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a b s t r a c t

Research on reservoir rock stress sensitivity has traditionally focused on unary granular structures,
neglecting the binary nature of real reservoirs, especially tight reservoirs. Understanding the stress-
sensitive behavior and mathematical characterization of binary granular media remains a challenging
task. In this study, we conducted online-NMR experiments to investigate the permeability and porosity
evolution as well as stress-sensitive control mechanisms in tight sandy conglomerate samples. The re-
sults revealed stress sensitivity coefficients between 0.042 and 0.098 and permeability damage rates
ranging from 65.6% to 90.9%, with an average pore compression coefficient of 0.0168e0.0208 MPa�1.
Pore-scale compression occurred in three stages: filling, compression, and compaction, with matrix
pores playing a dominant role in pore compression. The stress sensitivity of binary granular media was
found to be influenced by the support structure and particle properties. High stress sensitivity was
associated with small fine particle size, high fines content, high uniformity coefficient of particle size,
high plastic deformation, and low Young's modulus. Matrix-supported samples exhibited a high irre-
versible permeability damage rate (average ¼ 74.2%) and stress sensitivity coefficients (average ¼ 0.089),
with pore spaces more slit-like. In contrast, grain-supported samples showed low stress sensitivity co-
efficients (average ¼ 0.021) at high stress stages. Based on the experiments, we developed a mathe-
matical model for stress sensitivity in binary granular media, considering binary granular properties and
nested interactions using Hertz contact deformation and Poiseuille theory. By describing the change in
activity content of fines under stress, we characterized the non-stationary state of compressive defor-
mation in the binary granular structure and classified the reservoir into three categories. The model was
applied for production prediction using actual data from the Mahu reservoir in China, showing that the
energy retention rates of support-dominated, fill-dominated, and matrix-controlled reservoirs should be
higher than 70.1%, 88%, and 90.2%, respectively.
© 2024 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

Porous granular media rocks serve as storage for hydrocarbons
and the sequestration of greenhouse gases. Their transport prop-
erties and mechanical characteristics hold great practical signifi-
cance (Chen et al., 2023; Gu�eguen and Bout�eca, 2004; Wang et al.,
2023; Zhang et al., 2019). Changes in stress cause deformation of
y Elsevier B.V. on behalf of KeAi Co
the rock skeleton, influencing its physical propertiesda phenom-
enon known as stress sensitivity of the reservoir. Stress sensitivity
is extensively studied in geological energy research (Crawford et al.,
2023; Dormieux et al., 2011; Kang et al., 2022; Zhong et al., 2020b).
In petroleum development, particularly in tight reservoirs, the
granular rocks often consist of a stacking of different particles at
various levels. Previous studies focused on single-component par-
ticles like clean sandstones may not directly apply to such broadly
graded media (Dormieux et al., 2011; Li et al., 2022b; Sayers, 2023;
Thevanayagam, 2000). This paper investigates the micro-
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mechanisms and mathematical models of stress sensitivity in bi-
nary granular media reservoirs.

Researchers have extensively explored the relationship between
confining pressure and rock permeability, primarily through
experimental studies. The concept of effective stress, introduced by
Terzaghi, laid the groundwork for stress sensitivity research (Han
et al., 2022; Terzaghi and Peck, 1948). A series of experiments
have shown that the response of particles and pores to stress is
crucial factors in controlling stress sensitivity (Bernab�e et al., 2003;
Fatt and Davis, 1952; Li et al., 2022a; Zhao et al., 2013, 2022). Stress
sensitivity and media deformation properties vary significantly in
reservoirs with different lithology and sedimentary environments
(Liu et al., 2020; Li et al., 2013; Tai and Dong, 2022; Zhang et al.,
2016). Many studies have shown that particle deformation and
fine particle migration clogging are important mechanisms of
stress sensitivity (He et al., 2022; Xiao et al., 2016; Xu et al., 2023;
Zhong et al., 2020a). McLatchie et al. studied stress sensitivity due
to elastic and plastic deformation using reversible and irreversible
permeability (McLatchie et al., 1958), with unrecoverable particle
rearrangement being the main cause of plastic deformation (Cao
and Lei, 2019). Various empirical formulas, such as exponential
and porosity-permeability types, have been studied and summa-
rized by scholars based on experimental understanding (David
et al., 1994; Holt et al.; Raghavan and Chin, 2002). While these
simplified models are easy to use, they lack microstructural pa-
rameters that are essential for understanding rock properties. To
conduct more comprehensive studies on the stress sensitivity with
theoretical guidance, researchers have used rock particle size
composition models to study the evolution of rock permeability
and porosity under different effective stresses through mechanical
analysis (Digby, 1981; Gu�eguen and Fortin, 2013; Liu et al., 2020;
Tian et al., 2015). However, the common single-particle model led
to inconsistent results for rocks with significant lithological dif-
ferences, thus indicating poor applicability.

Current research on stress-sensitivity based on the particle
analysis predominantly relies on the mono-particle hypothesis,
which may not fully represent real reservoirs, especially tight res-
ervoirs composed of multiple granular media. Conglomerate, a
typical binary structure sedimentary rock, can exhibit different
stress sensitivities depending on the support structure, i.e., the
composition and distribution relationship of support and filling
phases (Nú~nez-Gonz�alez et al., 2016; Sonmez et al., 2006). Nano-
indentation studies by Liu et al. and Shi et al. have shown that the
gravel in most conglomerates is over three times harder than the
matrix (Liu et al., 2022; Shi et al., 2021). Gao et al. and Zhou et al.
have highlighted the significant influence of fine particle properties
on the permeability and mechanical properties of binary granular
materials like conglomerates (Gao et al., 2023; Zhou et al., 2018).
However, quantitative experimental and model characterization of
the influence of support structure and particle properties on the
stress sensitivity of binary particle structures are lacking, and
further research is needed.

