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ABSTRACT

The sensitivity of petrophysical parameters such as porosity and permeability to stress conditions is
critical in unconventional reservoir management. Calculation of these dependencies on stress condi-
tions that arise during oil and gas production operations remains a challenge, and despite its impor-
tance, is still poorly understood. This study focuses on the quantification of stress-dependent porosity
and permeability evolution based on pore size distributions, and validation of the proposed model. To
better understand the pore structure dynamic evolution and link it to rock properties, i.e. pore type,
shape, and mineral composition, two tight sandstone and two shale rock samples were characterized.
First, samples were assessed via Field Emission-Scanning Electron Microscopy (FE-SEM). Then, porosity
and permeability were measured at different confining pressures. As proxy for the pore structure, the
pore-size distribution (PSD) was determined via interpretation of the nuclear magnetic resonance
(NMR) T» distribution. Results show that porosity and permeability decrease as the effective stress is
increased, as anticipated. The detailed analysis shows that this dependence is dominated by the per-
centage of clay and organic matter, and the initial microstructure. Here, we proposed a connection
between rock microstructure and petrophysical properties that relies on PSD, which in turn connects
the T, distributions to stress-dependent porosity and permeability. The proposed stress sensitivity
model that accounts for changes in PSD agrees well with the experimental data, better than predictions
using other models. Our findings contribute to the understanding of dynamic rock petrophysical evo-
lution and the response to the pore/fracture deformation with the adjustment of stress in subsurface
activities.
© 2025 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-
nd/4.0/).

1. Introduction

et al., 2021; Wang et al., 2023a), oil/gas development (Schmatz
et al., 2015; Fraser-Harris et al., 2020; Yang et al., 2020), gas stor-

Rock deformation and porosity/permeability stress sensitivity
are exemplified by subsurface activities such as radioactive waste
disposal (Mahjoub and Rouabhi, 2018), CO, sequestration (Liu
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age (Deng et al., 2023; Wang et al., 2023b) and reservoir evolution,
e.g. tectonism and diagenesis (Wang, 2020; Li et al., 2021). During
oil and gas reservoirs depletion, formation pressure declines due
to fluid extraction, compression of the pore and/or fracture sys-
tems leads to a decrease in porosity and permeability. In uncon-
ventional reservoirs, i.e. tight sandstone and shale reservoirs, rock
deformation that arises from production of oil and gas is more
notable when compared to what is seen in their conventional
counterpart. The main reason is that these less performing rocks
exhibit poorer diffusion and multiphase flow (Gala and Sharma,
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2018; Teklu and Li, 2018). Therefore, the influence of stress on rock
petrophysical properties must be understood to accurately predict
fluid flow or production profiles.

The deformation of pore structures is the direct response to
changes of effective stress. Previous studies have captured the
changes in fracture residual width, pore morphology, and pore size
using simulation and experiments. Due to the low mechanical
stability, a micro-fracture is easier to close (Zhao et al., 2022).
Results of 3D simulations of fracture closure shows that small
features on the fracture surface contact first, followed by defor-
mation. With the decrease of residual width and the increase of
support area, fluid flow resistance increases gradually (Lu et al.,
2022). For pore bodies or throats between matrix grains, as
derived from digital rock analysis, the slippage, realignment,
rotation and deformation of matrix grains alter the pore
morphology and the pore size decreases, which tends to increase
the resistance to flow (Balushi and Taleghani, 2022). Yang et al.
(2020) observed morphological changes of fractures and vugs in
carbonate using X-Ray computed tomography and indicated that
pore throat parameters changed. Low-filed nuclear magnetic
resonance (LF-NMR) is advantageous to studying changes in pore-
size distribution (PSD), porosity and permeability (Zhao et al.,
2023). Li et al. (2013), Chen et al. (2022) and Wang et al. (2024)
used NMR to quantitatively investigate the degree of deformation
for different size pores in coal, shale and sandstone samples. In
addition, Xie et al. (2024) investigated T, spectra evolution char-
acteristics of the different structural layers by stratified NMR
technology. However, quantitative evaluation of pore structures
and their influence on the rock properties for unconventional
reservoir rocks, notably heterogeneous, poses a significant
challenge.

For conventional reservoir rocks, the loss rate of porosity and
permeability could be in the range of 10%-20% (Dong et al., 2010).
In contrast, unconventional reservoirs exhibit higher porosity and
permeability sensitivity to the increasing net stress upon fluid
withdrawal. Moreover, the reported permeability of shale at high
confining pressure could be two to three orders of magnitude
lower than that at lower confining pressure (Athma et al., 2021;
Zhao et al.,, 2022). Many empirical and theoretical relationships
have been proposed, e.g. exponential, logarithmic, polynomial and
power law models (Jones, 1975; McKee et al., 1988; David et al.,
1994; Dong et al., 2010). For unconventional reservoirs, an expo-
nential model has been widely employed to fit experimental data
and thereby estimate the influence of stress sensitivity on oil re-
covery (Gala and Sharma, 2018; Wang et al., 2023c). Despite efforts
to connect pore structure stress sensitivity to porosity and
permeability, more work is needed.

