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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 0,>0,>0;, assuming that the triaxial test
sample is a square block with height 4 and width b, h=2b,
a complex inner stress field o(x, y, z) is produced in

geotechnical materials under the action of compressive
stress oy, 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 o1,(x, y, z)
and the produced normal stress in the y direction is
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Fig. 2 Square cylinder under triaxial stress state

For static equilibrium in the x direction, the
equilibrium equation can be expressed as

b
G3+I001X(x,y,z)dx—03=0 1)
That is
b
[ o1y =0 k)

According to the symmetry, it can be easily known
that

b

b/2
[, ontrade=—[ o (xy2)dr (3)
Assuming
_ b/2
oy =5, =, o1, (ny.2)dr @)

Therefore, there are two equal and opposite inner
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tensile stresses, o3y, 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 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.

stresses, oy,

Assuming that the compressive stress o, acting on
the square block sample in triaxial test produces axial
displacement J,, generating lateral displacement J,,/2 in
the direction of 0, and —o, and lateral displacement d;3/2
in the direction of o; and —o3 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 o; is dissipated through plastic
deformation, including micro-crack closure, internal
friction and flaw evolution, and this dissipation energy,
Qg, 1s dissipated and is not converted into the vertical and
lateral deformation energy. According to the energy
conservation law, there is

20,,,bh6,, /2 + 013,bh,3/2 = 0b* 6, — Oy (5)

where o1, and o3 are respectively the inner tensile
stresses in the directions of o, and o3.
Equation (5) can be written as follows:

O12:bhdy, + 0y3,bhd 5 = 501b251 (6)

where ¢ 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<é<1. When &=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 &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:

il ™

Ot =013t = 2y
where v is the Poisson ratio of rock and soil materials.

The same effect on the inner tensile stresses (023
and o,,) by the stress of o, in the directions of ¢; and o,
and the inner tensile stresses (o3, and o3;) by the stress
of o3 in the directions of 0, and g, can be obtained by the
following formulas:

éo
O3t = Ot 2572 (8)

O3t =031t = oy

Thus, the inner tensile stresses oy, o0 and o3
produced by compressive stresses oy, g, and o3 in the
direction of principal stresses are shown as follows:

O1¢ = 031t T O31¢ :%(Uz +03) (10)

O3t = Oqp¢ T O34 =%(°’1 +03) (11)
g

O3t = 03¢ + O34 =;(°’1+0'2) (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 ¢,>0,>03,
when the inner tensile stress o3, produced by
compressive stresses o; and o, in the direction of
principal stress o3, plus the compressive stress o3, is
equivalent to the tensile strength oy a geotechnical
material will be damaged, as shown in Eq. (13). In the
triaxial extension stress state 0,<0,<03;, when the inner
tensile stress oy, produced by the compressive stresses o,
and o3 in the direction of the principal stress oy, plus the
compressive stress oy, is equivalent to the tensile strength
oy, a geotechnical material will be damaged, as shown in
Eq. (14).

In triaxial stress state o,>0,>03,

03— 03~0=0 (13)
In triaxial stress state 0,<0,<03,
o1—01—0y=0 (14)

Substituting Egs. (10), (11) and (12) into Egs. (13)
and (14) yields the following equations:
In triaxial stress state o,>0,>03,

%(0'1-1-02)—0'3—0&:0 (15)

In triaxial stress state 0,<0,<03,

%(02+0'3)—01—0tf:0 (16)

When rock and soil samples are in a critical state of
uniaxial compression, 01>0, 0,=03=0, Eq. (15) can be
simply written as follows:

S o co 17
o1=0y a7

where

01=0¢t (18)
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where o, is the uniaxial compressive strength of
geotechnical materials.

