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Abstract. Modeling the evolution of rock resistivity during deformation up to failure is important for using resistivity to
evaluate rock engineering properties related to rupture. In this paper, pores are classified into three types—elastic,
perpendicular plastic, and parallel plastic pores—based on the evolution of pore geometry characteristics during rock
fracture and the differing contributions of pore morphology to rock conductivity. In addition, a three-porosity rock resistivity
model was established by incorporating Archie’s formula. Based on the changing characteristics of the three types of rock
pores under loading conditions, a pore volume evolution model under triaxial loading was derived using statistical damage
theory. By combining the pore volume evolution model with the three-porosity rock resistivity model, a model for the
evolution of rock resistivity during the triaxial loading rupture process was developed. Finally, the validity of the model was
verified through experimental tests, and the influence of confining pressure on the model parameters was analyzed according

to the test results.

1 Introduction

Fracture propagation is an important factor causing changes to the physical and mechanical properties of rocks, and
identifying the development of fractures is crucial for engineering and geological disaster prevention. Rock resistivity is
closely related to fracture development and has been widely used in earthquake and engineering disaster warning systems
(Zhang et al. 2017; Nie et al. 2023). Modeling the evolution of resistivity during rock rupture under stress provides a more
explicit correlation between stress and resistivity, significantly improving the accuracy of resistivity-based fracture
identification.

As early as the 1960s, researchers studied changes in resistivity occurring in stress-damaged rocks under uniaxial and triaxial
loading conditions (Parkhomenko and Bondarenko 1960; Brace et al. 1965), identifying for the first time the evolutionary
characteristics of resistivity during fracture propagation. With advancements in testing methods, researchers began using

high-density electrical methods to experimentally investigate the anisotropic characteristics of rock resistivity during loading
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(Chen et al. 2003). Subsequently, richer resistivity evolution data were obtained through resistivity tomography observations,
enabling the analysis of differences in resistivity changes at different locations in rocks under stress (Falcon-Suarez et al.
2019). To complement micromechanism analyses, multiple testing methods combined with electrical resistivity—such as
acoustic emission, ultrasound, and seismic signals—were employed to observe fracture development during rock damage
(Katayama et al. 2023; Song et al. 2023;0h 2013). These studies continue to deepen our understanding of the correlation
between resistivity evolution and fracture extension. According to the observed trends in resistivity evolution under uniaxial
loading conditions, Jia et al. (2020) proposed a resistivity-based characterization of rock fracture precursors.

Rocks are porous media, and predicting rock resistivity is a complex problem because of the intricate distribution of the solid
and liquid phases. Archie first established a formula relating the overall resistivity of rocks to porosity and pore water
resistivity (Archie 1942), which has few parameters and good applicability. Later, scholars broadened the applicability of
Archie’s formula to multiphase rocks through various modifications (Glover et al. 2000; Liu et al. 2022). With in-depth
research into the micromechanisms of rock conductivity, the influence of pore structure on resistivity has garnered
increasing attention. Through certain simplifications, researchers have developed curvature models (Attia 2005), double-
porosity models (Clavier et al. 1984), pore throat models (Li et al. 2017), and fractal models (Rembert et al. 2020) that
incorporate pore-conducting structures. To reflect the effect of pressure on rock resistivity, Qu et al. (2024) constructed an
empirical equation relating uniaxial pressure and resistivity by fitting experimental data. Han (2018) derived a model for
rock resistivity evolution under hydrostatic pressure based on the effective medium model.

Above literature reviews demonstrate that the evolution of resistivity during rock fracture has been extensively investigated
both experimentally and theoretically, and several models describing the relationship between stress and resistivity have
been developed. However, because existing models apply to stress conditions different from triaxial loading, they cannot
accurately predict the evolution of rock resistivity during triaxial loading rupture.In this paper, we first analyzed the
influence of different rock pore types on conductivity by considering the structural evolution of pores and fractures during
triaxial rupture. Based on this analysis, we developed a three-porosity rock resistivity model. Considering the nonlinearity of
rock pore deformation and the effect of effective stress, we subsequently formulated a rock pore volume evolution model
under triaxial loading conditions using statistical damage theory. By combining the pore volume evolution model with the
three-porosity rock resistivity model, we established an evolution model for rock resistivity during triaxial loading rupture.
This theoretical framework was validated by comparing the experimental results of resistivity under different confining

pressures.

