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In order to investigate the influence of water content on the damage and degradation characteristics of Hutubi sandstone, different
saturation experiments and laboratory mechanical experiments were carried out on Hutubi sandstone. *e experimental results
show that under uniaxial and triaxial conditions, with the increase in water content, the axial, lateral, and volume deformations
gradually increase, and the deformation shows obvious dilatancy characteristics. *e deviator stress and elasticity modulus of the
sandstone decreased exponentially with the increasing water content. Confining pressure has a significant effect on the strength
improvement of sandstone under the constant water content. Based on lognormal distribution, the damage constitutive model of
sandstone which can reflect both uniaxial and triaxial condition with different water contents was proposed.*e theoretical curves
were compared with the experimental curves, and it was found that the theoretical curves and the experimental curves have similar
changing trends. It shows the rationality of the statistical damage constitutive model.

1. Introduction

*e evolution law of rock mechanical properties is of an
important guiding significance for underground gas storages
built. It is well known that the evolution law of rock me-
chanical properties is not only affected by the constituent
materials and internal original cracks [1]. It is also affected
by environmental factors, and the influence of water content
is particularly prominent. *e degrading effect of water on
rocks causes many rocks engineering hazards. So, it is of
great significance to explore the degradation mechanism of
water on rocks.

*e influence of water content on rock mechanical
properties has been extensively studied. *ese are mainly
concerned with the influence of different saturated condi-
tions on the properties of rocks. Vasarhelyi and Van [2]
explored the influence trend of the moisture on the rock

strength and found that the water sensitivity of the sand-
stone largely depends on the effective porosity of the rock.
Hawkins and McConnell [3] studied the evolution of the
sandstone strength and the water content and found that
most strength loss of the sandstone occurred in the con-
dition of low water content. Guha Roy et al. [4] investigated
the mechanical parameters of three sandstones affected by
the saturation time and found that the relevant mechanical
parameters of the rock were decreased with the increase in
saturation. Liu et al. [5] described the variation between
sandstone immersion time and water distribution and
established the equation relationship between uniaxial
compressive strength and water distribution. Fu et al. used
nuclear magnetic resonance technology to visualize and
quantify the penetration path and distribution of water in
sandstone. Furthermore, the influence of water on the
mechanical properties of sandstone was also evaluated [6].

Hindawi
Advances in Civil Engineering
Volume 2021, Article ID 5622042, 9 pages
https://doi.org/10.1155/2021/5622042

mailto:sunjunchang10@petrochina.com.cn
mailto:baoyun666@cqust.edu.cn
mailto:baoyun666@cqust.edu.cn
https://orcid.org/0000-0002-3353-9841
https://orcid.org/0000-0002-6255-0580
https://orcid.org/0000-0001-5157-3384
https://orcid.org/0000-0003-1303-1503
https://orcid.org/0000-0002-8285-2420
https://orcid.org/0000-0002-3736-9501
https://orcid.org/0000-0003-3309-3859
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2021/5622042


Based on the indoor experiment, the damage theory of
rock was rapidly developed. Rafiei Renani and Martin [7]
carried out laboratory mechanical experiments on granite
and limestone, and based on the experimental results, a
nonlinear constitutive model was proposed to express the
relationship between cohesion and internal friction.
Kachanov et al. [8] proposed the concept of continuity (φ) to
reflect the deterioration mechanism of the rock. Combined
with the results of a large number of indoor uniaxial
compression tests and damage mechanics theory, a con-
stitutive model of rock damage under water weaking action
is established [9]. Based on the three-dimensional numerical
simulation method and damage theory, a variety of models
for describing the evolution of rock failure and damage have
been established [10–12]. *e energy dissipated under the
wet-dry cycle can reflect the energy mechanism of rock
damage, and the internal structure of the rock produces
irreversible damage under the action of the wet-dry cycle
[13].

In the past few years, many researchers have carried out
different saturated experiments on different types of rocks,
exploring the differences in the impact of water weakening
on different rock types. *ese are mainly concerned with
evolving law of physical and mechanical parameters and
obtained some achievements. However, the research studies
on the impact of water weakening on rock damage under
different loads are still limited. Based on the uniqueness of
the sandstone in Hutubi gas storage, it is essential to in-
vestigate the evolution of the mechanical properties with
different water contents and look for a suitable damage
constitutive model. In this paper, the surrounding rock of
Hutubi gas storage carried out the uniaxial and triaxial
compression tests to analyze the influence of water content
on its mechanical properties. Finally, a rock damage model
for water weakening effect was established and validated by
experimental data.

2. Experimental Procedures

A series of uniaxial and triaxial tests on sandstone samples
with different water contents were carried out in the labo-
ratory. *e following sections describe the experimental
procedure in detail.