The Hertz contact deformation theory is widely used for gran-
ular media deformation (Gangi, 1978; Li et al., 2023). Some scholars
developed a quantitative stress sensitivity model for tight reser-
voirs, considering particle size and elasticity (Liu et al., 2020; Cao
and Lei, 2019; Zhang et al., 2014). However, this model is limited
to single mechanical structure elements where all particles
participate in contact deformation. Thevanayagam et al. (2002) and
Chang and Yin (2011) proposed a binary granular contact theory
based on force chains, highlighting that in binary granular struc-
tures, some fine particles may not participate in force transfer. In
this case, a suitable simplification method is to view the binary
granular medium's structural framework as two nested structures.
Analyzing the compression characteristics and interactions of these
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elements provides an effective approach to understand stress
sensitivity in binary particle media.

Conventional methods mainly focus on stress sensitivity at the
core scale, overlooking the variation of different scales and types of
pores in binary granular media (Tian et al., 2022). To address this
limitation, online nuclear magnetic resonance (online-NMR) offers
valuable insights by providing T2 relaxation distributions at
different confining pressures, revealing the evolution of pore space
at various scales (Zhang et al., 2019, 2023). This allows for a more
precise understanding of the causes behind changes in porosity and
permeability under different confining pressures. In conclusion,
this quantitative analysis of pore behavior is essential for a
comprehensive understanding of stress sensitivity in binary gran-
ular media.

In this study, we employed X-ray diffraction (XRD) and scanning
electron microscopy (SEM) to characterize the particle size and
mineral composition of the samples. Online-NMR was utilized to
analyze changes in different supported pores under varying effec-
tive stress conditions. Based on these findings, we investigated the
evolution characteristics and underlying control mechanisms of
stress sensitivity in porosity and permeability. Building on this, we
proposed a stress-sensitive model for binary granular media
combining Hertz contact deformation theory with Poiseuille's law,
considering particle size and properties. Furthermore, it incorpo-
rated production predictions to provide a basis for numerical
simulations.

2. Experimental materials and methods

2.1. Core samples and pretreatment

Natural core samples were drilled from the entire diameter
samples of Mahu depression, with a diameter of 2.50 ± 0.03 cm. Six
samples were selected for online-NMR experiments with lengths
ranging from 5.40 to 6.72 cm, ensuring that the length-to-diameter
ratio was greater than 1.5:1. Parallel samples were used for
mineralogical experiments. Prior to experimentation, the cores
were cleaned with a 75% alcohol and 25% benzene solution to
eliminate residual oil and subsequently dried. Helium porosity and
gas permeability tests were conducted. Sample details are pre-
sented in Table 1.

2.2. Petrological analysis experiments

SEM observations were conducted using a Quanta 200F field
emission scanning electron microscope platform. The freshly
crushed sample surface was bombarded with an electron beam for
direct observation of characteristics like interstitial material, pore
structure, and cementation.

The cast thin section (CTS) experiment involved injecting
colored liquid into rock pores under vacuum pressure, followed by
grinding the rocks into thin slices and examining the reservoir
structure under a microscope. Pore structure, mineralogy, and
support structure analysis were then performed.

The particle size of the samples was tested using an MS2000
laser particle size analyzer. After taking parallel samples and
dispersing them, the particle size distribution ranging frommicron
to millimeter was analyzed. The mineral composition of the sam-
ples was quantitatively analyzed using a D8 Focus X-ray diffrac-
tometer in an XRD test.

2.3. Online-NMR based stress sensitivity experiments

Stress sensitivity experiments used ISCO precision displacement
pumps and HAS confining pressure pumps. NMR measurements



Table 1
Petrophysical property parameters of the samples.

Label D, mm L, cm f, % k, mD Lithofacies Mineral composition, wt% Particle mass contenta, wt% Support structure

Qtz Pl Or Dol Clay Coarse gravel Fine gravel Sand, silt

T1 25.12 6.45 8.93 1.102 Traction flow sandy Conglomerate 67.91 11.43 18.28 1.36 1.02 9.61 48.90 41.49 Grain-supported
T2 24.96 5.95 9.62 1.023 61.53 11.30 25.11 0.51 1.55 10.06 46.77 43.17
Pc 24.90 6.12 12.1 0.395 Pebbled gritty sandstone 50.51 13.23 30.06 3.61 2.59 14.51 43.52 41.98
Pf 25.06 6.72 5.32 0.120 Pebbled fine sandstone 48.88 15.88 26.88 1.67 6.69 1.96 30.29 67.75 Matrix-supported
G1 25.10 5.52 4.13 0.050 Gravity flow sandy Conglomerate 41.74 15.88 38.02 0 4.36 27.44 26.63 45.93
G2 24.97 5.40 4.94 0.058 41.24 15.88 38.53 0 4.35 27.80 26.86 45.34

a In the table: D is core diameter; L is core length; f is helium porosity; k is gas permeability; Qtz is quartz; Pl is plagioclase; Or is orthoclase; Dol is dolomite.
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were taken using a SPEC-1 instrument for online dynamic moni-
toring. Kerosene was used as a saturated liquid to avoid water
sensitivity effects. The samples were evacuated and saturated at
atmospheric pressure for 24 h, followed by 12 h at 25MPa to ensure
full saturation (Wang et al., 2017; Zhang et al., 2020d). During stress
sensitivity experiments, confining pressure was varied while
maintaining constant pore pressure. Assuming the effective stress
coefficient is 1, changes in confining pressure correspond to effec-
tive stress changes. Flow pressure was set at 2 MPa, and confining
pressure was gradually increased from 7 MPa, at 5 MPa intervals.
Permeability and T2 spectrum were measured under different
effective stresses (5, 10, 15, 20, 25 and 30 MPa) until permeability
changes were less than 0.0001 mD. Subsequently, confining pres-
sure was gradually decreased.

For online-NMR measurement, the core holder was double-
coated with fluorine oil to change confining pressure. The holder,
made of polyether ether ketone, did not interfere with NMR mea-
surements. Main NMRmeasurement parameters included 64 scans,
a waiting time of 5000 ms, 10240 acquisition points, and a pulse
interval of 80 us.

The T2 distribution obtained from low-field NMR is primarily
dependent on surface relaxation, which occurs at the interface of
the liquid and the pore. Surface relaxation can be expressed as a
function of the pore radius r and pore shape factor Fs (Li et al.,
2013):

1
T2

¼ 1
T2S

¼ r
Fs
r

(1)

where T2 denotes the transverse relaxation; T2S is the surface
relaxation; r is a constant that represents the relaxation strength. It
can be observed that the relaxation time is positively correlated
with the pore size. The peak area of the T2 distribution reflects the
pore volume (Gupta et al., 2019). This is the theoretical basis for the
analysis of NMR T2 spectra.