2 Modeling basics
2.1 Archie’s formula

By summarizing a large body of experimental data, Archie proposed an empirical formula for rock resistivity (Archie 1942).

The fundamental principle can be expressed as follows: For pure, mud-free, and fully saturated rocks, the overall resistivity
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is proportional to the resistivity of the conductive fluid in the pores. This proportional coefficient is known as the formation

factor (represented by F), which is a function of porosity (¢):

m__
plp, =1/ ¢"=F (1)
where po is the resistivity of saturated rock, ¢ is the rock porosity, and p, is the pore water resistivity. The parameter m is the
cementation index and is typically obtained by fitting the F" and ¢ values from experimental measurements. For the same

rock, the cementation index m should remain constant, allowing changes in porosity to be inferred from changes in resistivity.

2.2 Pore evolution characteristics of rocks under triaxial loading

Changes in pore volume during triaxial loading result from a combination of microscopic processes, including fracture
closure, pore elastic compression, fracture expansion, and fracture sliding (Li et al. 2017; Reches and Lockner 1994). A
schematic diagram of each microprocess is shown in Fig. 1(a). Based on the characteristics of pore volume change during
triaxial compression, the prepeak pore volume change curve can be divided into four stages: Stage [—initial compression;
Stage II—linear compression; Stage III—fracture initiation and development; and Stage [V—rapid fracture expansion
(Wang et al. 2016).

It is important to note that the proportion of each microprocess varies at different stages of loading. Germanovich and
Dyskin (2000) experimentally found that crack initiation in triaxial loading is caused by tension rather than shear slip.
Lockner et al. (1992) demonstrated this phenomenon through acoustic emission analysis, showing that specimens do not
begin to shear until the stress level reaches approximately 70 percent of the peak strength. Therefore, fracture closure and
pore elastic compression dominate the initial compression stage. The linear compression stage is primarily governed by pore
elastic compression, while both pore elastic compression and fracture expansion contribute to the fracture initiation and
development stage. During the rapid fracture expansion stage, fracture expansion and fracture sliding play dominant roles,
although pore elastic compression remains present (Fig. 1[b]).

Both elastic and plastic deformation contribute to the total pore volume change. Elastic deformation is mainly caused by
pore elastic compression, while fracture closure, expansion, and sliding result in plastic deformation. Furthermore, based on
the stress conditions of the triaxial test, the closure and expansion of fractures during loading are known to be directional. In
the initial phase of loading, primary fractures perpendicular or nearly perpendicular to the specimen’s axial direction are
compressed. Once stress exceeds a certain threshold, fractures parallel to the specimen’s axial direction begin to crack and
expand, continuing until specimen failure. Shear sliding occurs mostly parallel to the fracture surface and is primarily

concentrated in the phase just before specimen failure (Healy et al 2006).
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Figure 1. Schematic diagram of the evolution of rock pore volume under triaxial loading: (a)
microprocess of pore volume change; (b) segmented characteristics of pore volume changes.

2.3 Dual porosity model

In the initial compression stage, changes in pore volume result from pore elastic compression and fracture closure. Since

fractures are more easily compressed than pores, fractures and pores exhibit different patterns of change under stress.
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Shapiro (2005) suggested that pore volume decreases linearly with increasing stress, whereas fracture volume decreases

exponentially with increasing stress:

@,(0,)=1-y)p,—0.(C, _Cg) (2)

