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1. Introduction

The mechanical properties of porous rock are quite different
from that of comparatively well-compacted rocks due to the larger
porosity.1,2 For porous sandstone, a critical value of confining
pressure is proved to exist during the process from mainly pres-
sure-shear failure to mainly slough failure.3 When the confining
pressure is increased, the main pressure-shear failure can be
changed into slough failure. For porous chalk, the failure of the
sample is a result of the complete destruction of the pore struc-
ture; the cohesive chalk is transformed, after significant volu-
metric deformation, into a compacted powder.4 The basic me-
chanical behaviour of porous rock involving its failure mechanism
and deformation are strongly affected by the spherical or hydro-
static stress tensor. The rock skeleton used in reservoir engineer-
ing (e.g. during oil extraction and CO2 disposal) is a porous layer.
During the injection or extraction of pore fluid into or out from the
reservoir, the effective stress field of the reservoir is varied with
the changes in its pore pressure. The various stress fields influence
the porous layer in the form of short and long-term deformation,
which gives rise to the reduction of porosity and permeability and
subsidence.5–7 CO2 injection and petroleum production operating
independently can result in significant over- or under pressuring
in a basin, potentially causing land uplift/subsidence.8 The com-
paction of porous sandstone is driven by the effective stress, as
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well as the cementation and intergranular pressure solution. And
the mechanical compaction is attributed to porosity, compressive
property of the mineral and cementation, while the pressure so-
lution compaction depends on the grain contact dissolution in
pore fluid.9 For weakly consolidated rock, time-dependant com-
paction under constant stress conditions is referred to as com-
paction creep controlled by grain failure and debonding due to
slow (sub-critical) crack growth, as well as stress-induced dis-
solution–precipitation processes or intergranular pressure
solution.10 Therefore, research into the time-dependant deforma-
tion of a porous layer, such as porous sandstone, is of theoretical
significance and practical value for the assessment of the stability
of an underground cavity and subsidence prediction around
reservoirs.

As a porous material, a reservoir consists of a rock skeleton and
the pore fluid. The mechanical behaviour of the reservoir is sig-
nificantly dependant on the rock skeleton. This paper mainly
discusses the mechanical mechanism for the time-dependant de-
formation of porous rock as reservoir skeleton. When the pore
pressure in the reservoir is gradually depleted, e.g. gas or oil
production, groundwater exploitation11–13, the underlying strata is
developed into weakly consolidated layer due to the increasing
effective stress. This research proposes a constitutive model to
describe the time-dependant deformation of porous sandstone
which is weakly consolidated. Various research studies have been
conducted to the creep constitutive model of geologic material in
three methods: empiricism14,15, the thermodynamic framework16–
18 and the element model.19,20 Compared with other methods, the
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creep element model is more easy for numerical simulation and
engineering application. The creep element model is consisted of
elastic elements, plastic elements, and viscosity elements. Various
combinations of these four basic elements form different models
to represent different creep characteristics, e.g. Burgers model and
Cvisc model.21,22

Different from comparatively well-compacted rocks, and at-
tributed to its porosity, weakly compacted sandstone displays
different deformation characteristics. For porous rock, two de-
formation mechanisms can be identified: volumetric deformation
and shear deformation. The former is due to the swell-shrink
characteristics of the pore structure under hydrostatic stress which
cause collapse23 and the expansion of pores or coalescence of
adjacent pores. The latter is attributed to the distortion of the
pores and rock matrix under deviatoric stress which may influence
the connectivity of the pore structure. Furthermore, the change of
pore fluid pressure influences the effective stress field in the rock
skeleton that may induce a readjustment of the reservoir de-
formation field which had stabilised over geological time. Since
the effective stress is always changing during the reservoir en-
gineering operations, both short-term and long-term deformation
should be considered for the porous rock in question.