Previous studies have shown that porosity and permeability are
controlled by microscopic pore structures (Kenyon, 1992; Lai et al.,
2016). Many permeability models rely on parameters such as
porosity, surface area of the intergranular spaces (Kozeny, 1927;
Carman, 1937), pore throat parameters derived from capillary
pressure data (Rezaee et al, 2012), and tortuosity (Berg, 2014).
Among them, the Kozeny-Carman equation has been widely used
for permeability prediction of soils and clastic sedimentary rocks
(Okazaki et al., 2014; Ren et al., 2016). However, those models were
based on experimental results at ambient condition, while their
suitability for the porosity/permeability stress sensitivity, espe-
cially for unconventional reservoir rocks, has not been evaluated
thoroughly. Rare studies focus the quantification of stress-
dependent porosity and permeability evolution based on pore
size distributions. Gao et al. (2019) firstly evaluated the evolution
of permeability using the Schlumberger-Doll-Research (SDR)
model with the empirical constants found in previous work. For
the SDR model, accurate predictions rely on the determination of
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empirical constants, which means that predictions are uncertain
when constants without calibration are used for other uncon-
ventional reservoirs. Therefore, to eliminate the effect of rock-
dependent empirical constants, new stress sensitivity models are
proposed in this study based on K-C equation, McKee model and
NMR results.

To evaluate the sought connection between stress conditions
and petrophysical properties, NMR was used as proxy for PSD. In
this order, Field Emission-Scanning Electron Microscopy is used to
assess pore structure and mineral composition of two shale and
tight sandstone sections. Then, porosity and permeability were
measured at various effective stresses. Changes in pore structure
and NMR T distributions were examined. Finally, novel porosity
and permeability stress sensitivity models considering PSD
changes were proposed. Findings here will contribute to
improving oil and gas production of unconventional reservoirs.

2. Theory

McKee's model has been widely used for various rock types
(e.g., coal, granite, sandstone and clay). McKee et al. (1988)
assumed that solid grains are incompressible and changes in
porosity are caused by void space compression, which is assumed
to depend exclusively on effective stress (Acs). In addition, McKee
incorporated the compressibility coefficient (Cp) into his models.
Porosity (¢) can be written as:

b _
o 1—¢o(1—e Gao)

e—GAo

(1)

where ¢, is porosity at the initial stress, MPa; Cp, is the average
porosity compressibility, MPa~!. Based on the Kozeny-Carman
equation (Zhang et al., 2018) and Eq. (1), permeability (k) can be
written as:

k ef3cpAo'

e N (= (2)

where kg is the permeability at the initial stress, mD. The porosity
compressibility (Cp) in Egs. (1) and (2) is expressed as (David et al.,
1994):

1dg

4 do (3)

G =

In the Kozeny capillary model, the expression of porosity is defined
as (Tiab and Donaldson, 2015):

¢ = nar? (4)

where n is the pore number per unit cross-sectional area, and r is
the pore radius. Combining Egs. (3) and (4), C, can be derived as
(Zhang et al., 2018):

2dr
r de
For water-saturated rock samples, three independent relaxa-

tion mechanisms exist for T,: bulk relaxation time (T,g), diffusive
relaxation time (T,p), and surface relaxation time (Ts):

1r_1 1 1
T, T Tp Tos

Cp (5)

(6)

For water-saturated rock samples, Tog and T,p are much larger
than T,s in the fast-diffusion regime. In the limit where T, is
dominated by surface relaxation, To5 can be approximated as:
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1 1 S
E~E2p2<‘7> (7)

where p, is the surface relaxation rate, pm/ms; S/V is the surface
volume ratio, pm~. As the ratio S/V is proportional to pore size, T,
distribution can reflect the pore-size distribution.

In Eq. (5), Gp is converted to a parameter related to the pore
diameter of the rock samples. As pore number (n) is eliminated by
cancellation, pore radius (r) actually represents the average pore

diameter. The geometric mean of T» (Tg‘gm), which also represents
the average pore size of the sample, is defined by (Kleinberg, 1996):

S [P In(Ty)]

m
2gm*e

where Ty; is i-th T, component, ms, and P; is spectral amplitude of
T»;. On this basis, pore radius (r) in Eq. (5) is replaced with Tg&m:

(Ac) — TO

Tm
2 2gm (9)

2gm
(Ao) Ac

where T3, (Ao) is the T3, value at the current effective stress,

and T;?;’r?l is the T35, value at the initial effective stress. It is worth
Table 1
Petrophysical parameters of sandstone and shale tested samples.
Sample Length, Diameter, Gas Gas
type mm mm porosity, % permeability,
mD
Sandstone SD-1 26.31 25.08 16.21 6.61
SD-2 26.43 25.21 13.34 2.52
Shale SH-1 26.10 25.76 2.80 0.0038
SH-2 25.92 25.20 7.20 0.0004
Table 2

Table of the multiple measurements of porosity and permeability of the SH-1
sample.