.(0,)=rp exp(-AC,0,) 3)
where ¢, and ¢, are the porosity of rock pores and primary fractures, respectively; o. is the effective stress, defined as the
difference between the total stress and pore pressure; ¢o is the initial porosity when the rock is not under stress; ) is the
proportion of primary fractures in the initial porosity; Cas is the compression coefficient of rock; C, is the compression
coefficient of rock minerals; and 4 is the pressure sensitivity coefficient of the primary fractures. For rock, given that C is
much smaller than Cus, it can be ignored. At this point, the change in pore volume is equal to the elastic deformation of the

rock. According to generalized Hooke’s law, Cys can be expressed as

3(1-2u)
c, =) @)
E
where E is the elastic modulus of the rock (GPa) and u is Poisson’s ratio. The pore deformation can be expressed as follows:
30,(1-2u)
?,(0,)=0u =0, Ce=(1=7)p, = — 7z )

As the deformation of primary fractures occurs mainly along the direction of force, the influence of Poisson’s ratio can be

neglected. The deformation of primary fractures can thus be simplified as follows:

3o
@, (0,)=r9, exp(— z j (6)

3 Model building
3.1 Three-porosity rock resistivity model

In Archie’s formula, m is an important parameter representing the pore conductive connectivity. However, triaxial rock
resistivity tests indicate that m varies with changes in effective stress (Brace and Orange 1968). This suggests that the
relationship between the formation factor and total porosity no longer satisfies the application conditions of Archie’s formula.
Since pore plastic deformation is the main factor causing changes in pore conductive connectivity (Jia et al. 2020), it is
necessary to distinguish between the effects of elastic and plastic pore deformation in resistivity modeling. Moreover,
differences exist in the directional arrangement of plastic pores between triaxial loading Stage I and Stages III and IV. To
account for this effect, plastic pores are divided into parallel and perpendicular directions for simplicity. The final rock

conductivity model consists of three components: elastic pores, parallel plastic pores, and perpendicular plastic pores. A

schematic diagram of the model is shown in Fig. 2.
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Figure 2. Schematic diagram of a three-pore rock conductivity model considering directionality.

The three types of pores are considered to be in parallel in terms of conductivity:

1 1 1 1
- = —
R R R, R

0 e h v

(M

where Ry is the total resistance of the rock (Q2), R. is the resistance of the elastic pores (€2), R; is the resistance of the parallel
plastic pores (Q2), and R, is the resistance of the perpendicular plastic pores (€2). According to the law of resistance, Eq. (7)
can be rewritten to relate the total rock resistivity to the resistivity of each part:

1 1 1 1

+—+—
ph pv

p 0 p e (8)
where p. is the resistivity of elastic pores (Q2-m), p; is the resistivity of parallel plastic pores (€2-m), and p, is the resistivity of
perpendicular plastic pores (Q-m).

Substituting Eq. (6) into Eq. (8) yields the expression for rock resistivity in relation to each porosity:

Py

— ¢em€ + ¢;”h + ¢‘:"v

)

Po
where @, pi, and ¢, represent the porosity of elastic pores, parallel plastic pores, and perpendicular plastic pores, respectively,
and me, my, and m, are the cementation indices of the three types of pores, respectively. For rocks under triaxial loading, ¢.,

on, and @, correspond to the pore volume, primary fracture volume, and cracked fracture volume, respectively.

3.2 Pore volume evolution model

Obtaining the porosity of the three types of pores during triaxial loading is key to calculating resistivity. The dual porosity
model can only account for changes in pore volume during Stages I and II and does not reflect changes in plastic pore
volume during Stages III and IV. In reality, an increase in plastic pore volume because of loading is a process of continuous

rock damage and destruction. Therefore, we used statistical damage models to calculate the extent of rock damage under
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different stresses and establish the relationship between pore volume and stress during triaxial loading by introducing

Rowe’s shear expansion equation.

