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Abstract: Stress damage of shale during the uniaxial loading process will cause the change of
permeability. The study of stress sensitivity of shale has focused on the influence of confining
pressure on shale permeability and the change of shale permeability during the loading process of
axial stress is lacking. The permeability of gas shale during loading process was tested. The results
show that shale damage macroscopically reflects the process of axial micro-cracks generation and
expansion, and the axial micro-cracks will cause permeability change during the loading process.
There is a good corresponding relationship between damage development and micro-crack expansion
during the process of shale loading. The damage factor will increase in the linear elastic stage and
enlarge rapidly after entering the stage of unstable micro-crack expansion, and the permeability
of shale increases with the increasing of shale damage. The research results provide a reliable test
basis for further analysis of the borehole instability and hydraulic fracture mechanisms in shale
gas reservoirs.
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1. Introduction

As a typical representative of unconventional resources, shale gas is playing an important role in
energy supply and has attracted increasing attention in recent years [1,2]. Take the United States as an
example, a large amount of natural gas is produced from gas shale. Although the initial productivity
is high for a shale gas well, the productivity declined steeply [3]. According to a survey from EIA
(U.S. Energy Information Administration), 34% of natural gas produced in the United States is from
gas shale in 2011 and that proportion will reach 45% in 2035 [2].

The main reason that shale gas reservoir is known as an “unconventional resource” is that it
has very low porosity and very low permeability [4]. Pure use of traditional develop methods is
difficult to obtain high productivity. Hydraulic fracturing is needed during the development of
shale gas reservoirs [5] combined with CO2-enhanced oil recovery [6,7] and other new methods to
increase the productivity. Meanwhile, borehole instability is an important problem restricting shale
gas drilling [8–10]. Shale gas reservoirs generally have high strength and strong brittleness [11–15]
and are a typical hard brittle shale. Borehole instability in such formations has not been effectively
solved all the time [16–18], the borehole may still collapse with increasing borehole drilling time even
though the pressure of the drilling fluid column is higher than the collapse pressure and the stress
around the borehole is lower than the peak strength [16,19]. Rock under compression can undergo
stress damage and create permeability variations even though the peak stress is not reached [20–23].
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The damage characteristics of shale before the peak stress should be studied to determine mechanisms
of borehole instability in shale gas reservoirs.

Extensive studies have been conducted on the correlation between damage of rock and stress
loading [24–26]. They focused primarily on sandstone and marble and seldom on shale. The study on
the relationship between stress and shale permeability mainly focuses on the influence of confining
pressure on shale permeability [27], and the effect of stress damage caused by axial stress on
permeability is lacking. Brittle rock exhibited axial splitting in the uniaxial compressive test [19,28–31]
and the primary cause of failure is lateral damage from crack extension [32,33]. In this paper, the effect
of stress damage on shale permeability was tested so as to provide a theoretical basis for analysis of the
borehole instability and damage mechanisms in shale gas reservoirs and provide reference for studies
on wellbore stability and hydraulic fracturing in shale gas reservoirs.

2. Experimental Scheme

Drilling of oil and gas wells can lead to redistribution of stress around the borehole and cause
damage to rock around the borehole [34]. It is hard for any filter cake to form on the borehole wall and
the rock of the borehole wall is approximately under uniaxial compression when drilling in shale [35],
a formation with extremely low permeability. Therefore, it is crucial to study the evolution rule of
shale damage and its effect on permeability under conditions of uniaxial compression.

In this test, the transient method [36] was used to determine variation of permeability of core
under compression due to very low permeability of shale. Certain axial pressure, confining pressure,
and pore pressure (lower than the confining pressure) were applied to the test specimen. Then certain
differential pressure formed by maintaining the pore pressure of the upper end of the specimen
and decreasing the pressure of the lower end. The differential pressure can cause fluid seepage
within the shale. The permeability was indirectly determined by measuring the attenuation law of
the differential pressure. Based on the data automatically acquired by the computer during the test,
the rock permeability can be calculated as [36]

K =
1

5n

n

∑
i=1

526 × 10−6 × lg
[

∆pw(i − 1)
∆pw(i)

]
(1)

where, K is the permeability; n is the number of lines acquired and ∆pw(i − 1) and ∆pw(i) are the
value of differential pressure of Line (i − 1) and Line i.

GCTS RTR-1500 Triaxial Rock Testing System (Beijing, China) was used in the test. Schematic
diagram of the testing is shown in Figure 1. Loading was controlled by axial displacement of the
sample and the loading rate was 0.002 mm/s; a 5 mm displacement sensor was used to measure
axial deformation of the sample and a 1500 kN pressure sensor was used to measure the axial load;
measurement accuracy of each measuring range was controlled within an error of 1%.

