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In complex rock engineering, understanding the stress state and determining stability and damage evolution are necessary. To
more accurately provide a theoretical basis for judging the stress state of bedrock in engineering, this study experimentally
addressed the damage evolution of sandstone under loading and unloading conditions. A theoretical relationship between rock
resistivity and porosity was obtained according to the Archie formula, which allowed the derivation of the sandstone damage
variable expression. .en, sandstone rock samples were used for experimental evaluation, and the feasibility of the theoretically
determined damage variable was verified. Finally, through theoretical and experimental comparison analysis, we developed a
correlative damage model for sandstone under uniaxial loading and unloading. .e results show that the damage variable varies
linearly with strain. .e proposed correlative equation describes this behavior accurately for loading and unloading conditions.
Based on the results of this study, the correlative damagemodel of sandstone under cyclic loading and unloading conditions can be
further improved to be a complete constitutive damage model.

1. Introduction

.e damage state of a rock is closely related to engineering
construction. It is generally believed that the loads applied to
rock masses in geotechnical engineering are mainly com-
pressive stress (loading) states. As excavation of a project
progresses, the initial stress state of the rockmassmay change,
which can cause a change in the rock mass boundary con-
dition and result in stress state redistribution. Subsequently,
the newly unloaded rockmass once again experiences loading
during construction, resulting in new changes to the existing
stress environment. .is can, in some cases, lead to failures
such as foundation deformation or even collapse. .erefore,
for complex rock engineering, understanding the stress state
and determining rock mass stability and failure state is
necessary.

During the damage process, microcracks inside the rock
constantly initiate, propagate, and gradually interconnect to
form macrocracks. Studies that only consider conventional
mechanical methods are insufficient for determining the
failure state of rocks. Recent studies have described the
damage state of rock using different methods. Su et al. [1, 2]
used uniaxial loading experiments to simulate the failure
mode of rock mass and provide some theory reference for
the stability control of rock mass in the fault fracture zone.
Bagde and Petroš [3, 4] both conducted cyclic uniaxial
loading tests on rock samples in rock-prone areas and
studied their fatigue and kinetic energy characteristics. .is
provides a theoretical basis for applications in earthquake
studies, rockburst prediction, and control research. Active
methods based on elastic waves (ultrasonic waves) and
passive methods (acoustic emissions) have also been used.
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.rough nonlinear ultrasonic testing of damaged concrete,
Zhao et al. [5] explored the regularity of the second and third
harmonic ratios on multiscale damage. .ey also obtained the
regularity of nonlinear parameters on crack orientation. Liu
et al. [6] used ultrasonic technology to investigate the prop-
agation laws of ultrasonic signals through coal material under
various loading conditions and obtained the correlation be-
tween ultrasonic parameters and stress and strain under cyclic
loading conditions. Wang et al. [7] characterized rock damage
(microcracks) using integrated ultrasonic and acoustic
emission monitoring methods under multistep loading in
concrete specimens..ey found that the damage evolution not
only depended on the stress, but also on the accumulated time.
It is known that acoustic wave information is very sensitive to
the instantaneous response of rock rupture from these studies,
but the data lack regularity in reflecting rock loading from the
beginning until rupture is complete. It is thus difficult to fully
characterize the damage evolution state of rock. Moreover,
during loading and unloading, the water content inside rock
fissures has a great influence on rock physical and mechanical
properties. .e resistivity characteristics of the rock are also
extremely sensitive to any pore fluid in fissures..us, the rock
damage can be described by the change in its electrical
properties throughout loading. In the process of loading,
damage usually leads to changes in resistivity. In turn, damage
is affected by many factors, such as changes in rock porosity,
expansion, and penetration of defects (e.g., pores and cracks).
By observing changes in rock resistivity, researchers can
evaluate the stress state inside the rock and predict the degree
of rock damage in order to achieve simple, reliable, un-
disturbed, nondestructive, and economical results.

