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ABSTRACT: To quantitatively evaluate the changes in reservoir permeability induced by variations in temperature
and pore pressure during the oil and gas exploitation process, this study proposes a novel quantitative evaluation model.
This model innovatively integrates thermoelastic and poroelastic effects to predict the evolution of permeability in
tight reservoirs. The study assumes that rocks undergo only elastic deformation, and the stress—strain relationships
governing pore volume and pore size were derived based on the theory of elasticity for porous media. A capillary
flow model was employed to simulate the fluid flow process, and in combination with the Kozeny-Carman equation, a
quantitative model was developed to describe permeability changes as functions of temperature and pore pressure. To
address the limitations of conventional permeability testing methods, the experimental setup was modified to replicate
actual reservoir temperature and pressure conditions, allowing for simultaneous measurements of rock mechanics and
permeability. The results show that the permeability reduction predicted by the model is in strong agreement with
experimental data, thereby validating the reliability of the proposed model. It is observed that during the oil and gas
exploitation process, a decline in pore pressure leads to a reduction in permeability, whereas a decrease in reservoir
temperature enhances permeability. These two effects tend to offset each other, resulting in a relatively small net change
in permeability, typically within +2%. The proposed model is suitable for quantitatively estimating permeability in tight
rocks with poorly developed fractures under conditions of elastic deformation, and can provide theoretical guidance
for digital oilfield applications and development optimization.

KEYWORDS: Tight reservoir; permeability; coupled temperature and pressure effects; mathematical modeling; core
experiment

1 Introduction

With the advancement of oil and gas exploration and development into deep and unconventional
resources, unconventional hydrocarbon production in China has entered a phase of large-scale development.
Formulating scientifically sound development plans is crucial for increasing reserves and production. How-
ever, ultra-deep reservoirs are generally characterized by high compaction, high temperature and pressure,
and extremely low permeability, making accurate determination of reservoir permeability exceptionally
difficult. There is an urgent need to develop evaluation methods that reflect true geological conditions.

Permeability is a key parameter in reservoir evaluation, development design, and productivity pre-
diction. Among its influencing factors, stress sensitivity—the variation of permeability with changes in
stress conditions-significantly impacts the productivity and recovery efficiency of low-permeability and tight
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reservoirs [1-3]. Early studies have recognized that increased effective stress generally leads to a decline
in permeability [4-6], and permeability-stress models based on exponential or power-law relationships
have been established [7,8]. Recent research further reveals the controlling roles of lithology, fracture
development, and pore structure on stress sensitivity [9-11]. Under deep burial and heterogeneous stress
fields, the influence of stress anisotropy becomes more pronounced [12,13], and a clear correlation between
permeability and in-situ stress has also been identified within strike-slip fault zones [14].

Temperature is another important factor affecting permeability evolution. Studies indicate that within
low-temperature ranges (e.g., 20°C-100°C), increased temperature often leads to decreased permeabil-
ity [15,16]; whereas in high-temperature ranges (>400°C), thermal cracking can significantly enhance
permeability [17,18]. This discrepancy is closely related to rock type, initial permeability, and temperature
range [19,20], reflecting the nonlinear and condition-dependent nature of the temperature-permeability rela-
tionship. High-temperature and high-pressure experiments also confirm that the stress-sensitive behavior of
permeability is significantly controlled by the average pore-throat radius and mineral composition [21,22].

During production, reservoir pore pressure decreases and effective stress increases, inducing elastoplas-
tic deformation of the rock matrix and fractures, thereby altering flow pathways. Simultaneously, changes
in fluid pressure, chemical dissolution, and multi-field coupling effects also influence the dynamic response
of permeability [23-25]. Currently, permeability models are predominantly established based on laboratory
experimental data, deriving empirical or semi-empirical relationships between permeability and effective
stress through fitting [26-28].

However, conventional stress sensitivity experiments exhibit three main limitations:

First, the experimental loading path differs significantly from the actual subsurface stress state.
Experiments typically employ a constant pore pressure with variable confining pressure, whereas in actual
production, pore pressure continuously decreases while in-situ stress remains largely stable [5,29]. Second,
most existing experiments do not systematically consider temperature variations and their coupling effects
with stress [15,21,30]. Third, experiments often struggle to distinguish whether irreversible permeability
reduction stems from plastic deformation or other mechanisms; although it is commonly attributed to
irrecoverable deformation of pore throats, direct microstructural evidence is lacking [3,7,19].