2.4. Methods of data analysis

The relationship between effective stress and permeability/
porosity in rocks depends on the rock's microscopic characteristics.
Therefore, it's vital to choose an appropriate analysis method.
Currently, the most common method is the permeability damage
rate (e.g., Eq. (2)). However, it only analyzes stress-sensitive states
at the first and last moments, overlooking the process. To improve
this, the stress sensitivity coefficient (e.g., Eq. (3)) is used. It utilizes
the exponential term coefficients fitted to the experimental data to
characterize the overall stress sensitivity (Chen et al., 2015; Ivars
et al., 2011) :

D¼
�
1� K

K0

�
� 100% (2)
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dK
K

¼ � gds (3)

where D is the permeability damage rate corresponding to the
pressure; K0 is the initial permeability, mD; K is the permeability
under the corresponding effective stress, mD; s is the effective
stress, MPa; g is the stress sensitivity coefficient. The greater the
stress sensitivity coefficient, the more serious the permeability
damage. Based on the NMR principle, the compressibility of
porosity can be determined by calculating the envelope area of the
T2 spectrum curve (Li et al., 2013):

CP ¼ �
�
Si=S0 � 1
si � s0

�
PP

(4)

where CP is the pore compressibility coefficient, MPa�1, which
represents the compression degree of the pore relative to the
original state when the effective stress increases; Si and si are the T2
spectrum envelope area and confining pressure under the corre-
sponding effective stress; S0 and s0 are the envelope area and
confining pressure under the initial state; PP implies a constant
pore pressure. The larger the pore compressibility coefficient, the
stronger the compressibility of the pore volume.

The stress sensitivity of rock permeability is influenced by both
the compression and geometric characteristics of the pores. The
compression characteristics can be characterized by the pore
compressibility coefficient, while the geometric characteristics can
be characterized by the pore-permeability power exponent (Faruk,
2000):

K
K0

¼
�
f

f0

�a

(5)

where a is the power exponent of porosity-permeability; f=f0 is
the ratio of the porosity at the effective stress to the initial porosity.
A smaller a indicates pores that are closer to spheroids, while a
larger a signifies pores that resemble slit (Liu et al., 2020).

3. Results

3.1. Grain size and pore size

The Ø value method, proposed by Krumbein in 1934, is a widely
used quantitative evaluation technique for the particle size distri-
bution of clastic rocks. It defines Ø ¼ log2Dp (Dp being the particle
diameter). Particles with Ø less than �3.3 (Dp > 10 mm) are coarse
gravel, while those with Ø between �3.3 and �2
(4 mm < Dp < 10 mm) are fine gravel. Sand and silt are particles
with Ø greater than�2 (Dp < 4mm). Based on the principle of NMR,
larger T2 values indicate larger pore sizes in tight clastic rocks. Pores
can be categorized into matrix micropores (T2 < 5 ms), granular
macropores (5 ms < T2 < 100 ms), and giant pores-fractures
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(T2 > 100 ms) according to their size (Krumbein, 1934; Mitchell and
Soga, 2005; Xiao et al., 2019), as shown in Fig. 1.

Fig. 2 illustrates the pore size distribution and particle size
probability curves of six samples. The T series and Pc samples
display peak positions at Ø ¼ �2.585 (Dp ¼ 6 mm) and Ø ¼ 0
(Dp ¼ 1 mm), indicating binary structures of fine gravel and coarse
sand as the coarse and fine particles. The pore distribution is
bimodal, showing slight fine skewness. The Pf sample concentrates
its particle diameter distribution at 0 < Ø < 1, with mainly fine sand
and silt (0.5e1 mm) and fewer gravel. In contrast, the G series
samples exhibit a clear binary distribution with peak positions at
Ø ¼ �3 (Dp ¼ 8 mm) and Ø ¼ 1 (Dp ¼ 0.5 mm). These samples are
primarily composed of binary structures of medium-coarse gravel
and coarse sand as the coarse and fine particles. The pore distri-
bution shows a single matrix pores peak. Moreover, the G series
samples have less than 30% content of coarse gravel, which exists
without a supporting role in a floating state (Liu et al., 2022; Zhang
et al., 2020b).
3.2. Microstructural and depositional environments

The grain and pore size variation in the studied samples relates
to microstructural differences due to various depositional envi-
ronments. The microstructure of the rock significantly affects the
stress sensitivity. The depositional environment has a direct effect
on the microstructure of rocks (Xu et al., 2018; Zhong et al., 2020b).
CTS and XRD experiments reveal mineralogical andmicrostructural
results of samples from different sedimentary rock phases. The
samples mainly consist of four lithofacies.

Traction flow sandy conglomerate (T samples) and pebbly coarse
sandstones (Pg sample) develop at the bottom and top of fan chan-
nels or underwater diversion channels microfacies, respectively.
They show normal hydraulic sorting and low clay content (< 2%).
Grains are mostly in point contact, and the cementing type is mainly
inserted or pore-inserted, with grain-supported as the dominant
support mechanism, as shown in Fig. 3(a), (c), and (d). This gives it a
potentially better mechanical stability (Zhou et al., 2018). Pebbly fine
sandstones (Pf sample) mainly occur at the far sand bar, beach bar
interbedding, and locally observed in braided channels. They have
high clay content (> 6%), with a small amount of floating gravel
among the fine sand. The cementing type is basal cementation, and
the support structure is matrix support. Gravity flow sandy con-
glomerates (G samples) develop in debris flow and clastic flow
microfacies, characterized by low porosity (< 5%) and low perme-
ability (< 0.1 mD). The cementation type is basal or porous cemen-
tation, and the support structure is matrix-supported, as shown in
Fig. 3(b), (e), and (f). This type of structure may be more susceptible
to stress changes (Chen et al., 2022). Notably, individual coarse
Fig. 1. (a) Physical map of NMR equipment. (b) Flowchart
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gravels with Dp > 16 mm are present, but the content of fine gravels
is low, and gravel intervals are filled with mud under weak hydro-
dynamic environments. The resulting pore space is dominated by
matrix pores with dense physical properties. (Yang et al., 2022;
Zhang et al., 2020a, 2020c).