Physical properties Confining pressure, MPa Multiple measurement

1st 2nd 3rd

Porosity, % 0.5 2.78 2.81 2.81
2.0 2.58 2.62 2.61

5.0 240 243 243

Permeability, 107> mD 0.5 3.73 3.82 3.84
2.0 3.05 3.12 2.75

5.0 3.84 3.12 2.69

Placed in a vacuum and
saturated with distilled water

—

Confining pressure control pump
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noting that Tg‘gm only represents the relative size of the pores of

different samples. Further conversion is required to obtain a true
average pore radius. However, conversion factor can be eliminated
by cancellation in Eq. (9). Here, the new stress sensitivity models
couple the McKee's model and the PSD (NMR) T, by combining Eq.
(9), and Egs. (1) and (2):

T (Ac)— T;“g-g
& o Thn(A0)
(]To =
T o (A0)—Tpo (10)
1—gp|1-¢ Tam@d
3 (A0)—Tod
6 ng( 6) 2gm
k e T;"gm(Ao')
k_o =
[T (80)-T30 (11)
1—¢o|1—e Dm(a0

The sensitivity of porosity and permeability to stress conditions
is one of the core issues in reservoir development and management.
By quantifying the stress-dependent evolutionary laws of porosity
and permeability based on pore size distributions, the new model
provides a reliable tool for understanding the dynamic changes in
reservoir petrophysical properties with respect to stress. The model
is not only applicable to laboratory NMR evaluations, but also offers
a new direction for the subsequent calculation of petrophysical
parameters in complex lithology reservoirs using NMR logging data.
This facilitates the extension of laboratory research findings to field
logging analysis, providing more accurate technical support for
reservoir evaluation in oil and gas field development and thus
holding significant practical application value.

3. Materials and experimental methods
3.1. Materials

Four core samples, i.e. two shale samples and two tight sand-
stone samples, were selected from the Longmaxi Formation in the
Sichuan Basin and the Yanchang Formation in the Ordos Basin,
respectively. Core plugs, approximately 26 mm in length and
25 mm in diameter, were drilled parallel to the bed. Table 1 shows
the petrophysical parameters.

Core holder

Magnet !
S N p
E Vacuum pump
Core I
E Signal acquisition
] device
S N 5

Fig. 1. NMR experimental instrument and experimental procedure.
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(a) 200 (b) 079
1st measurement
——=—— 2nd measurement
3rd measurement
150
0.78 -
o 0.777 0.777
©
=] £
%_ 100 A &
S
<
0.77 A
50 4
0 T T T T 0.76 -
1072 10" 100 10! 10? 10° 1st 2nd 3rd
T,, ms Measurement number
Fig. 2. (a) T, spectra by continuously measured. (b) Calculated Tygm.
3.2. Field Emission-Scanning Electron Microscopy from core plugs ends for imaging analysis using the FE-SEM sys-
tem (Quanta250 FEG). The shale sections were polished using
To investigate the pore-fracture system and mineral composi- sandpaper of different grades, followed by argon-ion polishing to

tion, four thin sections (8 mm x 8 mm x 2 mm) were trimmed create a smooth surface for high-resolution observations. In

Fig. 3. (a) SD-1 sample SEM image; (b) SD-1 sample magnified SEM image. Inter-pores constitute the primary pore system; (c) SD-2 sample SEM; (d) SD-2 sample magnified SEM
image. A higher concentration of clay is present in the inter-pores.
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Fig. 4. (a)-(b) SEM image of the SH-1 sample. Many micro-fractures and micro-channels were found. (¢)-(d) SEM image of the SH-2 sample. OM substantially contributes to the

total porosity. The fracture is partly filled by clay.

contrast, the sandstone sections were observed directly without
polishing.

3.3. Porosity and permeability experiment

For low permeability, the pressure pulse-decay technique was
used (Brace et al., 1968) with helium (99.9%). Gas permeability k
(in mD) is calculated as:

—51 l‘gLfZ
1 1

f1APq (V_l + V_2>

where s; is the curve slope of the In(PD) versus time, s '; Hg 1S gas
viscosity, Pa-s, L is the sample length, cm; f; is the actual gas de-
viation value from ideal gas behavior; f; is the flow calibration
factor; A is the cross-sectional area, cm?; P, is the mean pressure
between upstream and downstream sides, Pa; V; and V, are the

upstream and downstream reservoir volumes, cm>.

k= x 0.98 x 1011

(12)
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The gas permeability of tight sandstone was measured using
the steady-state flow method with nitrogen gas (99.9%)
(Scheidegger, 1957). The permeability k (in mD) is calculated as:

20gy15LPo

x 102
A((P1 +Po)* = (P +Po)* )

k=

(13)

where qg is the gas flow rate, mL/s; P; is the upstream pressure,
MPa; P, is the downstream pressure, MPa; and Py is the atmo-
spheric pressure, MPa.