To overcome these limitations, this study, under the assumption that rock deformation is primarily
elastic, derives the stress-strain relationship for pore volume and dimensions based on porous media
elasticity theory. Combined with pipe-flow modeling, a quantitative theoretical model for permeability
variation with temperature and pore pressure is established. Furthermore, by improving experimental
setups and procedures to simulate true reservoir temperature and pressure conditions, synchronized core
mechanical and permeability tests are conducted to validate the reliability of the theoretical model. This work
aims to provide a basis for permeability evaluation and development optimization of deep tight reservoirs.

2 Establishment of Evaluation Model of Reservoir Permeability
2.1 Model Assumptions

The proposed permeability evaluation model is developed under the following assumptions, which are
widely adopted in classical poroelasticity and rock mechanics studies:

(1) Rock deformation is purely elastic and reversible [31]; (2) Fractures are not developed, and the reser-
voir is dominated by pore-type storage space [32]; (3) The reservoir rock is isotropic and homogeneous [33];
(4) External geostatic stresses remain constant during production [31]; (5) Thermal expansion of the rock
skeleton is isotropic [34]; (6) Fluid flow in porous media follows the capillary bundle model, which can be
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described by the Kozeny-Carman equation [35]; (7) Pore volume and bulk volume change proportionally
under elastic deformation, i.e., porosity remains constant [36].

These assumptions provide the theoretical foundation for deriving stress-strain relationships and
permeability evolution equations presented in the following sections.

Based on the assumptions outlined in Section 2.1, we conduct a comprehensive analysis of how these
coupled changes impact permeability. We begin by examining the stress variations in the reservoir both
before and after production. Utilizing elastic theory for porous media, we derive the pore-volume strain.
Through simulations of flow within capillary bundles, we assess the alterations in pore throat dimensions.
Finally, we apply the Kozeny-Carman relation to establish a quantitative model for variations in permeability.

2.2 Stress Variation of Reservoir Rock

Prior to production, temperature and pore pressure remain at their original formation values. During
production, near-wellbore pore pressure and temperature decline significantly, while regions remote from
the well remain close to the original state (Fig. 1).
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Figure 1: Law of formation temperature and pressure change after oil and gas production.

In the near-well region, bottomhole pressure drops sharply. Reservoir fluids flow rapidly towards
the wellbore, producing a pressure drawdown cone; bottomhole pressure becomes much lower than the
initial pore pressure. Temperature also decreases because fluid expansion from high-pressure formation
into the low-pressure wellbore is an endothermic process, causing cooling of the fluid and surrounding
rock. In contrast, pressure declines more slowly in the far field and the temperature remains closer to the
original value.

Before production, the reservoir rock is in an initial static stress equilibrium determined by overburden
and pore pressure. Considering a rock element (Fig. 2a), the initial external stresses are the vertical
overburden and the horizontal maximum and minimum principal stresses, while the internal stress is pore
pressure. After production (Fig. 2b), external stresses are approximately unchanged while pore pressure
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decreases and formation temperature declines; thermal stress components are generated along the directions
of the three principal stresses due to the temperature change.
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Figure 2: Reservoir rock stress state.

2.3 Analysis of Pore-Volume Strain in Reservoir Rock

In the initial state, the effective stresses acting on the rock are defined as [31]:

OeH = OH — ¢opp
Och = Oh — (popp (1)
O¢y = 0, — ¢0Pp

where ey, e, and o, are the effective normal stresses in three orthogonal directions (MPa).
¢, denotes the initial porosity of the rock (%).

Total effective stress is given by:
0.’ = OcH + Och + Oc;, = O + O + 0, — 3¢ Py (2)

Within the elastic regime, changes in bulk rock volume and pore volume are proportional (i.e., they
change by the same factor), as illustrated in Fig. 3. The pore volume changes while porosity may be considered
constant under strictly proportional volumetric deformation [33]. Thus,

b0 = P (3)

where ¢, is porosity after stress change (%).

Pore volume, skeleton volume

Appearance Volume Equal
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Figure 3: Schematic of proportional volumetric change during elastic deformation.
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Assuming external (geostatic) stress is unchanged while pore pressure decreases [33], the total effective

stress becomes

O = Oett + Oeh + Oey = On + O + 0, — 3¢ (pp — APp) (4)
The variation of total effective stress can be obtained from the Eqs. (2) and (4).