This research investigated the creep behaviour of porous
sandstone acting as a reservoir material. The scanning electron
microscope (SEM) and mercury intrusion porosimetry (MIP) have
been applied to investigate the basic physical properties of porous
sandstone. Triaxial compressive tests were conducted to obtain
the strength parameters of this porous sandstone. Creep tests
under different stress levels were implemented to deduce its time-
dependant deformation under different stress regimes. On the
basis of the Burgers model, the volumetric viscosity element was
proposed by considering the influence of hydrostatic stress com-
ponents on viscous strain. This new constitutive model was es-
tablished to describe the creep behaviour of porous sandstone.
Furthermore, a numerical code was applied in the simulation of
the time-dependant deformation behaviour of porous sandstone.
2. Experimental methods

Three types of laboratory test were used to investigate the
physico-mechanical properties of porous sandstone. The first in-
volved SEM examination and MIP to evaluate the physical prop-
erties of porous sandstone. This reflected the pore structure in-
cluding the pore size distribution and pore connectivity. Secondly,
triaxial compressive tests of porous sandstone specimens provided
Fig. 1. SEM images at (a) 50� magnification and (b) 5
compressive strengths to determine the axial load applied during
creep testing. Thirdly, triaxial creep tests were conducted to in-
vestigate the time-dependant deformation properties of the
samples.

2.1. Basic physical properties of porous sandstone

The sandstone specimens used in these three tests were sam-
pled from the same location and had similar physical properties.
Porous sandstone is mainly composed of quartz, feldspar, silt and
detritus cemented by clay minerals, calcite, limonite, etc. To ob-
serve the microstructure of the pore network in sandstone, the
SEM was used: micrographs at 50� and 500� magnification are
shown in Fig. 1(a) and (b), respectively.

Fig. 1(a) and (b) shows that the sandstone skeleton was a ce-
mentation of mineral particles with uneven grain sizes uneven.
The sandstone grains had a high sphericity and perfect con-
nectivity between internal pores.

According to the International Society for Rock Mechanics
(ISRM), suggested methods for porosity/density determination
using saturation and calliper techniques, the porosity of porous
sandstone is measured as 22.15% and the dry density of porous
sandstone is 2.17 g/cm3. With the application of MIP, the pore size
distribution diagram, in differential form, is as shown in Fig. 2. The
abscissa represents the logarithm of pore size (in nanometres) and
the ordinate represents the derivative of pore volume with respect
to the logarithm of pore size (in cc/g). The pore size distribution
diagram reflects the concentration of pore sizes. In Fig. 2, the
logarithm of the pore size for porous sandstone was approximately
4 and the peak pore size was 8363 nm.

2.2. Compressive strength of porous sandstone

The specimens were prepared according to the ISRM suggested
methods for triaxial compressive tests before drying at 45 °C for
48 h. To reduce error in the measurement of the physico-me-
chanical properties, specimens having wave velocities in the range
of 75% of the average were accepted. The cylindrical samples
were 50 mm in diameter and 100 mm in tall.

A set of triaxial compression tests with confining pressure from
5 to 30 MPa were undertaken on three samples for each confining
pressure. The temperature was set to a constant 25 °C. For each
triaxial compression test, the cylindrical sample is firstly subjected
to the confining pressure around the cylinder and top and bottom
surface, i.e. the hydrostatic pressure state. Then the deviatoric
stress is exerted in the cylinder axial direction on the top and
00� magnification: porous sandstone specimen.



Fig. 2. Pore size distribution (in differential form) of porous sandstone. Fig. 3. Volumetric creep curve of a sandstone specimen under different hydrostatic
pressure: 5, 10, 20, and 30 MPa.
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bottom surface at the constant deformation rate of 10�6 m/s.
Therefore, during the loading process, the maximum principal
stress is the sum of confining pressure and deviatoric stress while
the minimum principal stress and intermediate principal stress are
both equal to the confining pressure. The compressive strength is
figured out by adding the peak value of deviatoric stress to the
confining pressure. And the compressive strength of porous
sandstone samples under different confining pressures is listed in
Table 1. These compressive strength data provided a reference for
stress levels in subsequent creep tests.

2.3. Long-term deformation of porous sandstone

Different rock types have different creep patterns.24 Porous
sandstone, as a soft rock with the relatively low mechanical
strength, exhibits time-dependant deformation properties. The
rich natural, or induced, pore and micro-crack behaviour of porous
sandstone created the conditions for volumetric creep. Triaxial
creep tests under different stress conditions were conducted to
investigate the time-dependant deformation properties of porous
sandstone. The sandstone samples used in triaxial creep tests were
prepared by following the same specification as the triaxial com-
pressive tests in Section 3.2.

