


83Stress sensitivity in oil shale

3. Results and discussion

To compare the differences in the stress sensitivity of porosity and permeability 
in the oil shale reservoirs in Fushun and Xinjiang, models of porosity and 
permeability functions were used to fit parameters such as the stress sensitivity 
coefficient, porosity and permeability damage rates, porosity compressibility 
coefficient, permeability stress sensitivity coefficient. A comprehensive 
comparative analysis was conducted on the stress sensitivity of porosity and 
permeability in oil shale.

3.1. Relationship of porosity, permeability, and stress in oil shale

The Terzaghi equation was used to calculate the effective stress in the 
overburdened permeability experiment of oil shale samples [52]:

,                                                (1)

where σ is the confining pressure applied to the sample, MPa; P is the fluid 
pressure during the sample test, MPa; and       is the Terzaghi effective stress 
during the experimental process.

The relationship between the porosity, permeability, and effective stress of 
oil shale under overburden pressure is illustrated in Figure 4.
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(b)

(c)



85Stress sensitivity in oil shale

The two oil shale samples from the Fushun area are denoted as samples 
1 and 2, and the two oil shale samples from the Xinjiang area are denoted 
as samples 3 and 4. As shown in Figure 4, there is a good correlation among 
porosity, permeability, and effective stress in the oil shale specimens from 
Fushun. In contrast, the correlation between porosity, permeability, and 
effective stress is slightly weaker in the oil shale specimens from Xinjiang.

The relationship between oil shale rock porosity and effective stress is a 
negative exponential function; i.e., the porosity of oil shale reservoir decreases 
with increasing effective stress. Regression analysis of the experimental 
results yields the following relationship:

,                                              (2)

where φi is the porosity under a given pressure condition, %; P is the effective 
stress value from the initial to a given pressure state, MPa; φ0 is the porosity 
when the initial pressure is 0, %; and Cp is the compression coefficient of shale 
reservoir, MPa–1.

T he experimental results of porosity for the four samples under overburden 
conditions are shown in Table 1. For the oil shale in the Fushun West Open-
pit Mine area, the initial porosity (φ0) ranges from 1.6948% to 1.7072%, with 
an average of 1.701%. The corresponding compression coefficients are in the 

Fig. 4. Relationship between the porosity, permeability and effective stress of oil shale 
under overburden pressure.

(d)
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range of 0.35 to 0.36 MPa–1, with an average of 0.355 MPa–1. This indicates that 
oil shale in this region has a relatively high initial porosity and compression 
coefficient, which may reflect the influence of geological conditions on the 
physical properties of rocks in this area. In the Jimsar region of Xinjiang, 
the initial porosity (φ0) of oil shale ranges from 1.0909% to 1.1480%, with 
an average of 1.1194%. The compression coefficient is in the range of 0.010 
to 0.011 MPa–1, with an average of 0.0105 MPa–1. In comparison to the oil 
shale in Fushun, the oil shale in Xinjiang shows lower values in terms of 
initial porosity and the compression coefficient, possibly due to differences in 
geological environments.

The gas permeability of the oil shale samples follows a negative exponential 
function with effective stress. As the effective stress increases, the permeability 
of oil shale samples decreases according to the negative exponential law. The 
relationship is expressed as an exponential decrease:

﻿,                                                (3)

where Ki is the permeability under a given pressure, ×10–3 mD; P is the 
effective stress value from the initial to a given pressure state, MPa; K0 is the 
permeability when the initial pressure is 0, ×10–3 mD; and a is the permeability 
stress sensitivity coefficient, MPa–1.

By analyzing the results of the permeability experiment of oil shale 
samples under the overlying conditions (Table 1), the following trends can 
be observed. The initial permeability (K0) of oil shale in Fushun ranges from 
13.5978 to 13.2949 × 10–3 mD, with an average of 13.4463 × 10–3 mD. The 
stress sensitivity coefficient ranges from 0.885 to 0.082 MPa–1, with an average 
value of 0.4835 MPa–1. Comparatively, the initial permeability (K0) of oil shale 
in the Jimsar area of Xinjiang ranges from 8.3754 to 9.2644 × 10–3 mD, with 
an average of 8.8199 × 10–3 mD, while the stress sensitivity coefficient varies 
within the range of 0.137 to 0.097 MPa–1, with an average of 0.117 MPa–1. 
These data reveal different responses in permeability under overburden 
conditions for the oil shale in the two regions. The oil shale in Fushun exhibits 
relatively higher values of both the initial permeability and the stress sensitivity 
coefficient, indicating a more significant influence during the overburden 
process. In contrast, the oil shale in Jimsar shows lower values of both the 
initial permeability and the stress sensitivity coefficient, suggesting relatively 
minor changes in permeability under the same overburden conditions.

relationship: 

,  (2) 

where φi is the porosity under a given pressure condition, %; P is the effective stress 
value from the initial to a given pressure state, MPa; φ0 is the porosity when the initial 
pressure is 0, %; and Cp is the compression coefficient of shale reservoir, MPa–1. 

