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Hydration induced cracks could promote the complexity of hydraulic fractures in marine
shale gas reservoir. But the evolution process and forming mechanism has not been fully
investigated. In this paper, Longmaxi marine shale were collected and immersed in three
types of fluids (distilled water, fracturing fluid, and mineral oil) for more than 10 days. The
spatial-temporal evolution of soaking fractures was recorded and analyzed. A fracture
mechanical model was established, considering the effects of in-situ stress, fluid pressure,
hydration stress, and capillary force. The promotion mechanism of hydration cracks in
forming complex fracking network was discussed. Results showed that hydration fractures
were extremely developed and evenly distributed in a state of network for specimens
immersed in distilled water. For specimens soaked in fracturing fluid, the hydration cracks
were moderately developed for the addition of anti-swelling agent. Fractures were rarely
developed for specimens treated inmineral oil. The hydration fractures weremainly formed in
the first 5 h and showed strong anisotropy. Cracks parallel to the bedding planes accounted
for the vast majority, with a small proportion developed in vertical direction. Theoretical
calculations indicated that the stress intensity factor (SIF) caused by hydration stress and
capillary force was greater than the measured fracture toughness. The micro crack would
probably propagate along bedding planes and grow up into macro horizontal fractures,
which promoted the formation of crisscrossing fracture network in shale gas formation.

Keywords: marine shale, hydration fracture, spatial-temporal evolution, fracture mechanical model, fracture
network

INTRODUCTION

Marine organic-rich shales deposited in oceanic and continental margin basins are the most
important source rocks of both conventional and unconventional oil and gas resources all over
the world (Zou et al., 2019). During the past decade, marine shale gas exploration in China has
acquired rapid progress. With the discovery of Fuling, Weiyuan, Changning, Fushun, Yongchuan
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Abbreviations: K(1)
I , Stress intensity factor (SIF) induced by in-situ stress MPa•m1/2; σ, Remote in-situ stress perpendicular to

fracture face MPa; aHalf-length of the micro fracture m; K(2)
I SIF induced by fluid pressure MPa•m1/2; pfFluid pressure in

fracture MPa; bHalf-length of infiltration area m.; K(3)
I SIF induced by hydration stress MPa•m1/2; σwHydration stress MPa;

FCapillary force, N; cSurface tension of water N/m; θContact angle °; WFracture width m; K(4)
I SIF induced by capillary force

MPa•m1/2; KITotality of SIF MPa•m1/2; σVVertical principal stress MPa; σhHorizontal minimum principal stress MPa.
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Block in Sichuan Basin, the proved reserves of marine shale gas in
China were up to 544.1 billion cubic meters, and the output of
shale gas in 2020 reached 20 billion cubic meters (Cnr, 2021).
Consequently, China has become the fourth country that
achieved large scale commercial development of shale gas
resources, and the other three countries are America, Canada
and Argentina (Wang, 2017).

Shale hydration is a key factor that leads to wellbore instability
problems in hard-brittle shale formation (Ma et al., 2021). Most
researchers focused on revealing hydration mechanism
(CHENEVERT ME, 1970; DARLEY HCH, 1969; Dokhani
et al., 2015; Roshan et al., 2015; Wen et al., 2015; Liang et al.,
2015; Kang et al., 2017) and developing effective anti-hydration
drilling fluids to guarantee wellbore stability (Deville et al., 2011;
Riley et al., 2012; An et al., 2015; Zhong et al., 2016; Barati et al.,
2017). However, in the view of reservoir stimulation, it might be a
positive effect on improving recovery ratio in shale gas reservoir
(Dehghanpour et al., 2013; Ji and Geehan, 2013; Morsy and

Sheng, 2014), because hydration induced fractures could enhance
the formation permeability.