Ade = 0. - 0.° =3¢, Ap, (5)

From the elastic theory [33], the pore-volume strain (i.e., pore-volume contraction) is expressed as:

_ AO-e _ 3¢0APP
E/1-2v E/1-2v

&1

(6)

where E is Young’s modulus (MPa) and v is Poisson’s ratio (dimensionless).

If the thermal expansion coefficient of rock is ay (AT > 0) and the temperature decreases AT(AT > 0),
the pore volume strain (pore volume increase) caused by the decrease of temperature is [34]:

& = 30 AT (7)

Considering combined effects of temperature and pore pressure reductions, the total pore-volume strain
is the sum of mechanical and thermal contributions:

o App

e=¢e+&=3
e (Eﬂ—2v

_ aLAT) ®)

2.4 Simulation of Porous Media Seepage by Capillary Beam Flow

In tight reservoirs where fractures are poorly developed and storage space is dominated by pores, pore-
space flow can be represented by a bundle of capillaries. Flow in the porous medium is therefore modeled by
flow through numerous capillaries (Fig. 4). The capillary bundle model simulates flow through the formation
by representing pore throats as a distribution of capillary tubes.
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(a) Capillary bundle flow (b) Porous-media flow
Figure 4: Two seepage modes diagram.

When simulating flow in porous media using capillary bundle flow, it is assumed that the rock contains
no fractures. Initial state: Assume the rock contains # capillaries of length L, with an average capillary radius
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of o, tortuosity of 7, rock porosity of ¢,, and permeability of K,,. After oil and gas production, the capillary
length remains unchanged at r;, the average capillary radius is 7y, tortuosity is e, rock porosity is ¢;, and
permeability is Kj.

The initial and post-production volumes of the capillary bundle are:

Vo = nm’ozLp 9)
Vi= nnrlzLP (10)

where 7 is the number of capillaries and L, their length.

Before and after oil and gas production, the volume relationship of capillary bundle satisfies:
Vi=V,(1-¢) (11)

From Eqs.(9)-(11), it can be obtained that

2
n Vo
4 - °2_(- 12
722 V1 ( 8) ( )

Compared with the size of rock, the elastic deformation of rock is very small, so the tortuosity of capillary

before and after oil and gas recovery is almost unchanged.

It can be approximately considered that:
To R T (13)

Permeability can be calculated using the Kozeny-Carman equation. The Kozeny-Carman equation
expresses the relationship between permeability and porosity and pore size, and its basic form is [35]:

3
P ‘/’—2 (14)
$2(1-¢)
In the formula, k is permeability, mD; ¢ is porosity, %; S is specific surface area, cm*/cm’.

Considering the changes of pore volume strain and capillary size [37], this equation can be extended to
the permeability evaluation model under elastic deformation conditions.

The initial rock permeability is:

boro”
_ 15
87,2 (15)

o
After production, permeability becomes:

2
K, = _‘/;: ! (16)
1

After oil and gas production, the percentage of permeability loss is:

K _K 2 2
S = —>——1 % 100% = 1—ﬂii x 100% 17)
Ko (/)0 7’02 le
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Substituting expressions for pore-volume and pore-radius changes derived from stress and thermal
strains (see Eqs. (3), (8), (14) and (15) in the original manuscript), we obtain a closed-form expression
(Eq.(18)) for permeability as a function of pore pressure and temperature changes.

oA
Sk=3 PolPp a AT | x 100% (18)
E/1-2v

Eq. (18) represents a novel contribution of this study, integrating thermal strain (Eq. (8)) and mechanical
strain (Eq. (6)) into a unified permeability model based on the Kozeny-Carman formulation. This is an
analytical expression that simultaneously accounts for both temperature and pressure effects on permeability
under elastic deformation assumptions in tight, unfractured reservoirs. From the Eq. (18), it is clear that
two competing mechanisms govern permeability change during production. First, pore-pressure reduction
causes rock compaction and pore-volume decrease, reducing permeability because the support provided
by pore fluid pressure weakens and the rock framework compresses under unchanged external stresses,
narrowing pore throats. Second, formation cooling induces thermal contraction of the rock skeleton,
which may increase pore volume and thus permeability by slightly enlarging flow pathways. Therefore,
the net permeability change results from a dynamic balance between pressure-induced compaction and
temperature-induced contraction (which in this context tends to increase pore volume).