2.3.1. Time-dependant deformation of porous sandstone under dif-
ferent confining pressure

To analyse the time-dependant deformation of porous sand-
stone under a hydrostatic stress state, confining pressure shown
was applied incrementally to the specimens at 5, 10, 20, and
30 MPa. The temperature was set to a constant 25 °C. And the
temperature fluctuation was controlled in range of 70.1 °C. In
order to measure the displacement in the radial and axial direc-
tions, the toroidal deformation metre and LVDT displacement
sensor were used in the triaxial creep tests. And the toroidal de-
formation metre is mainly made of spring steels and resistor strain
gage. The calibration result of toroidal deformation metre and
LVDT displacement sensor provide their linearity are respectively
0.35% and 0.18%, as well as the linear range of 71 mm and
75 mm, respectively. Furthermore, the axial displacement LΔ and
Table 1
Compressive strength of porous sandstone samples under different confining
pressure.

Confining pressure (MPa) Compressive strength (MPa)

Sample 1 Sample 2 Sample 3 Average value

5 25.18 26.01 25.94 25.71
10 37.89 38.33 37.82 38.01
15 48.39 48.10 48.05 48.18
20 52.77 52.77 53.10 53.01
30 71.60 70.96 71.27 71.28
lateral displacement DΔ are both accurate to 10�4 mm. On the
basis of the axial strain 1ε and lateral strain 3ε , the volumetric strain
evol is figured out by summed up the twice lateral strain and the
axial strain, i.e. e 2vol 1 3ε ε= + . For the sandstone specimen under
hydrostatic pressure of 5, 10, 20 and 30 MPa, the volumetric strain
versus time curve at each confining pressure is shown in Fig. 3.

In Fig. 3, the volumetric strain in a sandstone specimen in-
creased and gradually stabilized with time at load level. With in-
creased load, the increment of volume strain with time gradually
slowed thus showing the volumetric creep properties of porous
sandstone.

2.3.2. Time-dependant deformation of porous sandstone under dif-
ferent deviatoric stress

Multi-step deviatoric stress was applied to a sandstone sample
at the same confining pressure to study the creep behaviour of
porous sandstone. In the triaxial creep test, the confining pressure
was increased to 6 MPa and then the axial deviatoric stress in-
creased incrementally to 12, 14, 16, and 18 MPa. The axial strain
versus time curve is shown in Fig. 4.

2.3.3. Comparison of test results under hydrostatic and non-hydro-
static stress states

On the basis of continuum mechanics, the stress tensor ijσ is
decomposed into two parts: the mean stress tensor mσ and the
stress deviator tensor sij, i.e., /3m iiσ σ= and sij m ij ijσ σ δ= + . In the
same way, the strain tensor ijε is divided into a mean part evol as-
sociated with a change in volume and a deviatoric part eij asso-
ciated with a change in shape (distortion), i.e., e e/3ij vol ij ijε δ= ( ) + .

Comparing the loading path of the triaxial creep tests in Section
2.3.1 and 2.3.2, the former applied confining pressure only, i.e., the
hydrostatic stress state, while the latter saw the superposition of
confining stress and deviatoric stress, i.e., a non-hydrostatic state.
To analyse the time-dependant deformation of porous sandstone
samples under hydrostatic and non-hydrostatic stress states, the
second loading level of hydrostatic stress state in Fig. 3 and the
Fig. 4. Axial creep curve: sandstone under multi-stage deviatoric compression (12,
14, 16, and 18 MPa) at constant confining pressure of 6 MPa.



Fig. 5. Volumetric creep curve: sandstone specimens under the same mean stress
of 10 MPa and different deviatoric component: S1¼0 MPa and S1¼8 MPa.
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first loading level of non-hydrostatic stress state in Fig. 4 were
compared as shown in Fig. 5. And this choice of loading levels
ensures that the comparison analysis has the same mean stress,

mσ ¼10 MPa and different stress deviator tensor, i.e., the former
had no deviatoric component and the latter had a deviatoric
component,
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In Fig. 5, the red triangles represented the volumetric creep
curve under hydrostatic stress ( mσ ¼10 MPa, S1¼0 MPa) and the
blue squares represented the volumetric creep curve under a non-
hydrostatic stress state ( mσ ¼10 MPa, S1¼8 MPa). The viscous vo-
lumetric strain evol

v was calculated by subtracting the instantaneous
elastic volumetric strain evol

e from the total volumetric strain evol.
After about 145 h, the two creep curves reached a stable state,
such that the axial deformation rate was below 10�10/s.25 Table 1
lists the strains and the proportion of viscous volumetric strain at
stable creep states in the total volumetric strain.