The experimental procedures and precautions are as follows:
Porosity and permeability were measured while the confining
pressure was gradually increased step by step (0.5, 2.0, 5.0, 7.0,
10.0, 15.0, 20.0, and 30.0 MPa). At constant pore pressure, the
confining pressure can be directly regarded as the effective stress.
Each measurement was taken after stabilizing pressure for a
minimum of 30 min. Physical properties were all measured three
times under each pressure point. Taking SH-1 sample as an
example, the porosity error is £0.05%, and the permeability error
is £0.1 x 10~ mD (Table 2). The average of the three values was
calculated as the experimental value.
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3.4. Nuclear magnetic resonance experiment

After the porosity and permeability experiment, the same
samples were used to conducted NMR experiment. The experi-
mental procedures and precautions are as follows: First, core plugs
were vacuum-saturated with distilled water for 48 h. Samples
were then placed in the core holder of the NMR spectrometer
(Niumag MicroMR12-025V) (Fig. 1). The confining pressure was
adjusted by increasing the pressure of fluorine oil. However, due to
system limits, the effective pressure was capped at 15.0 MPa. T,
spectra were collected 30 min after reaching stability. Parameter
values using the Carr-Purcell-Meiboom-Grill (CPMG) pulse
sequence were echo spacing 0.20 ms, waiting time 6000 ms,
number of echoes 5000, number of scans 64.

Notably, the NMR system manufactured by Niumag Corpora-
tion demonstrated exceptional measurement precision. All in-
strument parameters were rigorously maintained at consistent
settings. The instrument was strictly calibrated before the exper-
iment. In addition, due to the high waiting time and number of
scans, signal-to-noise ratio can reach more than 600. The triplicate
measurements indicated satisfactory experimental repeatability
(Fig. 2).

(a) ;
i —A— SD-1
| SD-2
I
t&—— Stage | 4ﬂ‘<7 Stagel —mM >
xR
=
‘B
o
= I
o 1
o 1
I
I
i
i
12 4 i
Y
I
I
I
I
i
i
10 ; ; ; : : :
0 5 10 15 20 25 30
Effective confining pressure, MPa
(c) 30
—A— SD-1
SD-2
20
R
5
S
10 4
0 4% T T T T T T
0 5 10 15 20 25 30

Effective confining pressure, MPa
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4. Results
4.1. Characteristics of pore structure and rock composition

Fig. 3 shows SEM images of unpolished tight sandstone sec-
tions. Two types of pores including interparticle (Inter-P) and
intraparticle pores (Intra-P) are observed in SD-1 samples. Inter-
pores are the dominant constituents of the pore system,
commonly found between clay and quartz. Inter-pores exhibit
distinct shapes, including triangles, spheres, angular shapes, and
slits, with sizes ranging from tens to hundreds of micrometers (in
pm). Fig. 3(b) shows that the largest spherical inter-pore can reach
399.36 um in sample SD-1. Kaolinite and chlorite primarily exist in
the inter-pores. Compared to the SD-1 sample, similar types of
pores are observed in the SD-2 sample, but lower porosity, as
shown in Fig. 3(a) and (c). Also, more kaolinite and chlorite pri-
marily exist in the inter-pores of sample SD-2 (Fig. 3(d)). Addi-
tionally, intra-pores in both samples are typically located within
particles and are significantly smaller compared to inter-pores.

Unlike tight sandstones, pores in organic matter (OM), micro-
fractures (Micro-F), and micro-channels (Micro-C) are the main
components of the pore system in shale (Liu et al., 2022). These

(b) 10 :
I
! —A— sDA1
i SD-2
i
Stage [ *): < Stage 11
I
I
i
a
[S
=
3 i
© 1
o I
€ i
B 1
e i
I
I
i
i
I
I
)
i
10° 4 i
i
i
T T T T T T
0 5 10 15 20 25 30
Effective confining pressure, MPa
(d) &0
—A— sD1
SD-2
60 |
ES
é 40
20
0 4% T T T T T T
0 5 10 15 20 25 30

Effective confining pressure, MPa

Fig. 5. Stress-dependent porosity (a) and permeability (b) of the sandstone. The loss rate of porosity (c¢) and permeability (d).
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features are well developed in the SH-1 sample, which were
formed by sedimentation and diagenesis (Fig. 4(a) and (b)). They
extend far away with micro-to nano-meter openings, which
develop in or on the edges of OM and minerals. For SH-2 sample,
Fig. 4(c), fractures possess fragile mechanical properties and are
susceptible to opening due to changes in stress conditions during
deposition. Subsequently, fractures were partly quartz and clay
filled, providing numerous pore spaces. OM porosity contributes
substantially, especially in the SH-2 sample (Fig. 4(d)). OM is
dispersed around quartz or clay minerals (light black color) and
can be easily deformed into irregular shapes due to their weak
mechanical properties (Chen et al.,, 2021).