2.5 Sensitivity Analysis of the Permeability Model

Using Eq. (18) and keeping other parameters fixed, we analyze the sensitivity of permeability to pore-
pressure reduction, Young’s modulus, temperature change, thermal expansion coefficient, Poisson’s ratio, and
porosity. The baseline parameter values used were: ¢, = 15%, E = 10,000 MPa, v = 0.25, a;, = 5 x 107> C 1,
APp =25 MPa, AT = 25°C. Results are summarized in Fig. 5.

Fig. 5a illustrates that permeability loss increases approximately linearly with a reduction in pore
pressure. This phenomenon occurs because decreased pore pressure reduces internal support and compresses
pore volume, resulting in lowered permeability. Fig. 5b shows that permeability loss initially decreases
sharply as Young’s modulus increases, and then levels off. In stiffer rocks (with higher Young’s modulus),
permeability is less sensitive to changes in pore pressure. Fig. 5¢ indicates that an increase in the thermal
expansion coefficient leads to a negative trend in permeability loss, meaning greater thermal expansion
results in increased permeability under an imposed temperature drop. This is because larger thermal
contraction of the rock skeleton expands pore volume. Fig. 5d demonstrates that a decrease in reservoir
temperature generally correlates with a negative linear trend in permeability loss, indicating that permeability
tends to increase as temperature falls. This observation is consistent with the thermal contraction mechanism
described earlier. Fig. 5¢ reveals that an increase in Poisson’s ratio tends to raise permeability loss in an
approximately linear fashion. Materials with a higher Poisson’s ratio deform more easily under stress changes,
leading to greater reductions in pore volume. Finally, Fig. 5f shows that permeability loss increases linearly
with porosity. Higher porosity implies larger absolute pore volumes, which can be more significantly reduced
under the same stress decrement, resulting in larger relative losses in permeability.

Overall, when evaluating the parameter ranges under consideration, it becomes evident that the com-
bined effects of typical fluctuations in temperature and pore pressure on permeability are relatively modest.
Specifically, these variations generally fall within a range of £2%. Although alterations in temperature and
pressure do impact permeability to some extent, the overall net change remains limited and manageable.
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Figure 5: Analysis of factors affecting permeability. (a) Effect of pore pressure reduction on permeability. (b) Effect
of Young’s modulus on permeability. (c) Effect of coefficient of thermal expansion on permeability. (d) Effect of
reduced formation temperature on permeability. (e) Effect of Poisson’s ratio on permeability. (f) Effect of porosity on
permeability.

3 Experimental Validation

To validate the quantitative permeability model, core permeability tests were conducted under con-
trolled temperature and pressure conditions that emulate reservoir changes.

3.1 Experimental Apparatus

A HPHT (high-pressure and high-temperature) rock physics and mechanics testing system was used.
The system includes a HPHT chamber, confining and axial stress control, pore-pressure control, a stress—

strain monitoring system, permeability measurement apparatus, and computerized control (Fig. 6).

The HPHT chamber can simulate the extreme conditions found deep within formations, allowing
experiments to be conducted under high-temperature and high-pressure conditions similar to actual
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reservoir environments. The HPHT system operates at up to 120 MPa confining pressure and 150°C, with
pressure accuracy of +0.1 MPa and temperature accuracy of +0.5°C.

Hydraulic
oil supply

i
Jﬁ

=8

Axial load
control system

——

Confining pressure
control system

:@ Fluid injection

(a) Instrument physical map (b) Instrument system composition

Figure 6: HPHT rock physics and mechanics testing system.

The stress-strain testing system is used to measure the stress-strain characteristics of rocks under
different pressure conditions, with high-precision sensors providing real-time monitoring of changes in
stress and strain. The wave velocity testing system measures the velocities of P-waves and S-waves in
rocks, which is crucial for assessing the elastic modulus and other mechanical properties of the rock. The
acoustic emission testing system captures acoustic emission signals generated by rocks during pressure
changes, allowing for the analysis of microcrack development and fracture mechanisms within the rock.
The permeability testing system is one of the core components of this equipment, capable of measuring the
permeability of rocks under HPHT conditions. With a flow accuracy of £2%, the system ensures the accuracy
and reliability of permeability measurements.

The computer-based control system integrates the above subsystems, managing them through an
advanced software control platform that enables full automation of the experimental process and data
acquisition. This system not only precisely controls experimental conditions but also records and analyzes
experimental data in real time, improving experimental efficiency and data reliability.

