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Abstract: Clastic sandstone is widely distributed in oil and gas reservoirs; its internal structure
has many micro-defects. Under different stress environments of burial depth, significant damage
evolution and plastic deformation easily occur. A series of triaxial compression tests were performed to
study the coupled elastoplastic damage mechanical behavior of clastic sandstone samples at different
burial depths ranging from 581.28 m to 979.82 m. Results reveal that the stress-strain responses of
clastic sandstone samples exhibit significant nonlinear and softening characteristics. The mechanical
behavior is due to the coupling of plastic deformation and mechanical damage. Plastic and damage
internal variables cause damage stiffness degradation and plastic flow. Considering the coupling of
elastoplastic damage in the loading process, an elastoplastic damage coupling model is proposed
to study the mechanical behavior of different burial depth clastic sandstones. The model can
effectively describe the mechanical behavior of clastic sandstone, such as the volume compression
and dilatancy transformation, plastic hardening and damage softening, which are in good agreement
with the experimental results. Furthermore, the mechanical behavior of the clastic sandstone shows a
dependency on the confining pressure and burial depth. The load-bearing capacity and the ability to
resist deformation of the clastic sandstone are improved as the confining pressure and burial depth
increase. Relevant results can provide reliable basis for the safe exploitation of oil and gas engineering.
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1. Introduction

The clastic reservoir is the key research target of oilfield exploration and development [1–5].
As source rock is solidified by sand, clay and gypsum, the reservoir clastic rock minerals are
microcrystalline, with complex internal structure, a wide distribution of micro-defects and rich
organic matter [6–8]. Under the action of deep, high-crustal stress, micro-defects in clastic rock
easily expand and propagate. The internal structure is subject to plastic deformation and damage
evolution, which leads to the degradation of the mechanical property. Therefore, the strength of the
clastic reservoir is evidently reduced, thereby causing casing damage and a large deformation of the
reservoir [9–16].

Generally, clastic sandstone contains a considerable number of micro-defects from the effects
of sedimentation. Defects cause the mechanical properties of clastic sandstone to become
extremely complex. Furthermore, different burial depths lead to changes in mechanical properties.
Laboratory tests have been conducted to estimate the effect of burial depth on the physical and
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mechanical properties of rock [17–20]. The residual stress and peak deviatoric stress, as well as the
corresponding axial strain and volumetric strain, increase with the increase of confining pressure and
burial depth. However, the Poisson’s ratio increases negatively with the increase of confining pressure;
the influence of confining pressure and burial depth on elastic modulus is not significant [21,22].
However, most studies focus on qualitative analysis of experimental results. The modelling of coupled
elastoplastic damage mechanical behavior and the change law of mechanical parameters of clastic
sandstone under different burial depths have not been effectively identified.

During oil and gas exploration and development, the effect of external construction disturbance
causes stress to be concentrated easily on the reservoir, leading to elastoplastic deformation and
damage evolution of clastic rocks in the reservoir. The crustal stress of a reservoir increases gradually
as the burial depth increases. Thus, the elastoplastic deformation and damage evolution of reservoir
clastic rock become more evident; the coupling effect of elastoplastic damage is also significant.
However, at present, the study on the response of elastoplastic damage coupling of reservoir clastic
rock in different burial depths is unclear. Therefore, a series of triaxial compression tests of reservoir
clastic sandstone with different burial depths was conducted to study the mechanical behavior of
elastoplastic deformation and damage evolution. Moreover, an elastoplastic damage coupling model
is proposed and the effects of different burial depths on the mechanical parameters of clastic sandstone
are discussed.

2. Triaxial Compression Test of Different Burial Depths of Clastic Sandstone

2.1. Experimental Material and Procedure

Clastic sandstone samples were drilled from different burial depths of 581.28, 679.39, 780.00,
881.50 and 979.82 m in a gas reservoir site in the northern South China Sea. Considering the sample of
clastic sandstone at 979.82 m, the clastic sandstone in this depth range is grey argillaceous siltstone
with fine silt and massive structures (Figure 1). The internal structure has defects under the influence
of structural stress and other factors. The clastic rock is mainly composed of clastic (43%), interstitial
material (50%) and opaque mineral (7%), among which the clastic components are quartz (30%),
plagioclase (3%) and biotite (10%); the interstitial materials are calcite (35%), muscovite (5%) and
cryptocrystalline (10%). The particle size of the debris is 0.02–0.05 mm; the mineral structure is granular,
flaky and tabular; the particle size of the filler is 0.05 mm; the mineral structure is granular, bladed and
elongated; the porosity is 0.86%.
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Figure 1. Typical clastic sandstone sample during the triaxial compression test.