4.2. Evolution of porosity and permeability

Fig. 5(a) and (b) show that porosity and permeability decrease
as confining pressure increases. The porosity and permeability of
the SD-1 sample are higher compared to those of the SD-2 sample,
which agrees with the SEM observations in Fig. 3. When pressure
was raised from 0.5 to 30.0 MPa, porosity and permeability of SD-1
and SD-2 samples dropped from (16.21%, 6.612 mD), (13.34%, 2.523
mD) to (12.64%, 3.242 mD), (11.12%, 0.987 mbD), respectively.
Furthermore, properties degraded in two stages due to the rate of

(a) 8
—A— SH-1
SH-2

<«—;— Stage] —»€——————— Stagell ——>

Porosity, %
»

0 5 10 15 20 25 30

Effective confining pressure, MPa

(c) 60
—A— SH-1
SH-2
40
B
5
<
20
0 r r r r r r
0 5 10 15 20 25 30

Effective confining pressure, MPa
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porosity and permeability decline. First, their values decrease
dramatically in the 0.5-10.0 MPa range. Second, porosity and
permeability decrease only so slightly. To unveil the stress sensi-
tivity, loss rates of the porosity and permeability (¢, K.) are
calculated using Eqgs. (14) and (15) (Zhao et al., 2022).

= —ﬂ) 100
h ( ) *

B K;
K. = ( _E> x 100

where ¢, is the loss rate of porosity; K| is the loss rate of perme-
ability; ¢; is the measured porosity at current stress; K; is the
measured permeability at current stress. Although SD-1 shows a
higher porosity loss rate than that of SD-2, the permeability loss
rate of SD-1 is lower, which may be relevant to the pore structure
and rock composition (Fig. 5(c) and (d)). The values of ¢; are
14.37%,10.94%, and those of K are 37.99%, 50.12% in the first stage.
The final values of ¢; are 22.02% and 16.64%, respectively, and the
corresponding ones, i.e. K. of SD-1 and SD-2, are 50.97% and
60.87%, respectively. This indicates that stress sensitivity mainly
occurs at lower pressure, with permeability being more sensitive
to changes in pore structure than porosity, especially for the SD-2.

(14)

(15)

(b) i
i —A— SH-1
10 ! SH-2
1
[€«—— Stagel *):»(7 Stage ll —— >
|
|
|
1
D 1
£ 107 i
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3 i
o |
o |
£ )
[o] T
D_ 1
104 i
|
|
|
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1
1
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10 : ; : : . .
0 5 10 15 20 25 30
Effective confining pressure, MPa
(d) 100
—A— SH-1
SH-2
80 |
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g
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20 - /
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Effective confining pressure, MPa

Fig. 6. Stress-dependent porosity (a) and permeability (b) of the shale; the loss rate of porosity (c) and permeability (d).
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Fig. 6(a) and (b) show the porosity and permeability evolution
of two shale samples with increasing confining pressure. In
contrast to the SH-2 sample, micro-fractures and micro-channels
are well-developed in the SH-1 sample. Thus, the permeability of
the SH-1 is larger even though its porosity is smaller. When the
confining pressure increases from 0.5 to 30.0 MPa, porosity and
permeability of SH-1 and SH-2 samples reduced from (2.80%,
3.800 x 1073 mD), (7.20%, 0.470 x 10~ mD) to (1.42%, 0.969 x 103
mbD), (5.14%, 0.136 x 10~ mD), respectively. Like the behavior
observed in tight sandstones, SH-2 porosity and permeability
trends exhibit two distinct stages. In contrast, SH-1 porosity and
permeability decline in one stage. The values of ¢; and K| are
calculated using Egs. (14) and (15) (Fig. 6(c) and (d)). The final
values ¢; and K| are (49.28%, 28.63%), and (74.51%, 71.14%), indi-
cating that stress sensitivity for shale samples, is more noticeable
than those of tight sandstone samples, agreeing with results from
previous studies (Dong et al., 2010).

4.3. Evolution of T, distribution

T, distributions of water-saturated samples are shown in Fig. 7.
The T, distributions of the SD-2 sample exhibit continuous

(a) 300
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bimodal characteristics (Fig. 7(b)), corresponding to the small and
medium-large pores, respectively. However, due to the presence of
more large pores in the SD-1 sample (Fig. 3(b)), the T, distributions
exhibit continuous trimodal characteristics (Fig. 7(a)). As confining
pressure increased from 0.5 to 15.0 MPa, the areas under the T,
distribution for both samples decreased, and the whole T, distri-
bution slightly shifted to the left. To quantitatively investigate the
evolution of different types of pores, a parameter S is defined as:

Si

s:% (16)

where S; is the peak area of the T, spectrum at the current stress; So
is the area under the peak of the T, spectrum at the initial stress. A
higher value of S indicates that the stress sensitivity of a rock
sample is lower. The T, distributions of the two tight sandstone
samples can be divided into three parts, comprising small pores
(<10 ms), medium pores (10-200 ms), and large pores (>200 ms),
respectively. The changes in T, area of different types of pores are
shown in Fig. 7(c) and d. The value of S for large pores can be
reduced to 0.75-0.80, while the values of S for small and medium
pores are over 0.90, indicating that large pores exhibit higher
stress sensitivity. Similar to the evolution of porosity and
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Fig. 7. T, spectra of two tight sandstone samples under different effective confining pressures. (a) SD-1 shows continuous trimodal characteristics; (b) SD-2 show continuous
bimodal characteristics; (c) T, areas change of different pores in SD-1; (d) T, areas change of different pores in SD-2. The higher values of S, the lower stress sensitivity.
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permeability, the value of S for large pores also exhibits two stages,
including a rapid-decreasing stage and a slow-decreasing stage
(Fig. 5(a) and (b)). However, small and medium pores show more
complex changes. When the pressure exceeds 7.0 MPa in SD-1 and
2.0 MPa in SD-2, the value of S for small and medium pores slightly
increases, due to the transformation of pores.

The T, distributions of water-saturated shale samples are
shown in Fig. 8. The distribution for the SH-1 sample has two in-
dependent peaks (Fig. 8(a)). The left and right peaks correspond to
the pore and micro-fracture spaces, respectively. As the porosity of
the SH-1 mainly consists of pore spaces, the area under the left
peak is larger than that under the right peak. Despite the higher
organic matter content in the SH-2 sample, fractures are unde-
veloped, resulting in the weak bimodal characteristics (Fig. 8(b)).
Similarly, the T, distribution can be divided into two parts,
including small pores (<10 ms) and micro-fractures (>10 ms) for
SH-1, and small pores (<0.8 ms) and medium-large pores (>0.8
ms) for SH-2. The values of S for different pores are shown in
Fig. 8(c) and (d). For SH-1, when the pressure exceeds 2.0 MPa
and 7.0 MPa, S of micro-fractures decreases dramatically, showing
a ladder pattern during the pressurization process. Similar to the
large pores of the tight sandstone samples, the S of small pores
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show two stages in SH-1. While for SH-2, the values of S and
variation trend for small and large pores are similar, indicating that
they were compressed simultaneously.

5. Discussions

5.1. Links between dynamic evolution of pore structure and rock
properties

During the initial stage of stress application, some matrix
grains or frame structures with low mechanical stability deform
first, leading to the rapid decrease of porosity. For example, the
support area of slit-like pores is susceptible to deformation,
causing the pores to be compressed (Fig. 9(a)). Additionally, quartz
grains in the sandstone could migrate or slip, especially for sam-
ples consisting of larger pores or more inter-pores. As stress
propagates through contact points between quartz grains, the
quartz grains with less contacts could easily slip to pore spaces
until mechanical stability is reached. For SD-2, clay is primarily
distributed in the inter-pores, as shown in Fig. 3(b). When the
quartz grains are close to each other, clay can be pushed into
neighbor spaces (Fig. 9(b)). Although porosity is affected slightly
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Fig. 8. T, spectra of two shale samples under different effective confining pressures. (a) SH-1 shows independent bimodal characteristics; (b) SH-2 shows weak bimodal
characteristics; (c) T, areas change of different pores in SH-1; (d) T, areas change of different pores in SH-2. The higher values of S, the lower stress sensitivity.
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Fig. 9. Pore deformation mechanisms of the tight sandstone samples. (a) The support area of slit-like pores is susceptible to deformation, causing the pores to compress. (b) Clay
is compressed due to the migration of quartz grain. (c) The deformation of quartz grain. (d) The deformation of potential fracture.

during this situation, the connectivity of pores could be signifi-
cantly decreased, which explains that the permeability loss for the
SD-2 sample (higher clay content) is larger (Fig. 5(d)). In the sec-
ond stage, the easily deformed pores become stable, which makes
the porosity slowly decrease. The contacts between quartz are
compressed, and this deformation is generally elastic and revers-
ible (Fig. 9(c)). Meanwhile, the intra-pores would be affected due
to the deformation of the matrix grain.

Based on these deformation mechanisms, most pore spaces
in sandstone are compressed, and the stress-dependent changes
mainly occur in medium to large pores, as shown in Fig. 7(c)
and (d). The SD-1 sample pore size is larger compared to that of
the SD-2 sample, leading to a larger porosity loss for the SD-1
sample (Fig. 5(c¢) and (d)). Continuous compression could
result in the transformation of larger pores into small to
medium-sized pores, as supported by the increasing area of the
T, distribution for small pores at certain stress conditions
(Fig. 7(c) and (d)). However, the transition from larger to
smaller pores is limited as the T, distribution of smaller pores
decreases continuously. In addition, the realignment of matrix
grains and the potential fracture opening would enlarge the size
of smaller pores (Fig. 9(d)).
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In contrast with tight sandstone, previous studies indicate that a
significant reduction in permeability in shale can be mainly attrib-
uted to the closure of micro-crack networks (Kwon et al., 2004;
Zhang et al., 2019). However, SH-1, with more micro-fractures,
shows abnormal results in this study, reflecting the difference in
pore or fracture deformation. Micro-fracture and micro-channels,
which are the main pore spaces in the SH-1 sample, are in long
and narrow shapes. The longer and narrower the pore, the easier it
is for the entire frame structure to deform. As a result, the first
significant decrease is observed at 2.0 MPa, as shown in Fig. 8(c).
However, for an individual micro-fracture or micro-channel, as the
residual width decreases gradually, bumps on the fracture surface
contact. Then, the micro-fractures can be divided into several new
elliptical spaces (Fig. 10(a)), and the compressive resistance of
micro-fractures will gradually improve. This means that a higher
pressure needs to be applied to compress the fracture. Thus, the S of
micro-fracture shows a slight decrease only in the confining pres-
sure range from 2.0 to 5.0 MPa (Fig. 8(c)). Indeed, shale rock consists
of many fractures with varying apertures, dip angles, and strikes,
contributing to the complexity of fracture deformation. The frac-
tures of the studied rock samples can be compressed to different
degrees and sequences. Alternatively, fracture apertures may widen
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Fig. 10. Pore and fracture deformation mechanisms of the shale rock samples. (a) The contact area of micro-fracture increases, improving the compressive resistance. (b) Large