The shale samples used in this paper were cored from Sichuan Basin, China. After the core was
removed from the site, it is immediately sent to the laboratory. The shale cores were processed into
standard cylinder samples with length–diameter ratio of 1.8–2.0 in accordance with ISRM standard.
Rock samples without macroscopic cracks were selected for test. Use abrasive paper to smooth the
core end, and the core was dried in a dry oven for 24 h before conducting the permeability test.
The information of the sample used in the permeability test is shown in Table 1.
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Figure 1. Schematic diagram for GCTS RTR-1500 Triaxial Rock Testing System. 
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radial and axial displacement gauges are fixed to the surface of the wrapped sample to measure the 
deformation of the specimen during the test. The experiment was carried out at room temperature 
using nitrogen as the test fluid. Before the test, a confining pressure of 2 MPa was applied. At the 
same time we also applied a pore pressure of 1.7 MPa, always keep the confining pressure is greater 
than the pore pressure. During the permeability test, the pore pressure at one core end is reduced 
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the total stress–strain curve for this core during uniaxial loading. It can be seen from the figures that 
axial strain was approximately 0.5% before failure and the failure mode was typical axial splitting 
with extremely strong brittleness. The sample lost bearing capacity quickly after failure. This paper 
studies the damage characteristics of shale before peak strength. During the permeability test, the 
confining pressure applied was 2 MPa and hardly influenced the damage mechanism of shale. The 
variation rule of the stress–strain curve is approximately the same as Figure 3. 

Figure 1. Schematic diagram for GCTS RTR-1500 Triaxial Rock Testing System.

The upper and lower indenter of the rock sample had a channel to allow the test fluid to pass
through. The cores should be fully saturated before test. Unsaturation or insufficient saturation of the
test specimen will lead to obstructed seepage and sometimes the seepage differential pressure does not
fall purely (may rise locally) [36]. The test specimen of rock should be cylindrical and securely sealed
during test to ensure osmosis only occur axially. The rock sample processed should be wrapped with
thermoplastic rubber sleeves and placed in a high-pressure autoclave for test. The radial and axial
displacement gauges are fixed to the surface of the wrapped sample to measure the deformation of
the specimen during the test. The experiment was carried out at room temperature using nitrogen
as the test fluid. Before the test, a confining pressure of 2 MPa was applied. At the same time we
also applied a pore pressure of 1.7 MPa, always keep the confining pressure is greater than the pore
pressure. During the permeability test, the pore pressure at one core end is reduced and the other end
remained constant to measure the change of osmotic pressure difference with time.

Table 1. Shale sample used in permeability test

Core No. Porosity (%) Quartz Content (%) Clay Mineral Content (%)

1 4 34.6 39.8
2 6 37.1 45.2
3 5 41.2 40.3

3. Experimental Results

3.1. Total Stress–Strain Curve of Shale

Figure 2 shows the photographs for contrast of a sample before and after test. Figure 3 shows
the total stress–strain curve for this core during uniaxial loading. It can be seen from the figures that
axial strain was approximately 0.5% before failure and the failure mode was typical axial splitting with
extremely strong brittleness. The sample lost bearing capacity quickly after failure. This paper studies
the damage characteristics of shale before peak strength. During the permeability test, the confining
pressure applied was 2 MPa and hardly influenced the damage mechanism of shale. The variation rule
of the stress–strain curve is approximately the same as Figure 3.
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strength. The maximum permeability can be up to more than 100 times the initial value. 

0

20

40

60

80

100

0.0 0.1 0.2 0.3 0.4 0.5 0.6
Axial strain (%)

St
re

ss
 (M

Pa
)

0

500

1000

1500

2000

2500

3000

Pe
rm

ea
bi

lit
y 

(1
0

-9
D

ar
cy

)

Stress-strain
Permeability-strain

 
(a) 

Figure 2. Contrast between shale samples before and after test.
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Figure 3. Uniaxial stress–strain curve.

3.2. Permeability Variation during Shale Loading

In this study, permeability variation of three shale samples during loading process was tested and
the results are shown in Figure 4. The permeability remains unchanged basically during the initial
stage of loading, and then increases gradually, reaching the maximum value at the peak strength.
The maximum permeability can be up to more than 100 times the initial value.
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Figure 4. Cont.



