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A B S T R A C T

The problem of repeated immersion-induced fatigue damage in engineering coal measures sedimentary rock,
including coal-rock pillars, reservoir bank slopes, and water-rich tunnels at the boundary of coal mine under-
ground reservoirs, has profound implications for their stability, safety, and operation, and can even lead to
geological disasters. To address this issue, this paper aims to construct a constitutive model that accurately
captures the comprehensive process of deformation and failure in water-bearing coal measures sedimentary rock.
It explores the deformation characteristics of these formations and provides a theoretical foundation for numerical
simulations of geological disasters induced by water-rock interaction. This study integrates the deformation
mechanisms of void and matrix deformation in coal seam sedimentary rocks, while considering the influence of
immersion cycles. Subsequently, it formulates a segmented constitutive model to depict the entire process of
deformation and failure in cyclically immersed water-bearing coal measures sedimentary rock under uniaxial
compression. The proposed model's accuracy and rationality are validated through comparisons with experi-
mental research findings and existing theoretical curves from similar models. The results demonstrate the model's
effectiveness in describing the deformation behavior of non-dense water-bearing coal measures sedimentary rock
under uniaxial compression or low confining pressure before reaching peak stress, although further refinements
may be necessary to precisely capture post-peak deformation characteristics. Model parameters, including the
deformation caused by voids (γ0) between voids, increase exponentially with immersion times, while the elastic
modulus (Ev) of voids and the parameter (F0) related to the average strength of microelements decrease expo-
nentially. The homogeneity degree (m) exhibits no discernible pattern. These research outcomes provide valuable
insights for the stability control of engineering coal measures sedimentary rock under water-rock interaction and
the mitigation of related geological disasters.
1. Introduction

Water is one of the key factors triggering geological disasters, playing
a crucial role in the deformation, instability, and damage processes of
engineering coal measures sedimentary rock [1,2]. This influence man-
ifests in several ways. First, the storage and extraction of water in un-
derground reservoirs lead to repetitive fluctuations in mine water levels.
These fluctuations continually damage the boundary coal-rock pillars,
thereby increasing the instability risk of coal measures sedimentary rock
[3]. And, in engineering operations in water-rich environments, frequent
water infiltration can adversely affect the stability of coal measures
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sedimentary rocks. For example, rainfall-induced slope movements [4]
and reservoir water level fluctuations causing dam base landslides are
closely associated with water involvement. Even the flow of underground
groundwater can disturb the balance of coal measures sedimentary rock,
potentially triggering seismic events [5–7].

It's important to note that due to the variability in the internal
structure and composition of coal measures sedimentary rocks, changes
in mechanical properties under the influence of water exhibit certain
regularities but also exhibit complexity. Some progress has been made in
this regard [8,9]. Different coal measures sedimentary rocks may un-
dergo varying degrees of change in strength, deformation, and failure
September 2023
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characteristics when subjected to water action. This holds significant
importance for accurately predicting and assessing geological disaster
risks.

In conclusion, the role of water in the deformation, instability, and
damage processes of engineering coal measures sedimentary rock should
not be underestimated. Through in-depth research into the mechanisms
of water's impact on different coal measures sedimentary rocks, we can
better understand the formation mechanisms of geological disasters.
This, in turn, enables the implementation of corresponding prevention
and control measures to ensure the goals of engineering safety and
environmental protection are achieved.

Fig. 1 illustrates the water-rock interaction process following water
immersion in the coal measures sedimentary rock. As depicted in Fig. 1,
the water that permeates the pores and fissures of the coal measured
sedimentary rock acts as a lubricant, scouring the particles and reducing
the friction coefficient between them. This process also softens and
argillizes the clay minerals within the coal measures sedimentary rock,
consequently altering its internal pore structure [10,11]. Moreover,
water infiltration into the mineral lattice of the coal measures sedimen-
tary rock leads to hydration, resulting in changes in its microstructure.
The hydrogen and oxygen elements in water undergo isotopic exchange
with carbonate and silicate minerals, and hydrogen ions or hydroxyl ions
interact with mineral ions through chemical reactions (hydrolysis,
oxidation-reduction, etc.), thereby modifying the mineral composition.
Consequently, the chemical bonds of crystals at the microcrack tips in the
coal measures sedimentary rock weaken [12], leading to alterations in
the macro fracture and failure mode of the coal measures sedimentary
rock [13]. During the process of cyclic immersion under drying and
saturation conditions, the uneven expansion and contraction of the coal
measures sedimentary rock create circumstances conducive to irrevers-
ible damage and failure of both its macro and microstructures.

Yao et al. [14–16], Maruvanchery and Kim [17], and Daraei and Zare
[18] have extensively investigated the impact of water on the weakening
of physical andmechanical properties of coal measures sedimentary rock,
highlighting the significance of water-rock interaction in geotechnical
engineering. Notably, in the realm of experimental studies, the effects of
water-rock interaction on the macro mechanical properties of coal
measures sedimentary rock have been comprehensively examined
through mechanical tests involving water-bearing coal measures sedi-
mentary rock. Techniques such as nuclear magnetic resonance (NMR)
detection [19,20], acoustic emission (AE) signal monitoring [21,22], and
ultrasonic wave velocity testing [23] have been employed to assess the
damage characteristics, micro-fracture evolution, and extent of damage
in water-bearing coal measures sedimentary rock.
Fig. 1. Presents a schematic diagram depicting the water-rock interaction
process following immersion.
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In the realm of theoretical studies, the constitutive equations of coal-
rock formations serve as a fundamental basis for understanding the
relationship between stress and strain during loading processes. The
construction of these constitutive equations underpins the study and
advancement of rock mechanics. Scholars often employ phenomenolog-
ical methods and build statistical damage constitutive models for coal-
rock formations based on the principles of continuum damage me-
chanics and statistical strength theory. These models predominantly
focus on factors such as the stress state and damage thresholds [24,25],
the measurement of microelement strength [26,27], and the stochastic
distribution of microelement strength [28,29]. They have yielded
promising results in simulating the complete process of deformation and
failure in coal-rock formations.