All tests were conducted under drained condition using servo-controlled triaxial equipment at
room temperature [23,24], as shown in Figure 2. Cylinder samples were used with an average size
of 25 mm in diameter and 50 mm in height (Figure 1). Repetitive triaxial compression tests were
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performed on the five groups of clastic sandstone samples with different buried depths under different
confining pressures, such as 10, 20 and 30 MPa. The confining pressure and axial load were applied at
a constant rate of 0.75 MPa/min. The strain during the first stages of confining pressure was neglected
in the triaxial tests.
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Figure 2. Servo-controlled triaxial equipment during laboratory tests.

2.2. Mechanical Behavior of Triaxial Compression Tests

Figure 3 depicts the typical stress-strain curves for different values of confining pressure and
burial depth. Significant nonlinear and softening characteristics can be observed from all sample series.
The entire deformation process of the samples consists of an elastic stage, yield stage, plastic hardening
stage and damage softening stage.

The clastic sandstone, which is mostly composed of rock materials, exhibits an evident
pressure-dependent behavior. During the initial loading, a quasi-linear stress-strain relation is
obtained, which is reversible. This finding represents the elastic compressibility of the rock skeleton.
In this phase, the elastic bulk modulus can be obtained according to the slope of the stress-strain curve.
When the stress reaches yield stress, the deformation of the material enters a nonlinear plastic stage.
At this stage, the strain increases significantly and the stress-strain curve is convex. At all confining
pressures, non-linear axial deformation begins at an axial strain of approximately 0.5%. With the
increase in deviatoric stress, a generally strain-hardening phase is obtained. In this phase, the initiation
and propagation of cracks result in strain increase in an unstable manner until peak stress and brittle
failure state are attained. Then, in a post-peak softening phase, the deviatoric stress decreases and the
internal structure of the sample is highly disrupted.

Moreover, the results showed that the confining pressure and burial depth had significant influence
on material response (see Figure 4). Generally, the increase in burial depth and confining pressure
is helpful to the closure of the internal micro-defects, thereby improving the load-bearing capacity
of the sample. The peak stress increases with the increase in confining pressure and burial depth.
The elastic modulus also shows an increasing trend with increasing confining pressure and burial
depth. Poisson’s ratio varies with confining pressure and burial depth. However, their variations are
small and the use of constant values remains reasonable when modelling the plastic behavior and
damage evolution is mainly considered.
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Figure 3. Stress-strain curves of clastic sandstone at different burial depths in triaxial compression tests.
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Figure 4. Effect of confining pressures and burial depths on the material response
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2.3. Behavior of Volumetric Strain

The failure of clastic sandstone is accompanied by large deformation and volume expansion.
The samples showed the transformation from volumetric compressibility to dilatancy in the tests.
Volumetric strain (εV) can be calculated according to the following formula:

εV = ∆V/V0 = ε1 + 2ε3 (1)

where ε1 and ε3 represent the axial and lateral strain respectively. Considering the samples with a
buried depth of 979.82 m, the lateral strain is relatively small at the initial loading stage. In the process
of elastic deformation, only the compressible strain is obtained. In this stage, the volumetric strain
increases with deviatoric stress. As the deviatoric stress continues to increase, the lateral expansion
gradually dominates, resulting in volumetric dilatancy. Moreover, the deformation of the material is
inelastic and the volumetric strain increases rapidly. In addition, the increase in confining pressure and
burial depth effectively limits the volumetric dilation strain and decreases the maximum volume of
compressive strain (see Figure 5).
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Figure 5. Typical stress-strain curves at different confining pressures in triaxial compression tests.

During the loading process, the volumetric change is closely related to the evolution of internal
damage, which is induced by the propagation and coalescence of the micro-defects. At the initial stage
of loading, the original micro-defects in the sample gradually closed, resulting in volume compression.
At this stage, no new damage is considered. With the increase in deviatoric stress, the volume dilates
as the micro-defects grow and the internal damage develops. The corresponding deviatoric stress of
volume that reverses from compression to dilatation of clastic sandstone samples is more than 50 MPa.
In the failure stage, the sample volume dilates rapidly until the large strain is obtained due to the
coalescence of cracks.

