining  
pressures due to Poisson ratio ν, which is influenced by 
the confining pressure. Therefore, two crossing areas 
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Fig. 4 Tensile yield surface and Mohr−Coulomb yield surface 

in principal stress space: (a) Mohr−Coulomb yield surface 

(M−C yield surface for short); (b) Tensile yield surface of hard 

rock and remolded soil (T1 yield surface for short); (c) Tensile 

yield surface of soft rock and undisturbed soil (T2 yield surface 

for short) 

 
induced by the tensile yield surface and the classic 
Mohr−Coulomb yield surface are apparent in Fig. 5(a). 
In this case, as the confining pressure changes from low 
to high, there are three types of failure modes for 
geotechnical materials, as shown in Table 1. In terms of 

hard rock and undisturbed soil, the Poisson ratio is 
smaller and the stress conversion coefficient ξ is larger; 
thus, ν/(ν−ξ)≤cot (i.e., ν≥[cotcot−sin)]ξ can be 
more easily satisfied, i.e., 0

1| |I > 0
1| |I  . Hence, the cone 

point of tensile yield surface is usually outside of the 
Mohr−Coulomb yield surface. However, the generatrix 
slope of the tensile yield surface is smaller than that of 
the Mohr−Coulomb yield surface, and the tensile yield 
surface shifts into Mohr−Coulomb yield surface at high 
confining pressures due to Poisson ratio ν, which is 
influenced by the confining pressure. Therefore, two 
crossing areas induced by the tensile yield surface and 
the classic Mohr−Coulomb yield surface are apparent in 
Fig. 5(b). 
 

 

Fig. 5 Tensile yield curve and Mohr−Coulomb curve surface on 

central meridional plane: (a) Soft rock and remolded soil (T1 

and M−C joint yield curve); (b) Hard rock and undisturbed soil 

(T2 and M−C joint yield curve) 

 

As shown in Table 1, we propose three types of 
failure zones of geotechnical materials, such as soft rock 
and remolded soil, as the first principal stress invariant I1 
increases. Furthermore, failure zones are represented by 
two different conditions: 1) In a stress state of triaxial 
compression (σ1≥σ2≥σ3), the low confining pressure 
stress area (mostly –σ3) is a tensile failure zone (Zone I). 
The medium confining pressure stress area is a shear  
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Table 1 Failure modes of soft rock and remolded soil (T1+M−C) with increasing first principal stress invariants I1  

I1 On π plane Zone Failure mode 

Small 

 
Large 

 

I 

        
Bulging failure  

Extension fracture 

 

II 

 
Dilatancy failure 

 

 
Tensile shear failure 

 

 
Hybrid fracture 

 

III 

 
Shear failure 

 
Shear fracture 

 

II 

 
Tensile shear failure 

 

 
Dilatancy failure 

 

 
Hybrid fracture 

 

I 

 
Bulging failure  

Extension fracture 
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failure zone (Zone III). The high confining pressure 
stress area is a tensile failure zone (Zone I). The overall 
shift out of or into the Mohr−Coulomb hybrid failure 
zone, which starts from the tensile yield surface, is called 
a tensile shear zone (Zone II) or a dilatancy failure zone 
(Zone II). 2) In a stress state of triaxial extension 
(σ1≤σ2≤σ3), the low and medium confining pressure 
stress areas are extension fracture zones (Zone I). The 
medium confining pressure stress area can also be a 
shear fracture zone (Zone III). The high confining 
pressure stress area is an extension fracture zone   
(Zone I). Finally, the overall shift out of or into the 
Mohr−Coulomb hybrid fracture zone, which starts from 
the tensile yield surface, is a hybrid fracture zone (also 
Zone II) or an extension shear fracture zone (Zone II). 

As shown in Table 2, three types of failure zones of 
geotechnical materials are proposed, such as hard rock 
and undisturbed soil, as the first principal stress 
invariants I1 increases. Furthermore, failure zones are 
represented in two different conditions. 1) In a stress 
state of triaxial compression (σ1≥σ2≥σ3), the low 
confining pressure stress area (mostly –σ3) is a shear 
failure zone (Zone III). The medium confining pressure 
stress area is a tensile failure zone (Zone I). The high 
confining pressure stress area is a shear failure zone 
(Zone III). The overall shift out of or into the 
Mohr−Coulomb hybrid failure zone, which starts from 
the tensile yield surface, is a tensile shear zone (Zone II) 
or a dilatancy failure zone (Zone II). 2) In a stress state 
of triaxial extension (σ1≤σ2≤σ3), the low and medium 
confining pressure stress areas are shear fracture zones 
(Zone I). The medium confining pressure stress area is an 
extension fracture zone (Zone III). The high confining 
pressure stress area is a shear fracture zone (Zone I). 
Finally, the overall shift out of or into the 
Mohr−Coulomb hybrid fracture zone, which starts from 
the tensile yield surface, is a hybrid fracture zone (Zone 
II) or an extension shear fracture zone (Zone II). 