Although the aforementioned research primarily relies on triaxial
mechanical experiments, it is noteworthy that for uniaxial compression
or triaxial tests conducted at relatively low confinement pressures, the
stress-strain curves of many coal-rock formations exhibit a distinct
compaction phase. These curves assume a concave shape, displaying
nonlinear deformation characteristics that differ from the stress-strain
curves obtained using traditional statistical damage constitutive
models. This disparity is particularly pronounced in water-containing
coal-rock formations, where the compaction phase persists for
extended durations [30]. Consequently, the deformation characteristics
become more complex and cannot be overlooked.

Importantly, there have been relatively limited studies of constitutive
models for coal-rock formations under uniaxial compression conditions
or at low confining pressures. Therefore, it is imperative to further
develop a constitutive models tailored to coal-rock formations subjected
to water-rock interactions under uniaxial compression. Such novel
constitutive models hold the potential to provide a more accurate
description of their mechanical behavior and deformation characteris-
tics. This new model is expected to offer reliable theoretical support for
the stability analysis and prediction of coal-rock formations in practical
engineering applications.

Drawing on the principles of elastic mechanics and statistical damage
theory, this paper presents a comprehensive constitutive model for the
entire process of deformation and failure in coal measures sedimentary
rock. The model accounts for the influence of immersion times and
adeptly captures the nonlinear deformation characteristics during the
void compaction stage, while considering the deformation mechanism of
the voids and matrix in coal rock engineering. Through the analysis of
uniaxial compression tests conducted on medium sandstone under
various immersion times, the model parameters are determined. Subse-
quently, the model curves are compared with test curves and theoretical
curves from similar models, substantiating the robustness and superiority
of the proposed model and methodology. The research findings bear
substantial implications for comprehending the deformation and failure
mechanisms in coal rock engineering, as well as addressing associated
geological disasters resulting from the recurrent impact of water-rock
interaction.

2. Constitutive model of coal measures sedimentary
rockconsidering water-rock interaction and void compaction

2.1. Construction of statistical damage constitutive model

The statistical damage constitutive equation for coal measures sedi-
mentary rock considering water-rock interaction is based on the
following assumptions: 1) The properties of coal-rock materials are
isotropic on a macroscopic scales. 2) The average elastic modulus of the
characterization unit (microelement) is represented by “E", and it follows
Hooke's law before failure, signifying that the microelement exhibits
linear elastic properties. 3) The strength of microelements follows a
Weibull distribution to introduce non-uniformity. 4) Water is evenly
distributed in coal measures sedimentary rock, ensuring that the mois-
ture content of each microelement remains the same and is influenced by
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water-rock interaction.
Based on the Lemaitre strain equivalence assumption [31], we can

obtain:

½σ� ¼ ½σ*�½I �D� ¼ ½C�½ε�½I�D� (1)

Where [C] is the material elasticity matrix, D is the damage variable, I is
the identity matrix, [σ] is the apparent stress matrix, [σ*] is the effective
stress matrix, and [ϵ] is the strain matrix.

The probability density function of microelement strength is:

PðFÞ ¼ m
F0

�
F
F0

�m�1

e
�

�
F
F0

�m

(2)

Where F is the random distribution variable of microelement strength, m
and F0 are Weibull distribution parameters, where m represents homo-
geneity degree and F0 is the parameter related to the average value of
microelement strength.

According to the theory of damage mechanics, the damage in coal-
rock materials is a result of continuous microelement destruction. If the
number of damaged elements under a certain load level is Nt, and the
total number of elements is N, the damage variable is expressed as D ¼
Nt/N. The number of damaged elements in any interval [F, F þ dF] is
NP(y)dy. When loaded to a certain level F, the number of damaged mi-
croelements is given by:

NtðFÞ ¼
Z F

0
NPðyÞdy ¼ N

(
1� e

�

�
F
F0

�m )
(3)

The damage variable D is obtained as:

D ¼ Nt

N
¼ 1� e

�

�
F
F0

�m

(4)

The principal stress form of Hooke's law is expressed as:

σ*
i ¼Eεi þ ν

�
σ*j þ σ*k

�
; i; j; k¼ 1; 2; 3 (5)

Substituting Eq. (1) into (5) gives:

σi ¼Eεið1�DÞþ ν
�
σj þ σk

�
; i; j; k¼ 1; 2; 3 (6)

Substituting Eq. (4) into (6) yields:

σi ¼ Eεie
�

�
F
F0

�m

þ ν
�
σj þ σk

�
(7)

The determination of the microelement strength is crucial in assessing
whether damage has occurred to the coal measures sedimentary rocks.
The Mohr-Coulomb criterion is the most widely used strength criterion in
geotechnical engineering [32,33], and it is expressed as follows [34,35]:

σ1
* � 1þ sin φ

1� sin φ
σ3* ¼ 2c cos φ

1� sin φ
(8)

According to Eq. (8), the expression for the strength of microelement
in coal measures sedimentary rock using the Mohr-Coulomb criterion is:

F¼ f ðσ*Þ¼ σ*1 �
1þ sin φ

1� sin φ
σ*3 (9)

Where c represents the cohesive force of the microelement, and φ is the
internal friction angle of the microelement.