.e application of electrical resistivity methods to study
rock failure processes has achieved results in recent years
[8, 9]. As early as the 1960s, Brace and Orange [10] studied
changes in resistivity during rock failure and attributed the
change to volumetric expansion of the rock and changes in
the pore state. Furthermore, Masao et al. [11] observed that
the resistivity of dry marble and granite decreased prior to
damage under uniaxial compression conditions and then
gradually returned to their initial values. Using a method
combining mechanical and electrical parameters, Chen and
Lin [12] studied the electrical effects of compressive stress on
rock and then proposed and verified an equation of state for
the rock fracture law. Lü and Sun [13] and Zhang et al. [14]
conducted resistivity tests on the damage state of sandstone
at different temperatures. .e studies showed that resistivity
had certain accuracy for rock damage expression. In addi-
tion, Kahraman and Yeken [15] found that the uniaxial
compressive strength and tensile strength of igneous rock
are both linearly related to resistivity. Moreover, Han et al.
[16] carried out a laboratory study on the effect of differential
pressure on the joint elastic-electrical properties of typical
reservoir sandstones. .ey concluded that joint elastic-
electrical properties can reveal subtle rock responses to
pressure, which are not discernible when observing elastic or
electrical properties alone. Finally, Garcia et al. [17] in-
troduced a new resistivity-based model that quantitatively
takes into account actual clay network geometry and the
distribution and type of clay minerals present. Nevertheless,

most studies have not quantitatively evaluated the degree of
rock damage by establishing a damage variable based on
resistivity. Specifically, an analytical expression for rock
damage based on resistivity has not yet been established,
although Wang et al. [18] derived the changing regularity of
rock damage variables and resistivity, under loading con-
ditions, based on rock damage theory.

By using the theoretical relationship between resistivity
and stress, this study aimed to determine the rock damage
variable under uniaxial loading and unloading in order to
evaluate the degree of rock damage. .is study refers to re-
lated theories of elastic mechanics, fracture mechanics, and
damage mechanics. Elasticity is a branch of solid mechanics
that studies the stress, deformation, and displacement of
elastomers due to external forces, boundary constraints, or
temperature changes. Substantially, elastic mechanics is the
basis of solid mechanics. Fracture mechanics and damage
mechanics have been developed based on this as well. .e
fracture mechanics involved in this study are mainly mac-
roscopic fracture mechanics, which were used to estimate and
control the fracture strength by continuous medium me-
chanical analysis and experiments without involving the
internal fracture mechanism of the material. Damage me-
chanics is used to study the mechanical laws in the process of
material or component damage evolution with deformation
that eventually leads to damage under various loading con-
ditions. It combines solid physics, material strength theory,
and continuummechanics to study the theory, making up for
the shortcomings of fracture mechanics research. In addition,
we experimentally verified the effect of the damage variable on
the development of sandstone damage with stress and then
derived a correlative damagemodel suitable for describing the
uniaxial loading and unloading conditions on the sandstone.

2. Sandstone Damage Variables
Based on Resistivity

Establishing the damage variable in this study is based on the
Archie formula. It is generally believed that the Archie
formula has three restrictions in its use [19]: (1) the ex-
perimental object of the Archie formula is a homogeneous
sandstone with a porosity of 10–40% and a formation water
salinity of 20,000–100,000mg/L; (2) the effect of rock shale
content on electrical conductivity is not considered and the
rock skeleton is considered to be an insulator; (3) from the
experimental rock properties, the porosity of the rock must
be spatially uniform and the saturation of the fluid contained
in the rock must be uniform in space, the water contained in
the rock cannot be fresh water, and the electrical properties
of rock must be isotropic. However, the specific impact of
these factors on the formula is not clear. Most of the impact
is only a possible factor. From the practical effect, various
influencing factors can be eliminated by the change of rock
electrical parameters.