3.3. Permeability stress sensitivity

Based on the experimental results in Fig. 4(a) and Eq. (2), the
stress-sensitive permeability damage rate Dm is obtained when K is
taken to the permeability under the effective stress of 30 MPa.
Irrecoverable damage rate Ds is obtained when K is taken to the
permeability under the effective stress recover to 5 MPa. According
to Fig. 4(b) and Eq. (3), the stress sensitivity coefficient (g) of the
rock was obtained as the exponential coefficient item of the for-
mula obtained after integrating Eq. (3). The results show that the
sandy conglomerate had a stress-sensitive permeability damage
rate of 65.6%e90.9%, an irrecoverable damage rate of 46.9%e80.5%,
and a stress sensitivity coefficient of 0.042e0.093. Based on these
results, the test cores were divided into two groups: Group A with
the stress sensitivity coefficient of 0.042e0.049, consisting of T
series and Pc samples, which generally had lower permeability
stress sensitivity than Group B with the stress sensitivity coefficient
of 0.086e0.093, consisting of Pf and G series samples.

3.4. Pore volume compressibility

According to the NMR relaxation spectrum and Eq. (3), the pore
volume compressibility decreases with increasing confining pres-
sure, indicating weaker pore compressibility, as shown in Fig. 5(a).
This is due to the increased contact of hard coarse grains, which
leads to particles shifting from main structural to main body
deformation, reducing the plugging effect of fine particle rear-
rangement on large pores (Gao et al., 2019). The average pore vol-
ume compressibility ranges from 0.0168 to 0.0208 MPa�1. Group A
samples (0.0168e0.0177MPa�1) showweaker compressibility than
Group B samples (0.0185e0.0208 MPa�1) due to the protective
effect of more coarse-grain contact on fine particle deformation.
Further discussion on the support structure's influence will follow.

3.5. Power exponent of porosity-permeability

Porosity and permeability under different effective stress were
used to draw a porosity-permeability double-logarithmic curve
using Eq. (5), as shown in Fig. 5(b). Curve fitting revealed the
porosity-permeability exponent for the tight sandy conglomerate
samples ranged from 3.33 to 5.50, with a fitting correlation coef-
ficient greater than 0.99. Group A samples had a porosity-
of the online-NMR-based stress-sensitive test setup.



Fig. 2. (a) Granularity distribution and (b) pore size distribution for the six samples.

Fig. 3. Microscopic images of sandy conglomerate samples. SEM and CTS photographs of grain-supported samples are shown in (a), (c), and (d), respectively. Most of the visible
particles are in direct point contact or line contact. (b), (e), and (f) are photographs of matrix-supported samples. The particles are filled with different diameter detrital complex. G
refers to hard coarse particles; M refers to the matrix between the particles; the dotted line is the edge of the particles; the arrow is the direction of grains compression when stress
is applied.
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permeability exponent ranging from 3.33 to 4.19, lower than Group
B samples (4.47e5.50). Fractures are more likely to be compressed
under effective stress, which leads to a sharp change in perme-
ability. A larger porosity-permeability exponent indicates that the
decrease in pore volume is caused more by changes in fracture
porosity, which is more sensitive to changes in permeability, and
that fracture-like pores are more developed (Liu et al., 2020). This
suggests Group A retained more spherical pores after compression,
while Group B produced more slit-like pores (Petunin et al., 2011).
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4. Discussion

4.1. Evolution of pore spacedeffect of pore type

Based on NMR experiments, the compression of sandy
conglomerate can be classified into three distinct stages by
comparing the stage compression rates of micropores and macro-
pores. Set the stage pore compression ratio Ep for a given scale pore
as



Fig. 4. (a) Variation of the permeability of the samples with effective stress during pressurisation and depressurisation. (b) Stress sensitivity coefficients were obtained by
exponential fitting (exponential term coefficients) of the permeability and effective stress of the compression process.

Fig. 5. (a) Pore volume compressibility and (b) pore permeability exponent for the six samples.
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EpðiÞ¼ Si�1 � Si
DStotal

(6)

where Si and Si�1 are the T2 spectral areas at a given pressure and
the previous pressure, respectively;DStotal is the sum of the reduced
T2 spectral areas throughout the pressurisation process. Set the
following comparison coefficient z as the basis for classifying the
compression stage:

zðiÞ¼ log2
��

EpðiÞ
�
macropore

.�
EpðiÞ

�
micropore

�
(7)

The compression stages, as shown in Fig. 6(a)e(c), can be clas-
sified based on Eq. (7). The first stage, known as the filling stage,
occurs at the onset of effective stress increase. In this stage, zðiÞ> 1,
the stage compression rate of macropores is more than 2 times that
of micropores. This is explained by the filling of matrix particles
resulting in a significant reduction in macropore volume, whereas
the change inmicropores is negligible. The second stage, referred to
as the compression stage, occurs when the effective stress reaches
2e3 times the initial stress, and 1> zðiÞ> �1. During this stage, both
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macropore and micropore volumes decrease considerably due to
structural deformation of particles, leading to a substantial decline
in permeability. The third stage, termed the compaction stage,
takes place as the effective stress continues to increase. At this point
zðiÞ< �1, the stage compression rate of the micropores is more
than 2 times that of the macropores. Since the bulk deformation of
the particles primarily occurs at this stage, the pore compaction is
dominated by micropores compaction rather than macropores
between the hard coarse grains, leading to a comparatively smaller
decrease in total pore volume and a slower reduction in
permeability.