From Fig. 5 and Table 2, porous sandstone sample exhibited
viscous volumetric deformation under hydrostatic and non-hy-
drostatic stress states: the proportion of viscous volumetric strain
at a stable creep state in the total strain was approximately 10%.
That means the compaction of porous sandstone under the above
stress condition is time-dependant. To analyse the contribution of
different stress components (hydrostatic and deviatoric) on vis-
cous volumetric strain, the first loading level of non-hydrostatic
stress state in Fig. 4 was taken as an example and the axial viscous
strain v

1ε calculated by subtracting the instantaneous elastic axial
e

1ε strain from the total axial strain 1ε , i.e. v e
1 1 1ε ε ε= − .

In Fig. 6, the blue triangles represented the axial viscous strain
v

1ε and the red squares represented one-third of the viscous vo-
lumetric strain evol

v , which indicated the contribution of volumetric
creep to time-dependant axial strain, i.e., e e1/3v

vol
v v

1 1ε = ( ) + . Ac-
cording to the strain tensor in continuum mechanics, volumetric
strain depends on mean stress (hydrostatic stress state) while the
distortion strain arises because of the deviatoric stress tensor.
Table 2
Volumetric strain, viscous volumetric strain, and viscous strain proportion for
porous sandstone samples under hydrostatic and non-hydrostatic stress states.

Stress state Instantaneous
elastic volu-
metric strain

Stable volu-
metric strain

Viscous vo-
lumetric
strain

Viscous
strain pro-
portion (%)

sm¼10 MPa,
S1¼0 MPa

0.00218 0.00246 0.00028 11.4

sm¼10 MPa,
S1¼8 MPa

0.00254 0.00278 0.00024 8.6
Therefore, the different value between these two curves meant
that the viscous strain in the axial direction was caused by the
deviatoric stress component. In Fig. 6, the contribution of volu-
metric creep to axial viscous strain amounted to about 20% of the
total axial viscous strain. For porous sandstone the viscous volu-
metric strain should not be neglected.
3. Creep model for porous sandstone

On the basis of the experimental results, time-dependant vo-
lumetric strain should be considered in the deformation me-
chanism of porous sandstone. However, previous creep models,
such as Burger's model and Burgers-creep visco-plastic model,
ignore the viscous volumetric behaviour which is negligible for
relatively compact geologic materials but not for porous rock. The
Burgers model is characterised by visco-elastic deviatoric beha-
viour and an elastic volumetric component, while the Burgers-
creep visco-plastic model has an added plastic dimension to these
two behaviours.19

To reveal the viscous volumetric behaviour in a creep model for
porous sandstone, Burger’s model (a Kelvin cell in series with a
Maxwell component) was modified by the addition of a volumetric
creep component to describe the visco-elastic deviatoric beha-
viour and visco-elastic volumetric behaviour (see Fig. 7).

In Fig. 7, K M and K K are the bulk modulus of spring elements in
the Maxwell and Kelvin components, respectively, GM and GK are
the shear modulus of the spring elements in the Maxwell and
Kelvin components, respectively, m

Mη and m
Kη are the volumetric

viscosity coefficients of dashpot elements in the Maxwell and
Kelvin components respectively, and s

Mη and s
Kη are the deviatoric

viscosity coefficients of the dashpot elements in the Maxwell and
K
m

m

MG
ijSijS

M
s

K
s

KG

Fig. 7. Schematic representation of the modified Burgers model (a) volumetric
behaviour and (b) deviatoric behaviour.
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Kelvin components respectively.