Substituting equations (1) and (6) into Eq. (9), the strength of the
microelement expressed by apparent stress is given by:

F¼ Eε1
ðσ1 � νðσ2 þ σ3ÞÞσ1 � Eε1

σ1 � νðσ2 þ σ3Þ
1þ sin φ
1� sin φ

σ3 (10)
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The damage variable represented by apparent stress obtained from
equations (4) and (10) is:

D ¼ 1� e
�

�
Eε1

F0ðσ1�νðσ2þσ3Þ Þσ1�
Eε1

F0ðσ1�νðσ2þσ3Þ Þ
1þsin φ
1�sin φσ3

�m

(11)

Substituting Eq. (11) into Eq. (6), the statistical damage constitutive
equation of coal measures sedimentary rock represented by the Mohr-
Coulomb criterion and apparent stress is obtained as follows:

σi ¼ Eεie
�

�
Eε1

F0ðσ1�νðσ2þσ3Þ Þσ1�
Eε1

F0ðσ1�νðσ2þσ3Þ Þ
1þsin φ
1�sin φσ3

�m

þ ν
�
σj þ σk

�
(12)

From Eq. (12), it can be concluded that:

σ1 ¼ Eε1e
�

�
Eε1

F0ðσ1�νðσ2þσ3Þ Þσ1�
Eε1

F0ðσ1�νðσ2þσ3Þ Þ
1þsin φ
1�sin φσ3

�m

þ νðσ2 þ σ3Þ (13)

Except form and F0, all other parameters in the Eq. can be determined
through experimental measurements.
2.2. Construction of constitutive model for void compaction stage

From the above analysis, it is evident that under uniaxial compression
or low confining pressure, coal measures sedimentary rock undergoes a
distinct void compaction stage, exhibiting nonlinear deformation char-
acteristics (as evidenced by a concave stress-strain curve). However, the
conventional statistical damage constitutive Eq. fails to accurately
represent the void compaction stage.

Coal measures sedimentary rock is a porous medium material
composed of pores, microcracks, and matrix (collectively referred to as
voids). In non-compact coal measures sedimentary rock, numerous pri-
mary voids exist internally. During uniaxial compression, these voids
undergo deformation (closure). Once subjected to stress, the gap grad-
ually closes, and the deformation becomes irreversible. This matrix is
generally considered to be linearly elastic before yielding and failing, but
it exhibits irreversible nonlinear deformation after yielding. At the initial
loading stage, void deformation is more prominent than matrix defor-
mation, and it significantly influences the overall deformation of coal
measures sedimentary rock. Consequently, the stress-strain curve of coal
measures sedimentary rock exhibits macro nonlinearity (concavity)
during the initial loading stage, indicating a distinct void compaction
stage. However, for the triaxial compression test, the internal voids un-
dergo compression under confining pressure before the axial pressure is
applied, resulting in a less evident compaction stages for the voids, which
may directly enter the linear deformation phase. The deformation char-
acteristics of coal measures sedimentary rock under external forces are
depicted in Fig. 2(a).

Upon water immersion, coal measures sedimentary rock undergoes
water-rock interaction, altering its internal structure by washing, dis-
solving, and causing particle migration, resulting in increased internal
voids. The deformation of voids in water-bearing coal measures sedi-
mentary rock is more pronounced than in dry coal measures sedimentary
rock. However, existing statistical damage constitutive equations often
overlook the internal voids of coal measures sedimentary rock and as-
sume uniform mechanical properties for microelements and the matrix.
To address this, a deformation model (Fig. 2(b)) is introduced, consid-
ering both matrix and voids and dividing the process into two stages:
initial loading (void compaction) where both deform, and subsequent
stages where only matrix deformation is analyzed.

From Fig. 2(b), it can be observed that l0 represents the initial length
of the microelement, lv0 is the initial length of the void, and lm0 is the
initial length of the matrix. Based on the geometric relationship of the
microelement, the following can be derived:

l0 ¼ lv0 þ lm0 (14)



Fig. 2. Process and model of void compaction in coal measures sedimentary rock. (a) Deformation behavior of rock under axial and confining pressure, (b) Defor-
mation analysis model of coal measures sedimentary rock under pressure.
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Furthermore, we obtain:

Δl¼Δlv þ Δlm (15)

Expressed as strain:

ðlv0 þ lm0Þεi ¼ lv0εvi þ lm0εmi (16)

In the equation, ϵi represents the strain of the microelement in the i
direction, ϵvi is the strain of the void in the i direction, and ϵmi is the strain
of the matrix in the i direction.