The HPHT rock physics and mechanics testing system allows for the testing of rock permeability
under simulated real reservoir conditions, providing high-precision experimental data and strong technical
support for the study of reservoir physical and mechanical properties. The system is capable of conducting
permeability tests under reservoir temperature and pressure conditions.

3.2 Experimental Samples

To investigate mechanical and flow properties of tight reservoir rocks under different stress and
permeability conditions, full-diameter cores were collected from four representative tight reservoirs in
Xinjiang, China: tight mudstone from the Anjihaihe Formation in the Hutubi anticline; shale oil from
the Lucaogou Formation in the Jimusar Depression; Carboniferous tuffaceous (pyroclastic) rocks from the
Karamay field; and Triassic Middle Oil Formation tight sandstones from the Tarim Basin (Tahe field). These
cores represent a diversity of lithologies typical of tight reservoirs (Fig. 7).
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Figure 7: Four typical tight reservoir core samples: (a) Tight Mudstone of Anjihaihe Formation in Hutubi Anticline;
(b) Luchaogou Formation, Jimusar Depression; (c) Carboniferous Formation of Karamay; (d) Triassic Middle Oil
Formation.

3.3 Experimental Procedure
(1) Core selection and standard sample preparation

From each full-diameter core, sections with less than 30 cm variation in depth were chosen to ensure
homogeneity. Three standard samples (®25 mm x 50 mm cylinders) were drilled from each core to ensure
sample consistency, minimize individual variability, and improve data repeatability.

(2) CT screening for defects

Prior to specimen preparation, longitudinal and cross-section CT scans were performed on the full
cores to detect microcracks or defects that could affect experimental outcomes (Fig. 8).

10mm

Figure 8: CT inspection for core defects.
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(3) Preparation of multi-layer samples and documentation

A total of 12 standard samples were prepared from the four lithologies (tight mudstone/silty,
shale/tuffaceous, rock/muddy, fine sandstone). All samples were machined to strict dimensional standards
to ensure experimental consistency (Fig. 7).
(4) Assignment of test tasks

Two samples from each lithology group were assigned to full stress—strain mechanical tests to determine
elastic limits, peak strength, and failure characteristics. The third specimen of each group was used for
permeability testing under controlled pore pressure and temperature. Tests were conducted under simulated
reservoir temperature and pressure conditions.
(5) Integrated testing and data acquisition

Mechanical and permeability tests were performed to obtain dynamic parameters of the different tight
reservoir types under coupled temperature—pressure conditions.

3.4 Experimental Results

A comprehensive stress-strain test was performed on 1#, 2#, 4#, 5#, 7#, 8 #, 10# and 11# samples. The test
results are shown in Table 1 and Fig. 9. Due to the narrow drilling depth range of these samples, samples from
the same full-diameter core show highly consistent mechanical properties. The stress-strain curves of these
samples show similar elastic limit, yield strength and peak stress, indicating that the mechanical properties
of the rock within the selected depth range change little.

Table 1: Mechanical test results of core samples.

Depth of Specimen Pressurization  Poisson’s Young’s Compressive  Elastic
Source of Core Sample (m) Lithology Npumber (MPa) Ratio Modulus Strength Limit
P (MPa) (MPa) (MPa)
Tight Mudstone of H #
g . ( 3701.62~3701.94 Tight 1 5 0.222 18,715 181.1 126.5
Anjihaihe Formation mudstone 2# 5 0.232 19,017 183.5 127.9
in Hutubi Anticline
Luchaogou . 4# 0.222 18,535 172.5 121.4
Formation, Jimusar 3035.74~3035.94 Sllty shale 54 5 0.219 18,895 1743 122.6
Depression
Carboniferous 370162370194 Tuff 7# s 0.242 15,534 152.9 100.3
Formation of ’ : 8# 0.244 15,592 154.7 100.9
Karamay
Triassic Middle Oil Mudd
. 4247 80~4248.06 y 10# 5 0.238 19,238 188.7 137.5
Formation, Tahe fine 11# 5 0.235 19,275 185.3 132.4
Oilfield sandstone

During the test, each sample experienced a gradual increase in confining pressure and axial pressure
until it was damaged or reached the maximum stress level. By analyzing the stress-strain curve, the key
mechanical properties of each sample were obtained. In addition, the similarity of the mechanical properties
between the samples further verifies the effectiveness of the experimental design, indicating that the samples
selected from the depth with the smallest change can effectively represent the mechanical properties of the
entire core.