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

__ O«
S/ (2v)

When rock and soil samples are in the critical state
of biaxial tension and compression stress, o; is the
compressive stress (the value of o is positive), 6,=0, and
03 is the tensile stress (the value of o3 is negative). Thus,
Eq. (15) can be written in the following simple form:

Oy (19)

ial +03 =0y (20)
2v

Both sides of Eq. (20) are divided by oy, and the
equation is combined with Eq. (19), yielding
%1, 9% Q1)

O Oy

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 6, the second invariant of the
stress deviator (the second deviatoric stress tensor
invariant) J, and the first invariant of main stress
deviator (the first principal stress invariants) /;, Egs. (15)
and (16) can be combined as follows:

\/Jiz(%sin€+cosﬁj—%3—ogf/1£0 (22)

2v B 2(v—=¢&)

where A= , B= .
2v+¢& v+ ¢

The general formula of Eq. (22) for the yield
condition is as follows:

1 1
Fr=1J,| —=sin@+cos® |-—LB—c,A=0 23
T 2[\/3 ] 3 tf ( )
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 7—¢ 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:

i I
Fy :\/Z(%sin0+cost9j—?1sin¢—c~cos¢:O

24

where ¢ is the internal friction angle.

Thus, Eqgs. (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 Egs. (19) and (20), the
yield curve on the m 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 Eqgs. (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 110
and the distance from cone point of the Mohr—Coulomb
failure yield surface (an irregular hexagon cone surface)
to the origin of coordinates 110' are calculated
respectively as follows:

I =30y -

14
- (25)
1Y = 3¢ cot ¢ (26)

110 is determined by the tensile strength of
materials oy, Poisson ratio v and stress conversion
coefficient &, whereas 110' is determined by the
cohesion ¢ and internal friction angle ¢.

If r,represents the deviator stress of the tensile yield
curve and r', represents the deviator stress of the
Mohr—Coulomb shear yield curve on the n plane and
r, = \/E , then r, and r';are calculated respectively as
follows:
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J6 B
ro=——Y (21 +0,A) 27)
sin@++/3cos6 3 Lo

, J6 sin ¢
To = (
singsin@++3cosf 3

I, +cosg-c) (28)

With Eqgs. (27) and (28), assuming a triaxial stress
state, the value r, is determined by the material tensile
strength oy, Poisson ratio v and stress conversion
coefficient &, whereas r';is determined by the material’s
cohesion ¢ and internal friction angle ¢.

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

o
K====yyn,
rO'
when K <1, if failure occurs,
it will only be shear failure model;

when K > 1, if failure occurs, (29)
it will only be tension failure model;

when K =1, if failure occurs,

it will only be hybrid failure model

where

v = sin @ ++/3 cos &
sin¢sin9+\/§c050’

lIl+cotr/ﬁ~c
__3
Z_l ]
-1+ Oy
31 t
2(v=¢)

In the stress state of a conventional triaxial

compression test (o,>0,=03;), the lode angle is 6=—30°

2
and K = — 7 In the stress state of a
3—sing
conventional triaxial extension test (o;<0,=03), the lode
. 4
angle is =30°and K =———y7.
3+sing

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 y, y and #. Among these parameters,

the parameter i is primarily determined by the internal
friction angle ¢. The parameter y is co-determined by the
average stress level (confining pressure) /;, Poisson ratio
v, the stress conversion coefficient &, the cohesion ¢, the
internal friction angle ¢ and the tensile strength oy, which
is complex. However, y depends mainly upon the curve
of v—¢ when the confining pressure is low, and its value
tends to be 1 when the confining pressure is high. The
parameter # is primarily determined by the curve of v—¢.
This means that the geotechnical material failure mode is
not only determined by the internal causes such as shear
strength parameters (e.g., ¢ and ¢) and tensile strength oy,
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
(01>0,=03), differentiating K with respect to internal
friction angle ¢ yields:

v+ ¢
6_K= 2(v-¢) Il(cos¢—3sin2¢)+c (30)
o L, v (3-sing)
3T e tf

Thus, there is stagnation point, ¢, which means for
internal friction angles of ¢<g¢, 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 ¢>¢, 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
(0150y=03), differentiating K with respect to internal
friction angle ¢ produces

v+¢
oK 2(v=9&) I, (cos¢—3sing)—c
= — G31)
0p 1, v, (-sing)
3 v-& !