Dividing both sides of Eq. (16) by l0, we get:

ðlv0 þ lm0Þ
l0

εi ¼ lv0
l0
εvi þ lm0

l0
εmi (17)

Because in the microelement model, lv0«lm0, we can approximate
lv0þlm0�lm0. Thus, Eq. (17) can be simplified as:

εi ¼ lv0
l0
εvi þ εmi (18)

definition γ0 ¼ lv0/l0, then Eq. (18) becomes:

εi ¼ γ0εvi þ εmi (19)

Stress in direction i, denoted as σi, is divided into s level stress in-
crements Δσis(s ¼ 1, 2, …n), resulting in:
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σi ¼
Xn

σis (20)

s¼1

Then, Δlv can be considered as the accumulation of instantaneous
deformation Δlvs generated by the action of Δσis. The expression for
instantaneous strain Δϵvs in the gap in the i direction is:

εvs ¼ �
Z lv s

lv ðs�1Þ

dlv
lv

¼ �ln
lvs

lvðs�1Þ
(21)

Assuming Δσis and ϵvs follow the generalized Hooke's law [36], then
the expression for ϵvs is:

εvs ¼
�
Δσis � νv

�
Δσjs þ Δσks

��
Ev

(22)

Where Ev and υv is the elastic modulus of voids and Poisson's ratio,
respectively.

Adding and summing the two sides of Eq. (22), we obtain:

Xn
s¼1

εvs ¼
Pn
s¼1

Δσis � νf

�Pn
s¼1

Δσjs þ
Pn
s¼1

Δσks
�

Ev
(23)

Substituting equations (20) and (21) into Eq. (23), we get:
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�ln
lvs

l
¼ σi � νv σj þ σk

E
(24)
vðs�1Þ

� �
v

To obtain the expression for ϵvi, we have:

εvi ¼ 1� e�
σi�νvðσjþσkÞ

Ev (25)

During the stage of void compaction, the deformation of the matrix
follows the generalized Hooke's law, resulting in the expression for ϵmi as
follows:

εmi ¼
σi � νm

�
σj þ σk

�
Em

(26)

Substituting equations (25) and (26) into Eq. (19), the constitutive
equation for the void compaction stage of coal measures sedimentary
rock is obtained as follows:

εi ¼
σi � νm

�
σj þ σk

�
Em

þ γ0

 
1� e�

σi�νvðσjþσkÞ
Ev

!
(27)

After the stage of void compaction, the deformation of the coal
measures sedimentary rock is mainly matrix deformation. From this, it
can be seen that the elastic modulus of the matrix is approximately equal
to the modulus of the coal measures sedimentary rock during the linear
deformation stage, i.e., Em ¼ E. Eq. (27) becomes:

ε1 ¼ σ1 � νðσ2 þ σ3Þ
E

þ γ0

�
1� e�

σ1�νvðσ2þσ3Þ
Ev

�
(28)

2.3. Parameter determination method and whole process constitutive
model construction

2.3.1. Determination of γ0 and Ev
From the analysis of the deformation mechanics mechanism of the

coal measures sedimentary rock mentioned above, it can be seen that the
macroscopic deformation of the coal measures sedimentary rock is
composed of two parts: void and matrix deformation. When the
compaction stage of the coal measures sedimentary rock gap ends and
begins to enter the elastic deformation stage, the deformation of the gap
part caused by the gap compaction to closure has been basically
completed. At this time, the deformation generated by the gap part is γ
[37]. Therefore, γ0 is the intercept of the extension line of the stress-strain
Fig. 3. Deformation relationship of various components of coal measures
sedimentary rock [35].
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curve in the elastic stage of the coal measures sedimentary rock on the
strain axis, as shown in Fig. 3. By linear fitting of strain stress data in the
elastic stage, it can be obtained γ0 Eq. (28) and the least square method
are used to fit the data points in the void compaction stage of the
stress–strain curve of coal and rock mass, and Ev can be obtained.

2.3.2. Determination of m and F0
Under load, the stress in the coal measures sedimentary rock reaches a

peak value. At this point on the stress-strain curve, the curve is parallel to
the strain axis, indicating that the derivative of stress with respect to
strain is 0 [38]. By differentiating Eq. (13) with respect to ϵ and setting it
to 0, we obtain:

∂σ1

∂ε1
¼ Ee

�

�
Eε1

F0ðσ1�νðσ2þσ3Þ Þσ1�
Eε1

F0ðσ1�νðσ2þσ3Þ Þ
1þsin φ
1�sin φσ3

�m

þ

Eε1e
�

�
Eε1

F0ðσ1�νðσ2þσ3Þ Þσ1�
Eε1

F0ðσ1�νðσ2þσ3Þ Þ
1þsin φ
1�sin φσ3

�m

�

ð � mÞ
�

Eε1
F0½σ1 � νðσ2 þ σ3Þ �σ1 �

Eε1
F0½σ1 � νðσ2 þ σ3Þ �

1þ sin φ
1� sin φ

σ3

�m�1

�

�
E

F0½σ1 � νðσ2 þ σ3Þ �σ1 � E
F0½σ1 � νðσ2 þ σ3Þ �

1þ sin φ
1� sin φ

σ3

�
¼ 0

(29)

Where σ1c represents the peak stress of the coal measures sedimentary
rock, and ϵ1c represents the corresponding peak strain of the coal mea-
sures sedimentary rock.