12 Energy Eng. 2026;123(11):8

— -
(=) e
< <
T

— —
=2y %
= =3
T

—
'
<
T
—_
'S
=
T

Fiof Fuof
s s
% 100 | Z 100 |
k4 £
s sof Z s}
— =4
< o—
% 60l Z 60l
40 40
20 F 20
0 1 1 1 'l 0 L 1 X 1 1
3 22 -1 0 1 2 3 -3 -2 -1 0 1 2 3
axial strain(%) axial strain(%)
(a) 1# Test samples (b) 4# Test samples
180 180
160 | 160 |
140 - 140 |
E 120 | Elzo L
20} 100l
g 3
3 st E sl
E =
% 60 F = 60 |
40 F 40 |
20 F 20f
0 1 1 1 1 0 1 1 1 1
3 2 -1 0 1 2 3 3 2 -1 0 1 2 3
axial strain(%) axial strain(%)
(c) 7# Test samples (d) 10# Test samples

Figure 9: Stress-strain test results of core samples.

3.5 Experimental Uncertainty Analysis

To ensure data reliability, measurement uncertainties were systematically evaluated following the
ISO/IEC Guide. Standard uncertainties for directly measured parameters were determined as follows:

(1)  Pressure transducers (accuracy +0.1 MPa) contributed u, = 0.058 MPa.

(2) Thermocouples (accuracy +0.5°C) gave ur = 0.29°C.

(3) Caliper measurements (accuracy +£0.02 mm) yielded u; = 0.0115 mm.

(4) Permeability repeatability, assessed via three repeated measurements on each sample, showed a relative
standard uncertainty of approximately 0.6%.

The combined standard uncertainty of permeability loss Sy was calculated using error propagation.

u(y) =/ X (3f9xi) 2 (x:) (19)

where u,(y) is the combined standard uncertainty of the output quantity y, f is the functional relationship
between y and the input quantities x;, and u(x; ) are the standard uncertainties of the inputs.

For a representative case (Sample 3#), ug, ~ 0.6%; with a coverage factor k = 2, the expanded uncertainty
was us, = 1.2% (95% confidence). Similar analyses for all samples yielded combined uncertainties between
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0.5% and 1.5%. Mechanical parameters (Young’s modulus, Poisson’s ratio) derived from stress-strain fitting
exhibited relative uncertainties below 1.0%, exerting negligible influence on permeability predictions.

All deviations between model predictions and experimental measurements fall within the eval-
uated uncertainty ranges, confirming model validity. Moreover, the core conclusion that permeability
variations remain within +2% holds at a confidence level exceeding 95%, ensured the reliability of the
experimental results.

3.6 Comparison between Experimental and Theoretical Results

Permeability tests were conducted on samples 3, 6, 9, and 12 by maintaining fixed confining and axial
stresses while varying internal pore pressure and temperature (see Tables 2 and 3). For these tests, confining
and axial stresses of 65, 80, 90, and 100 MPa respectively were applied to samples 3, 6, 9, and 12-values
close to the in-situ mean geostatic stress. Initial pore pressures and temperatures approximate the reservoir’s
original conditions. By reducing pore pressure and temperature during tests, permeability was measured and
compared with the initial state to compute permeability loss.

Table 2: Core permeability test results (samples 3# & 6#).

Specimen 3#/Anjihaihe Formation 6#/Lucaogou Formation
Number/Source (Tight Mudstone) (Silty Shale)

Internal pressure (MPa) 40 30 20 35 20 5
Temperature (°C) 80 100 110 80 80 50
Permeability (mD) 0.0334 0.0335 0.00333 0.08620 0.0861 0.0854

Si measured value (%) Initial state 0.3512 —-0.3943 Initial state 0.4710 —-0.4231

Sk calculated value (%) 0.3675 -0.4017 0.4888 —0.4452

Table 3: Core permeability test results (samples 9# & 12#).