The experimental results of porosity for the four samples under overburden 
conditions are shown in Table 1. For the oil shale in the Fushun West Open-pit Mine 
area, the initial porosity (φ0) ranges from 1.6948% to 1.7072%, with an average of 
1.701%. The corresponding compression coefficients are in the range of 0.35 to 0.36 
MPa–1, with an average of 0.355 MPa–1. This indicates that oil shale in this region has 
a relatively high initial porosity and compression coefficient, which may reflect the 
influence of geological conditions on the physical properties of rocks in this area. In 
the Jimsar region of Xinjiang, the initial porosity (φ0) of oil shale ranges from 1.0909% 
to 1.1480%, with an average of 1.1194%. The compression coefficient is in the range 
of 0.010 to 0.011 MPa–1, with an average of 0.0105 MPa–1. In comparison to the oil 
shale in Fushun, the oil shale in Xinjiang shows lower values in terms of initial porosity 
and the compression coefficient, possibly due to differences in geological environments. 

The gas permeability of the oil shale samples follows a negative exponential 
function with effective stress. As the effective stress increases, the permeability of oil 
shale samples decreases according to the negative exponential law. The relationship is 
expressed as an exponential decrease: 

 (3) 

where Ki is the permeability under a given pressure, ×10–3 mD; P is the effective stress 
value from the initial to a given pressure state, MPa; K0 is the permeability when the 
initial pressure is 0, ×10–3 mD; and a is the permeability stress sensitivity coefficient, 
MPa–1. 

By analyzing the results of the permeability experiment of oil shale samples under 
the overlying conditions (Table 1), the following trends can be observed. The initial 
permeability (K0) of oil shale in Fushun ranges from 13.5978 to 13.2949 × 10–3 mD, 
with an average of 13.4463 × 10–3 mD. The stress sensitivity coefficient ranges from 
0.885 to 0.082 MPa–1, with an average value of 0.4835 MPa–1. Comparatively, the 
initial permeability (K0) of oil shale in the Jimsar area of Xinjiang ranges from 8.3754 
to 9.2644 × 10–3 mD, with an average of 8.8199 × 10–3 mD, while the stress sensitivity 
coefficient varies within the range of 0.137 to 0.097 MPa–1, with an average of 0.117 
MPa–1. These data reveal different responses in permeability under overburden 
conditions for the oil shale in the two regions. The oil shale in Fushun exhibits relatively 
higher values of both the initial permeability and the stress sensitivity coefficient, 
indicating a more significant influence during the overburden process. In contrast, the 
oil shale in Jimsar shows lower values of both the initial permeability and the stress 
sensitivity coefficient, suggesting relatively minor changes in permeability under the 
same overburden conditions. 

i 0φ  = φ  e–Cp p

e–aPi 0K = K
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Table 1. Statistical analysis of the porosity, permeability, and effective stress of oil shale samples 

Sample 
ID 

Compression 
coefficient 
(Cp), MPa–1 

Porosity 
(φ0), % 

Correlation 
coefficient 

(R2
1) 

Permeability 
stress 

sensitivity 
coefficient 
(a), MPa–1 

Permeability 
(K0), 10–

3 mD 

Correlation 
coefficient 

(R2
2) 

1 0.035 1.7072 0.98589 0.885 13.5978 0.91806 

2 0.036 1.6948 0.99495 0.082 13.2949 0.91052 

3 0.010 1.0909 0.83431 0.137 8.3754 0.96557 

4 0.011 1.1480 0.97503 0.097 9.2644 0.99733 

3.2 Porosity stress sensitivity 

The porosity damage rate (Dφ) refers to the extent of damage to the formation or 
rock porosity under certain conditions. A higher Dφ indicates that the reservoir porosity 
is more susceptible to the influence of stress, and thus has a higher degree of stress 
sensitivity. If Dφ is a positive value, this indicates a decrease in porosity and hence 
porosity damage. If Dφ is a negative value, this indicates an increase in porosity and 
hence porosity recovery or expansion. The formula is as follows:  

,                                             （4） 

where Dφ is the porosity damage rate, %; φ1 is the initial stress point porosity, MPa; 
and φi is the porosity of the i-th pressure point, MPa. Under the same confining pressure 
condition, the higher the porosity damage rate, the higher the stress sensitivity of the 
oil shale reservoir. The strength of the oil shale porosity damage rate is divided 
according to the experimental evaluation method of reservoir sensitivity (SY/T 5358-
2010) [53] (see Table 2). 