Energies 2017, 10, 1350 5 of 11Energies 2017, 10, 1350 5 of 11 

 

0

20

40

60

80

100

0.0 0.1 0.2 0.3 0.4 0.5
Axial strain (%)

St
re

ss
 (M

Pa
)

0

500

1000

1500

2000

2500

3000

Pe
rm

ea
bi

lit
y 

(1
0-9

D
ar

cy
)

Stress-strain
Permeability-strain

 
(b) 

0

20

40

60

80

0.0 0.1 0.2 0.3 0.4 0.5
Axial strain (%)

St
re

ss
 (M

Pa
)

0

500

1000

1500

2000

2500

Pe
rm

ea
bi

lit
y 

(1
0-9

D
ar

cy
)

Stress-strain
Permeability-strain

 
(c) 

Figure 4. Permeability of shale during loading. (a) Core 1; (b) Core 2; (c) Core 3. 

4. Analysis 

The uniaxial loading process for brittle rock can be divided into five stages [29,30,37], but it is 
difficult to distinguish among different stages of shale loading process based on the stress–strain 
curve shown in Figure 3. The essence of the damage in brittle rock is continuous expansion and 
accumulation of internal micro-cracks under high stress [32,33,38]. The loading process was divided 
by using volumetric strain and crack volumetric strain during loading. Crack volumetric strain can 
be calculated as [39] 
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Figure 4. Permeability of shale during loading. (a) Core 1; (b) Core 2; (c) Core 3.

4. Analysis

The uniaxial loading process for brittle rock can be divided into five stages [29,30,37], but it is
difficult to distinguish among different stages of shale loading process based on the stress–strain
curve shown in Figure 3. The essence of the damage in brittle rock is continuous expansion and
accumulation of internal micro-cracks under high stress [32,33,38]. The loading process was divided
by using volumetric strain and crack volumetric strain during loading. Crack volumetric strain can be
calculated as [39]

εcrv = εv − εve (2)

εv = ε1 + 2ε3 (3)

εve =
1 − 2v

E
σa (4)

where, εcrv is crack volumetric strain, εv is volumetric strain, εve is elastic volumetric strain, ε1 is axial
strain, ε3 is lateral strain, and σa is axial stress.

Shale can cause stress damage during loading process. The damage characteristics of shale can be
analyzed based on the variations in the lateral p-wave velocity during compressive loading process.
The relationship between p-wave velocity and damage factor is [19]
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D = 1 − (Vp/Vf )
2 (5)

where D is the damage factor, Vp is the p-wave velocity, Vf is the p-wave velocity in the complete
(non-damaged) rock.

Based on the contrast of stress damage, permeability, and crack development process during
loading process (Figure 5). Compared with the stress damage measured by lateral acoustic velocity
(Figure 6) [19], it is discovered that the variation rules of damage factor and permeability are the same
and perfectly consistent with crack development during different loading stages, which indicates that
permeability variation closely relates to its damage evolution process.

Stage I: Crack closure. Internal micro-cracks develop in shale when shale is squeezed under
high ground stress. Pre-existing cracks oriented at an angle to the applied stress close [38,40].
No obvious compaction process occurs in the lateral cracks due to the fact that the lateral cracks
can expand and deform freely under uniaxial compression, enabling the lateral wave velocity to
remain unchanged basically. The damage factors during this stage basically maintain their initial status
and the permeability also remains unchanged basically.

Stage II: Linear elastic deformation. When the axial stress reaches approximately 15% of the peak
strength, the damage factors of shale begins to increase, which indicates that new micro-cracks begin to
form in shale. As partial initial cracks are still in their compression closure the total number of cracks
remains unchanged basically, but the direction of new cracks are basically parallel to the direction of
loading, which results in the increasing of axial permeability. Young’s modulus and Poisson’s ratio of
shale can be calculated from this linear portion of the stress–strain curve [41].

Stage III: Stable fracture propagation. When axial stress reaches approximately 50% of the peak
strength, closure of original cracks has already ended basically; new cracks are producing continuously
and micro-cracks intersect; the volume of cracks is increasing slowly and the growth rate of damage
factors and permeability increase compared with those in the previous stage.

Stage IV: Unstable fracture propagation. In this stage, volumetric dilatancy starts when the stress
is approximately 70% of the peak strength. The damage factor increases rapidly and the core enters the
rapid damage stage before failure. With increasing axial stress, the internal cracks further expand and
intersect, macro-cracks emerge, complete seepage channels form, and the shale permeability increases
sharply. It is worth noting that the axial acoustic velocity of shale also decreases in this stage, indicating
intersection of cracks imposes an effect on the axial acoustic velocity.