3.1. Visco-elastic constitutive law for volumetric behaviour

According to the schematic representation of the modified
Burgers model in Fig. 7(a), its volumetric behaviour is extended to
a three-dimensional formulation. With reference to Hooke's law
for spherical stress states Km vσ ε= in elastic mechanics, its differ-
ential form is:

P D Q D 2m vσ ε″( ) = ‵‵( ) ( )

where P D p t/k
l

k
k k

0″( ) = ∑ ∂ (⋅) ∂=
″ , Q D q t/k

r
k

k k
0‵‵( ) = ∑ ∂ (⋅) ∂=

‵‵ , and
D t/= ∂ (⋅) ∂ is the differential operator in real-time domain.

Ignoring time-dependant volumetric deformation, the differential
operator on both sides was constant, i.e. P D Q D K1;″( ) = ″( ) = . While
the volumetric viscous deformation was taken into consideration,
its three-dimensional constitutive relation under spherical stress
states was obtained by Laplace transformation of both sides of
Eq. (2):
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where mσ ̇ and mσ̈ are the first and second derivative of the
average stress, respectively; evol̇ and evol¨ are the first and second
derivatives of the volumetric strain, respectively.

3.2. Visco-elastic constitutive law for deviatoric behaviour

According to the schematic representation of deviatoric beha-
viour in the visco-elastic constitutive model in Fig. 7(b), the La-
place form of differential constitutive model for deviatoric stress is
expressed with reference to Hooke's law, S Ge2ij ij= , as follows:

P D S Q D e2 4ij ij′( ) = ′( ) ( )

The three-dimensional constitutive relationship under devia-
toric stress is:
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where Sij
̇ and Sij

¨ are the first and second derivatives of devia-
toric stress tensor, respectively; eij̇ and eij¨ are the first and second
derivatives of the deviatoric strain tensor, respectively.
3.3. Three-dimensional creep constitutive model of porous sandstone

As Fig. 7 shows, the creep model for porous sandstone con-
sisted of a Maxwell component and a Kelvin component. The time-
dependant volumetric strain equation under a spherical stress
state was expressed in a similar format to the deviatoric stress
state in which the shear modulus and shear viscous coefficient
were replaced by a volumetric modulus and volumetric viscous
coefficient. According to t e t e t1/3ij vol ij ijε δ( ) = ( ) ( ) + ( ), the total
Table 3
Classification of creep model parameters for porous sandstone.

Behaviour Kelvin component Maxwell component

Volumetric K K , m
Kη K M , m

Mη
Deviatoric GK , s

Kη GM , s
Mη
time-dependant strain is given by:
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4. Numerical simulation of the creep model for porous
sandstone

To reveal the creep behaviour of porous sandstone by a nu-
merical approach, the finite difference method was used to ex-
press the modified Burgers model in Section 3. Furthermore, the
creep model was programmed in FLAC3D to simulate the creep
behaviour of porous sandstone samples under hydrostatic and
non-hydrostatic stress states. The sandstone sample (a 50 mm
diameter, 100 mm high cylinder) was divided into 1000 elements
and 1111 nodes and its base given a boundary condition on zero Y-
direction displacement.

4.1. Determination of model parameters

The classification of model parameters in the creep model for
porous sandstone is listed in Table 3. K M , K K , m

Mη and m
Kη are used to

describe the volumetric behaviour, while GM , GK , s
Mη , and s

Kη are

used for deviatoric behaviour. K Mand GM could be obtained by
substituting the initial volumetric strain, the initial axial deviatoric
strain, the mean stress and the axial deviatoric stress into the
component formulae for the initial condition.

According to the volumetric creep curve and the axial devia-
toric creep curve, volumetric parameters K K , m

Mη , m
Kη and deviatoric

parameters GK , s
Mη , s

Kη are respectively deduced by establishing an
objective function and minimising the difference between calcu-
lated and measured values.

4.2. Numerical simulation of creep model for porous sandstone un-
der hydrostatic stress

According to the volumetric creep curve under hydrostatic
pressure in Section 2.3.1, the creep parameters at each pressure
were calculated by the method outlined in Section 4.1 (Table 4).
The simulated results from the creep model are compared to the
measured creep test data in the form of volumetric creep curves
(see Fig. 8).