2.1. Rock Specimen Preparation. *e original sandstone
specimens for the tests were taken from a deep underground
gas well of Hutubi gas storage which is a type of sedimentary
rock, and the depth of specimens is around 3585m. *e
average unit mass of the nature rock is about 2260 kg/m3. All
specimens were polished into standard cylindrical samples
according to ISRM [14].

2.2. Determination of Water Content. According to the
method suggested by Siegesmund and Snethlage [15], the
specimen was tested for water content after each immersion
treatment. *e main steps of specimen preparation with
different water contents are as follows: (1) the rock specimen
is put into the drying box to dry for 48 hours, and it is taken

out for weighing; (2) then, the specimen is put into the
saturated container for water content treatment under the
natural state; and (3) the rock specimen is weighed at certain
intervals, and its saturation is calculated.When the specimen
reaches the specified water content, it is taken out for testing.

2.3. Testing Apparatus and Procedure. As shown in Figure 1,
all tests are carried out on the TFD-2000 electro-hydraulic
servo rock triaxial testing machine. *e characteristic of the
electro-hydraulic servo rock pressure system is that the
whole process is computer controlled and data are auto-
matically collected. While ensuring the accuracy of the data,
it also makes the operation easier. Axial pressure loading is
controlled by the servo oil source, and the control system
will automatically correct the deviation with the target value
until it is reached. *e maximum axial pressure can reach
2000 kN, and the error is controlled within 10N. *e
confining pressure is loaded by filling the pressure chamber
with hydraulic oil. *rough servo motor control, the
maximum confining pressure can reach 100MPa, and the
error is controlled within 0.01MPa. *e function and ac-
curacy of the testing machine can support the smooth
progress of this research.

*e testing procedure of this study included two series of
testing: (1) conventional triaxial compression tests in which
the loading is carried out in accordance with the prescribed
operating procedures until the specimen is broken and (2)
the uniaxial and triaxial compression tests in which the
specimens with different water contents are considered. *e
physical parameters and experimental conditions of the
specimens are shown in Table 1.

3. Results and Analysis

3.1. Testing Results of the Gas Storage SandstonewithDifferent
Water Contents

3.1.1. Stress and Strain Analysis of Sandstone with Different
Water Contents under Uniaxial Compressive Condition.
Figure 2 shows the stress-strain curve of sandstone with
different water contents under uniaxial compression. It can
be easily obtained that the uniaxial compressive strength
gradually decreases with the increase in water content.
From dry state to water content of 2.31% and 3.09%, the
uniaxial compressive strength of rock specimens decreases
by 22.42% and 29.89%, respectively. It can be also obtained
that there are generally four stages in the compression
process of sandstone, namely, the compaction stage of the
microcracks, the elastic deformation stage, the plastic yield
deformation stage, and the failure stage after the deviator
stress, as shown Figure 3. It can be seen from Figure 2 that
there is little difference in the microcrack compaction stage,
indicating that the water content has low relativity to the
rock specimen in this stage. However, in the elastic de-
formation stage, the slope of stress-strain curve decreases
with the increase in water content significantly. *is in-
dicates that the elastic modulus of sandstone has an obvious
weakening trend.
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3.1.2. Analysis of Sandstone with Different Water Contents
under Triaxial Compressive Condition. Figure 4 shows the
total stress-strain curves of Hutubi sandstone under triaxial
compression with different water contents. It can be seen from
Figure 4 that the triaxial compressive strength of Hutubi
sandstone decreases with the increase in water content, and the
deviator stress at 2.31% water content is 14.65% higher than
that at 3.09% water content. Similarly, if we divide the

experiment curve of triaxial compression into three stages of
the elastic deformation stage, the plastic yield deformation
stage, and the postpeak strength stage, it can be obtained that
the experimental curves of the specimens with different water
contents in the compaction stage and the elastic stage basically
coincide. After entering the elastic stage, thewater content has a
significant weakening effect on the elastic modulus. *e pri-
mary cracks in the rock are treated with water, which is the
main reason for the softening of sandstone. In the yield stage,
the specimens with higher water content can led to the yield
stage earlier. In the postpeak strength stage, the strength of the

Table 1: *e specimen basic information and testing procedure.

No. Diameter (mm) Length (mm) Density (g/cm3) Confining pressure (MPa) Water content (%)
3-32-14-2 25.30 52.00 2.23 10 2.31
3-32-14-3 25.30 51.20 2.22 20 2.31
3-32-14-5 25.20 51.10 2.28 30 2.31
3-32-14-7 25.30 52.30 2.22 45 2.31
3-32-14-8 25.20 52.50 2.23 45 3.09
5-21-23-6 24.92 50.58 2.13 45 0
5-10-23-10 25.07 50.80 2.05 45 1.54
12-36-15-6 25.20 50.80 2.07 0 0
4-1-29-10 24.78 51.54 2.08 0 1.54
12-36-15-7 25.20 51.00 2.05 0 2.31
12-36-15-8 25.00 51.10 2.09 0 3.09
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Figure 2: Total stress-strain curves with different water contents
under uniaxial compression.
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Figure 3: *e stage of uniaxial compression curve under the water
content of 3.8%.