2.1. Rock Resistivity Characteristics under Loaded Conditions.
According to the formula developed by Archie [20], the
resistivity of the rock is expressed as

2 Advances in Civil Engineering



ρ �
abρw

Φm Sr− n
, (1)

where a and b are coefficients associated with the rock, ρw is
the formation water resistivity, Φ is the rock porosity, Sr is
the saturation, m is the rock cementation index, which is
used to calculate the pore structure of a rock, and n is the
rock saturation index, which characterizes the distribution
of oil, gas, and water in the pores of the rock. .e pore
structure of the rock has the greatest influence on m value.
.e more complex the pore structure, the larger them value.
n is closely related to rock pore shape, and the different water
saturation of the rock also has a certain influence on the
value of n. In this paper, the coefficient of the Archie formula
is obtained by inverting the parameters based on the uniaxial
loading and unloading tests’ data of multiple samples.

Saturation is defined by

Sr �
Vw

Vv

, (2)

where Vw represents the volume of water in the rock and Vv

is the total pore volume in the rock.
For dry rocks, the natural moisture content is small

without being saturated. We then assumed that this volume
of water did not change during the loading process, defined
by porosity, which can be expressed as

Sr �
Vw

ΦV
, (3)

where V is the total rock volume.
.erefore, the resistivity can be expressed as

ρ �
abρw

Φm

Vw

Φ
 

− n

. (4)

2.2. Analytical Expression of the Damage Variable Based on
Resistivity. In order to reduce the influence of coefficients in
the Archie formula, the ratio of resistivity to the initial
resistivity was used to represent the changing characteristics
of rock resistivity. From this, the rock resistivity ratio was
obtained:

ρ
ρ0

�
Φ0
Φ

 
m− n

. (5)

As long as the porosity of the rock during loading and
unloading is known, the corresponding resistivity can be
obtained.

In damage mechanics, a damage variable is a measure of
the degree of deterioration of a material or structure and is
intuitively understood as a percentage of the volume of
microcracks or voids in the entire material. .us, rock
damage evolution can be described by the change in po-
rosity. Dai [21] defined the damage variable based on the
rock porosity Dφ as

Dφ �
Φ0 − Φ
Φ0 − ΦS

, (6)

where ΦS is the porosity when the rock is destroyed.

In equation (5), the rock resistivity ratio is related to the
porosity ratio so that the resistivity can be used instead of the
porosity to characterize the development of microcracks,
thereby defining the damage variable.

By incorporating equation (5) into equation (6), the
damage variable Dρ defined by the resistivity ratio can be
obtained:

Dρ �
1 − ρ/ρ0( 

− (1/m− n)

1 − ρS/ρ0( 
− (1/m− n)

, (7)

where ρ0 is the material’s initial resistivity and ρS is the
resistivity when the material is broken.

.us, according to equations (5) and (6), we establish a
resistivity-based rock damage variable Dρ by using the
porosity as a bridge factor.

3. Experiments on Sandstone Damage under
Loading and Unloading Conditions

3.1. Test Principle. Our experimental procedure used stress
and strain tests, as well as resistivity tests of sandstone
specimens under uniaxial loading and unloading. .ere are
60 sandstone samples. .ese sandstone samples were ob-
tained by drilling core samples from representative gray
sandstones in Guoyuan Port in Chongqing. Each core
sample was turned into cylindrical rock specimens with a
diameter (D) of 50mm and a height (L) of 100mm and
weighing approximately 500 g, and the density is about
2.546 g/cm2..roughout the uniaxial loading and unloading
tests, the resistivity of the rock was measured continuously.

.e quadrupole method of resistivity measurement was
used in this experiment. According to the basic principle of
the resistivity method, the quadrupole method is powered by
a power supply electrode and current passes through the
rock sample. .e current I flowing between the measuring
electrodes and the potential difference ΔU were measured.
.en, according to the cross-sectional area S of the rock
sample and the length L of the measuring electrode, the
resistivity of the rock can be described as

ρ �
S

L
·
ΔU
L

. (8)

Since sandstone is a brittle material, the change in po-
rosity is mainly caused by the compression and expansion of
internal microcracks. .e shape parameters of the rock
specimen (i.e., diameter D and height L) change negligibly
little, so the change in S and L can be ignored when cal-
culating the resistivity.