In Fig. 6(d), the compression coefficients of granular macropores
initially showhigh values but then decrease, while the compression
coefficients of matrix micropores start with low values and then
increase. This trend aligns with the filling, compression, and
compaction process. The average compression coefficients for mi-
cropores in T1, Pc, Pf, and G1 cores were 0.0146, 0.0053, 0.0168, and
0.0207 MPa�1, respectively. For macropores, the values were
0.0270, 0.0156, 0.0547, and 0.0564 MPa�1. Micropores' compress-
ibility is closer to the overall pore compressibility, indicating that
the pore compression is mainly controlled by matrix pores. The



Fig. 6. (a) and (b) are NMR transverse relaxation spectra of representative samples of grain-supported (T1) and matrix-supported samples (G1) during the increase in effective
stress. (c) is the variation with pressure of the comparison coefficients of stage compression ratio for macropores and micropores. (d) is pore volume compression coefficients for the
effective stress increase process for large and small pores for both samples.
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macropore compression coefficients in matrix-supported samples
Pf and G1 are significantly higher due to limited space for filling
within fewer intergranular macropores. Conversely, less coarse-
grain support leads to a stronger reduction of pore space through
filling and structural deformation of finer particles.
4.2. Evolution of permeabilityddifference of support structure

Experimental results reveal two types of sandy conglomerate
with binary granular media: matrix support (Group B) and particle
support (Group A) (Cheng et al., 2023; Liu et al., 2022;
Thevanayagam et al., 2002). Significant differences are observed in
permeability damage rate, stage stress sensitivity, and irreversible
permeability damage rate between the two support structures.

Firstly, concerning permeability damage rate, Group B's matrix-
supported samples exhibit ineffective support by hard particles,
with the heterogeneous matrix mainly controlling percolation
channels. This results in low initial permeability and high perme-
ability damage rate (Figs. 3 and 4). On the other hand, Group A's
1786
grain-supported samples benefit from interactions between hard
particles, absorbing part of the effective stress, resulting in higher
initial permeability and weaker permeability damage.

Secondly, in terms of stage stress sensitivity, stress sensitivity
coefficients in the first and second stages for matrix-supported
samples exceed 0.06, while grain-supported samples have stress
sensitivity coefficients in the second stage all less than 0.03, as
shown in Fig. 7(a). This difference arises from the ability of hard
particles in the later stage to bear a significant portion of the stress,
making it challenging for seepage channels to further close without
rupture, as shown in Fig. 8. Compared tomatrix-supported samples
experiencing sustained matrix compression, grain-supported
samples display a stable second stage of permeability stress
sensitivity.

Lastly, regarding irreversible permeability damage rate,
matrix-supported samples show a high degree of irreversible
damage (> 70%), as shown in Fig. 7(b). This is attributed to plastic
deformation of the matrix, leading to significant hysteresis in
permeability reverting. Conversely, grain-supported samples



Fig. 7. Stress sensitivity coefficient at different stages and irreversible permeability damage rate. (a) is the stress sensitivity factor for six samples at two stages before and after an
effective stress of 15 MPa. (b) is the irreversible stress-sensitive damage rate for the six samples.

Fig. 8. Schematic representation of the evolution of the seepage channel during the process of particle compression and revert. The top section displays a matrix-supported sample,
where the matrix particles are directly compressed and undergo structural and plastic deformation with high levels of irreversible damage. On the other hand, the bottom section
shows a grain-supported sample, where elastic deformation and body deformation occur in contact with hard particles, leading to low levels of irreversible damage.
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exhibit a low degree of irreversible damage (< 50%) due to elastic
deformation of hard particles like quartz after compression,
resulting in a better reversion of percolation channels.
4.3. Stress sensitivity coefficientsdinfluence of particle features

Particle features are direct and vital factors in understanding the
physical property evolution of binary granular media under
different stress conditions (Cheng et al., 2023; Liu et al., 2020; Zhou
et al., 2018). However, the correlation between particle size and
stress-sensitive damage lacks consensus (Gu et al., 2018; Liu et al.,
2020). Relying solely on average particle size is inadequate for
accurately measuring stress-sensitive damage. This study found
that particle features such as fines content, uniformity coefficient,
Young's modulus, and deformation properties, exert significant
effects on stress sensitivity.
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The duality of particle structure of samples renders average
particle size unreliable for evaluating stress sensitivity (R2 < 0.3), as
shown in Fig. 9(a). In weakly stress-sensitive Group A samples with
grain-supported structure, fine gravels or coarse sands dominate,
resulting in an average grain size of 2e4 mm. In strongly stress-
sensitive Group B samples with matrix-supported structure, Pf
samples have an average particle size less than 2 mm due to high
fine sands content, while G series samples are larger than 4mmdue
to individual coarse gravel presence. But the seepage channel is still
controlled by the shaly matrix formed by debris flow deposition
and subsequent reconstruction. In contrast, the average size of fines
(sand and silt with Ø > �2) shows a better negative correlation
(R2 > 0.8) with stress sensitivity coefficient. Smaller fines are easier
to transport and fill into pores between coarse grains during
compression, leading to seepage channel blockage and perme-
ability reduction (Chang et al., 2017a; Yang et al., 2022).



Fig. 9. Stress sensitivity coefficients versus rock structure parameters: (a) Average particle size and fines average particle size; (b) Uniformity coefficient and matrix pore content;
(c) Irreversible and reversible permeability damage rates; (d) Fines content and Young's modulus.
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The uniformity coefficient (Cu) of particle size, matrix pore
content, and stress sensitivity coefficient shows a strong positive
correlation (R2 > 0.9), as shown in Fig. 9(b). Cu is defined as the ratio
of D60 to D10, indicating the difference between coarse and fine
particle sizes in the sample (Monkul et al., 2021). D60 and D10 are
the diameter of the cumulative accounts for 60% and 10% (Bell,
2013). The matrix pore content is the ratio of the T2 spectral area
of the matrix pores to the total area. Particle-supported structures
tend to have a more uniform particle size distribution and retain
more intergranular pores, while matrix-supported structures have
an uneven distribution, with fine particles occupying storage space
between coarse grains, resulting in high matrix microporosity
content and strong stress sensitivity.

Fines content (Fc) is a more influential indicator to study the
mechanical properties of binary particle media (Bell, 2013; Monkul
et al., 2021; Zhou et al., 2018). Fc is defined as the ratio of sand and
silt with Ø >�2 to gravel content of�2 > Ø >�4. Individual coarser
gravels do not act as support for the pore space as elaborated in
section 3.2 (Liu et al., 2022; Zhang et al., 2020b). The Young's
modulus of the samples was calculated from the mineral fractions
obtained from XRD experiments based on the VRH averaging the-
ory (Digby, 1981). Samples with Fc < 50% are dominated by coarse
intergranular contact, while samples with Fc > 50% exhibit a sig-
nificant decrease in coarse intergranular contact and an increase in
fine intergranular and coarse-fine contact (de Frias Lopez et al.,
2016; Zhou et al., 2018). As shown in Fig. 9(d), samples transi-
tioned from grain-supported to matrix-supported with increasing
fines content. At the same time, Young's modulus decreases, mak-
ing seepage channels more susceptible to compressive deformation
and enhancing stress sensitivity.