3.2.1 Statistical damage constitutive model

Current damage models for rocks are primarily based on the Lemaitre strain equivalence hypothesis (Lemaitre 1984):
—_ !
;=0;(1-D) (10)

where o' is the effective stress tensor, j is the nominal effective stress tensor, and D is the damage variable. The damage
variable is defined here as the ratio of the number of microelements N; that have been destroyed in the rock to the total

number of microelements N:

N
D=t 11
N (1

For porous materials such as rocks, the hydraulic coupling effect is usually described by the effective stress equation

(Terzaghi 1936). Its expression is as follows:

&,=0, P, (12)

y y

where O

i is the stress tensor, P, is the pore water pressure, and J; is the unit second-order tensor, with ;=1 when i=j and

0;=0 when i#j. By combining Eq.s (12) and (10), the effective stress tensor under hydraulic coupling can be expressed as

follows:
o.—P0.
01_.'1.2—”1_ v Y (13)

The physical meaning of Eq. (10) is that the total stress in the rock is borne by the undamaged part. For undamaged rock

microelements, their deformation follows the generalized Hooke’s law, which under triaxial loading conditions is given by
o/=E¢/+0o) (14)

where £ and u are the modulus of elasticity and Poisson’s ratio of undamaged rock, respectively, and &’ is the microscopic

strain in the undamaged part of the rock caused by deviatoric stress.

Under conventional triaxial loading conditions, it is assumed that rock damage occurs only in the axial direction and that no

damage occurs in the horizontal direction. In other words, the nominal stress is equal to the effective stress in the horizontal

direction. From the deformation coordination relation, it follows that the macroscopic strain ¢ of the rock material is equal to

the microscopic strain &'y of the undamaged part:
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0220-2 _pw
0;=0;— D, (15)
£=¢

Therefore, the damage model for rock under triaxial conditions can be expressed as follows:
o~Eg+o,—F )1-DYF, (16)

Rock damage is a continuous process in which the degree of damage to the rock gradually increases as loading increases.
The strength distribution of rock microelements determines how the damage variables vary with stress. Here, it is assumed

that the rock microelement strength follows a Weibull distribution, with its probability density function P(F) given as

F n-1 F n
P(F)=F1£Fj exp —(Fj (17)

where Fo and n are the Weibull distribution parameters, which reflect the mechanical properties of the rock, and F is the
random distribution variable of the rock microelement strength. The strength of rock is related to the stress to which it is
subjected. The equation that describes the relationship between rock strength and stress is called the strength criterion. In this

paper, the Mohr—Coulomb criterion is used to determine the rock strength:

F=0'-0o —(01' +03/)sin 0=2Ccost (18)
where 6 and C are the internal friction angle and cohesive force of the rock, respectively. If F is expressed in nominal stress,
it becomes

_o,—p o,—p .

F—10W4Q—m%(IQWH@—mﬂmw (19)

According to Eq. (16), it follows that 1-D=(o1-pw)/(Ee1+ 03- pw). Substituting this into equation (19) yields
F =E¢ —(Ee +2(0o,—P,))sinf (20)

From its definition, the damage variable for rock at a given stress level can be expressed as follows:
F F,
D= P(Fydx=1-exp[~()'"] @1)
° £y
By substituting Eq. (21) into Eq. (16), the statistical damage constitutive equation for rock can be obtained as follows:

F
(E51+03—Pw)exp{—(F)"}+Pw F>0
= 0

o 22)

Ee +o, F<0
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Because of the presence of primary fractures, the triaxial compression curve in the initial compression stage is nonlinear, and
the stress-strain relationship at this stage cannot be described by Hooke’s law. If the nonlinear deformation in the initial stage
is not considered in the stress-strain relationship described in Eq. (22), the calculated stress will be overestimated. Therefore,
it is necessary to account for the influence of primary fracture compression deformation. The primary fracture deformation
of rocks in the initial stage of triaxial compression can be calculated using Eq. (6). Assuming that the rock is isotropic, the
compressive deformation of primary fractures caused by deviatoric stress under triaxial loading is one-third of the

compressive deformation of primary fractures caused by hydrostatic pressure of the same magnitude:

1 1 3A0, 1 3A(o,—03)
&=—p (0,)=—yrp,exp| — ==V eXp| —————— (23)

3 3 E 3 E

Substituting Eq. (23) into Eq. (22) yields the statistical damage constitutive equation for rock considering the initial

compression stage:

EGe, =22 45, - P |exp| -y [+P, F20
o= 3 F,

24)
E(g,—¢,)+o, F<0

3.2.2 Calculation of rock porosity

Since the stiffness of the rock is much smaller than the stiffness of the rock minerals, rock deformation is considered here to
be equal to the change in pore volume. This change can be obtained by calculating the bulk strain of the rock. As described
in Section 2.2, the prepeak pore volume change is divided into four stages according to the characteristics of the change in
pore volume. For the undamaged portion of the rock across all stages, the bulk strain can be calculated using Eq. (5). In
Stage I, the plastic volume compression of the rock can be calculated using Eq. (6). In Stages II and III, the volume change
of the damaged portion of the rock is obtained by introducing Rowe’s shear expansion equation.