 
4 Experiments and verification 
 

Confirmatory tests are conducted to verify the 
mechanical model for the failure modes of rock and soil 
under compression. The soil sampling site is located in a 
construction site in Zhuhe Town, Zengcheng District, 
Guangzhou City, China. The sampled soil is a granitic 
residual soil, whose original rock structure is quite clear 
and whose particle size is relatively uniform. The quartz 
sand content presents 10%−15%, and when the soil is 
slightly wet, the soil achieves a plastic-hard plastic state. 
A stress- and strain-controlled triaxial shear penetration 
test instrument, SLB−1 style, was employed to perform 
consolidation drainage (CD) tests indoors to investigate 
the failure modes of the granitic residual soil under 

compression with various confining pressures, dry 
densities, cohesions and internal friction angles. 

In this validation testing, four types of samples with 
different parameters are used. The specific processes are 
as follows. 1) Undisturbed soil: the granitic residual soil 
clods are put in the middle of a soil cutting disc and are 
carefully cut to a specific diameter via a steel wire cutter 
or geotechnical knife close to the side panel while the 
disc rotates. After smoothing both ends in accordance 
with the height requirements, the prepared soil samples 
were put in the saturator. 2) Remolded soil: wet soil 
corresponding to a specific moisture content is used for 
the remolded soil, and the hierarchical compaction law is 
adopted. 3) Remolded clay mixed with soil: the 
percentage of silica sand relative to original soil (dry 
mass) is 25%. The silica sand particle size range is 
0.25−0.30 mm, and the sand is sufficiently stirred to be 
evenly dispersed in the soil. Then, the hierarchical 
compaction law is adopted for soil samples. 4) Remolded 
clay mixed with cement: the percentage of added cement 
relative to original soil (dry mass) is 2.5%. After 
saturation, these samples are wrapped with plastic film 
and cured for 7 d in a maintenance cylinder to ensure that 
the cement is fully hydrated. 

Triaxial consolidation drainage tests (CD) are 
performed according to the steps stipulated in Soil Test 
Procedures (L237−1999). Throughout the whole test 
process, the axial stress, confining pressure, axial strain 
and volumetric strain of soil samples are recorded. The 
controlled shear rate is 0.1%/min, and the controlled 
strain at the end of the test is 15%. 

Furthermore, based on the parameters of the rock or 
soil samples from the existing literature and with a 
reasonable effective conversion coefficient of energy ξ, 
the test data are arranged as shown in Table 3, some 
references cited earlier are not listed because the authors 
did not provide experimental photos of rock and soil 
samples. The failure modes (patterns) of rock and soil 
samples obtained by the theory in this work easily 
explain the test results, as well as those in the existing 
literature. 

 
5 Conclusions 
 

1) The failure modes of rock and soil samples are 
complex phenomena but can be categorized into eight 
types in this work. The effective conversion coefficient 
of energy is introduced on the basis of analyzing the 
inner tensile stress field and the compression energy’s 
dissipation and conversion, thus the quantitative 
formulas for the inner tensile stress in the other two 
directions, which is transformed from the compressive 
stress, are deduced. Then, the tensile failure criterion   
of geotechnical materials is established. Thus, the  
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Table 2 Failure modes of hard rock and undisturbed soil (T2+M−C) with increasing first principal stress invariants I1  
I1 On π plane Zone Failure mode 

Small 

 
Large 

 

III 

 
Shear failure 

 
Shear fracture 

 

II 

 
Tensile shear failure 

 

 
Dilatancy failure 

 

 
Hybrid fracture 

 

I 

 
Shear failure  

Extension fracture 

 

II 

 
Dilatancy failure 

 

 
Tensile shear failure 

 

 
Hybrid fracture 

 

III 

 
Shear failure 

 
Shear fracture 
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Table 3 Theoretical explanation for failure mode in geotechnical test according to mechanical model in this work 

Soil ν ξ c/MPa /(°) σtf/MPa σ3/MPa K Failure mode 

Meta- 
sandstone from Ref. [22] 

0.10 0.06* 48.6 10.3 53.3* 1.25 0.82 Shear failure 

   
[22]     [23] 

Undisturbed clay 
from Ref. [23] 