Irreversible and reversible permeability damage rateswere used
to determine and quantify plastic and elastic deformation (Ruan
and Wang, 2002; Cao and Lei, 2019). Fig. 9(c) shows a significant
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positive correlation (R2 > 0.8) between stress sensitivity coefficient
and plastic deformation amount, and a negative correlation with
elastic deformation amount. Elastic deformation of hard coarse
grains is small, while plastic deformation results from matrix par-
ticle deformation (body deformation) and rearrangement (struc-
tural deformation) (Cheng et al., 2023; Liu et al., 2020; Cao and Lei,
2019; Rahman Md and Lo, 2014). Particle unit structural deforma-
tion and pore filling by fine particles cause more significant and
irreversible weakening of seepage channels, leading to stronger
stress sensitivity.

According to experimental analysis, the stress sensitivity of
sandy conglomerates in binary granular media is principally linked
to the rock's supporting structure (matrix-supported and grain-
supported), rock particles properties (radius R, Young's modulus
E, and Poisson's ratio n), and the pore radius r. The compressibility
and support structure of the particles determine the pore perco-
lation during compression. This provides a basis for establishing the
quantitative characterization of stress sensitivity:

k (r, s) ¼ k (E, n, s, R) (8)
4.4. Particle compression model

The compressive deformation behavior of finematrix particles is
distinct from that of coarse grains. Thematrix is more susceptible to
plastic deformation, with matrix micropores and some dissolved
pores being easily compressible, resulting in slit-like pores in the
matrix-supported samples (Fig. 5(b)). Consequently, a four-particle
model, capable of capturing structural deformation, is employed to
describe the matrix behavior. On the other hand, coarse grains
predominantly undergo elastic deformation of grains itself, and
intergranular pores are less compressible and more spherical,
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leading to the use of a three-particle model, focusing solely on bulk
deformation.
4.4.1. Matrix compression model
The assumptions for the four-particle compression model of the

matrix are as follows:

(1) Rock matrix pore consists of an accumulation of rock parti-
cles in a basic unit of four closely spaced particles, the par-
ticles in each unit being of equal diameter.

(2) Under external forces, the four-particle unit undergoes body
and structural deformation. Body deformation involves
elastic deformation, following Hertz's law of contact defor-
mation with a circular contact surface of radius 'a'. Structural
deformation occurs as the arrangement of the four particles
varies, as shown in Fig. 10(c) and (d), transitioning from a
square stack to a approaching rhomboidal stack.

(3) The fluid is a single-phase Newtonian fluid for single-phase
flow. The relationship between fluid flow and pore radius
follows Poiseuille's theory, and the relationship between
permeability and flow is consistent with Darcy's law.

(4) The applied pressure is the external confining pressure on
the particles; there's no alteration in pore pressure. The
effective stress range aligns with experiment.

Hertz's law of contact deformation (Hertz, 1882) states that the
radius am of the contact surface between rock particles subjected to
external stress is given by

am ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3RmF

�
1� vm2

�
4Em

3

s
(9)

where Rm is the radius of the matrix particle, mm; F is the stress
acting on the particle, N; vm is the Poisson's ratio of the matrix
particle; and Em is the Young's modulus of the matrix particle, Pa.
The distance bm from the particle center to the contact surface after
deformation and the effective stress sm can be determined using
this formula:

bm ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Rm2 þ am2

q
(10)

sm ¼ 2F
pa2m

(11)

After the effective stress increases, the granular units change
from cubic to rhomboidal accumulation. The initial and changed
cross-sectional areas of the pore seepage channels enclosed by the
four particles Amo and A0

m are

Amo ¼ð4� pÞR2m (12)
Fig. 10. Schematic diagram of the deformation of particles under pressure. (a)e(b) depict th
particle models representing fine matrix particles. While only body deformation occurs in
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A
0
m ¼ 4b2m sinq�

�
p� 4 arctan

am
bm

�
R2m � 4ambm (13)

where q is the inner angle of the rhombus formed by the line
connecting the centers of the four particles. As the effective stress
increases, q decreases and the rate of decrease becomes smaller.
The rate of decrease of q is influenced by the friction between the
particles, with a stronger frictional effect leading to a slower rate of
deformation. The value of the friction between the two contact
surfaces is proportional to the true contact area and the normal
load (Bowden and Tabor, 2001; Lai et al., 2016). During deforma-
tion, the range of q falls between p/3 and p/2. A function of the
following form is constructed to describe the variation of q:

q¼p
3
þ p��

sm þ
ffiffiffi
6

p ��
ln
�
1þ a2m

	
Rm

�þ ffiffiffi
6

p ��b
(14)

When the effective stress is 0, the particles are in a square stacking
state and the initial surface porosity enclosed by the four particles is
denoted as nm0. As the effective stress increases, the particles
deform and their stacking state changes to a rhomboidal, and
eventually to a positive rhomboidal. The resulting surface porosity
is denoted as n0m:

nm0 ¼ 1� p
4
z0:215 (15)

n
0
m ¼ 1�

�
p� 4 arctan am

bm

�
R2m þ 4ambm

4b2m sinq
(16)
4.4.2. Grain compression model
A model for compressive deformation of hard coarse grains

using three-particle units is proposed, based on the following
assumptions:

(1) Hard grains consist of three-particle structural units, the
particles in each unit being of equal diameter, with small
matrix particles filling the interior.

(2) Only body deformation occurs in the three-particle stacking
unit under external force, following Hertz's law of contact
deformation.

(3) The hard grains remain undeformed when squeezed against
matrix. The pore seepage and pressure exertion law are the
same as assumed in the previous section.