2.4. Damage Evolution during Triaxial Compression Tests

The damage evolution caused by the propagation and coalescence of the micro-defects can lead
to the degradation of the mechanical behavior of clastic sandstone. The damage variable is used to
quantitatively describe the degradation of the rock, which can be calculated in accordance with the
stress-strain curve (see Figure 6). On the basis of the inflexion E-point after the peak stress, the damage
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variable calculation is divided into two components: (i) the damage variable in I-point is obtained
prior to the inflexion E-point:

εI
e =

σI

E
(2)

dI = 1−
εI

e

εI (3)

where d is the damage variable, ε is the total strain, εe is the elastic strain, σ is the axial stress and E is
the elastic modulus and is obtained based on the OF.
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(ii) The damage variable in F-point is obtained after the inflexion E-point:

dF = dE + (1−
σF

σE ) (4)

Therefore, considering the samples with a buried depth of 979.82 m, the damage evolution of
clastic sandstone samples under different confining pressures is obtained (see Figure 7). (i) In the elastic
stage (OA), the damage of clastic sandstone is very limited; (ii) in the plastic stage (AB), the damage
occurs and accumulates rapidly due to the generation and propagation of the micro-defects; (ii) in the
post-peak stage (BC), the damage continues to accumulate with the propagation and coalescence of the
micro-defects, and the deviatoric stress gradually decreases.



Energies 2020, 13, 1640 8 of 15

Energies 2020, 13, x FOR PEER REVIEW 7 of 15 

 

I
I

e
E

=



 

(2) 

1
I

I e

I
d = −



  
(3) 

where d  is the damage variable,   is the total strain, 
e  is the elastic strain,   is the axial stress 

and E  is the elastic modulus and is obtained based on the OF. 

(ii) The damage variable in F-point is obtained after the inflexion E-point: 

(1 )
F

F E

E
d d= + −



  
(4) 

 

Figure 6. Schematic diagram of damage variable calculation. 

Therefore, considering the samples with a buried depth of 979.82 m, the damage evolution of 

clastic sandstone samples under different confining pressures is obtained (see Figure 7). (i) In the 

elastic stage (OA), the damage of clastic sandstone is very limited; (ii) in the plastic stage (AB), the 

damage occurs and accumulates rapidly due to the generation and propagation of the micro-defects; 

(ii) in the post-peak stage (BC), the damage continues to accumulate with the propagation and 

coalescence of the micro-defects, and the deviatoric stress gradually decreases. 

 

Figure 7. Damage evolution of clastic sandstone under different confining pressures. 

Axial strain

A
x

ia
l 

st
re

ss

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

0.0 0.5 1.0 1.5 2.0 2.5 3.0

D
am

ag
e 

v
ar

ia
b

le

Axial strain (%)

Confining pressure:10MPa

Confining pressure:20MPa

Confining pressure:30MPa

Burial depth: 979.82 m

O
A

B

C

Damage evolution 

fitting curve

Figure 7. Damage evolution of clastic sandstone under different confining pressures.

3. Elastoplastic Damage Coupling Model

According to the test results, the mechanical response of clastic sandstone is affected by both
plastic deformation and damage. Under the assumption of small strains, an elastoplastic damage
coupling model needs to be built to describe the mechanical behavior of clastic sandstone. An isotropic
scalar damage variable is used to approximate the degradation process caused by the micro-defects.

3.1. Framework of Elastoplastic Damage Coupling Model

Under isothermal condition, the total strain can be divided into elastic strain and plastic strain
and the formula is as follows:

ε = εe + εp, dε = dεe + dεp (5)

where ε is the total strain tensor; εe is the elastic strain tensor; εp is the plastic strain tensor.
The thermodynamic potential of the damaged elastoplastic material is assumed to exist and the

damage process is coupled with plastic deformation. The thermodynamic potential is expressed as
follows [25]:

ψ = 1
2 (ε− ε

p) : C(d) : (ε− εp) +ψp(γp, d) (6)

where the symbol “:” represents the two-point product of two tensors; C(d) is the elastic stiffness
tensor of damaged material; and the function ψp is the thermodynamic potential describing the plastic
hardening of clastic sandstone, which can be obtained in accordance with the relationship between
hardening function and the thermodynamic potential:

αp= −∂ψ/∂γp = −∂ψp/∂γp (7)

where γp is the internal hardening variable. The constitutive equation is obtained by derivative of
thermodynamic potential:

σ =
∂ψ

∂εe = C(d) : (ε− εp) (8)

The thermodynamic force is given by the following:

Yd = −
∂ψ

∂d
= −

1
2
(ε− εp) : C

′

(d) : (ε− εp) −
∂ψp(γp, d)

∂d
(9)
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The fourth-order tensor C
′

(d) is obtained by deriving the damage variable from the elastic
stiffness tensor:

C
′

(d) =
∂C(d)
∂d

(10)

Due to the nonnegativity of internal dissipation, the following inequality is established:

σ :
•

ε
p
+ Yd

•

d ≥ 0 (11)

Finally, the incremental form of the constitutive equation (Equation (8)) is obtained:

•

σ = C(d) : (
•

ε−
•

ε
p
) + C

′

(d) : (ε− εp)
•

d (12)

where the dot represents the derivative of a variable over time. The detailed formula of Equation (12)
needs to determine the derivative form of damage variable and plastic strain.

3.2. Formulation of Elastoplastic Damage Coupling Model

The behavior of clastic sandstone exhibits high-pressure sensitivity. Under the assumption of
small strains, considering the non-linearity in the stress-strain response and the plastic hardening
process from the initial plastic yield to the final material failure of clastic sandstone (see Figure 8),
the following plastic yield surface equation is adopted:

f = q2 + A0αp(p−C0)m0 = 0
p = −

σkk
3

q =
√

3J2

J2 = 1
2 si jsi j, si j = σi j −

σkk
3 δi j

(13)

where A0 denotes the frictional angle; C0 denotes the initial cohesion; αp is the plastic hardening
function; p and q are the mean stress and deviatoric stress respectively; m0 is a constant coefficient used
to dimensionalize A0, which is usually taken as 1 MPa; si j is the deviatoric stress tensor.
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Figure 8. Ultimate yield states of different burial depths clastic sandstones described by mean stress
and deviator stress.

In addition, the clastic sandstone has the mechanical behavior of plastic hardening and post-peak
softening. The damage is assumed to be isotropic and expressed as a scalar variable d. Moreover,
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it is assumed that the strain softening is only related to the damage evolution. Therefore, the plastic
hardening behavior is affected by two opposite trends, that is, the hardening function increases with
the increase of plastic shear strain γp before the peak stress, indicating hardening behavior; after the
peak stress, it decreases with the increase of damage variable d, indicating softening behavior [26].

αp = (1− d)
[
α0

p +
(
1− α0

p

) γp
b+γp

]
γp =

∫ √
2
3 dep

ijdep
ij

ep
ij = ε

p
ij −

1
3 tr(ep)δi j

(14)

where α0
p is the initial value of the plastic hardening function αp; b is the plastic hardening parameter;

ep
ij is the deviatoric strain tensor; dep

ij is the increment of the plastic deviatoric strain tensor; tr(ep) is the
trace of plastic strain tensor.

Furthermore, the plastic strain increment and the plastic flow rule are determined by the plastic
potential function. Therefore, a non-associated flow rule is suitable for describing the volumetric
compressibility and dilatancy. The plastic potential function is taken as the following form:

g = q + A0(1− d)η(p−C0) ln
(

p−C0

I0

)
= 0 (15)

where I0 < 0 denotes the stress state at the intersection of the plastic potential plane and the mean
stress axis; η is the parameter that describes the volume compression and dilation.

In the framework of thermodynamics, the damage is generated and expanded under the driving
force of the damage. The damage evolution law is determined by a damage criterion, which is a
function of damage force [27]:

fd
(
Yp

d, d
)
= dctanh

(
BdYp

d

)
− d ≤ 0 (16)

where dc is the final value of damage variable d. The value range of the damage variable is [0, 1].
The parameter Bd controls the dynamic characteristics of damage evolution. Yp

d is the generalized
thermodynamic force related to damage.