Once the rock reaches the damage stage, the bulk strain begins to change nonlinearly because of the expansion of the
damaged rock units under stress. Deformation in the damage stage consists of two components: elastic compression of the
undamaged rock unit and shear expansion of the damaged unit. The overall deformation of the rock is the superposition of

these two components:
ve oo V? .
d5v=7dgv+7dgj’ =(1-D)del + Dde? (25)

where V is the total volume of the rock, V* is the volume of the undamaged part, and 7?7 is the volume of the damaged part,

such that V=V*+J?. According to the definition of damage variables, it follows that V?/V=D; 85 is the bulk strain of the

undamaged component and can be calculated using Eq. (5), while Ef is the bulk strain of the damaged part. In this paper,
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Rowe’s shear expansion equation is used to describe the relationship between plastic bulk strain and axial strain (Rowe
1962):

dgf—l—ﬁ 1

del % tan?(Ft @) (26)
4 2

where 6, is the sliding friction angle of the rock and 61p is the strain in the direction of the major principal stress. From
deformation coordination, it follows that Elp =&, . The increment of plastic bulk strain is obtained by transforming the above
equation:

de’ = ST S de, @7

T
%5 tan®(=+ &)
4
To simplify the derivation of the constitutive equations, it is assumed that the damaged component does not bear stress,
meaning o1=o03. If this assumption is applied to calculating the plastic deformation, then Evp will have a constant positive

value, which is not consistent with reality. In fact, the damaged rock unit retains some residual strength, which can be used
. L . T 0,
to represent the magnitude of the principal stress in the damaged rock. We denote 1-(7]/ o, tan (Z+?)=u as the

coefficient of expansion. Typically, the residual strength can be considered constant (Li et al. 2018), making the expansion
coefficient u constant for the damaged unit. By integrating Eq. (27), the plastic strain of the damaged rock unit can be

obtained:

loz 1
gvpz.[ —_1.— dg]: u
o}

(28)

T 0

3otan’(S 4L o
Gt :

where 01" is the effective stress corresponding to the initial failure of the rock unit. Assuming that the residual strength of the
damaged unit is proportional to its strength (i.e., o1’%/u is a constant), then the value of u is different for rock units of
different strengths. The coefficient of expansion at peak stress is noted as u=u,. For units with a strength of &1, their

I's
m

'p

expansion coefficient is u=us= . We substitute us into Eq. (28) to obtain the plastic strain of the rock element from

0,

the onset of damage to an effective stress o1”:

10
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(0-1' - Gl’s )O-l’su

!
Eo”

er =

v

m (29)

Since the strength of each unit varies, the plastic strain of each failed rock unit differs when the effective stress is o1’. The

total plastic strain of the rock is the superposition of the product of the volume fraction of each unit and its plastic strain:

D' » (o, -0, )0, u
el = erdp=| (0, =0, )0, Uy, (30)
0 0 Eal"’

where D' is the damage value of the rock corresponding to the effective stress o1’. According to Eq. (18) and (21), 01" and D

can be expressed in terms of F. Therefore, the plastic strain of the rock can be written as

u (F'—F) [F+o-3' (1+sin 0)} -
er=[ , exp[—(ﬁ)"}-nF—ndF
0 Ec,?(1-sin ) £y )
: F : G1)
1, F'o (Lsin@)exp| ~( )" |+, A +u, [03 (1+sind) —F’}E)B
0
Ec/”(1-sin0)*
where 4 and B are gamma functions with the following expressions:
n+2 F”
A=T , 32
( " ) (32)
" (33)
BT (n +1 ’ F )
Fz)n