The circular radius ap of the deformation zone and the distance
bp from the center of the particle to the contact surface after
deformation are calculated using the same method as in Eqs. (9)
ree-particle arrangements consisting of hard, coarse grains. (c)e(e) depict portray four-
(b) and (d), both body and structural deformation occur in (e).
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and (10). The effective stress of the model is

sp ¼ 3F
2pa2p

(17)

The capillary cross-sectional areas Apo and A0
p before and after

deformation of the particles are given by the following equations,
respectively:

Apo ¼
� ffiffiffi

3
p

� p
.
2
�
R2p (18)

A0
p ¼

ffiffiffi
3

p
b2p � 3

2

�
p
3
� 2 arctan

ap
bp

�
R2p � 3apbp (19)

Thus, the surface porosity np0 and n0p in the initial state and after
deformation are expressed in terms of the particle shape parameter
as

np0 ¼1�
ffiffiffi
3

p
p

6
z0:093 (20)

n0p ¼1�
3
2

�
p
3 � 2 arctan ap

bp

�
R2p þ 3apbpffiffiffi

3
p

b2p
(21)
4.5. Binary granular stress-sensitive model

4.5.1. Modelling and analysis
Fig. 11 shows that the pore space of the sandy conglomerate
Fig. 11. Schematic diagram of a binary granular structure compressor. (a) and (c) depict the g
the matrix-supported type, where the matrix fine particles are directly compressed.
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consists of two components: pores between the fine matrix parti-
cles and pores in the unoccupied spaces between coarse particles.
Utilizing the mentioned assumptions, the undrained compression
theory for binary granular accumulations can be referenced to
formulate an overall porosity compression model (Chang et al.,
2017b; Manzari and Dafalias, 2001). By applying Poiseuille theory
and Darcy's law (Chapman and Palisch, 2014; Liu et al., 2020), the
permeability ratios under different effective stress conditions
effected by pore radius can be calculated:

n0 ¼1� d
�
1� n0m

�� h
�
1� n0p

�
(22)

k0

k0
¼


r0

r0

�2
¼


n0

n0

�4
(23)

where d represents the deformation limitation factor of the matrix
fines protected by the hard coarse grains supporting, with d < 1; h is
the filling factor of the intergranular space between coarse grains
by fines during compression, with h > 1. The calculation of pa-
rameters such as the particle size of binary particles for each
sample is based on experimental data, which also helps to fully
simulate the actual rock conditions. Fig. 12(a) shows the fitted re-
sults of the model and experimental data are accurate with
R2 > 0.95. Fig. 12(b) illustrates the relationship between the
normalized permeability and the model parameters d and h. The
stress sensitivity of normalized permeability increases as d and h

increase. Specifically, an increase in the deformation limitation
factor d weakens the support capacity of coarse grains, leading to
more structural deformation of fines units. Simultaneously, an in-
crease in the particle rearrangement factor h promotes filling of the
space between coarse particles by fine particles, resulting in
rain-supported type, where a support region and a filled region exist; (b) and (d) depict



Fig. 12. (a) Comparison of preliminary model calculations with experimental data and (b) variation of normalized permeability with model parameters d and h.
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reduced surface porosity of the seepage channel and stronger stress
sensitivity. Interestingly, bothmodel parameters d and h increase as
the fines content of the sample increases, indicating that sandy
conglomerate samples with a high fines content experience less
support from hard coarse grains and more filling by fines.

The fitting results still have inaccuracies due to changing par-
ticle arrangement and nesting during compression, making defor-
mation limitation factor and filling factor non-constant (Rahman
Md and Lo, 2014). It is necessary to introduce the concept of force
chains to describe the non-steady state of the compression process
(Casagrande, 1976). Another equivalent formulation of this state is
that, for a given porosity, there is no unique chain of forces that
deforms the particle structure continuously. Specifically, for binary
granular structures with different sizes and compression proper-
ties, some of the fine particles are obscured in the voids of the
coarse particles and do not actively participate in the transfer of
normal forces. Changes in effective stress alter active contents of
fine particles in force chains, affecting particle's support and filling
capacity. This impacts rock compliance and resistance to sliding
and failure. To capture the dynamic effects of force chains, the
proportion changes of fine particles playing an active role in the
force chainmust be considered. This proportion can be expressed in
exponential formwith respect to effective stress (Zhou et al., 2018).
Therefore, following the approach of Thevanayagam et al. (Chang
and Yin, 2011; Thevanayagam, 1998; Zhou et al., 2018), we
improved the model presented in the previous section:

n0 ¼1�
�
1þ Fc� n0mFc� n0p

�
c0 (24)

c0 ¼ cðs=s0Þ (25)

where Fc denotes the fines content in the sample. Model parameter c
known as force chain flexibility, determines the trends of change of
active content of fine particles in force chains as effective stress in-
creases and reflects the rearrangement ability of binary particles.
c ¼ 1 corresponds to the steady state of the unary granular system,
c < 1 indicates the gradual dominance of hard grains, and c > 1
implies thatmore fine particles fill the pores between the hard grains
and participate in the force chain transfer. Eqs. (24) and (25) accu-
rately fit experimental results, with R2 > 0.97, as shown in Fig. 13(a).

Fig. 13(b) depicts how the ratio of the active content of fine
particles relative to the initial active content varies with the
effective stress in each sample. It is evident that for the grains-
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supported samples (T1, T2, Pg), the active content of fine particles
decreases with increasing effective stress, leading to the formation
of a stable structure of coarse particles supported by each other. For
the matrix-supported samples, more and more fine particles play
an active role in the force chains, indicating the predominance of
the filling role of fine particles. The study shows that there is a small
number of fine particles that are not in an active state at the initial
moment of the binary particulate media involved in this study
(Chang and Yin, 2011; Zhou et al., 2018), and it is the number of
particles that provides the scope for the variation in the fine par-
ticles active content. However, the c of the sample with the highest
fine particle content (Pf sample) is smaller than that of the G
samples due to the reduced mutual contact between the coarse
particles when the fine particle content is too high. In this case, the
compression process is closer to that of a single-particles rock
sample, with c converging to 1. This conclusion is consistent with
the findings of Liu et al. (2022), who reported a decrease in inter-
connection when the coarse grains content < 35%. Thus, as shown
in Fig. 14, the stress-sensitive of binary granular samples, such as
sandy conglomerates, can be classified into three types: support-
dominated, fill-dominated, and matrix-controlled, using c ¼ 1
and Fc ¼ 65% as critical values.
4.5.2. Application of the model
The Mahu conglomerate reservoir, situated in Xinjiang, China, is

known to harbors typical binary granular media reservoirs. The
presence of stress sensitivity can cause a significant decrease in
production capacity. Therefore, it is of utmost importance to
maintain a reasonable bottomhole pressure to mitigate such losses.
As an example, the parameters of an actual well are considered.
With a formation pressure Pe of 61.8 MPa, a drainage radius re of
240 m, a reservoir thickness h of 20 m, and a starting pressure
gradient l of 0.01 MPa/m, the radial flow rate v can be expressed as

v¼K0e�gðPe�PÞ

m

�
dp
dr

� l

�
(26)