 
Table 2. Evaluation index of the porosity damage rate 

Porosity 
damage 
rate, % 

Dφ ≤ 5 
5 < Dφ ≤ 

30 

30 < Dφ ≤ 

50 

50 < Dφ ≤ 

70 

Dφ > 70 

Degree of 
damage 

– Weak 
Moderate 
to weak 

Medium to 
strong 

Strong 

 
The porosity damage rate of oil shale in the Fushun region ranges from 4.47% to 

36.18%, while in the Xinjiang region, it varies between 1.09% and 12.94%. This 
indicates that both regions exhibit relatively weak degrees of porosity damage (Fig. 5). 
Specifically, the porosity damage rate of oil shale in the Fushun region gradually 
increases with more effective stress. In contrast, the variation in Xinjiang is relatively 
small. This observation suggests that the porosity structure of oil shale in the Fushun 
region may be more susceptible to significant damage under the influence of increasing 
effective stress. This could be related to the geological conditions and rock properties 
in the Fushun region, making oil shale more vulnerable to external stress, and resulting 
in damage to the porosity structure. Conversely, the oil shale in Xinjiang exhibits a 
relatively lower porosity damage rate under similar conditions, indicating a certain 
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T able 1. Statistical analysis of the porosity, permeability and effective stress of oil 
shale samples

Sample 
ID

Compression 
coefficient 
(Cp), MPa–1

Porosity 
(φ0), %

Correlation 
coefficient 

(R2
1)

Permeability 
stress sensitivity 
coefficient (a), 

MPa–1

Permeability 
(K0), 

10–3 mD

Correlation 
coefficient 

(R2
2)

1 0.035 1.7072 0.98589 0.885 13.5978 0.91806

2 0.036 1.6948 0.99495 0.082 13.2949 0.91052

3 0.010 1.0909 0.83431 0.137 8.3754 0.96557

4 0.011 1.1480 0.97503 0.097 9.2644 0.99733

3.2. Porosity stress sensitivity

The porosity damage rate (Dφ) refers to the extent of damage to the formation 
or rock porosity under certain conditions. A higher Dφ indicates that the 
reservoir porosity is more susceptible to the influence of stress, and thus has 
a higher degree of stress sensitivity. If Dφ is a positive value, this indicates a 
decrease in porosity and hence porosity damage. If Dφ is a negative value, this 
indicates an increase in porosity and hence porosity recovery or expansion. 
The formula is as follows: 

,                                         (4)

where Dφ is the porosity damage rate, %; φ1 is the initial stress point porosity, 
MPa; and φi is the porosity of the i-th pressure point, MPa. Under the same 
confining pressure condition, the higher the porosity damage rate, the higher 
the stress sensitivity of the oil shale reservoir. The strength of the oil shale 
porosity damage rate is divided according to the experimental evaluation 
method of reservoir sensitivity (SY/T 5358-2010) [53] (see Table 2).

Table 2. Evaluation index of the porosity damage rate

Porosity 
damage rate, % Dφ ≤ 5 5 < Dφ ≤ 30 30 < Dφ ≤ 50 50 < Dφ ≤ 70 Dφ > 70

Degree of 
damage – Weak Moderate to 

weak
Medium to 

strong Strong

The porosity damage rate of oil shale in the Fushun region ranges from 
4.47% to 36.18%, while in the Xinjiang region, it varies between 1.09% and 
12.94%. This indicates that both regions exhibit relatively weak degrees of 
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porosity damage (Fig. 5). Specifically, the porosity damage rate of oil shale in 
the Fushun region gradually increases with more effective stress. In contrast, 
the variation in Xinjiang is relatively small. This observation suggests that the 
porosity structure of oil shale in the Fushun region may be more susceptible 
to significant damage under the influence of increasing effective stress. This 
could be related to the geological conditions and rock properties in the Fushun 
region, making oil shale more vulnerable to external stress, and resulting in 
damage to the porosity structure. Conversely, the oil shale in Xinjiang exhibits 
a relatively lower porosity damage rate under similar conditions, indicating a 
certain resistance to stress-induced damage in the rocks of that region. 