Thus, there is a stagnation point, ¢, which means
for internal friction angles of ¢<¢'y, 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 ¢p>¢'y, 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 ¢
produces, 0K/Oc>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 v
produces, 0K/0v>0, which indicates that the smaller
Poisson ratio v 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 ¢ produces 0OK/0&>0, which
indicates that the larger the stress conversion coefficient
¢ 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 (o, 0, 03), as shown in
Fig. 3(a), when the shear strength (¢, ¢) is constant, as
Poisson ratio v increases or the stress conversion
coefficient ¢ decreases, K decreases. Therefore, on the ©
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 v decreases
or the stress conversion coefficient ¢ increases, K
increases. On the m 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 v and £ are constant, as the
[

& Mohr-Coulomb yield curve

yaor &, /\ Tensile yield curve

vyor &,

vyor &,

VIS 1S VS
$<EH<EG<é,

vior &

3

O Mohr-Coulomb yield curve
/\ Tensile yield curve

O<<¢< ¢,

c1<cy<c3<cy

)

(b)

Fig. 3 Tensile yield curve and Mohr—Coulomb yield curve on ©

plane: (a) Relationships among tensile yield curve, v and &
(b) Relationships among Mohr—Coulomb yield curve, ¢ and ¢

angle of internal friction ¢ increases or cohesion ¢
decreases, K decreases. Therefore, on the m 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 ¢ increases, K increases. On the «
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 oy<c-cotg. However, v/(v—¢)>1, thus, it is
unclear which is larger between |110 | and |11°' |. This
question can be answered with r, and ', (i.e., K can be
greater than, less than or equal to 1) according to
Egs. (22) and (23). The value of K is affected by Poisson
ratio v 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 v 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 ¢ is smaller; thus, v/(v—&<cotg (i.e.,
v>[cotd/(cotg—sing)]¢) can be more easily satisfied, i.e.,
|110 <] 110 ' |. 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 v, which is influenced by
the confining pressure. Therefore, two crossing areas
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Mohr—Coulomb yield surface
01~ 07~ 03
0 .
(a)
03
g1
Tensile yield surface
/ a3
o o
(b)
02

g1

Tensile yield surface

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

2717

hard rock and undisturbed soil, the Poisson ratio is
smaller and the stress conversion coefficient ¢ is larger;
thus, v/(v=<cotg (i.e., v=[cot@/(cotg—sing)]) can be
more easily satisfied, i.e., |110 |>| 110’ | . 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 v, 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).

a1
Tensile yield line
/ g1= 0= 03
e
v
e Z Mohr-Coulomb yield
=

% =

s 0] \/EO' 3= \/50' 5
(2)
4
Tensile yield line
_Mohr-Coulomb yield
e
01~ 0= 03
sl
~
=
~
=
~
0 20, =120,
(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 /;
increases. Furthermore, failure zones are represented by
two different conditions: 1) In a stress state of triaxial
compression (01>0,>03), the low confining pressure
stress area (mostly —o3) 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 /;

I On = plane Zone Failure mode
Small \_/
| &
Bulging failure
Extension fracture
Dilatancy failure
II X
Tensile shear failure
Hybrid fracture
1 /
Shear failure Shear fracture
Tensile shear failure
II
Dilatancy failure
Hybrid fracture
I
Large
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
(0150,<03), 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 1). 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 [; increases. Furthermore, failure zones are
represented in two different conditions. 1) In a stress
state of triaxial compression (0,>0,>03), the low
confining pressure stress area (mostly —o3) 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 (01<0,<03;), 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 &,
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 /;

1, On 7 plane Zone Failure mode
a1
Small ~
-~ 11 /
~N ~
Shear failure Shear fracture
Tensile shear failure
1I
Dilatancy failure
Hybrid fracture
| / &
Shear failure _
Extension fracture
Dilatancy failure
I )(
Tensile shear failure
- ‘j
3 &
| <& Hybrid fracture
& 03 | N
g
111
Large