pore results from the slip of matrix. (c)-(d) The deformation of clay and OM pores.

when micro-fractures are oriented perpendicular to the direction of
stress. Similarly, the bumps on the fracture surface slip, or bumps
with low-bearing capacity break, which also can improve pore
spaces (Fig. 10(b)). This explains that the second dramatic decrease
and first increase are observed at 7.0 MPa and 10.0 MPa, respec-
tively, as shown in Fig. 8(c). This indicates that the deformation of
micro-fractures has a significant influence on the porosity and
permeability, and the percentage of different properties micro-
fractures need to be explored thoroughly.

For the SH-2 sample, fewer micro-fractures or micro-channels
were observed in the SEM images, and porosity is mainly
contributed by pore spaces in the OM. Moreover, some fractures
that were partially filled by quartz and clay left considerable
porosity. The large percentage of OM and clay decreases the me-
chanical stability of the rock framework. During the pressuriza-
tion, neighbor rigid particles are close to each other. The lower
bulk moduli of OM and clay, which are both easier to deform,
result in rapid porosity and permeability decline at the early stage
(Figs. 10(c) and 9(d)). The similar values and variation trend of S
obtained from the NMR T, distributions confirm compression of
pores at all scales (Fig. 8(d)).

5.2. Porosity, permeability and stress sensitivity of models

For a fully water-saturated rock, the NMR T, distribution re-
flects the porosity and pore-size distribution, which are the
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theoretical basis of novel models in this study and the SDR model
(Wang et al.,, 2018). With the increasing confining pressure, NMR
results show that the T distributions shrink and shift slightly
leftward, indicating that pores and/or fractures can be compressed
to different degrees. Togm at each confining pressure is calculated,
which decrease with increasing pressure, reflecting the evolution
of PSD (Fig. 11(a)). As larger pores are found in tight sandstones
compared with shales, the decrease of Trgny, in SD-1 and SD-2 is
apparent. Stress-dependent porosity and permeability have
changed dramatically due to these slight changes in the pore-size
distribution, evidencing a strong correlation between PSD and
porosity and permeability. In addition, Togm shows a strong cor-
relation with the pressure. We fitted the data using an exponential
model, and the R? value is above 0.9, indicating a satisfactory
fitting result, as shown in Fig. 11(a). By combining the evolution of
PSD with initial values, the porosity and permeability at each
confining stress can be calculated from Eqs. (10) and (11), as shown
in Fig. (12).

For McKee's models, accurate predictions are affected by Cp. An
average C; is generally obtained by fitting the porosity measure-
ment results or calculating based on Eq. (3). In this study, Cj, is first
calculated at different confining pressures (Fig. 11(b)). An average
Cp is obtained based on the porosity at 0.5, 2.0, 5.0 and 7.0 MPa,
resulting in values of 219 x 107>, 1.76 x 107>, 3.32 x 107>, and
4.06 x 107> kPa~, respectively. Then, porosity and permeability
can be calculated at other confining pressures through Eqs. (1) and
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(2), respectively, as shown in Fig. 12. For the SDR model, an NMR-
permeability equation, has been widely used in laboratory or oil
filed NMR logging, as follows:
K = Cspr x ¢Rimr % Togm (17)
where Cspy is a formation-dependent variable; ¢y is the porosity;
T';gm is the geometric mean of T»; m and n are empirical constants. In
the SDR model, Cspg, m and n need to be calibrated by experimental
measurement results. In this study, the measured porosity was
adopted as Cspg. Referring to Gao et al. (2019), the parameters for
tight sandstone samples were set as Cspg = 230.0, m = 3.1, and
n = 14; for shale samples, the parameters were Cspg = 270.0, m = 3.0,
and n = 1.0. During pressurization, porosity is gradually compressed,
affecting the permeability. On this basis, the permeability under
different confining pressures can be calculated, as shown in Fig. 12.