In the experimental analysis of oil shale porosity, permeability, and their 
stress sensitivity, the porosity compressibility coefficient is crucial. This 
coefficient directly reflects the compressibility characteristics of the rock’s 
porosity structure under changes in external stress. The magnitude of the 
porosity compressibility coefficient is directly related to the sensitivity of the 
rock porosity structure to stress, indicating the extent of porosity structure 
changes under stress. For oil shale, a high porosity compressibility coefficient 
suggests that the porosity structure is more susceptible to stress, potentially 
leading to significant changes in porosity. Therefore, when studying 
porosity, permeability, and stress sensitivity, comprehensive consideration 
of the porosity compressibility coefficient is essential to ensure a thorough 
understanding of the rock’s response behavior. The porosity compressibility 
coefficient is defined as follows:

Fig. 5. Relationship between the porosity damage rate and effective stress.
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,                                            (5)

where Cp is the pore compression coefficient of shale reservoir, MPa–1; 
ϕ0 is the porosity under the initial effective stress, %; and (∂ϕ / ∂P)T 
is the change rate of oil shale porosity with effective stress under isothermal 
conditions, MPa–1.

With increased effective stress, the oil shale samples from Fushun and 
Xinjiang exhibit a two-stage pattern in the porosity compressibility coefficient 
(Fig. 6). The first stage is the initiation of microcracks, and with the increase of 
effective stress, the oil shale sample initially forms microcracks. In this stage, 
the porosity compressibility coefficient decreases sharply, showing stronger 
stress sensitivity. The second stage is the closure of microcracks, and with the 
gradual increase in pressure, the pores of the oil shale sample gradually close. 
In this stage, the curve of the porosity compressibility coefficient tends to 
stabilize, indicating weaker stress sensitivity. 

In the oil shale samples from Fushun, when the effective stress is less than 
7 MPa, the porosity compressibility coefficient decreases sharply, from 0.4 to 
0.15 MPa–1, dropping by approximately 62.5%. However, once the effective 
stress exceeds 7 MPa, the porosity compressibility coefficient increases 
slowly. In contrast, the oil shale samples from Xinjiang show an upward and 
downward trend in the porosity compressibility coefficient when the effective 
stress is less than 10 MPa. However, once the effective stress exceeds 10 MPa, 
the porosity compressibility coefficient stabilizes and remains at a relatively 
low level, below 0.1 MPa–1. 

resistance to stress-induced damage in the rocks of that region.  
 

 

 
 

Fig. 5. Relationship between the porosity 
damage rate and effective stress. 

Fig. 6. Relationship between the porosity 
compressibility coefficient and effective 

stress. 
 

In the experimental analysis of oil shale porosity, permeability, and their stress 
sensitivity, the porosity compressibility coefficient is crucial. This coefficient directly 
reflects the compressibility characteristics of the rock’s porosity structure under 
changes in external stress. The magnitude of the porosity compression coefficient is 
directly related to the sensitivity of the rock porosity structure to stress, indicating the 
extent of porosity structure changes under stress. For oil shale, a high porosity 
compressibility coefficient suggests that the porosity structure is more susceptible to 
stress, potentially leading to significant changes in porosity. Therefore, when studying 
porosity, permeability, and stress sensitivity, comprehensive consideration of the 
porosity compressibility coefficient is essential to ensure a thorough understanding of 
the rock’s response behavior. The porosity compressibility coefficient is defined as 
follows: 

                                                 （5） 

where Cp is the pore compression coefficient of shale reservoir, MPa–1;  is the 
porosity under the initial effective stress, %; and  is the change rate of oil 
shale porosity with effective stress under isothermal conditions, MPa–1. 

With increased effective stress, the oil shale samples from Fushun and Xinjiang 
exhibit a two-stage pattern in the porosity compressibility coefficient (Fig. 6). The first 
stage is the initiation of microcracks, and with the increase of effective stress, the oil 
shale sample initially forms microcracks. In this stage, the porosity compressibility 
coefficient decreases sharply, showing stronger stress sensitivity. The second stage is 
the closure of microcracks, and with the gradual increase in pressure, the pores of the 
oil shale sample gradually close. In this stage, the curve of the porosity compressibility 
coefficient tends to stabilize, indicating weaker stress sensitivity.  

In the oil shale samples from Fushun, when the effective stress is less than 7 MPa, 
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3.3. Permeability stress sensitivity

Roc k in oil shale formations is a porous medium composed of various 
substances, including mineral particles, mud, and cementing materials. Under 
compression conditions, these materials undergo different deformations, 
and the degree of compression varies for different types of substances. To 
evaluate the stress sensitivity of permeability in oil shale formations, based 
on previous research on stress sensitivity and relevant industry standards, 
two main parameters are used to assess the confining pressure sensitivity of 
permeability in oil shale. 

The permeability damage rate reflects the percentage of reservoir 
permeability damage under effective stress:

  ,                                     (6)

where DK is the maximum permeability compression rate, %, generated in 
the process of stress increasing to the maximum; K1 is the permeability of the 
rock sample at the first stress point under recompression, ×10–3 mD; and Kn is 
the permeability at an effective stress, ×10–3 mD. According to the evaluation 
criteria provided by the evaluation method of reservoir sensitivity flow 
experiment [53], the permeability damage degree of coal samples of different 
coal grades was evaluated.