Figure 1: Rock mechanics experimental system of TFD-2000.
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specimens tends to be dropped much more slowly and the
damage of the specimen gradually presents plastic failure
characteristics in higher water content condition.

3.1.3. Stress and Strain Analysis of Sandstone with Constant
Water Content under Triaxial Compressive Condition. In
this section, the triaxial compressive tests with constant water
content (2.31%) were conducted to comparative analysis with
different water contents. In Figure 5, the experiment curve of
sandstone with 2.31% under different confining pressures is
shown. It is found that the deviatoric stress of sandstone at
20MPa, 30MPa, and 45MPa is increased by 75.14%, 151.44%,
and 233.74%, respectively, compared with the confining
pressures of 10MPa. It shows that the confining pressure
significantly improves the bearing capacity of sandstone.
Similarly, the experiment curve of sandstone is divided into
linear elastic stage, yield stage, and failure stage. At the initial
stage of loading, the specimen directly enters the stage of
linear elastic, and the stress rises steadily with the increase in
strain showing obvious elastic characteristics while the slope
of linear elastic stage decreased gradually. *e antidestructive
ability of sandstone is improved by the increase in confining
pressure, which is manifested in that the specimen needs
higher stress from yield to failure, and the failure form
gradually changes to plastic failure. Finally, the specimen is
broken, and the curve shows a downward trend.

3.2. Analysis of the Gas Storage Sandstone Mechanical
Properties with Different Water Contents

3.2.1. Mechanical Property of Sandstone in Triaxial
Condition. As shown in Figure 6, under different confining
pressures, sandstone with 2.31% water content still follows the

law of the deviatoric stress increases with increase in the
confining pressure. *e deviator stress and the confining
pressure show an exponential growth relationship, the growth
trend of the deviator stress gradually decreases, and the con-
fining pressure effect gradually decreases. *e deviatoric stress,
axial strain, and lateral strain of the specimen are all positively
related to the confining pressure.

Table 2 shows the strength and mechanical indexes of
sandstone with a water content of 2.31% under triaxial
conditions. Figure 7 presents the changing trend of the elastic
modulus under the changing state of the confining pressure. It
was found that the elastic modulus, deformation modulus,
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Figure 5: Total stress-strain curves with 2.31% water content in
triaxial condition.
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Figure 6: *e relationship between deviatoric stress and confining
pressures with the water content of 2.31%.
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and peak strain of sandstone are positively correlated with
confining pressure.When the confining pressure is 0–10MPa,
the increase rates of elastic modulus, deformation modulus,
and peak strain are 2.37 times, 2.34 times, and 1.26 times,
respectively. From the confining pressure of 10MPa to
45MPa, elastic modulus, deformation modulus, and peak
strain increase by 60.4%, 72.1%, and 84.8%, respectively.

3.2.2. Analysis of Mechanical Property of Sandstone with
Different Water Contents. Figure 8 presents the relationship
between the elastic modulus and water content e under
uniaxial and triaxial condition. *e elastic modulus of
sandstone is taken according to the slope of the elastic phase
of its stress-strain curve [16]. As shown in Figure 8, the elastic
modulus decreases faster when the water content is low and
decreases slowly when the water content is high, showing an
exponential relationship. Under the uniaxial condition, it was
found that the elastic modulus of dried specimen is 2.83GPa,
and the elastic modulus of the specimen with 1.54% water
content is 2.61GPa, the elastic modulus has decreased around
50.66%, and the elastic modulus of the sandstone specimens
with the water content of 2.03% and 3.09% has decreased
around 73.24% and 75.99%, respectively. Compared with the
dry condition, the elastic modulus of the sandstone specimens
with the water content of 1.54%, 2.03%, and 3.09% under
triaxial condition has decreased around 43.42%, 52.04%, and

55.82%, respectively. *e reason is that the loss of water is
accompanied by some mineral particles. *is causes the
porosity of the rock specimens to increase and accelerates the
deterioration of the sandstone.

4. Discussion on Damage Constitutive
Models with Different Water Contents

4.1. 3e Establishment of Damage Constitutive Model.
Rock is a natural industrial raw material, but it is usually
accompanied by a large number of original cracks, pores,
and weak structural surfaces. *ese initial defects are also
typical manifestations and important reasons of rock
damaged [17]. *e statistics damage constitutive model [18]
is one of the widely used damage constitutive models in rock
engineering, which regarded rock as a heterogeneous failure
process of partial microrock units, and the function of which
could be expressed as follows:

P(ε) �
a

b

ε
b

 
a− 1

exp −
ε
b

 
a

 , (1)

where ε is the rock strain and a and b are the physical and
mechanical property parameters of rock.