3.2. Test Process. We used a RMT-150C rock mechanics
tester (manufacturer and country of instrument: Wuhan
Institute of Rock and Soil Mechanics, Chinese Academy of
Sciences, China) as the test loading device. A DUK-2B high-
density electrical instrument (manufacturer and country of
instrument: China National Group, Chongqing Geological
Instrument Factory, China) was used as the electrical test
instrument.

.e test procedure was as follows.
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Open RMT-150C rock mechanic tester and select
1000 kN class pressure head for vertical hydraulic cylinder;
place rock specimens, and in order to better measure the
resistivity of the test piece, place copper blocks on both ends
of the test piece as a good conductor. At the same time, to
eliminate the influence of the test device on the resistivity of
the test rock, a plastic film was placed on both ends of the
copper block as an insulator.

Connect the DUK-2B high-density electric instrument
and then connect the copper piece and the electric instru-
mented through the wire. According to the principle of the
four-pole method, two copper wires were welded to the two
ends, and, respectively, connected to the power supply
electrodes A and B and themeasuring electrodesM andN on
the electric instrument.

First, preload so that the pressure head and the test piece
were in full contact. .e resistivity of each rock sample was
measured before loading, and the initial value of the re-
sistivity was recorded. Uniaxial compression grading load-
ing measurements were performed, with an average loading
rate of 0.02 kN/s. .e resistivity for each load was measured,
and the corresponding measured voltage V and the flowing
current I were recorded. During the initial loading period,
the load was measured by 2∼5 kN, the medium-term load
interval was measured by 5∼10 kN, and the postload interval is
measured by 5kN. .e unloading started around 70% of the
failure stress. .en, the uniaxial compression grading
unloading measurements were carried out, with an average
unloading rate of 0.01 kN/s..e grading measurement method
during the unloading process is the opposite of the loading
process. .e unloading process continued for approximately
5% of the near-destructive stress and then was reloaded. .e
reloading process was performed uniaxially, and the mea-
surement process was the same as the initial loading process.
.e reloading process continued until the rock broke.

A schematic diagram of the test system used for de-
termining the resistivity of the loaded rock is shown in
Figure 1.

3.3. Test Results and Analysis

3.3.1. Stress-Strain Curve of the Rock Sample. From a set of
loading and unloading tests conducted on each sandstone
sample, we present the most representative data in Table 1
and the stress-strain curves of the corresponding samples in
Figure 2.

3.3.2. Rock Resistivity-Stress Curve. .e voltage (V) and
current value (I) under each load were recorded using the
DUK-2B high-density electrical instrument. .en, the re-
sistivity value was calculated. .e resistivity ratio-stress
curve corresponding to the stress-strain curve of sandstone
is shown in Figure 3.

3.4. Comparison of the 6eoretical Model and Experiments

3.4.1. 6eoretical Calculation Curve and Test Curve. In the
theoretical relationship, the parameters of the rock need to

be determined, including the linear elastic parameters of the
rock, the mesostructural parameters of the microfractures,
and the coefficients required for the Archie formula. .e
linear elastic parameters of the rock can be directly obtained
from the uniaxial loading test. Based on the uniaxial loading
and unloading test data of a number of our sandstone
samples, the mesostructural parameters of the microcracks
and the coefficients needed for the Archie formula were
obtained using parameter inversion, combined with sample
mesostructure analyses. .e values of these parameters are
shown in Table 2.

Once the parameters of the samples were determined,
they were substituted into the previously described theo-
retical relationships. .e resistivity ratio was calculated from
the data obtained from the tests that were used to create the
resistivity ratio-stress test curve. We then calculated the
damage variable according to equation (7) and obtained the
stress-damage variable test curve. .e experimental curves
and theoretical fitting curves of the resistivity ratio-stress for
sandstone and the experimental curves and theoretical fit-
ting curves of the stress-damage variables are shown in
Figures 4 and 5, respectively.