3.2.3 Values of model parameters

The unknown parameters in the model are Fo, n, and um. The extreme value characteristics of the peak points are used to
determine these parameters. The corresponding principal stress, principal strain, and bulk strain at the peak point of the
rock’s stress-strain curve are denoted as g;,, &1p, and &y, respectively, with the microelement strength represented as F.
When e1=¢1p, then g1=01p:
F
o, =(E¢,, +0o, —Pw)exp{—(#)”}+Pw (34)
0

At the peak point, the partial derivative of o1 with respect to ¢ in Eq. (24) is zero, yielding

11
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oo, EY EY F" .
—L=Fexp|-| £ | |[+(Eg +0.—P)exp|—| =L | || -n—-L— || (1-sinp)E |=0 35
5 Ee [Foj (E¢, +0,—P,)exp LFJ [(1-sing)E] (35)

Combining Eq. (34) and (35) gives the expressions for Fo and n:

_F,
n=
YD : Oip —F,
E(glp_T)"‘Ua—Pw (l—smgo)ln{ 0 (36)
E(g,—"")+0o,—F, }
3 w
F
FE)Z p
" o, —P, (37
{E(glp —%)4—63 —PW}

The expression for u,, can be obtained by writing o1 in terms of F according to Eq. (18) and substituting it into Eq. (31):
_ | Es,,—(1-2p1)(0,~03) || F, +0,(1+sin0) |(1-sin 0)
2 . ;
F}A-F,c,(1+sin )+ B| o,(1+sin6)—F, |

u

m

(38)

3.3 Evolution model of rock resistivity during triaxial loading rupture

A three-porosity resistivity model that takes into account the directionality of the rock pores and a pore volume evolution
model were developed in Sections 3.1 and 3.2, respectively. According to the stress conditions of the rock, the elastic and
plastic porosities in the perpendicular and parallel directions can be calculated from the pore volume evolution model. These

values can then be incorporated into the three-porosity resistivity model to obtain the rock resistivity evolution model.

Because of the involvement of multiple parameters, the model is represented by the following system of equations:

12
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P TP TP
A 32(0-1_0-3)
= exp| —
Z 3 p( E
1-2u)o, -0 39
¢e=(1—]/)(00—( /’l)( 1 3) ( )
E
) . F n 2 ! . [
-u,F'o, (l+s1n(9)exp[—() }+umF0 A+u, [0'3 (I+sin@)-F JFOB
=27¢0+ F,
b3 Eoc/?(1-sin6)’

4 Experimental validation of the model

The new model in this paper characterizes the dynamic evolution of resistivity in rocks during the process from deformation
to failure, so the model contains some parameters of rock damage mechanics (e.g., E, Fo, n); it also embodies the difference
between elastic and plastic pores in terms of electrical conductivity, so the model contains parameters related to pore volume
(e.g., @o, 7, um). These parameters could not all be found in previous studies. Therefore, we did several sets of resistivity tests

during triaxial loading to verify the accuracy of the model.

Test materials and methods

The specimens were made of limestone and cut into cylinders with a diameter of 50 mm and a height of 100 mm. The
limestone had a density of 2.74 g/cm? and porosity of 0.75%. The composition of the rock was measured by XRD, showing
that calcite accounted for 70.0%, dolomite for 8.4%, illite for 9.3%, and quartz for 12.3%.

The experiments were carried out using a multifield rock resistivity testing system developed by the China University of
Mining and Technology (Ren et al. 2023). This system can apply a confining pressure of up to 30 MPa, a pore pressure of up
to 20 MPa (achieved through salt solution injection via a piston container), and maintain a temperature range of 0—80°C.
Resistivity measurements were conducted using the two-electrode method. The total resistance of the sample was measured
with a digital bridge, and the average resistivity of the rock between the electrodes was determined using Ohm’s law. To
avoid electrode polarization, a test frequency of 100 Hz was employed. The schematic diagram of the resistivity test system

is shown in Fig. 3.
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Figure 3. Schematic diagram of the resistivity testing system (Ren et al. 2023).