*e damage variable of the rock can be determined by
the ratio of the number of damaged microrock units to the
total number of microrock units, which can be expressed as
follows [19]:

Table 2: Mechanical parameters of sandstone under different confining pressures.

σ3 (MPa) Water content (%) E (GPa) εmax/10−3

0 2.31 2.61 2.59
10 2.31 8.79 5.85
20 2.31 8.17 7.16
30 2.31 11.53 8.81
45 2.31 14.10 10.81

E=-13.94798∗exp(-σ/32.07271)+17.14778
R=0.91611
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Figure 7: *e change trend of the elastic modulus and the confining pressures with the water content of 2.31%.
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Dl �
Nε

N
� 1 − exp −

ε
b

 
a

 , (2)

where N is the total number of microrock units.
According to the relationship between elastic modulus

and water content, as shown in Figure 7, we assume that the
damage induced by water content can be expressed as
follows:

Dw � 1 − exp
w

d
 , (3)

where w is the water content and d is the physical and
mechanical property parameters of rock.

When the two are coupled, the damage state of the rock
after the action of water content is used as an indicator [20].
After the sandstone is loaded in the experiment until it
reaches failure, its total damage variable (D) can be con-
sidered to be composed of two parts, namely, the moisture
content and the impact caused by the loading, and the
following equation can be obtained:

D � 1 − 1 − Dt(  1 − Dw(  � Dl + Dw − DlDw. (4)

Based on the principle of equivalent strain, the stress-
damage relation of the sandstone under uniaxial condition
could be shown as follows:

σ � E0(1 − D)ε. (5)

According to the Lemaitre equivalent strain principle
[21] and the generalized Hooke’s law, the constitutive
equation of rock under triaxial compression can be de-
scribed as follows:

σ1 � E0ε1(1 − D) + 2μσ3, (6)

where μ is Poisson’s ratio.

4.2. Damage Evolution Analysis. Take the uniaxial com-
pressive tests result with different water contents as ex-
ample, the damage involution can be calculated by
equation (4) combined with equations (2) and (3). Fig-
ure 9 presents the damage evolution of sandstones with
different water contents under uniaxial compression tests.
It was found that the accumulation rate of damage in the
elastic stage is slow, and the accumulation rate of damage
obviously shows an upward inflection point when the
curve enters the yield stage. In the postpeak strain soft-
ening stage, the damage keeps accumulating at a high
speed, and the strain value is close to the peak strain when
the specimen is completely broken.

As shown in Figure 10, it is the evolution curve of the
total damage variable with different water contents in the
uniaxial state. From Figure 9, it is also shown that water
content is higher, the smaller the damage variable under
the same strain. In the state of high-water content, the
damage develops slowly with the accumulation of strains.
It shows that the increase in water content will affect the
failure characteristics of rock, and its failure character-
istics will change from brittleness to toughness.

4.3. Verification of Damage Constitutive Model. *e com-
parison between the experimental results and the calculation
results of equation (5) under different water contents shows
that the proposed damagemodel fits well with the experimental
data, as shown in Figure 11. It shows that the experimental
curves of sandstone specimens affected by the water content
and uniaxial loading can better reflected by equation (5).
Meanwhile, the calculated results by using equation (6) were
also used in contrastive analysis of the experimental results
under the confining pressure of 45MPa with different water
contents and found that the calculated curves can well agree
with the experimental curves, as shown in Figure 12.*erefore,

E=7.78639exp(-ω/1.5806)+1.31376
R=0.99777

E=14.45894∗exp(-ω/1.22223)+9.29086
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Figure 8: Relationship between elastic modulus and water content.
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Advances in Civil Engineering 7



the proposed model can be used to better predict the effect of
different water contents and also has a certain reference value
for actual engineering.

5. Conclusions

In this paper, sandstone collected from Hutubi gas storage
was chosen to report the mechanical properties with dif-
ferent water contents, and the damage involution of which
with different water contents was analyzed in detail. *e
following conclusions can be drawn.

*e exponential function relationship is used to describe
the deviatoric stress and elastic modulus of sandstone de-
creasing with water content. *e loss of pore water causes
the loss of mineral particles, and the chemical reaction
between mineral particles and pore water is the main reason
for this phenomenon. In addition, the appearance of pore
water pressure in the experiment also accelerates the deg-
radation rate of sandstone.

*rough theoretical derivation, this paper proposed a
damage constitutive model of sandstone with different water
contents based on lognormal distribution and compared the
calculated theoretical curves with the experimental curves.
*e rationality of the damage constitutive model is proved
by the high similarity between the theoretical curve and the
experimental curve.
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