The equation for radial flow production energy considering
stress-sensitive effects is established by expanding and integrating
the above equation:



Fig. 13. (a) Comparison of the improved model with experimental data. (b) Variation of the ratio of the active content of fine particles relative to the initial active content with
increasing effective stress for six samples.

Fig. 14. Stress-sensitive types according to force chain flexibility c and fines content Fc.
The green area indicates the support-dominated type; the red area indicates the fill-
dominated type; the yellow area indicates the matrix-controlled type.

Fig. 15. (a) Comparison of production with and without stress sensitivity at different b
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Q ¼ 2phK0
�
1� e�gðPe�PwÞ �� gle�gðPe�PÞðre � rwÞ

�
gmBoln

�
re
rw

� (27)

where Pw is the bottomhole pressure, MPa; P is the pressure at a
point in the plane, MPa; P is the average reservoir pressure, MPa; rw
is the well radius, m; m is the fluid viscosity, mPa$s; and Bo is the
fluid volume factor. Based on the model in this study, an expo-
nential relationship between permeability and effective stress for a
given reservoir can be obtained. The formations data meeting the
selected boundary values in Fig. 14 were used to calculate the
predicted production with and without stress sensitivity at
different wellbore pressures. As depicted in Fig. 15, the production
retention rate increases with an increase in bottomhole pressure,
indicating that increasing the bottomhole pressure can help reduce
the stress-sensitive damage. To limit the stress-sensitive damage to
production to 20%, it is recommended that for tight reservoirs of
the support-dominated type (Group A samples in this study), the
wellbore pressure should be higher than 43.35 MPa, i.e., the energy
retention rate should be greater than 70.1%. For fill-dominated type
and matrix-controlled tight reservoirs (Group B samples in this
ottom hole pressures. (b) Production retention at different bottom hole pressures.
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study), the bottomhole pressure should be higher than 54.4 and
55.8 MPa, respectively, i.e., the energy retention rate should be
higher than 88% and 90.2%.
5. Conclusion

In this study, we investigated the stress-sensitive mechanism of
compact sand conglomerates, and the key findings are as follows:

(1) The stress-sensitivity coefficients for tight sandy conglomer-
ates ranged from 65.6% to 90.9%, with permeability damage
rates from 65.6% to 90.9%, and an average pore compression
coefficient between 0.0168 and 0.0208 MPa�1. Pore
compressibility decreased with increasing stress and can be
divided into three stages: filling, compression, and compac-
tion. Pore compressionwasmainly controlled bymatrix pores.

(2) The stress sensitivity of binary granular media is influenced
by the support structure and granular properties. Matrix-
supported samples exhibited high stress sensitivity co-
efficients (average ¼ 0.089) and irreversible permeability
damage rates (average¼ 74.2%). In contrast, grain-supported
samples showed very low late stress sensitivity coefficients
(average ¼ 0.021) for effective stress >15 MPa. The stress
sensitivity of binary particulate media with small fine par-
ticle size, high fines content, high uniformity coefficient of
particle size, high matrix pore content, high plastic defor-
mation, and low Young's modulus was found to be high.

(3) Based on the Hertz contact deformation theory and Pois-
euille theory, we derived semi-analytical models of three-
particle and four-particle compression for hard grains and
Appendix A. Nomenclature

T2;T2s Transverse relaxation of NMR, surface relaxation of NMR, ms sm
r Constant that represents the relaxation strength Amo

Apo

D Permeability damage rate corresponding to the pressure, % q

k;K0;

K
Permeability, initial permeability, permeability under the corresponding
effective stress, mD

nmo

npo
g Stress sensitivity coefficient b

s;s0;

si

Effective stress, initial effective stress, a certain effective stress, MPa n0;

CP Pore volume compressibility coefficient, MPa�1 d

S0;Si Initial T2 spectrum envelope area, T2 spectrum envelope area under the
corresponding effective stress

h

f=f0 Ratio of the porosity corresponding to the effective stress relative to the
initial porosity

Fc

А Power exponent of porosity-permeability c;c
Dp Particle diameter, mm Ep
Ø Logarithm of the particle diameter on a base of 2 z

r;r0;r0 Pore radius, initial pore radius, pore radius under the corresponding
effective stress, m

h

E; Em;

Ep
Young's modulus, Young's modulus of matrix particle, Young's modulus of
coarse grain, Pa

re,

v; vm;

vp

Poisson's ratio, poisson's ratio of matrix particle, poisson's ratio of coarse
grain

Pe;

P;P
R;Rm ;

Rp
Particle radius, matrix particle radius, coarse grain radius, m m l

am;ap Radius of the contact surface between rock particles subjected to external
stress, for matrix particle and coarse grain, respectively, m

М

bm;bp Distance from the center of the particle to the contact surface after
deformation, for matrix particle and coarse grain, respectively, m

Bo

F Stress acting on the particle, N PP
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matrix particles. We further considered the support and
filling effects of binary particles to establish a nested stress-
sensitive model, with a calculation error <0.05.

(4) By considering the change of the active content of fine par-
ticles in the force chain during stress action, we developed an
improved model for the non-stationary characteristics of
stress sensitivity, with an average error <0.03. Binary gran-
ular media were classified into three types based on the
model parameters: support-dominated, filling-dominated,
and matrix-controlled. Applying the model to China's Mahu
reservoir, the formation energy retention rates for these
three types of reservoirs were found to be at least 70.1%, 88%,
and 90.2%, respectively, while ensuring that production
stress sensitivity loss remains below 20%.
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