Triaxial consolidation drainage tests were carried out on limestone specimens under four different confining pressures (Pc=>5
MPa, 10 MPa, 15 MPa, and 20 MPa) with a pore pressure of 3 MPa at a temperature of 20°C. During the experiment, the
pore pressure was kept constant, and changes in the pore volume of the specimen were measured by recording the volume
change in the pore pressure pump. The axial and radial deformations of the specimen were measured using strain gauges

attached to the side of the specimen.

4.2 Test results
4.2.1 Pore volume change

The change in the volume of water in the pore pressure pump was recorded during the test. Since the sample was saturated, a
change in seepage pump volume was used to represent the pore volume change. The variation in the pore volume of the
specimens during loading is shown in Fig. 4(a), where pore compression is taken as positive.

It can be seen that the pore volume changes under different confining pressures exhibit similar patterns. Initially, the pore
volume decreases rapidly, followed by a linear decrease. When the pressure reaches a certain threshold, the rate of decrease
in pore volume gradually slows, and the curve takes on an upward convex shape. Finally, the pore volume reaches a
minimum value before increasing rapidly. The characteristics of the measured pore volume changes in this study are
consistent with previous research (Wang et al. 2016), allowing the pore volume-deviatoric stress curves to be divided into

four stages, as illustrated in Fig. 4(b).
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Figure 4. Pore volume-stress curves of limestone under triaxial loading conditions: (a) test results at different confining

pressures; (b) schematic diagram of the stage division.

4.2.2 Resistivity change

Fig. 5(a) shows the relationship between resistivity and deviatoric stress in limestone under different confining pressures.
The variation in resistivity with deviatoric stress follows trends similar to those found in previous studies (Brace and Orange
1968). Based on these characteristics, the resistivity curve during the triaxial process can also be divided into four stages, as
illustrated in Fig. 5(b).

During Stage A, when the sample is subjected to axial deviatoric stress, the pores are compressed and the primary fractures
close. This process squeezes the conductive channels of the specimen, leading to a slight nonlinear increase in resistivity. In
Stage B, the primary fractures are almost completely closed, and the deformation of the specimen is primarily because of the
elastic compression of the pores. At this point, the resistivity changes in direct relation to pore volume, exhibiting an
approximately linear variation. In Stage C, when stress reaches the fracture initiation threshold, new fractures begin to
develop within the rock. These newly formed cracks increase the connectivity of pore water, leading to a gradual decrease in
the rate of resistivity increase. As the number of fractures continues to grow in Stage D, the resistivity reaches its maximum
value. With further fracture expansion, the resistivity begins to decline. During the rapid fracture expansion stage, the

resistivity decreases sharply, and at peak stress, the specimen resistivity is significantly lower than its initial value.
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Figure 5. Resistivity-stress curve of limestone under triaxial loading conditions: (a) test results at different confining

pressures; (b) schematic diagram of the stage division.

4.2.3 Resistivity change vs. porosity change

Figure 6 shows the variation curves of rock resistivity and pore volume during triaxial loading. A close correlation can be
observed between the change of resistivity and the change of pore volume. The resistivity changes in Stages A and B
correspond closely to Stages I and II of the pore volume change, respectively. The rate of resistivity increase begins to slow
when plastic cracking occurs in the rock pores; however, the peak resistivity point, denoted as c', tends to occur before the
pore volume minimum, denoted as c. This discrepancy arises because the resistivity of saturated rock is influenced not only
by changes in pore volume but also by changes in pore connectivity.

In Stages III and IV, pore volume changes result from both pore compression, which decreases pore volume, and fracture
expansion, which increases pore volume and enhances connectivity. The resistivity observed is a combined effect of these
opposing processes. In the early phase of fracture development, the increase in fracture volume is relatively small compared
to the pore volume compression. As a result, the decrease in resistivity caused by fracture formation is less significant than
the increase in resistivity caused by pore compression. Overall, resistivity continues to increase, but the rate of increase
gradually declines as deviatoric stress rises. When the fracture expansion reaches a critical level, the effect of increasing

fractures on resistivity exceeds the effect of pore compression, leading to a gradual decline in resistivity.
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Figure 6. Curves of limestone resistivity and pore volume change during triaxial loading: (a) P=5 MPa; (b) P~10 MPa; (c)

P.=15 MPa; (d) P.=20 MPa.