Table 3. Evaluation index of permeability damage rate

Permeability damage 
rate, % DK ≤ 5 5 < DK ≤ 30 30 < DK ≤ 50 50 < DK ≤ 70 DK > 70

Degree of damage – Weak Moderate to 
weak

Medium to 
strong Strong

With a gradual increase in effective stress, the permeability damage rate of 
experimental oil shale shows a significant upward trend (Fig. 7). Specifically, 
within the range of effective stress less than 9 MPa, the permeability damage 
rate increases sharply. In the range of effective stress between 9 and 16 MPa, the 
growth rate of the damage rate slows down slightly. Beyond an effective stress 
of 16 MPa, the permeability damage rate tends to stabilize. This observation 
indicates that at lower stress levels, the permeability of oil shale undergoes 
significant damage, likely due to the compression and deformation of the pore 
structure. As stress further increases, the growth rate of the damage rate slows 
down gradually, eventually reaching a relatively stable state. This may reflect 
that under high-stress conditions, the pore structure of the rock undergoes 
significant changes, leading to a more gradual variation in permeability.

the porosity compressibility coefficient decreases sharply, from 0.4 to 0.15 MPa–1, 
dropping by approximately 62.5%. However, once the effective stress exceeds 7 MPa, 
the porosity compressibility coefficient increases slowly. In contrast, the oil shale 
samples from Xinjiang show an upward and downward trend in the porosity 
compressibility coefficient when the effective stress is less than 10 MPa. However, once 
the effective stress exceeds 10 MPa, the porosity compressibility coefficient stabilizes 
and remains at a relatively low level, below 0.1 MPa–1.  

3.3 Permeability stress sensitivity 

Rock in oil shale formations is a porous medium composed of various substances, 
including mineral particles, mud, and cementing materials. Under compression 
conditions, these materials undergo different deformations, and the degree of 
compression varies for different types of substances. To evaluate the stress sensitivity 
of permeability in oil shale formations, based on previous research on stress sensitivity 
and relevant industry standards, two main parameters are used to assess the confining 
pressure sensitivity of permeability in oil shale.  

The permeability damage rate reflects the percentage of reservoir permeability 
damage under effective stress: 

                                                (6) 

where DK is the maximum permeability compression rate, %, generated in the process 
of stress increasing to the maximum; K1 is the permeability of the rock sample at the 
first stress point under recompression, ×10–3 mD; and Kn is the permeability at an 
effective stress, ×10–3 mD. According to the evaluation criteria provided by the 
evaluation method of reservoir sensitivity flow experiment [53], the permeability 
damage degree of coal samples of different coal grades was evaluated. 
 
Table 3. Evaluation index of permeability damage rate 

Permeability 
damage 
rate, % 

DK ≤ 5 5 < DK ≤ 
30 

30 < DK ≤ 
50 

50 < DK ≤ 
70 

DK > 70 

Degree of 
damage – Weak Moderate 

to weak 
Medium to 

strong Strong 

 
With a gradual increase in effective stress, the permeability damage rate of 

experimental oil shale shows a significant upward trend (Fig. 7). Specifically, within 
the range of effective stress less than 9 MPa, the permeability damage rate increases 
sharply. In the range of effective stress between 9 and 16 MPa, the growth rate of the 
damage rate slows down slightly. Beyond an effective stress of 16 MPa, the 
permeability damage rate tends to stabilize. This observation indicates that at lower 
stress levels, the permeability of oil shale undergoes significant damage, likely due to 
the compression and deformation of the pore structure. As stress further increases, the 
growth rate of the damage rate slows down gradually, eventually reaching a relatively 
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Due to the uniqueness of rock structures, the discontinuity of mechanical 
properties, and the complexity of the coupled interaction between stress and 
flow fields during the permeation process, the mechanism is still under study. 
The influencing factors of rock permeability are comprehensive, and the 
process is complex, making it difficult to describe each factor individually. It 
is possible to consider defining a sensitivity coefficient αk of rock permeability 
to effective stress. By defining such a coefficient, the factors influencing rock 
permeability are normalized. The permeability stress sensitivity coefficient is 
defined as follows:

,                                          (7) 

where K0 represents the permeability under initial effective stress, ×10–3 mD; 
∂K is the change in permeability, ×10–3 mD; and ∂P is the change in pressure, 
MPa. The sensitivity coefficient αk reflects the trend of rock permeability with 
changes in effective stress. A higher αk value indicates greater sensitivity of 
rock permeability to changes in effective stress, while a lower value suggests 
smaller sensitivity. Thus, determining the values of rock permeability under 
different effective stresses is transformed into the determination of its 
sensitivity coefficient αk. Based on Equation (7), if the effective stress changes 
from P0 to P, then the rock permeability at this moment is as follows:

﻿
.                                         (8)

Fig. 7. Relationship between the permeability damage rate and effective stress.

stable state. This may reflect that under high-stress conditions, the pore structure of the 
rock undergoes significant changes, leading to a more gradual variation in permeability. 