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 v ¢ c¢/MPa #C°) ogf/MPa o;/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

Undisturbed clay
from Ref. [23] 0.30 0.04 0.02 32 0.01 0.025 0.82 |
[22] [23]
Tensile shear failure
Red #
sandstone from [6] 0.34 0.07 28.36 354 12 50 0.94
Sandstone from Ref. [19] 0.25% 0.06 8.5 455" 45" 5 1.12 Splitting failure
Meta- 0.50 0.07 432 515 0.0225 10 1.08
sandstone from Ref. [22] 050 007 434 388 205 5 1.34
(3] [19]
Skarn of Ref. [3] 0.24" 0.04 40 52" 0.0185 10 1.19
[22]
Undisturbed clay 0.30 0.04 00258 375  0.0038 0025 125 Bulging failure

from Ref. [23]

Remoulded soil
from this work

0.45 0.03 0.0203 37.5 0.001 0.025 1.10

v

[23] This work

Cemented . Dilatancy failure
poorly graded sand- 0.27 0.04 0.06814  46.67 25 0.1 1.05

gravel mixture from Ref. [24]

Remoulded clay This work

mixed with soil 0.30 0.03 0.0135 38.5 0.0007  0.025 0.99 I

from this work

[24]

Extension fracture

0.40" 0.08 18" 60" 8" -75 1.30 D
(1]

Hybrid fracture

* * * *

Marble from Ref. [1] 0.20 0.07 17 57 9 —4 1.00

(1]

Shear fracture

0.30" 0.06 16" 58" 10" -2.5 0.81 D
[1]

Actually, a few failure modes in literatures/references are not shear, so the cohesion ¢ 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.

References

[1] JONATHAN M R, FREDERICK M C. Hybrid fracture and the
transition from extension fracture to shear fracture [J]. Nature, 2004,
428(6978): 63—66.

[2] TAYLOR D W. Fundamentals of soil mechanics [M]. New York:
Wiley, 1948.

[3] LI Di-yuan. Study on the brittle spalling failure of hard rock and the
mechanism of strain burst under high in-situ stresses [D]. Changsha:
Central South University, 2010. (in Chinese)

[4]  XIAO lJing-jing. Experimental study on structural property and
stress-strain relationship of granite residual soil [D]. Guangzhou:
South China University of Technology, 2012. (in Chinese)

[5] ZHAO Zeng-hui, WANG Wei-ming, DAI Chun-quan, YAN Ji-xing.
Failure characteristics of three-body model composed of rock and
coal with different strength and stiffness [J]. Transactions of
Nonferrous Metals Society of China, 2014, 24(5): 1538—1546.

[6] YANG S Q, JING H W, WANG S Y. Experimental investigation on
the strength, deformability, failure behavior and acoustic emission

locations of red sandstone under triaxial compression [J]. Rock

(7]

(8]

9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

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

Mechanics and Rock Engineering, 2012, 45(17): 583—606.

DU Kun, LI Xi-bing, LI Di-yuan, WENG Lei. Failure properties of
rocks in true triaxial unloading compressive test [J]. Transactions of
Nonferrous Metals Society of China, 2015, 25(2): 571-581.

FENG X T, CHEN S, ZHOU H. Real-time computerized tomography
(CT) experiments on sandstone damage evolution during triaxial
compression with chemical corrosion [J]. International Journal of
Rock Mechanics and Mining Sciences, 2004, 41(3): 181-192.

JING H M, ZHANG H, LI H, YUEN D A, SHI Y L. Parallel
numerical analysis on the rheology of the Martian ice-rock mixture
[J]. Journal of Earth Science, 2011, 22(2): 176—181.