Transform Eq. (13) as follows:

σ1 � νðσ2 þ σ3Þ
Eε1

¼ e
�

�
Eε1

F0ðσ1�νðσ2þσ3Þ Þσ1�
Eε1

F0ðσ1�νðσ2þσ3Þ Þ
1þsin φ
1�sin φσ3

�m

(30)

Take the logarithm of both sides of Eq. (30) to obtain:

ln
σ1 � νðσ2 þ σ3Þ

Eε1
¼

�
�

Eε1
F0½σ1 � νðσ2 þ σ3Þ�σ1 � Eε1

F0½σ1 � νðσ2 þ σ3Þ�
1þ sin φ
1� sin φ

σ3

�m (31)

Setting σ1 ¼ σ1c and ϵ1 ¼ ϵ1c, and substituting equations (30) and (31)
into Eq. (29), we get:

1þm ln
σ1c � νðσ2 þ σ3Þ

Eε1c
¼ 0 (32)

The expression for parameter m is obtained as follows:

m¼ � 1

ln σ1c�νðσ2þσ3Þ
Eε1c

(33)

Substitute Eq. (33) into (13) and make σ1 ¼ σ1c, ϵ1 ¼ ϵ1c, the
expression for parameter F0 can be obtained as:

F0 ¼m1=m

�
Eε1

½σ1 � νðσ2 þ σ3Þ�σ1 �
Eε1

½σ1 � νðσ2 þ σ3Þ�
1þ sin φ
1� sin φ

σ3

�
(34)

2.3.3. Constitutive model construction considering water-rock interaction
and void compaction

The Stress–strain curve of coal and rock mass is divided into void
compaction stage (ϵ�ϵ1com) and post-compaction stage (ϵ>ϵ1com),
expressed using the constitutive equations of the void compaction stage
and the statistical damage constitutive equations, respectively. By
combining equations (13) and (28), the constitutive equation for the
entire deformation and failure process of coal and rock mass is obtained
as follows:
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8>>>>ε1¼σ1�νðσ2þσ3Þ
E

þγ0 1�e�
σ1�νvðσ2þσ3Þ

Ev ε�ε1com
<
>>>>:

� �

σ1¼Eε1e
�

�
Eðε1c�ε1comÞ

F0ðσ1c�σ1com�νðσ2þσ3ÞÞσ1�
Eðε1c�ε1comÞ

F0ðσ1c�σ1com�νðσ2þσ3ÞÞ
1þsinφ
1�sinφσ3

�m

þνðσ2þσ3Þ ε>ε1com
(35)

Where σ1com is the stress threshold of the void compaction stage (the
stress value at the end of the void compaction stage), and ϵ1com is the
strain threshold of the void compaction stage (the strain value at the end
of the void compaction stage).

The mechanical properties of coal measures sedimentary rock are
influenced by immersion times [19,23,39]. Assuming that the elastic
modulus, stress threshold of the void compaction stage, strain threshold
of the void compaction stage, peak stress, and peak strain are all func-
tions of immersion times, n. Combining equations (33)–(35), the
constitutive equation for the entire deformation and failure process of
coal measures sedimentary rock, considering the influence of water-rock
interaction, can be obtained as follows:
Table 2
Fitting relationship between mechanical parameters and immersion times.

Mechanical characteristic parameters Fitting formula

Elasticity modulus/GPa E(n) ¼ 2.09 � 0.27nþ0.75, R2 ¼ 0.998
Stress threshold of void compaction/
MPa

σcom(n) ¼ 4.54 � 0.07nþ4.07, R2 ¼ 0.996

Strain threshold of void compaction ϵcom(n) ¼ 0.002 þ 0.004n, R2 ¼ 0.958
Peak stress/MPa σc(n)¼ 18.91� 0.19nþ10.67, R2¼ 0.990
Peak strain ϵc(n) ¼ 0.003 þ 0.014n, R2 ¼ 0.981

8>>>>>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>>>>>:

ε1 ¼ σ1 � νðnÞðσ2 þ σ3Þ
EðnÞ þ γ0

�
1� e�

σ1�νvðσ2þσ3Þ
Ev

�
ε � ε1comðnÞ

σ1 ¼ EðnÞε1e
�

�
EðnÞðε1c ðnÞ�ε1com ðnÞ Þ

F0ðσ1c ðnÞ�σ1com ðnÞ�νðnÞðσ2þσ3Þ Þσ1�
EðnÞðε1c ðnÞ�ε1com ðnÞ Þ

F0ðσ1c ðnÞ�σ1com ðnÞ�νðnÞðσ2þσ3Þ Þ
1þsin φ
1�sin φσ3

�m

þ νðnÞðσ2 þ σ3Þ ε > ε1comðnÞ

m ¼ � 1

ln
σ1cðnÞ � σ1comðnÞ � νðnÞðσ2 þ σ3Þ

EðnÞðε1cðnÞ � ε1comðnÞ Þ

F0 ¼ m1=m

�
EðnÞðε1cðnÞ � ε1comðnÞ Þ

½σ1cðnÞ � σ1comðnÞ � νðnÞðσ2 þ σ3Þ �σ1 �
EðnÞðε1cðnÞ � ε1comðnÞ Þ

½σ1cðnÞ � σ1comðnÞ � νðnÞðσ2 þ σ3Þ �
1þ sin φ
1� sin φ

σ3

�

(36)
3. Example analysis and parameter determination

Based on the analysis, it is evident that the model presented in this
article is primarily suitable for the deformation process of coal measures
sedimentary rocks under uniaxial compression or low confining pressure,
with a notable void compaction stage. For instance, the model parame-
ters of medium sandstone specimens were obtained using the constitutive
model constructed earlier and the proposed parameter determination
Table 1
Mechanical parameters of medium sandstone specimens in uniaxial compression test