12#/Triassic Middle Oil
9#/Carboniferous Formation /Triassic Middle Oi

Specimen Number/Source (Tuff) Formation (Muddy Fine
Sandstone)

Internal pressure (MPa) 45 45 15 50 50 35
Temperature (°C) 100 80 80 110 80 80
Permeability (mD) 3.2370 3.2244 3.2435 55.6590 55.272 55.547

Sk measured value (%) Initial state -0.3904 -0.2101 Initial state -0.7156 -0.2042

Sk calculated value (%) —-0.4056 -0.2140 —-0.7420 -0.2060

Prior to permeability testing, the mechanical properties of the samples were analyzed in detail (Table 2).
Results indicate that the confining and axial stresses applied during permeability tests were below the elastic
limits of samples 3, 6, 9, and 12. Thus, the samples experienced elastic deformation only during permeability
testing, and observed permeability changes can be analyzed using elastic porous-media theory.

According to the elastic theory of porous media, we use Eq. (18) to calculate the expected permeability
loss. Then the calculated results are compared with the measured permeability values obtained in the
experiment. Tables 2 and 3 shows the detailed comparison between the experimental measured permeability
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loss values and the model calculated values under all eight experimental conditions (covering four lithol-

ogy). is the scatter plot of the error percentage between the permeability loss calculated by the model
and the permeability loss measured by the experiment under eight different experimental conditions. As
shown in , the relative errors for the eight experimental groups are: 4.64%, 1.88%, 3.78%, 5.22%, 3.89%,

1.86%, 3.69%, and 0.88%. Statistical analysis of these validation results reveals:

(1)  Error range: 0.88% to 5.22%, with all errors below 5.5%
(2) Mean absolute error: 3.23%

(3) Median error: 3.74%

(4) Standard deviation: 1.44%

These results demonstrate that the model predictions closely match experimental measurements, with
an average deviation of only 3.23% and a maximum deviation within 5.5%. The low error values across
all eight test conditions confirm the model’s reliability in predicting permeability evolution under coupled
temperature and pressure effects. The random distribution of errors indicates no systematic bias in the model.

6%
5%
4% .
3%

2% . .

1% L 2

Calculation error of permeability loss

0%

0 1 2 3 4 5 6 7 8 9
Experment point

Figure 10: The error scatter plot between calculated value of model and experimental measured value.

This strong correlation shows that the model effectively characterizes the complex interaction between
rock pressure, temperature and permeability, and verifies the validity of the model.

3.7 Comparative Analysis with Existing Models

The existing permeability models can be divided into three categories: (1) empirical fitting model, which
establishes the exponential or power-law relationship between permeability and effective stress through
experimental data; (2) Based on the theoretical model of pore elasticity, the influence of stress change on
pore throat size is considered; (3) The numerical model considering multi-field coupling can simulate the
permeability evolution under complex conditions.

However, most of the existing models only consider the stress sensitivity effect, and the analytical
models considering the coupling effect of temperature and pressure are rarely reported. Through , we
summarize the comparison results between this model and several other representative models.
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Table 4: Summarizes the comparison between the proposed model and several representative models.

Factors Comparison with this
Model T R h
odel Hype esearchers Considered Model
Empirical E ial ideri ly,
mpirica xgonenha David et al. (1994) Effective stress Cons1der'1ng stress only,
Model [38] lacks physical mechanism
. Does not consider
Poroelastic Model [31] Geertsma (1957) Pore pressure
temperature effects
Stress Sensitivity Yan et al. (2021) Effective stress, Considering stress but not
Model [39] water film temperature
This Model Hu Yang (2026) Pore pressure + Coupling temperature and
Temperature pressure effects

Compared with existing models, the innovations and advantages of this study are reflected in the
following aspects:

(1) Coupling temperature and pressure effects: While most existing models only consider stress sensitivity,
the proposed model simultaneously quantifies both the compaction effect caused by pore pressure
reduction and the thermal contraction effect caused by temperature decrease, enabling prediction of
bidirectional permeability changes (increase or decrease).

(2) Concise and practical analytical expression: Eq. (18) is a closed-form analytical expression with
high computational efficiency, making it easy to integrate into reservoir simulators and suitable for
engineering applications.

(3) Comprehensive validation: Systematic validation based on four lithologies and 12 experimental condi-
tions shows that the mean absolute error between model predictions and experimental measurements
is 3.23%, with the maximum error within 5.5%, demonstrating superior validation accuracy compared
to similar models.

The systematic comparison with existing models reveals that the proposed model exhibits signifi-
cant advantages in comprehensiveness of considered factors (first coupling of temperature and pressure
effects), clarity of physical mechanisms (based on poroelastic and thermoelastic theory), and prediction
accuracy (experimental validation error <5.5%). These advantages provide a solid theoretical foundation and
experimental support for the application of this model in tight reservoir development.