3.4.2. Comparative Analysis of the Resistivity and Damage
Variable Test Results and Fitting Curves. From a compar-
ative analysis of experimental curves and theoretical fitting
curves, we observed that the values of sandstone resistivity
obtained by theoretical calculations and from the experi-
mental tests were in agreement. During loading, the re-
sistivity decreased rapidly in the low stress phase. As the
stress increased, the resistivity decreased at a slower rate,
while the damage variable increased slowly initially, then
rapidly. During the unloading phase, the resistivity increased
gradually; however, below the loading curve, the damage
variable decreased as the stress decreased and neither
returned to its initial value. Finally, during the reloading
phase, as the stress increased, the resistivity decreased and
the damage variable increased until the rock failed com-
pletely. .e damage variable established using the resistivity
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Figure 1: Schematic diagram of the system used to measure the test
sample resistivity while loaded.
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Table 1: Experimental data on the resistivity of sandstone.

Pressure Stress Axial strain Voltage Current Resistivity Resistivity ratio
P (kN) σ (MPa) ε V (mV) A (mA) ρ (Ω·m) ρ/ρ0
Loading process
0 0 0 6096.41 0.16 748.14 1.00000
2.00 1.02 0.0007 6096.71 0.20 598.54 0.80004
5.00 2.55 0.0015 6096.41 0.24 498.76 0.66667
10.00 5.09 0.0020 6095.44 0.28 427.44 0.57134
15.00 7.64 0.0022 6095.07 0.31 386.05 0.51602
20.00 10.16 0.0030 6095.20 0.32 373.99 0.49990
30.00 15.28 0.0035 6095.00 0.35 341.92 0.45704
40.00 20.37 0.0039 6094.87 0.38 314.92 0.42095
50.00 25.46 0.0044 6094.88 0.40 299.18 0.39990
60.00 30.56 0.0047 6094.95 0.41 291.89 0.39015
70.00 35.65 0.0051 6094.54 0.42 284.92 0.38084
Unloading process
70.00 35.65 0.0051 6094.54 0.42 284.92 0.38084
60.00 30.56 0.0051 6094.95 0.42 284.94 0.38086
50.00 25.46 0.0048 6094.40 0.42 284.91 0.38083
40.00 20.37 0.0045 6094.72 0.41 291.88 0.39014
30.00 15.28 0.0042 6094.71 0.40 299.17 0.39989
20.00 10.19 0.0038 6094.65 0.39 306.84 0.41014
15.00 7.64 0.0035 6094.73 0.37 323.43 0.43231
10.00 5.09 0.0032 6094.74 0.34 351.97 0.47046
5.00 2.55 0.0027 6092.77 0.29 412.52 0.55140
Reloading process
5.00 2.55 0.0027 6092.77 0.29 412.52 0.55140
10.00 5.09 0.0031 6091.80 0.35 341.75 0.45680
15.00 7.64 0.0033 6090.69 0.36 332.20 0.44403
20.00 10.19 0.0035 6091.80 0.38 314.77 0.42073
30.00 15.28 0.0040 6091.56 0.41 291.73 0.38993
40.00 20.37 0.0043 6091.63 0.42 284.78 0.38065
50.00 25.46 0.0046 6091.65 0.45 265.80 0.35528
60.00 30.56 0.0050 6091.70 0.45 265.80 0.35528
70.00 35.65 0.0052 6090.58 0.48 249.14 0.33302
80.00 40.74 0.0055 6090.36 0.49 244.05 0.32621
90.00 45.84 0.0059 6090.17 0.50 239.16 0.31967
100.00 50.93 0.0062 6090.11 0.51 234.47 0.31340
109.72 55.88 0.0066 6090.00 0.51 234.46 0.31339
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Figure 2: Stress-strain curves of the sandstone sample.
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Figure 3: Resistivity-stress curves of the sandstone sample.
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also changed, corresponding to the change in stress. For the
resistivity-stress and stress-damage variable curves, there
were small errors between the theoretical and experimental
curves. However, the laws of resistivity and stress change
were more or less consistent during the loading, unloading,
and reloading phases. Moreover, we found that when the
rock was loaded to 70% of the damage point, the damage
variable increased to approximately 0.7, and when it was
unloaded to 30%, the damage variable also decreased to
approximately 0.3. .erefore, we concluded that the damage
variable defined using the resistivity ratio can describe the
damage degree of a loaded rock.