 
 

 
 

Fig. 7. Relationship between the permeability 
damage rate and effective stress. 

Fig. 8. Relationship between the permeability 
stress sensitivity coefficient and effective 

stress. 
 

Due to the uniqueness of rock structures, the discontinuity of mechanical 
properties, and the complexity of the coupled interaction between stress and flow fields 
during the permeation process, the mechanism is still under study. The influencing 
factors of rock permeability are comprehensive, and the process is complex, making it 
difficult to describe each factor individually. It is possible to consider defining a 
sensitivity coefficient αk of rock permeability to effective stress. By defining such a 
coefficient, the factors influencing rock permeability are normalized. The permeability 
stress sensitivity coefficient is defined as follows: 

,                                                      (7)  

where K0 represents the permeability under initial effective stress, ×10–3 mD; ∂K 
 is the change in permeability, ×10–3 mD; and ∂P is the change in pressure, MPa. The 
sensitivity coefficient αk reflects the trend of rock permeability with changes in effective 
stress. A higher αk value indicates greater sensitivity of rock permeability to changes in 
effective stress, while a lower value suggests smaller sensitivity. Thus, determining the 
values of rock permeability under different effective stresses is transformed into the 
determination of its sensitivity coefficient αk. Based on Equation (7), if the effective 
stress changes from P0 to P, then the rock permeability at this moment is as follows: 

.                                                    (8) 

As the effective stress gradually increases, the trends of the permeability stress 
sensitivity coefficients in the oil shale samples from Fushun and Xinjiang show nearly 
identical patterns (Fig. 8). In the oil shale samples from the Fushun region, when the 
effective stress is less than 8 MPa, the permeability stress sensitivity coefficient 
decreases sharply, reaching approximately 0.4 MPa–1. In contrast, in the Xinjiang oil 
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Due to the uniqueness of rock structures, the discontinuity of mechanical 
properties, and the complexity of the coupled interaction between stress and flow fields 
during the permeation process, the mechanism is still under study. The influencing 
factors of rock permeability are comprehensive, and the process is complex, making it 
difficult to describe each factor individually. It is possible to consider defining a 
sensitivity coefficient αk of rock permeability to effective stress. By defining such a 
coefficient, the factors influencing rock permeability are normalized. The permeability 
stress sensitivity coefficient is defined as follows: 

,                                                      (7)  

where K0 represents the permeability under initial effective stress, ×10–3 mD; ∂K 
 is the change in permeability, ×10–3 mD; and ∂P is the change in pressure, MPa. The 
sensitivity coefficient αk reflects the trend of rock permeability with changes in effective 
stress. A higher αk value indicates greater sensitivity of rock permeability to changes in 
effective stress, while a lower value suggests smaller sensitivity. Thus, determining the 
values of rock permeability under different effective stresses is transformed into the 
determination of its sensitivity coefficient αk. Based on Equation (7), if the effective 
stress changes from P0 to P, then the rock permeability at this moment is as follows: 

.                                                    (8) 

As the effective stress gradually increases, the trends of the permeability stress 
sensitivity coefficients in the oil shale samples from Fushun and Xinjiang show nearly 
identical patterns (Fig. 8). In the oil shale samples from the Fushun region, when the 
effective stress is less than 8 MPa, the permeability stress sensitivity coefficient 
decreases sharply, reaching approximately 0.4 MPa–1. In contrast, in the Xinjiang oil 
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As the effective stress gradually increases, the trends of the permeability 
stress sensitivity coefficients in the oil shale samples from Fushun and Xinjiang 
show nearly identical patterns (Fig. 8). In the oil shale samples from the Fushun 
region, when the effective stress is less than 8 MPa, the permeability stress 
sensitivity coefficient decreases sharply, reaching approximately 0.4 MPa–1. In 
contrast, in the Xinjiang oil shale samples, when the effective stress is below 
8 MPa, the permeability stress sensitivity coefficient drops sharply to around 
0.2 MPa–1. Once the effective stress exceeds 8 MPa, the permeability stress 
sensitivity coefficient curves gradually flatten in both regions, maintaining 
values between 0.2 and 0.4 MPa–1.