Number Immersion times Elasticity modulus/GPa Stress threshold of void compa

DS-0-1 0 2.93 7.71
DS-0-2 2.66 9.97
DS-0-3 2.94 8.17
DS-1-1 1 1.20 5.54
DS-1-2 1.25 3.41
DS-1-3 1.41 4.25
DS-2-1 2 0.91 3.92
DS-2-2 0.90 3.91
DS-2-3 1.01 4.44
DS-3-1 3 0.73 4.18
DS-3-2 0.90 4.82
DS-3-3 0.78 3.63
DS-4-1 4 0.68 4.97
DS-4-2 0.82 3.88
DS-4-3 0.69 2.98
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method, based on the results of uniaxial compression tests. This data
support helps to validate the feasibility and rationality of the proposed
model in this paper.

The specimens are cylinders (50 mm � 100 mm) and the lithology is
medium sandstone. Five different immersion times of rock specimens
were prepared using a constant-temperature drying oven and an auto-
matic nondestructive water immersion device (ANDWID) [21,22]. The
specimens included dry specimens (0 immersion time) and saturated
specimens immersion 1 to 4 times, each with three specimens. They were
labeled as “DS-number of immersion-number of sample.” For instance,
DS-2-1 indicates the first sample with 2 immersions, and DS-4-3 indicates
the third sample with 4 immersions. Uniaxial compression testing was
performed on the specimens using an electro-hydraulic servo-controlled
universal testing machine, applying axial load through displacement
control at a loading rate of 0.2 mm/min.

The relevant parameters of specimens with different immersion
times, including the elastic modulus, stress threshold of the void
compaction stage, strain threshold of the void compaction stage, peak
stress, and peak strain, are summarized in Table 1. The elastic modulus
.

ction/MPa Strain threshold of void compaction Peak stress/MPa Peak strain

0.006 28.68 0.014
0.007 29.78 0.015
0.005 30.33 0.013
0.010 14.40 0.018
0.007 14.18 0.016
0.009 13.39 0.016
0.010 11.85 0.021
0.011 11.36 0.020
0.011 12.82 0.020
0.015 11.94 0.026
0.015 11.47 0.025
0.013 10.16 0.023
0.018 11.92 0.029
0.014 8.15 0.027
0.013 9.58 0.023



Table 3
Specimen model parameters.

Number Immersion times γ0/10�3 Ev/MPa m F0/MPa

DS-0-1 0 3.57 3.59 7.59 31.25
DS-0-2 2.98 3.31 10.30 27.38
DS-0-3 2.34 3.52 7.99 32.58
DS-1-1 1 5.22 1.31 14.79 11.37
DS-1-2 4.96 1.49 19.64 13.19
DS-1-3 6.21 1.28 21.69 11.02
DS-2-1 2 6.20 1.22 4.34 14.00
DS-2-2 6.86 1.09 17.35 9.30
DS-2-3 6.11 0.93 13.08 11.01
DS-3-1 3 8.85 0.82 9.87 10.83
DS-3-2 10.03 0.99 3.96 12.11
DS-3-3 8.48 0.90 7.27 9.84
DS-4-1 4 10.46 0.44 12.68 9.19
DS-4-2 9.18 0.75 1.10 11.56
DS-4-3 8.99 0.52 15.67 8.40
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denotes the average modulus and is calculated using the following
formula:

E¼ σE � σcom

εE � εcom
(37)

Where E is the elastic modulus, σE is the stress threshold of the elastic
stage (endpoint stress in the elastic stage), and ϵE is the strain threshold of
the elastic stage (endpoint strain in the elastic stage).

By fitting the data in Table 1, we can obtain the relationship between
mechanical parameters and immersion times, as shown in Table 2.

From Tables 2 and it can be observed that the relationship between E,
σcom, and σc with n follows an exponential function, expressed as y ¼ A �
Bx þ C. Similarly, the relationship between ϵcom and ϵc with n is a linear
function, expressed as y ¼ A'x þ B'. The parameters A, B, C, A0, and B0 are
all related to the coal measures sedimentary rock properties.

Due to the uniaxial compression test conducted, where σ2 ¼ σ3 ¼ 0,
Eq. (36) is simplified as follows:

8>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>:

ε ¼ σ
EðnÞ þ γ0

�
1� e�

σ
Ev
�

ε � εcom
'ðnÞ

σ ¼ EðnÞðε� εcom 'ðnÞ Þe
�

�
Eðε�εcom ' ðnÞ Þ

F0

�m

þ σcomðnÞ ε > εcom 'ðnÞ

m ¼ � 1

ln
σcðnÞ � σcomðnÞ

EðεcðnÞ � εcom 'ðnÞ Þ

F0 ¼ EðεcðnÞ � εcom 'ðnÞ ÞðmÞ

�
1
m

�

(38)

By combining the fitting formula in Table 2 with Eq. (38), the
constitutive equation for the entire deformation and failure process of
medium sandstone under uniaxial compression considering water-rock
interaction and void compaction can be obtained as follows:

8>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>:

ε ¼ σ
EðnÞ þ γ0

�
1� e�

σ
EV
�

ε � εcomðnÞ

σ ¼ EðnÞðε� εcomðnÞ Þe
�

�
Eðε�εcom ðnÞ Þ

F0

�m

þ σcomðnÞ ε > εcomðnÞ

m ¼ � 1

ln
σc � σcomðnÞ

EðεcðnÞ � εcomðnÞ Þ

F0 ¼ EðnÞðεcðnÞ ¼ εcomðnÞ ÞðmÞ

�
1
m

�

EðnÞ ¼ 2:09� 0:27n þ 0:75

σcomðnÞ ¼ 4:54� 0:07n þ 4:07

εcomðnÞ ¼ 0:002þ 0:004n

σcðnÞ ¼ 18:91� 0:19n þ 10:67

εcðnÞ ¼ 0:003þ 0:014n

(39)

By using Eq. (39), the stress-strain relationship of medium sandstone
specimens under uniaxial compression can be predicted for any number
of immersion times.

Based on the aforementioned parameter determination method
described above, the parameters of specimen model under uniaxial
compression are obtained as shown in Table 3.
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4. Verification of constitutive model

Taking the experimental data of DS-0-1, DS-1-1, DS-2-1, DS-3-1, and
DS-4-1 as examples, the model parameters in Table 3 are substituted into
Eq. (38) to obtain the stress-strain model curves of samples with five
different immersion times, as shown in Fig. 4. To verify the rationality of
the model, the experimental curves and theoretical curves obtained from
three other constitutive models, including statistical damage constitutive
models, were also plotted.

The model expression of Cao et al. [40] is as follows:

8>>>><
>>>>:

σ ¼ σcom

�
ε

εcom

�2

ε � εcom

σ ¼ Eðε� εcomÞe
�

�
Eðε�εcom Þ

b

�a

þ σcom ε > εcom

(40)

The model expression of Wang et al. [28] is:

8>>><
>>>:

σ ¼ Eε
�
1� e

�

�
Eε
d

�c �
ε � εcom

σ ¼ Eðε� εcomÞe
�

�
Eðε�εcom Þ

f

�e

þ σcom ε > εcom

(41)

Where a, b, c, d, e, and f are all model parameters.
From Fig. 4, it is evident that the statistical damage constitutive

model shows the weakest fitting effect, matching the experimental values
only at the peak stress. The maximum stress differences between the
statistical damage constitutive model curves and the experimental curves
for five different immersion times of rock samples before the peak are
6.70, 6.62, 4.96, 4.92, and 4.90MPa, respectively, accounting for 22.1%,
49.4 %, 43.7 %, 48.4 %, and 41.1 % of the peak stress. This is attributed
to the inability of statistical damage constitutive model to accurately
describe the stress-strain relationship during the void compaction stage.
In contrast, the Cao et al.'s model, Wang et al.'s model, and the model
presented in this paper exhibit better agreement with the experimental
curve before the peak stress. The curves of these models are relatively
close in the elastic and plastic stages. During the void compaction stage,
the model curve in this paper aligns most closely with the experimental
curve, followed by Wang et al.'s model curve, and then Cao et al.'s model
curve. The advantage of the void compaction stage in this paper's model
is that it is based on the deformation mechanism of coal-rock voids,
providing a clearer physical meaning. Consequently, this model is well-
suited to describe the stage of void compaction and is applicable for



Fig. 4. Comparison of experimental and theoretical curves. (a) DS-0-1, (b) DS-1-1, (c) DS-2-1, (d) DS-3-1, (e) DS-4-1.
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simulating the deformation process of non-dense coal measures sedi-
mentary rock under uniaxial compression or triaxial compression con-
ditions with low confining pressure. Moreover, by combining the model
expression with the number of immersion times, the model effectively
reflects the degradation damage effect of water-rock interaction on coal
measures sedimentary rock. Nevertheless, the current model is unable to
accurately express the stress-strain relationship of coal measures sedi-
mentary rock after the peak stress, necessitating further research in this
area.

5. Sensitivity and evolution law of model parameters

From Eq. (38), it is evident that the model changes and parameters
during the compaction stage are related to γ0 and Ev, while the post-
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compaction stage is influenced by parameters m and F0. The variation
patterns of γ0 and Ev during the compaction stage are shown in Fig. 5(a)
and (b), respectively. On the other hand, the variation patterns of the
model with parameters m and F0 during the post-compaction stage are
presented in Fig. 5(c) and (d), respectively. For the comparative analysis,
the stress and strain data were normalized.

Fig. 5(a) and (b) shows that the strain in the void compaction stage
under the same stress gradually increases as γ0 increases. γ0 is positively
correlated with the coal measures sedimentary rock void ratio, the larger
γ0, the larger the coal measures sedimentary rock void ratio is and the
more easily the voids are compressed. With the increase in Ev, the cur-
vature of the model curve decreases and gradually converges to a straight
line. Ev reflects the ability of the voids inside the coal measures sedi-
mentary rock to resist deformation, the larger Ev is, the stronger the