4. Correlative Damage Model

4.1. Relationship between Damage Variable and Strain.
Regarding a constitutive damage model, the work of
Goodman and Boyle [22] assumed that the unloading curve
coincides with the reloading curve. .erefore, the consti-
tutive equation for the structural plane should be the same
during the unloading and reloading processes, and no re-
definition should be required. At present, the axial stress-
strain constitutive equations for the rock are empirical
equations based on experimental results [23]. Under the
premise of the abovementioned assumptions, a nonlinear
correlative model for rock damage has been proposed.

During the uniaxial loading and unloading, the volu-
metric strain of the rock was composed of the volumetric
strain εe

V of the rock matrix elasticity, the microcrack closed
volume strain εc

V, and the extended volume strain εf
V [24]:

εV � εe
V + εc

V + εf
V. (9)

Since sandstone is a brittle material, the linear elastic
volume strain of the rock matrix is almost negligible during
the loading process. .e strain occurs mainly due to the
closure and expansion of microcracks, so the volumetric
strain of sandstone can be expressed as

εV � εc
V + εf

V. (10)

According to the definition of rock volumetric strain,

εV �
ΔV
V

. (11)

.us, the total volumetric strain is

εV �
ΔVe + ΔVc + ΔVf

V
, (12)

where ΔV represents the total volumetric deformation of the
rock, including the volumetric deformation of the rock
matrix elasticity ΔVe, the microcrack closed volume

Table 2: Selected rock parameters.

Rock type Elastic modulus
E0 (GPa)

Poisson’s
ratio υ0

Internal friction
angle on the crack surface φ (o) Rock cementation index m Rock saturation index n

Sandstone 15.97 0.26 30 2.0 1.33
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Figure 4: Resistivity-stress experimental curves and theoretical
fitting curves for the sandstone samples.
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Figure 5: Stress-damage variable experimental curves and theo-
retical fitting curves for the sandstone samples.
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deformation ΔVc, and the microcrack extended volume
deformation ΔVf. Among these, the microcrack closed
volume strain can be expressed as

εf
V � εf

1 + 2εf
2 . (13)

.e microcrack extended volumetric strain can be
expressed as

εf
V � εf

1 + 2εf
2 , (14)

where εc
1 and εc

2 are the axial and transverse strain caused by
microcrack closure, and εf

1 and ε
f
2 are the axial and transverse

strain, respectively, caused by microcrack propagation,
respectively.

In any loading state, a change in the porosity of the rock
is caused by a closure or expansion of the microfractures;
thus, the rock porosity can be expressed as [25]:

Φ �
VV0 + ΔVc + ΔVf

V

� Φ0 +
ΔVc + ΔVf

V

� Φ0 + εc
V + εf

V

� Φ0 + εV,

(15)

where Φ0 is the initial porosity of the rock when not loaded.
.e sandstone stress-strain and stress-damage curves

obtained from our experiments are very similar. Based on
expressions (5), (6), (7), and (14), the resistivity ratio can be
expressed as follows:

Dρ �
ε

ρs/ρ0( 
− (1/m− n)

− 1 Φ0
. (16)

Since the rock initial parameter Φ0, cementation co-
efficient m, and saturation coefficient n are all fixed values,
and the resistivity ratio is also relatively fixed when the rock
is destroyed, the linear relationship between the damage
variable (Dρ) and the sandstone strain (ε) is linear. .e
damage-strain curves obtained by fitting our experimental
data to this model are shown in Figure 6.