Fig. 13 shows the mean absolute percentage errors of different
rocks by different models. The mean absolute percentage errors of
porosity and permeability calculated by the novel models for SD-1,
SD-2, SH-1, and SH-2 samples are (2.99%, 1.65%, 8.05%, 17.94%),
(9.28%, 25.49%, 6.32%, 54.65%), respectively. The mean absolute er-
rors calculated by McKee's models for SD-1, SD-2, SH-1, and SH-2
samples are (2.83%, 3.22%, 2.47%, 8.31%), (10.86%, 13.76%, 20.96%,
25.15%), respectively. The mean absolute percentage errors of
porosity and permeability calculated by SDR are 5.79%, 62.64%,
12.96% and 38666.43%, respectively. The lower mean absolute per-
centage errors indicate that the proposed models are accurate at
evaluating stress-dependent porosity and permeability. For the new
models, highly accurate results were obtained as the evolution of
the pore-size distribution was considered, showing that these new
models provide a viable option to estimate the porosity and
permeability at different pressures. For McKee's models, the abso-
lute percentage errors at low confining pressures are relatively
lower, as C, is obtained based on the porosity at low confining
pressures. C, varies with the effective confining pressure for most
rock samples, is not a constant. The early stage shows relatively
higher compressibility, affecting the assessment of C, (Fig. 11(b)).
Therefore, the predicted porosity and permeability using the larger
Cp values are hence lower than the measured results at high pres-
sures. In addition, due to differences in mineral compositions and
pore structures, each tested core exhibits distinct C, values. To
accurately predict the evolutionary characteristics of porosity and
permeability for different types of cores, it is necessary to obtain
corresponding C, values for each, which is relatively cumbersome.
For the SDR model, its prediction accuracy depends on three pa-
rameters: Cspg, M, and n, involving more variables than McKee's
model. In practical applications, a single set of parameters is typi-
cally used for predicting cores of the same type within the same
block. For instance, in this study, we derived two sets of parameters
for sandstones and shales, respectively. The prediction results for
tight sandstones are better than those for shales (Fig. 12). This is
because, in most cases, high porosity corresponds to high perme-
ability, and using a single set of parameters yields satisfactory re-
sults, as exemplified by SD-1 and SD-2. However, SH-1 contains
more micro-fractures, while SH-2 has poor pore connectivity,
leading to an inverse relationship between porosity and perme-
ability. Continuously using a single set of parameters under such
circumstances undermines the predictive performance of the SDR
model. This indicates that evaluating high-porosity, low-perme-
ability formations remains a challenge for the SDR model. Therefore,
to further improve accuracy, additional tests would be required to
calibrate parameters for each individual sample. Our proposed
model addresses this issue. The most critical parameter in the
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model is Togm, Which is easily obtainable in NMR evaluations and
requires no calibration.
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In summary, our study provides a method to predict porosity
and permeability under different effective stresses. The predicted
results are in good agreement with the experimental data and
outperform those from other models. However, the model is
currently only applied in laboratory NMR evaluations. In this
study, the new model was developed based on experimental re-
sults of rock samples saturated with pure water, thus showing
good predictive performance for water-bearing formations. In
actual production, pores typically contain multiphase fluids.
Different fluids may cause a shift in the T, geometric mean and
even affect the pore closure process, thereby influencing the ac-
curacy of prediction results, which will be investigated in our
future work.

6. Conclusions
The main conclusions that derive from our results follow.

(1) Porosity and permeability decline with the increase in
confining pressure due to the deformation of the pore
structure. Shale samples with more micro-fractures and
clay/OM show more significant stress sensitivity, particu-
larly permeability.

(2) T, distributions change with the increase of the confining
pressure. Sandstone sample SD-1, with medium-to-large
pores, exhibits greater compressibility compared to the
smaller ones (SD-2). In addition, micro-fractures in the shale
sample compressed gradually with increasing confining
pressure but were not completely shut due to roughness
features and extended directions. Organic matter and clay
have similar influence on porosity and permeability.

(3) New porosity and permeability stress sensitivity models for
unconventional rocks were proposed, considering changes
in pore-size distribution (T, distribution). In comparison to
SDR model and Mckee's model, the mean absolute per-
centage errors of the predicted porosity and permeability
estimated using the proposed models are lower, indicating
the advantage of the stress sensitivity models. The strong
relationship between PSD and stress provides a new way to
investigate stress sensitivity.

In summary, this study focuses on the quantification of stress-
dependent porosity and permeability evolution based on pore size
distributions, and validation of the proposed model. Our findings
highlighted challenges in linking between microscopic pore
structure and macroscopic petrophysical properties, shedding
light on the influence of increasing stress on unconventional
reservoir rock, and henceforth its petrophysical properties alter-
ation. Moreover, the newly proposed models provide a new
quantitative way to predict the evolution of porosity and perme-
ability, it also offers a new direction for the subsequent calculation
of petrophysical parameters in complex lithology reservoirs using
NMR logging data, which is key in the development of uncon-
ventional reservoirs and other subsurface activities with changing
stress.
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