In accordance with the relationship between hardening function αp and thermodynamic potential,
the function ψp can be expressed by the following:

ψp = −(1− d)γp + b(1− d)(1− α0
p) ln

b + γp

b
(17)

The damage force Yp
d can be written as follows:

Yp
d = −

∂ψ
∂d = − 1

2 (ε− ε
p) : C

′

(d) : (ε− εp) −
∂ψp(γp,d)

∂d

= − 1
2 (ε− ε

p) : C
′

(d) : (ε− εp) − γp + b(1− α0
p) ln

γp+b
b

(18)

Considering the coupled effect of the plastic behavior and damage evolution, the plastic multiplier

dλ and the derivative of the damage variable
•

d= dd can be obtained by solving the plastic consistency
condition (Equation (19)) and damage criterion (Equation (20)).

d f =
∂ f
∂σ

dσ+
∂ f
∂d

dd +
∂ f
∂αp

∂αp

∂γp
dγp = 0 (19)

 d fd =
∂ fd
∂d dd + ∂ fd

∂Yp
d

(
∂Yp

d
∂εe dεe +

∂Yp
d

∂γp
dγp

)
= 0

dεe = dε− dλ ∂g
∂σ

(20)
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3.3. Verification of Elastoplastic Damage Coupling Model

Nine parameters of the model can be obtained from the experimental results. The elastic
parameters (E and ν) can be obtained from the linear component of the stress-strain curve. The plastic
parameters (C0 and A0) can be determined by the intercept and slope of the ultimate yield surface.
The initial value of the hardening function α0

p is extracted from the relationship between the mean stress
and deviatoric stress at the onset of inelastic strain. The plastic hardening parameter b can be calculated
according to the relationship between the hardening function and plastic shear strain. The parameter η
can be obtained according to the stress state of the transformation point from volumetric compression
to dilation. The parameter dc can be obtained from the residual strength and peak strength of the
sample. The parameter Bd can be estimated by fitting the damage evolution curves. The values of
model parameters are shown in Table 1.

Table 1. Parameters of the constitutive model.

Burial Depth/m E/GPa ν A0 C0/MPa α0
p b η Bd dc

581.28 7.34 0.094 88.17 11.915 0.0039 0.002 −0.013

0.75 0.9
679.39 7.98 0.140 94.39 12.736 0.0054 0.001 −0.014
780.00 8.74 0.093 138.10 4.020 0.0055 0.003 −0.009
881.50 11.66 0.150 80.31 60.471 0.0052 0.005 −0.012
979.82 15.91 0.142 139.38 28.439 0.0023 0.005 −0.007

Figure 9 shows the comparisons between the numerical simulations and experimental. In general,
the proposed model can accurately describe the mechanical behavior of clastic sandstone, such as plastic
behavior, damage evolution and volume transformation from compression to dilation. Furthermore,
the coupled behavior of plasticity and damage of post-peak deformation can be effectively described.
In addition, the effect of depth on model parameters is mainly concentrated on the parameters of
plastic failure criteria (C0 and A0), thereby showing an increase in trend with the increase in depth (see
Figure 10). Generally, with the increase in burial depth, the micro-defects decrease and the porosity is
reduced, thereby increasing its strength.
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4. Conclusions

In this paper, the mechanical properties of clastic sandstone under different burial depth were
studied by triaxial compression test. The influence of confining pressure and burial depth on rock
response was studied. Based on the test results, an elastoplastic damage coupling model was proposed
to simulate the mechanical behavior of the samples under different confining pressures and depths.
Hence, the following concluding remarks were formulated:

1. The clastic sandstone exhibited an evident pressure-dependent behavior. The entire deformation
process of the samples consists of elastic, yield, plastic hardening and damage softening stages.
The samples displayed evident volumetric compressibility changes to dilatancy in the tests. It is
closely related to the evolution of internal damage which is induced by the propagation and
coalescence of the micro-defects.

2. The mechanical response of samples is affected by plastic deformation and damage. A damage
variable is used to quantitatively describe the degradation of the rock; the damage evolution of
clastic sandstone samples under different confining pressures can be divided into three stages.
Thus, an elastoplastic damage coupling model was proposed. This model describes the main
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properties of clastic sandstone, such as elastoplastic behavior, the coupling between plastic flow
and damage and volume transformation, from compression to dilation.

3. Increasing burial depth and confining pressure can improve the load-bearing capacity and
resistance to deformation of the sample. The peak stress and elastic modulus show an
increasing trend with increasing confining pressure and burial depth due to the closure of
the internal micro-defects in the sample. In addition, the increase in confining pressure and burial
depth effectively limits the volumetric dilation strain and decreases the maximum volume of
compressive strain.
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