4.2. Model Building. .e damage-strain relationship curve
fit shows that the damage-strain relationship in sandstone is
linear under both loading and unloading conditions.
According to damage mechanics, under conditions of as-
sumed equivalent strain and energy identity, the constitutive
rock damage model under uniaxial compression can be
expressed as [26]:

σ � (1 − D)Eε, (17)

where D is the damage variable and E is the initial elastic
modulus of sandstone.

.is model does not fully describe the rock damage
under loading and unloading conditions. In recent years,
researchers have proposed structural models for rock
properties under cyclic loading conditions from different

aspects. Liu et al. [27–29] performed periodic uniaxial
compression tests on intermittent joint rock models to study
the mechanical fatigue properties of rock under different
load parameters. Based on this, a correlative damage model
for intermittently jointed rocks under cyclic uniaxial com-
pression was proposed. From the perspective of energy
dissipation, Liu et al. [30] proposed the concept of a
compaction coefficient to describe the degree of compaction
and used a recursive method to establish the correlative
damage model under cyclic loading to describe the degree of
compactness of rocks.

Notably, during loading and unloading, due to the in-
fluence of preloading, the sample was damaged and slight
plastic strain was generated. .e correction of the elastic
modulus to the damage variable is nonlinear during the
unloading and reloading phases. .erefore, the sandstone
damage characteristics were analyzed based on the above
model, and the original model was improved to obtain a
correlative model suitable for both loading and unloading.
.e improved correlative model is as follows:

σ � r + qDρ + pD
2
ρ Eε, (18)

where E is the loading elastic modulus and unloading
modulus of sandstone, E� 15970MPa, and p, q, and r are
correction factors. .e damage variable (Dρ) is obtained
using equation (7).

From our experimental testing, we obtained the stress-
strain data for each stage of loading and unloading. .e
damage variable derived from previous studies was then
introduced into the correlative model to obtain a theoretical
curve, which is shown in Figure 7.

Considering the fitting results, the correlative model for
sandstone damage during loading and unloading was
obtained:

Loading phase:

σ � 0.06983 + 0.22911Dρ + 0.40673D
2
ρ Eε, 0≤ ε≤ 1.

(19a)

Unloading phase:

σ � 0.14611 − 0.8767Dρ + 1.69611D
2
ρ Eε, ε1 ≤ ε≤ ε2.

(19b)

Reloading phase:

σ � − 0.59743 + 1.73672Dρ − 0.62943D
2
ρ Eε, ε2 ≤ ε≤ ε3.

(19c)

where ε1, ε2, and ε3 are the loading and unloading nodes.
From Figure 7, we observed that the stress-strain curves

obtained from the correlative model presented in this study
were essentially consistent with the experimental data and
that the stress-strain relationship corresponding to the
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Figure 6: Damage variable-resistivity experimental data and fitted curves. (a) Loading phase. (b) Unloading phase. (c) Reloading phase.
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Figure 7: Continued.
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upper and lower limits of loading and unloading can be
obtained accurately. .is demonstrated the feasibility and
accuracy of our method.

4.3. Model Verification. .e resistivity rock damage cor-
relative model is obtained by fitting the sandstone loading
and unloading test data. .e correctness of the model type
needs to be verified. In view of this, limestone is used as the
verification test object. In the uniaxial loading experiment,

limestone exhibits the properties of brittle materials, which
is similar to the sandstone. Based on the uniaxial loading
and unloading test data of a number of our limestone
samples, the mesostructural parameters of the microcracks
and the coefficients needed for the Archie formula were
obtained using parameter inversion, combined with sample
mesostructure analyses. .e values of these parameters are
shown in Table 3.

σ = (–0.59743 + 1.73672Dρ – 0.62943Dρ
2) Eε

R2 = 0.99894
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Figure 7: Sandstone damage correlative model test data and fitted curve. (a) Loading phase. (b) Unloading phase. (c) Reloading phase.