4 Field Application

After validating the theoretical model with laboratory core tests, the model was applied to Well X in the
Jimusar oilfield, Junggar Basin, to evaluate reservoir permeability evolution over a 5-year production period.

Available data show that Well X has an initial pore pressure of 32 MPa, formation temperature of 88.5°C,
and average reservoir permeability of 0.085 mD. Its comprehensive logging curve is shown in Fig. 11. Using
field monitoring data, the reservoir pore pressure and temperature evolution over 5 years were extracted
(Fig. 12¢). Additionally, production data were analyzed by decline-curve methods and pressure-drawdown
inversion to infer the relative permeability trend of the reservoir. The model was used to compute theoretical
permeability evolution over 5 years and compared with production-derived permeability estimates; results
are presented in Fig. 12a,b.
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(a) Permeability Variation Over Time (Theoretical vs. Actual Comparison)
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Figure 12: (Continued)
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Figure 12: Permeability variation and temperature-pressure coupling effect in the shale oil reservoir of the lucaogou
formation, Jimusar. (a) permeability variation over time (Theoretical vs. Actual Comparison); (b) relative deviation
between theoretical and actual permeability; (c) pore pressure and temperature variations; (d) contribution of
temperature-pressure coupling to permeability.

Fig. 12a shows the dynamic permeability variation of Well X over five years. The theoretical curve from
the model matches the production-inferred permeability trend closely, validating the model’s field applica-
bility. Fig. 12b indicates that the relative deviation between predicted and measured permeability remains
within +2% and fluctuates little, demonstrating good predictive accuracy and stability for tight reservoirs.

As discussed above, permeability evolution results from competing temperature and pressure
effects. Fig. 12c shows that temperature changes occur slowly, whereas pressure declines follow a rapid-then-
slow trend consistent with production physics. Fig. 12d illustrates the mechanisms:

(I) Pressure effect: pressure decline increases effective stress, compresses the rock framework, narrows
pore throats, and reduces permeability.

(2) Temperature effect: temperature decline induces thermal contraction of the rock skeleton, enlarges
pore space slightly, and tends to improve flow pathways, increasing permeability.

These opposing effects are of similar magnitude and thus partially cancel, creating a dynamic
equilibrium that limits net permeability change.

5 Conclusions

This study proposes a quantitative permeability evaluation model that concurrently accounts for tem-
perature and pore-pressure changes. The model’s validity and feasibility were confirmed through systematic
laboratory experiments and a field application. The study integrates theoretical modeling, experimental
verification, and field practice to provide a comprehensive understanding of permeability evolution from
static parameters to dynamic behavior. The main findings are:

(1) Reservoir permeability during production is jointly influenced by pore-pressure reduction, porosity,
Young’s modulus, Poisson’s ratio, thermal expansion coefficient, and temperature decline. Because tem-
perature and pore-pressure changes exert opposite effects on permeability, their combined influence
typically limits net permeability variation to within +2%.

(2) Pore-pressure decline increases effective stress, compresses pore volume, and reduces permeabil-
ity; conversely, formation cooling causes skeletal contraction that can increase pore volume and
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raise permeability. These two mechanisms counterbalance during production, producing a dynamic
equilibrium.

(3) 'The modelis applicable to tight reservoirs with undeveloped fractures and where deformation remains
within elastic limits (effective stress below yield strength). For fractured formations or reservoirs
undergoing plastic deformation, creep, or chemical diagenesis, model predictions require calibration
or extension. Therefore, calibration and adjustment are necessary prior to broader application.

(4) The understanding of this study can provide technical support for the digital construction of the
oilfield, and provide scientific basis and practical guidance for the efficient development of tight
oil and gas reservoirs. Its potential applications include: (a) production forecasting under depletion
drive; (b) integration into reservoir simulation workflows; (c) digital oilfield development for real-time
permeability monitoring.

(5) Based on this study, in the future we will conduct the following further research: (a) extending the
model to account for plastic deformation and fracture networks in naturally fractured reservoirs; (b)
incorporating multi-field coupling effects, including chemical dissolution and creep under prolonged
production; (c) conducting more realistic experimental validation under cyclic loading, true triaxial
stress conditions, and higher temperature-pressure ranges; (d) developing a user-friendly software
module for real-time permeability prediction and integration into digital oilfield platforms.
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