Stage V: Failure and post-peak behavior. Unstable crack growth continues to the point where the
numerous microcracks have coalesced and the rock can no longer support an increase in load [38].
In this paper, damage in this stage will not be studied.

Jones [42] and Zhou [43] have summarized the coupling relationship between permeability and
stress of fractured rock mass and considered that the permeability coefficient of rock mass varies
with the interaction relationship between stress and cracks; when the compaction effect results from
stress, the permeability will fall with increasing stress; when the tensile effect results from stress,
the permeability will increase with increasing stress. Failure of brittle rock is the result of initiation,
expansion, and connection of cracks in medium. Based on studies by Zhou et al. [31], the expansion
mode of cracks in brittle rock (Figure 7 [31]) is approximately axial under the condition of uniaxial
loading. It coincides well with the failure mode of shale (Figure 2). Axial cracks of shale basically have
no compaction process due to lack of lateral restraint or little restraint under the condition of uniaxial
or low confining pressure (2 MPa in this test) and new cracks are producing and expanding constantly
from the linear elastic stage. It coincides well with the variation rule of permeability measured in
the test.
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Figure 7. Expansion mode of micro-crack in brittle rock.

There are two types of pores in shale: the storage pores and the connecting pores (as shown in
Figure 8), i.e.,

φ = φp + φt (6)

where φ is the total pores of shale, φp is the storage pores, φt is the connecting pores.
The transport property of shale is controlled by the connecting pores, and we usually call the

porosity of connecting pores as the effective porosity. Shale is such a type of rock, it has a relatively
high total porosity but with very low permeability. The total porosity of some shale can be as high as
40% but also with very low permeability [44]. This is just because the connecting of pores is very poor
in shale, i.e.,

φt << φp (7)

Therefore, the effective porosity of shale is very low, which causes low permeability. However,
when the stress state change in brittle shale and caused stress damage, and micro-cracks are initiated,
the storage pores will be connected by the cracks. Although the volume of new cracks is not big,
it belongs to the connecting pores. This will cause the effective porosity to improve apparently, and the
permeability of shale can be improved hundreds of times. Permeability improvement induced by
stress damage in brittle shale cannot be ignored.

If the shale is only loaded with confining pressure without axial stress, the pores of shale will
be composted under confining pressure, resulting in a decrease in the permeability of shale, which
is commonly called stress sensitivity [27]. In the triaxial compressive experiments, if the axial stress
is applied under high confining pressure, the failure mode is mainly shear failure, which is very
different from the axial splitting under low confining pressure and uniaxial conditions, so the stress
damage characteristics are different. The permeability of the shale under a high confining pressure will
increase at the later stage of Stage IV, and the permeability is reduced before that [45], which is quite
different from the experimental results under low confining pressure. Therefore, the stress damage
characteristics of shale and the confining pressure have a great relationship.
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permeability is similar with that of the stress damage.  

(3) During drilling of a shale gas well, increasing permeability of shale will accelerate seepage of 
drilling fluid into the formation, leading to pore pressure increase, which causes shale 
hydration and—ultimately—borehole instability. To maintain borehole stability, the rapid 
damage stage after volumetric dilatancy of shale should be avoided as much as possible. 
Hydraulic fracturing of shale gas reservoirs requires a great deal of water and increasing 
permeability will increase seepage of fracturing fluid into the formation. This effect should be 
considered in the fracturing design. 
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Figure 8. Basic pore types in shale.

5. Conclusions

(1) Under uniaxial or low confining pressure (2 MPa in this test) the failure mode of hard brittle
shale is axial splitting resulting from expansion and intersection of axial cracks. There is nearly
no damage in the preliminary stage of loading; new cracks emerge and damage factors increase
in the linear elastic stage; micro-cracks intersect and damage factors increase rapidly in the stable
development of cracks; damage increases sharply in the volumetric dilatancy stage and the core
enters the rapid damage stage

(2) Stress damage can lead to an increase in shale permeability and the variation rule of permeability
is similar with that of the stress damage.

(3) During drilling of a shale gas well, increasing permeability of shale will accelerate seepage of
drilling fluid into the formation, leading to pore pressure increase, which causes shale hydration
and—ultimately—borehole instability. To maintain borehole stability, the rapid damage stage after
volumetric dilatancy of shale should be avoided as much as possible. Hydraulic fracturing of shale
gas reservoirs requires a great deal of water and increasing permeability will increase seepage of
fracturing fluid into the formation. This effect should be considered in the fracturing design.
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