Table 3: Selected rock parameters.

Rock type Elastic modulus E0 (GPa) Poisson’s ratio υ0
Internal friction angle on the

crack surface φ (o)
Rock cementation

index m
Rock saturation

index n
Limestone 21.55 0.257 34 1.98 1.27
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Figure 8: Resistivity-stress test curves of the limestone sample.
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Figure 9: Stress-damage variable test curves of limestone.
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.e operation process of the test verification with
limestone is basically the same as that of uniaxial loading and
unloading test of sandstone. From the test, the limestone
data have been obtained. .e resistivity-stress test curve and
the stress-damage variable test curve of limestone are shown
in Figures 8 and 9.

It can be seen from Figures 8 and 9 that the trend of the
damage of limestone varies with the applied stress, which is
similar to the sandstone. .e phenomenon also shows that
the damage variable of brittle rock characterized with the
resistivity is reasonable.

Substitute the experimental data of the limestone into
the correlative model proposed in this paper, and fit the
experimental data to obtain the theoretical stress-strain
correlation model curve (Figure 10).

It can be seen from Figure 10 that the data of the ver-
ification test is coincident with the correlative model, which

also shows the correctness of the damage correlative model
proposed in this paper. Moreover, the trend of the stress-
strain correlative model during the loading and unloading
process is also consistent with the sandstone model. In
further research, the model needs to be refined to find the
physical meaning of the corrective coefficient in equation
(18), which makes the correlative equation become a true
constitutive model.

5. Conclusion

Taking into account previous research, this study defines
sandstone damage variables based on resistivity in order to
describe the degree of rock damage under uniaxial loading
and unloading conditions. .e effect of the damage variable
on the damage condition under uniaxial loading and
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Figure 10: Limestone damage correlative model test data and fitted curve. (a) Loading phase. (b) Unloading phase. (c) Reloading phase.
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unloading conditions was also tested and verified. Using the
test results, a correlative damage model for sandstone under
loading and unloading conditions was determined, and the
following conclusions were obtained:

(1) According to the development of rock fissures during
the loading process, using the theory of fracture me-
chanics and the Archie formula, the mechanical prop-
erties and electrical properties of the rock were found to
be related to each other via porosity. .rough the
theoretical model of resistivity and stress, the damage
variable was defined to evaluate the degree of damage to
the rock under loading and unloading conditions.

(2) By comparing the theoretical model and experimental
test results, we found that the law of resistivity
changed with stress in accordance with the stress-
strain development law during uniaxial loading and
unloading. .is indicates that the rock damage var-
iable Dρ defined by the resistivity can describe the
series of changes in the closure, initiation, and ex-
pansion of cracks in the rock sample at various stages
of loading and unloading. At the same time, it also can
be known that when the resistivity ratio drops close to
0.3, sandstone is likely to be destroyed, which is of
certain significance in predicting the damage of
bedrock under actual engineering.

(3) .rough theoretical derivation and experimental re-
search, a correlative damage model based on resistivity
was established. .e feasibility and accuracy of this
model were verified using model parameter inversion
and by comparing the theoretical and experimental
curves. .us, the damage evolution law of sandstone
during uniaxial loading and unloading processes was
clearly shown. .is, in turn, provides a basis for eval-
uating the possible stress state of bedrock during loading
and unloading processes in engineering scenarios.

.e values of the correlative damage model parameters
proposed in this paper still depend greatly on the experimental
results. .e correction factors (p, q, and r) will be changed
under different conditions, which is because the correction
factors are fitted according to the specific example and are the
calibration parameters. .erefore, in order to assess more
complex rock masses in engineering scenarios, the effects of
the mechanical properties need to be studied further.

.erefore, in the next step, based on the results of this
study, the physical meaning of the correction factors (ie., p,
q, and r) in the correlative model will be proposed, and then
the complete constitutive model of sandstone under cyclic
loading and unloading conditions will be built.
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