4.3. Numerical simulation of the creep model for porous sandstone
under non-hydrostatic stress

For non-hydrostatic stress states, the creep deformation of four
sandstone samples under different stresses (Table 5) were simu-
lated and compared with the measured results. These four sam-
ples were subjected to the same mean stress and different
Table 4
Creep parameters under hydrostatic pressure.

mσ (MPa) K M (GPa) K K (GPa) m
Mη (GPa h) m

Kη (GPa h)

5 4.4 10.4 5680 55.3
10 4.6 50.9 15,823 267.5
20 6.0 185.0 22,520 493.7
30 6.7 216.6 35,510 767.0



Fig. 8. Comparison of simulated and measured volumetric creep curves for sand-
stone samples.

Table 5
Different stress state for four sandstone samples.

No. Confining pressure Deviatoric stress Mean stress Axial deviator stress
s3 (MPa) s1–s3 (MPa) sm (MPa) S1 (MPa)

1 5 12 9 8
2 6 9 9 6
3 7 6 9 4
4 8 3 9 2

Table 6
Model parameters for sandstone samples under different confining pressures and
different axial deviatoric stress.

No. K M GM K K GK
m
Mη s

Mη m
Kη s

Kη
(GPa) (GPa) (GPa) (GPa) (GPa h) (GPa h) (GPa h) (GPa h)

1 1.51 0.789 22.68 5.35 9897 3534 353 85.8
2 1.56 0.794 19.56 7.05 8386 12,299 304 89.6
3 1.58 0.830 19.08 13.65 7802 26,017 283 136
4 1.60 0.838 17.67 18.95 5302 62,589 16 143

Fig. 9. Comparison of test results, model results, and Burger's model results: axial
strain in sandstone samples. (a) s3¼5 MPa, s1–s3¼12 MPa; (b) s3¼6 MPa,
s1–s3¼9 MPa; (c) s3¼7 MPa, s1–s3¼6 MPa; (d) s3¼8 MPa, s1–s3¼3 MPa.
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deviatoric stresses, and are arranged in increasing order. According
to Section 4.1, the model parameters of four sandstone samples
under different stresses were listed in Table 6. The model and test
axial strain data for these sandstone samples were shown in Fig. 9.
Regardless of the time-dependant volumetric strain, the model
creep curve degraded (Fig. 9) to Burgers model, with the same
parameters as Table 6, i.e., K M , GM , GK , s

Mη , and s
Kη .

In Fig. 9, due to the application of the volumetric viscosity
coefficient, the modified model results were a better fitting to the
experimental data than the Burgers model. The Burgers model,
neglecting the viscous volumetric behaviour, underestimated the
strain in the porous sandstone: the proportion of the difference in
values was underestimated by the Burgers model when the axial
viscous strain increased with an increasing ratio of mean stress
with respect to axial deviator stress.

The evolution of model parameters for sandstone samples
under different stresses are shown in Fig. 10. Comparing the var-
iations in these parameters, three conclusions were drawn: firstly
the elastic parameters, including bulk modulus K M and shear
modulus GM , increased with the confining pressure. The increasing
consolidation effect of the confining pressure on porous sandstone
can be accounted for by the associated increases in the elastic
deformation parameters. The more compacts the material, the
harder it was to deform. Secondly, the parameters with respect to
volumetric viscous behaviour, such as bulk modulus K K and visc-
osity coefficient m

Mη and m
Kη , decreased with increasing confining

pressure. Although the mean stress on the four samples was the
same, their parameters with respect to volumetric viscous



Fig. 10. The evolution of (a) bulk modulus in the Maxwell cell, (b) shear modulus in the Maxwell cell, (c) bulk modulus in the Kelvin cell, (d) shear modulus in the Kelvin cell,
(e) volumetric viscosity coefficient in the Maxwell cell, (f) deviatoric viscosity coefficient in the Maxwell cell, (g) volumetric viscosity coefficient in the Kelvin cell and
(h) deviatoric viscosity coefficient in the Kelvin cell for sandstone samples under different stresses.

H. Zheng et al. / International Journal of Rock Mechanics & Mining Sciences 78 (2015) 99–107 105
behaviour varied. Thirdly, the parameters with respect to devia-
toric viscous behaviour, such as shear modulus GKand viscosity
coefficients s

Mη and s
Kη , increased with the incremental confining

pressure or the diminution of deviatoric stress.