3.4. Relationship between porosity and permeability

The relationship between porosity and permeability in oil shale holds significant 
importance in rock mechanics and the development of oil shale resources. 
Generally, there is a positive correlation between porosity and permeability, 
but the specific relationship is influenced by various factors. In order to 
capture the complexity of internal pore structures in rocks and provide an 
intuitive indicator for studying pore characteristics, the logarithm of the ratio 
of permeability under certain pressure conditions (Ki) to initial permeability 
(K0) is taken for dimensionless representation: ln(Ki/K0). Similarly, the 
logarithm of the ratio of porosity under certain pressure conditions (φi) to 

Fig. 8. Relationship between the permeability stress sensitivity coefficient and 
effective stress.
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initial porosity (φ0) is taken for dimensionless representation: ln(φi/φ0) [26–
28]. With the increase of dimensionless ln(φi/φ0), dimensionless ln(Ki/K0) also 
increases, and its relationship satisfies a linear correlation:

﻿,                                   (9)

where γ is introduced as the porous power index, indicating the ratio of matrix 
to fracture porosity; φi is the porosity under a given pressure, %; and Ki is the 
permeability at a given pressure, ×10–3 mD. 

First, the relatively lower γ-values of the Fushun oil shale suggest that its 
pore structure may be dominated by matrix-type pores. The average γ-value 
of the oil shale samples from the Fushun region is approximately 3.083, with 
a maximum value of 3.257 (Fig. 9). This indicates that matrix-type pores 
dominate the overall pore structure. These pores may be relatively small, 
contributing relatively less to the overall permeability. In contrast, the higher 
γ-values of the Xinjiang oil shale indicate that its pore structure may be more 
complex, with more developed fracture-type pores. The average γ-value of the 
oil shale samples from the Xinjiang region is around 9.469, with a maximum 
value of 10.298. This suggests that fracture-type pores have a significant 
impact on the overall pore structure. These pores may be larger, exerting a 
more pronounced influence on the overall permeability.

Fig. 9. Double logarithmic pore permeability curve of oil shale under overlying 
pressure.
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Second, these numerical results may reflect differences in the maturity and 
composition of the shale samples between the two regions. Higher γ-values 
are often associated with more mature shale, as an increase in maturity may be 
accompanied by the development of more fracture-type pores. In this regard, 
the higher average γ-values in the Xinjiang region may reflect a relatively 
higher level of maturity in the shale samples from that area. In cases with higher 
γ-values, fracture-type pores may be more developed, potentially consisting of 
small and densely distributed fractures with widths exceeding the pore radius 
of the matrix system. Due to the diversity of pore structures, pores intertwine at 
different scales and types, forming a comprehensive pore network. Therefore, 
even when an overall decrease in porosity and permeability is observed, the 
range of γ-values suggests the presence of a rich and variable pore structure 
within the rock.

3.5. Influence mechanism of pressure pore permeability change

After applying overburden pressure, CT scans were performed on the Fushun 
oil shale, and its pore structure was obtained through three-dimensional 
reconstruction (Fig. 10). Upon observation of the images, it was evident that 
with an increase in confining pressure, there was a gradual decrease in the 
number of pores. This phenomenon indicates that the effect of confining 
pressure causes closure or deformation of internal rock pores, resulting in an 
overall reduction in porosity. This change in pore structure is directly related 
to the permeability and reservoir properties of the rock. The reduction in 
pores is attributed to the close arrangement of rock particles, to the closure 
of microscopic cracks, or to the compression of fractures due to confining 
pressure. These changes have a significant impact on the gas permeability 
and reservoir capacity of oil shale, as the permeability of the rock is primarily 
influenced by its pore structure.

Fig. 10. Pore map of oil shale under overlying pressure: (a) 4 MPa, (b) 8 MPa,  
(c) 17 MPa.

(a) (b) (c)
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 Fig. 11. Pore number of oil shale under different effective stresses.

A detailed analysis of the pore equivalent diameter distribution under 
different overlying conditions revealed significant changes in pore structure 
(Fig. 11). First, within the pore diameter range of 1–2 μm, there was a 
decreasing trend in the number of pores with an increase in overburden pressure. 
Specifically, under stress conditions ranging from 4 to 17 MPa, the number of 
pores decreased by approximately 13.2% and 50.4%, respectively. This result 
indicates that small-scale pores are significantly influenced by overburden 
pressure, potentially experiencing filling or closure. Secondly, in the range of 
2–3 μm, the pore number decreased from 4 to 17 MPa by about 16.0% and 
56.7%, respectively. In the range of 3–4 μm, the pore number decreased by 
about 20.6% and 65.6%, respectively. This again confirms that as the pore 
diameter increases, the number of pores affected by overburden pressure 
decreases. Additionally, for larger-scale pore diameter ranges (4–10 μm), 
the decreasing trend in the number of pores under different overburden 
conditions was more pronounced. In these ranges, compared to the rock 
samples without applied pressure, the pore numbers decreased by 76.8%, 
85.4% and 94.3%, as the pressure increased from 4 MPa to 8 MPa and then to 
17 MPa, respectively. These data highlight the closing effect of large pores in 
oil rocks under high stress conditions.