NYGARD N, GUTIERREZ M, BRATLI R K, HOEG K.
Brittle-ductile transition, shear failure and leakage in shales and
mudrocks [J]. Marine and Petroleum Geology, 2006, 23(2): 201-212.
HE Guang-ling. New catastrophe theory and its application in pile
foundation engineering [J]. Engineering Mechanics, 2009, 26(9):
126—130. (in Chinese)

WU Fa-quan, WU Jei, QI Sheng-wen. Theoretical analysis on
mechanism of rock burst of brittle rock mass [J]. Journal of
Engineering Geology, 2010, 18(5): 589—595. (in Chinese)

LIU Pei-sheng. Analysis of shearing failure mode for porous
materials under compression [J]. Acta Physica Sinica, 2010, 59(7):
4849—-4856. (in Chinese)

MORA P, WANG Y C, MARROQUIN F A. Lattice solid/Boltzmann
microscopic model to simulate solid/fluid systems-a tool to study
creation of fluid flow networks for viable deep geothermal energy [J].
Journal of Earth Science, 2015, 26(1): 11-19.

FENG Zeng-chao, ZHAO Yang-sheng. Control effect of fissure scale
on deformation and failure of rock mass [J]. Chinese Journal of Rock
Mechanics and Engineering, 2008, 27(1): 78—83. (in Chinese)
WANG S Y, SLOAN S W, SHENG D C, YANG S Q, TANG C A.
Numerical study of failure behaviour of pre-cracked rock specimens
under conventional triaxial compression [J]. International Journal of
Solids and Structures, 2014, 51(2): 1132—1148.

TANG Hui-ming. Progress in study of fracture mechanism of
jointing [J]. Geological Science and Technology Information, 1991,
20(2): 17-25. (in Chinese)

WU Jia-long. Elasticity [M]. Beijing: Higher Education Press, 2001.
(in Chinese)

YANG Sheng-qi, JIANG Yu-zhou. Triaxial mechanical creep
behaviour of sandstone [J]. Mining Science and Technology, 2010,
20(3): 339-349.

GUO Zheng-hai, WANG Chuan-zhi. Investigation on the strength
and failure criterion of concrete under multi-axial stresses [J]. China
Civil Engineering Journal, 1991, 24(3): 1-14. (in Chinese)

QIN Li-kun, SONG Yu-pu, CHEN Hao-ran, WANG Lie-dong,
ZHANG Zhong, YU Chang-jiang. Mechanical property and failure
criterion of concrete under biaxial tension and compression after
freeze-thaw cycling [J]. Chinese Journal of Rock Mechanics and
Engineering, 2005, 24(10): 1740—1745. (in Chinese)

LI D Y, WONG L N Y, LIU G, ZHANG X P. Influence of water
content and anisotropy on the strength and deformability of low
porosity meta-sedimentary rocks under triaxial compression [J].

Engineering Geology, 2012, 126(7): 46—66.



(23]

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

LUO Kai-tai, NIE Qing, ZHANG Shu-yi, LIU En-long. Investigation [24] YOUNES A, AMIR H. Triaxial shear behavior of a cement-treated
sand-gravel mixture [J]. Journal of Rock Mechanics and
Geotechnical Engineering, 2014, 6(5): 455-465.

on artificially structured soils with initial stress-induced anisotropy
[J]. Rock and Soil Mechanics, 2013, 34(10): 2815-2820. (in
Chinese)

ZEATWIMRRR N FFERE

miEk !, RgAED, R &L FHF MG

S

1. ks shERE S 53 TRE2ERE, [0 510275
2. K& TERE, TN 5102755
3. JUARBMFRE S AR IR R A E sk, M 510275

B E. 2IEE IR MR IR, 1S NI B — AN E A bR HE T AR ORI R . HE, K
A LR Z A LB AT LA 8 2K FEARBITTH, EHEMMT T2 AR A SR A7 BL R A ¥
RERIFERUMELAL, SRR 91 BEAT AR HAL R, @7 7 325 IR sKBAHEN] . 45 & Mohr—Coulomb B D)l S5
AL, ST T 2 RE LRI K- BT DDA AE I . B S T 2 R I R ) S R A, iR T LUR A
HuARE AT SCRRAIAS I b 52 o o LIRSS S UL R i 353 5% AR B 5
KEEIR: WA KRR ROREER: ARRERIL R AL 1R

(Edited by Wei-ping CHEN)




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