0.30 0.04 0.02 32 0.01 0.025 0.82 

Red 
sandstone from [6] 

0.34 0.07 28.36 35.4 12# 50 0.94 

Tensile shear failure 

 [6] 

Sandstone from Ref. [19] 0.25* 0.06 8.5 45.5# 4.5# 5 1.12 Splitting failure 

  
[3]     [19] 

 [22] 

Meta- 
sandstone from Ref. [22] 

0.50 0.07 43.2 51.5 0.0225 10 1.08 

0.50 0.07 43.4 38.8 20.5* 5 1.34 

Skarn of Ref. [3] 0.24* 0.04 40 52* 0.0185 10 1.19 

Undisturbed clay 
from Ref. [23] 

0.30 0.04 0.0258 37.5 0.0038 0.025 1.25 Bulging failure 

  
  [23]  This work 

Remoulded soil 
from this work 

0.45 0.03 0.0203 37.5 0.001 0.025 1.10 

Cemented 
poorly graded sand- 

gravel mixture from Ref. [24] 
0.27 0.04 0.06814 46.67 25* 0.1 1.05 

Dilatancy failure 

 This work 

 [24]   

Remoulded clay 
mixed with soil 
from this work 

0.30 0.03 0.0135 38.5 0.0007 0.025 0.99 

Marble from Ref. [1] 

0.40* 0.08 18* 60* 8* −7.5 1.30 

Extension fracture 

 [1] 

0.20* 0.07 17* 57* 9* −4 1.00 

Hybrid fracture 

 [1] 

0.30* 0.06 16* 58* 10* −2.5 0.81 

Shear fracture 

 [1] 
Actually, a few failure modes in literatures/references are not shear, so the cohesion c and angle of internal friction  obtained from Mohr−Coulomb criterion 
are not real but apparent, the authors consider them as real ones while calculating. The strength index of the soil mass in Table 3 are strength index by 
consolidated drained triaxial test, roughly equal to the effective stress strength index.* Evaluated from geotechnical test given by references; # Evaluated from 
related references and the experience value works; The other data are derived from the references 
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mechanical model for the failure modes of rock and soil 
under compression, which combines with the shear 
strength criterion of Mohr–Coulomb, is established and 
can easily explain the failure patterns of rock and soil 
samples in the experiments and in the existing literature.  

2) The quantitative formulas of the inner tensile 
stress in the other two directions (transformed from the 
compressive stress) are established through the analysis 
of the inner tensile stress field based on the energy’s 
dissipation and conversion in the process of compression. 
The existing theory formula for the failure criterion of 
concrete under biaxial tension and compression is only a 
special case. 

3) Shear failure and tension failure can co-exist at 
the same time in the rock and soil samples in the process 
of compression. The failure modes (shear failure, tensile 
failure or hybrid failure) depend on whether the stress 
state of the geotechnical materials first meets the 
Mohr−Coulomb yield criterion, the tensile failure criteria 
or both at almost the same time based on the tensile joint 
shear strength criterion established in this work, which 
can be simply determined by the mechanical criterion set 
up for the failure modes of rock and soil under 
compression. 

4) The failure modes of rock and soil under 
compression are complex phenomena, which are 
influenced by various factors. The aim of our work is to 
give a mechanical explanation for the failure modes of 
rock and soil under compression, not meaning there is 
just one mechanical model. However, the model 
established in this work can well explain the eight failure 
modes, thus it may inspire other researchers to give 
further insight into theses complex phenomena. 
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受压岩土破坏模式的力学判据模型 
 

汤连生 1，桑海涛 2,3，宋 晶 1，罗珍贵 1，孙银磊 1,3 

 

1. 中山大学 地球科学与地质工程学院，广州 510275； 

2. 中山大学 工学院，广州 510275； 

3. 广东省地质过程与矿产资源探查重点实验室，广州 510275 

 

摘  要：受压岩土的破坏模式是一种复杂的现象，迄今为止还没有一个通用的标准力学模型来解释它。但是，大

量岩土试验表明受压岩土的破坏模式可以分为 8 类。在本研究中，首先分析了受压岩土内部的内张应力以及内部

能量的耗散和转化，然后引进有效能转化系数，建立了受压岩土的拉张破坏准则。结合 Mohr−Coulomb 剪切破坏

准则，建立了受压岩土的拉张−剪切破坏准则。由此建立了受压岩土破坏模式的力学判据模型，该模型可以很好

地解释已有文献和本研究中受压岩土的破坏模式以及如崩塌等自然现象。 

关键词：破坏模式；内张应力；拉张破坏；有效能转化系数；力学判据 

 (Edited by Wei-ping CHEN) 
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