Fig. 5. Effect of model parameters on stress–strain curves after normalization of data. (a) Variation in model curves with γ0 in the void compaction stage, (b) Variation
in model curves with Ev in the void compaction stage, (c) Variation in model curves with m in the post-compaction stage, (d) Variation in model curves with F0 in the
post-compaction stage.
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resistance of the voids to deformation, and the smaller the deformation of
the voids. Correspondingly, the larger the ratio of matrix deformation
(elastic deformation) to total coal measures sedimentary rock deforma-
tion, the more the curve tends to be straight. Fig. 5(c) and (d) shows that
the peak of the model curve is jointly influenced by m and F0, both of
which increase as m and F0 increase, but neither m nor F0 change the
linear deformation part of the model curve before the peak. As m in-
creases, the rate of decline of the post-peak stress–strain curve of the coal
measures sedimentary rock gradually accelerates, indicating that m af-
fects the brittleness of the coal measures sedimentary rock, and the larger
m is, the more obvious the brittle characteristic of the coal measures
sedimentary rock. After the stress increases to 1, with the increase in γ0,
the strain gradually increases. As γ0 increases from 1� 10�3 to 5� 10�3,
the strain increases from 0.2 to 1, which is a fourfold increase.
Conversely, with the increase in Ev, the strain gradually decreases. As Ev
was increased from 1 MPa to 5 MPa, the strain was reduced from 1 to
0.816, an 18.4 %. As both m and F0 increase, the peak stress gradually
increases. As m increases from 5 to 25, the peak stress increases from
0.652 to 1, marking a 53.4 % increase. Similarly, as F0 increases from 12
MPa to 20 MPa, the peak stress increases from 0.6 to 1, representing a
66.7 % increase.

Model parameters γ0, Ev, m and F0 have vary with the number of
immersions, as shown in Fig. 6(a)-(d), respectively.

As shown in Fig. 6, γ0 increases exponentially with an increasing
number of immersions. The average value of γ0 of dry coal measures
sedimentary rock samples is 2.96� 10�3, and the increase in γ0 gradually
slows with the increase in the number of immersions, and γ0 increases to
9.54 � 10�3 at 4 immersions, increasing by 6.58 � 10�3. Ev and F0
decrease exponentially with increasing immersion. Themean values of Ev
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and F0 of the coal measures sedimentary rock samples decrease from
3.47 MPa to 30.4–0.57 MPa and 9.72 MPa, respectively, from dry to 4
immersions, with decreases of 83.6 % and 68 %, respectively. The
dissolution and scouring of water increases the internal void space of the
coal measures sedimentary rock, and the softening of the water reduces
the stiffness of the matrix and causes damage to the coal measures
sedimentary rock bearing structure, which in turn reduces the coal
measures sedimentary rock strength. Compared with γ0, Ev and F0, the
pattern of variation in m is not obvious, and the m value varies between
1.1 and 21.69, which is a large dispersion. This is because the model
presented in this paper has the form of segmental functions, andm and F0
are related to the stress and strain thresholds of the void compaction
stage in addition to the peak stress and peak strain (obtained from the
expressions of m and F0 in Eq. (42)), the difference between the peak
stress and the stress threshold of the void compaction stage, and the
difference between the peak strain and the strain threshold of the void
compaction stage will have an effect on m and F0. F0 is related to the
average value of the microelement strength and has a greater effect on
the coal measures sedimentary rock strength than m. m is the degree of
homogeneity and affects the brittle characteristics of the coal measures
sedimentary rock in addition to the coal measures sedimentary rock
strength. Fig. 4 shows that the model presented in this paper poorly
conforms to the post-peak phase of the coal measures sedimentary rock
stress–strain curve and cannot accurately describe the post-peak
stress–strain relationship of the coal measures sedimentary rock, which
cannot accurately reflect the brittle characteristics of the coal measures
sedimentary rock. These reasons complicate the pattern of the variation
in m as a function of the water immersion number.



Fig. 6. Effect of the number of immersions on model parameters. (a) γ0, (b) Ev, (c) m, (d) F0.
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6. Conclusion

The present study presents a comprehensive simulation method for
modeling the nonlinear deformation of coal measures sedimentary rock
under uniaxial compression or low confining pressure, specifically
focusing on the significant void compaction stage. The approach com-
bines linear elasticity and statistical damage theory, while also consid-
ering the influence of water-rock interaction and void deformation
characteristics. The main conclusions of this research are as follows:

(1) Based on the deformation mechanism of voids and matrix in coal
measures sedimentary rock, the deformation and failure process is
divided into two stages: the void compaction stage and the post-
compaction stage. A constitutive model for the entire deforma-
tion and failure process under uniaxial compression is formulated
using a segmented function, which takes into account the influ-
ence of immersion times on the deterioration and damage of coal
measures sedimentary rock.

(2) The model presented in this paper was compared with the test
curves and curves from other models. This model best fits the test
curve before the stress peak, especially during the void compac-
tion stage, and was better suited to the describe of deformation of
nondense water-bearing rocks under uniaxial compression or
triaxial compression under lower confining pressures. The model
could not accurately describe the stress–strain relationship and
brittleness characteristics of the rock sample after peaking.

(3) The strain during the compaction stage of the specimen increases
as the stress increases, leading to a larger γ0. Similarly, a larger Ev
results in a smaller curvature of the model curve. The parameters
m and F0 influence the peak value of the model curve, where a
larger m indicates a greater degree of brittleness of the coal
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measures sedimentary rock. With an increase in the number of
immersions, the model parameters γ0 follow an exponential
function and both Ev and F0 decrease exponentially. However, the
change in parameter m is less clear and exhibits a significant
dispersion.
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