As effective stress increases, the pore area and volume of oil shale decrease 
noticeably. In the pore equivalent diameter range of 3–5 μm, the pore area 
and volume of oil shale were most concentrated. Under the high stress of  
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17 MPa, the pore area and volume of larger pores decreased considerably, 
showing a more pronounced reduction compared to the conditions at 4 MPa and 
8 MPa (Fig. 12). 

(b)

(a)



97Stress sensitivity in oil shale

Fig. 12. Pore area and volume distribution of oil shale under different effective 
stresses: (a) 4 MPa, (b) 8 MPa, (c) 17 MPa.

With a slow increase in confining pressure, micro-fractures in oil shale close, 
and the porosity and permeability of the rock decrease rapidly. As confining 
pressure continues to increase, elastic deformation occurs in rock particles. 
The pores and throats in the rock become narrower with increasing overburden 
pressure, leading to a rapid reduction in rock porosity. Simultaneously, the 
narrowing of flow pathways increases fluid flow resistance within the rock, 
decreasing permeability. When the confining pressure exceeds the elastic 
yield stress of the rock, some rock particles may undergo plastic deformation 
and displacement, further occupying pore space. The channels connecting 
various pores may experience closure, local dissolution, recrystallization, 
or even compressive damage. Closed channels and fractured rock particles 
contribute to the generation of dead pores, further reducing rock porosity and 
permeability. However, due to the limited pore space, the rate of porosity and 
permeability reduction becomes relatively low. These factors collectively 
explain the changes in the experimental curves shown in Figure 4 and the 
variations in the experimental images in Figure 10 during the overburden 
loading process.

 Combining the results from Figure 4 with the permeability of oil shale 
given in Figure 8, it is evident that lower permeability in oil shale corresponds 
to narrower permeation spaces. The pore structure becomes more complex, 
microscopic heterogeneity increases, and the connectivity between pores 

(c)
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weakens. Consequently, fewer effective flow channels can be established. 
As the permeability of rock is influenced by numerous factors, any minor 
rock deformation or structural damage will further reduce the number of 
effective flow channels, increasing the difficulty of fluid flow within the 
rock and intensifying the impact of overburden pressure on rock porosity and 
permeability. Therefore, the lower the core’s permeability, the greater the loss 
caused by overburden pressure, including irreversible losses. Moreover, the 
extent of permeability loss is higher than that of porosity loss.

4. Conclusions

1. The porosity and permeability of an oil shale matrix exhibit exponential 
decreases with an increase in effective stress. Under the influence of effective 
stress, the mechanical compression of the oil shale matrix occurs with 
increasing stress. Consequently, the porosity of the oil shale matrix sharply 
decreases, leading to a reduction in permeability. Our three-dimensional 
visualization model aligned with experimental results. Under effective stress, 
pores were predominantly concentrated in the 3–5 μm equivalent diameter 
range, where the porosity and volume of pores in oil shale were most 
concentrated. However, under the high stress of 17 MPa, the area and volume 
of pores with larger diameters decreased significantly.
2. The porosity compressibility coefficient and stress sensitivity coefficient 
of oil shale varied in the two regions. The average porosity compressibility 
coefficient of the Fushun oil shale was 0.355 MPa–1. Oil shale in this region 
exhibits relatively high initial porosity and compressibility coefficients. In 
contrast, the average porosity compressibility coefficient of the Xinjiang oil 
shale was 0.0105 MPa–1.
3. In the Fushun region, oil shale was primarily characterized by matrix-
type pores, with an average pore-permeability power exponent of 3.083. In 
contrast, the oil shale in Xinjiang exhibited a more complex pore structure, 
dominated by fracture-type pores, with an average pore-permeability power 
exponent of 9.469. The variation in γ-values indicates a rich and diverse pore 
structure within the rock.
4. Using the relationship between permeability compressibility, the stress 
sensitivity coefficient, and effective stress to describe the stress sensitivity 
of shale reservoirs, it was found that the permeability damage rate of oil 
shale increased sharply when the effective stress was less than 9 MPa. As 
the effective stress ranged between 9 and 16 MPa, the growth rate of damage 
decelerated slightly. However, after the effective stress exceeded 16 MPa, the 
rate of permeability damage tended to stabilize. When the effective stress was 
less than 8 MPa, the coefficient of stress sensitivity for permeability decreased 
significantly, reaching approximately 0.4 MPa–1. However, once the effective 
stress surpassed 8 MPa, the curve of permeability stress sensitivity flattened 
gradually.
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