4.3 Model validation

Based on the stress and deformation data measured during the tests, the parameters of the resistivity evolution model were
calculated for each test condition, as shown in Table 1. By substituting the experimentally obtained model parameters into
Eq. (39), the variation in rock resistivity under different experimental conditions was determined. A comparison of the
calculated results with the experimental data is shown in Fig. 7. The model curve exhibits strong concordance with the
observed experimental trends, indicating that the rock resistivity model based on porosity evolution is effective and
accurately reflects the evolution law of rock resistivity under stress.

Table 1 Parameters of the resistivity evolution model under triaxial loading
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Testing conditions n Fo(MPa) Um 00 (%) y E (GPa)
P=5 MPa 1.92 126.95 -3.60 0.66 0.028 43.64
P~=10 MPa 1.31 150.58 -1.72 0.60 0.033 49.63
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Figure 7. Observed and calculated resistivity curves for different confining pressures, illustrating model accuracy across

stress conditions.

5 Parameter analysis

The rock resistivity evolution model derived in this paper is based on the three-porosity resistivity model, which accounts for
the differing contributions of various pore types to the overall conductivity of rock. The cementation index m is an important
parameter in the model, representing the strength of conductive connectivity among different pore types. The values of me,
my, and m, under different experimental conditions were obtained by fitting the experimental data, as shown in Table 2.

The parameter my increases gradually with confining pressure. This is because the primary fractures in the rock are
compressed under higher confining pressure, reducing their connectivity and leading to an increase in the cementation index.
Similarly, m, also increases with increasing confining pressure, suggesting that the influence of fracture expansion on
changes in rock conductivity connectivity is weaker at higher confining pressures. Although the fractures formed in triaxial
loading are simplified as being parallel to the direction of the principal stress in the model, in reality, fracture extension
exhibits a certain degree of inclination. Based on their study of acoustic emission moment tensors, Chang and Lee (2004)

found strong agreement between the statistical average of fracture inclination and the inclination of the rupture surface of the
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specimen. As the latter increases with increasing confining pressure, the contribution of fractures to resistivity in the axial
direction of the specimen weakens at higher confining pressures. The value of m. remains constant at 1.73 across all test
conditions, indicating that confining pressure has little effect on the conductive connectivity of the pores.

Table 2 Cementation index of the specimens under each test condition

Testing conditions Mme my, my
P=5MPa 1.73 1.33 1.275
P=10 MPa 1.73 1.37 1.280
P=15 MPa 1.73 1.40 1.290
P=20 MPa 1.73 1.50 1.322

6 Conclusions

In this paper, a three-porosity resistivity model was proposed by considering changes in pore geometry characteristics during
the rock rupture process. The volume changes of the three types of pores under triaxial loading were derived, leading to the
development of a rock resistivity evolution model for triaxial rupture.

The main conclusions are as follows:

(1) The three-porosity resistivity model divides the rock pores into elastic pores, parallel plastic pores, and perpendicular
plastic pores. The overall resistivity is treated as a parallel connection of the resistivities of these three pore types. This
model effectively captures the morphological and volumetric changes in pores and fractures during the triaxial loading
rupture process, as well as the conductive mechanisms of saturated rock.

(2) Based on the micromechanism of pore volume changes at different stages of the triaxial rupture process in rock and using
statistical damage theory, the expressions for elastic pores, parallel plastic pores, and perpendicular plastic pores under
triaxial loading were derived. By substituting these expressions into the three-porosity model, the evolution model of rock
resistivity during triaxial rupture was obtained. The validation results demonstrate that the model effectively captures the
resistivity evolution behavior of rock under triaxial rupture conditions.

This model was developed under the assumption of rock saturation. Therefore, its applicability to unsaturated rocks requires

further verification.
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