5. Discussion

The proposed creep model was intended to describe the visco-
elastic deformation behaviour of porous sandstone. If the time-
dependant volumetric deformation in Section 3.1 was ignored, the
creep model for porous sandstone in Eq. (6) reduces to the Burgers
model, i.e.,
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This model was not confined to visco-elastic problems: the
creep model could be transplanted into other models. For
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Fig. 11. Schematic representation of the modified Burgers-creep visco-plastic
model.
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example, since the Burgers-creep visco-plastic model consisted of
a Burgers model and a Mohr–Coulomb plasticity model, it could be
characterised by a visco-elasto-plastic deviatoric behaviour and a
visco-elasto-plastic volumetric behaviour by replacing the Burgers
model with the modified one (Fig. 11).

In this way, the proposed creep model for porous sandstone
was extended from visco-elastic to visco-elasto-plastic. Before
reaching its plastic yielding phase, the sandstone was visco-elastic.
In Fig. 11, the visco-elasto-plasticity constitutive relationships of
the creep model comprise the Maxwell component, Kelvin com-
ponent, and Mohr–Coulomb plasticity component.
6. Conclusions

The long-term deformation behaviour of porous sandstone has
been investigated using laboratory tests and theoretical analysis. A
series of laboratory test including triaxial compressive tests and
creep tests were conducted. Comparing the time-dependant de-
formation of porous sandstone under different stress components,
the results indicated that porous sandstone, under both hydro-
static and non-hydrostatic stress states, exhibited viscous volu-
metric behaviour. The contribution of volumetric creep to axial
viscous strain amounted to approximately 20% of the total axial
viscous strain, which meant that the viscous volumetric de-
formation of porous sandstone was non-ignorable.

Porous sandstone, as a compressible material, demonstrated
diverse creep behaviours under different stress components: vo-
lumetric creep under spherical stress and shear creep under de-
viatoric stress. As a result of the non-ignorable viscous volumetric
deformation in porous sandstone, the Burgers model was modified
by using volumetric viscosity parametersK K , m

Mη , and m
Kη . On that

basis, the creep model was established with two stress compo-
nent. In the creep model for porous sandstone, the bulk modulus
and volumetric viscosity coefficient were applied as visco-elastic
parameters pertaining to the spherical stress component, while
shear modulus and deviatoric viscosity coefficient were used to
model the behaviour under deviatoric stress. In this way, the
modified model for porous sandstone catered for visco-elastic
deviatoric behaviour and visco-elastic volumetric behaviour.

Moreover, through the numerical example of the modelling of
the porous sandstone samples, the model was shown to have been
able to simulate the time-dependant deformation of porous
sandstone by comparing the output of the model to test data. The
agreement between the output from the creep model and the test
results was better than that from the Burgers model: the larger the
ratio of mean stress to axial deviator stress, the closer their
agreement. The difference between the output from the creep
model and the test results gradually increased with the reduction
of the ratio of mean stress to axial deviator stress. This might have
been due to the visco-elastic model not considering plastic de-
formation or the hypothesis that there was no contribution of
deviatoric stress component to volumetric creep. Therefore, the
modified Burgers-creep viscous-plastic model should be taken
into consideration for the analysis of the deformation of sandstone
under high deviatoric stresses in future studies. Furthermore, the
interaction between volumetric creep under the spherical stress
component and shear creep under the deviatoric stress compo-
nent should be included in further research.

This creep model was used for the analysis of the skeleton of a
porous rock mass, such as porous sandstone, which underwent
time-dependant volumetric deformation. When considering the
ground water conditions, the stress should be replaced by the ef-
fective stress, especially in reservoir engineering applications. The
long-term extraction or injection of underground water, oil, or gas
changed the pore pressure in the aquifer which affected the ef-
fective stress and deformation of the sandstone skeleton. Besides
modelling deformation behaviour of reservoir skeletons, its hy-
draulic behaviour modelling capabilities are also of interest to civil
engineers. This creep model for porous sandstone can not only
provide a theoretical model for the time-dependant deformation
of a reservoir skeleton, but also can describe the creep character-
istics of compressible porous materials to further improve the
rheological modelling of geological materials.
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