Field practice of shale gas exploration in Jiaoshiba block, Fuling
Distict, Chongqing, China showed that it consumed about 3 h to
fracturing one stage, preparation time between two adjacent stages
was about 3–4 h, so fracturing 2 stages would cost nearly 1 day.
Supposing that a well needs to fracture 16 stages, 8 days were
needed (Wang et al., 2017). Typically, during the whole process of
hydraulic fracturing, tens of thousands cubic meter fluid were
injected in the reservoir, with very small proportion returning to
the ground (Yuyang et al., 2021). So, shale reservoir was in a state of
fluid immersion environment and hydration process would fully
develop. Zhang and Sheng (2017) studied of the propagation of
hydration-induced fractures in Mancos shale using computerized
tomography. Ma and Chen (2014) investigated on the meso-
damage characteristics of shale hydration. However, previous
studies mainly focused on the certain or final hydration state to
evaluate hydration effect. The detailed spatial-temporal evolution
process of hydration fractures in marine shale was rarely reported
and still need systematic study, which was valuable for reservoir
engineers to design more abundant and effective permeable
fractures.

This paper presents a detailed study on the fracture evolution
of Longmaxi marine shale, soaked in three different types of
fluids. The distribution and total length of hydration fractures
were observed and analyzed from the time of immersion to more
than 10 days. A mechanical model, considering the effects of in-
situ stress, fluid pressure, hydration stress, and capillary force, was
established to reveal the propagation mechanism of hydration
fracture. Results could enlighten us about the formation
mechanism of complex hydraulic fractures in shale gas reservoir.

EXPERIMENTAL DESIGN

Sample Preparation
The main shale gas reservoirs range from the upper Ordovician
Wufeng Formation to lower Silurian Longmaxi Formation (Yi
et al., 2019). Large shale blocks were collected from Longmaxi
shale outcrop in Jiaoshiba Block, Fuling District, Chongqing,
China (Figure 1). Then, cylindrical specimens with a diameter of

FIGURE 1 | Sampling process: (A) Longmaxi shale outcrop, and (B) field sampling.

FIGURE 2 | Prepared standard specimens.
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50 mmwere cored from shale blocks with the direction parallel to
the bedding plane. These cored cylinders were cut and polished
into standard specimens (ϕ50 mm × 100 mm) (Ulusay and
Hudson, 2007). As shown in Figure 2, nine specimens were
prepared ready for experiment. The mineral composition and
general mechanical properties were provided in Table 1 (Guo
et al., 2018).

Experiment Scheme
Three kinds of soaking fluids (distilled water, fracturing fluid, and
mineral oil) were selected to study the crack induced by hydration
in shale. Mineral oil is a kind of liquid that contains no water. So,
hydration effect would not occur for specimens soaking in it, which
could be regarded as a control group. The fracturing fluid was a
kind of slick water applied on site, where some additives (0.1% drag
reducer, 0.2% anti-swelling agent, 0.1% synergistic agent, 0.02%
anti-foaming agent) were added. MOBIL NUTO H46 was selected
as mineral oil. As listed in Table 2, all nine specimens were divided
into three groups and put into each of the three soaking fluids.

Test procedures are as follow:

1) Photograph the upper and lower faces of each specimen by
high resolution camera to record the initial state of crack
distribution.

2) Put each group of specimens into three vessels that contain
different soaking fluids, guarantee all specimens are
completely submerged.

3) After soaking for a certain time, take specimens out of the
fluids and photograph the upper and lower faces of each
specimen, then put specimens into the liquid again and keep
on soaking. The time-points of taking out and photographing
are set to 0, 2, 5, 12 and 23 h, 1D01, 1D09, 2D09, 4D, 7D01,
8D07 and 10D09 h from the test start time (h denotes hour, D
represents day). The number of time-points are 12, and the
whole observation period exceeds 10 days.

4) Import all photographs shot at different time-points into the
AutoCAD software, draw and analyze the crack distribution
of the upper and lower faces of all specimens.

EXPERIMENTAL RESULT AND ANALYSIS

Crack Evolution
Soaking in Distilled Water
After soaking in distilled water, the hydration fractures in the end
faces of shale specimens were fully developed into a state of
fracture network. Take the lower face of specimen J-1-2 for
example (Figure 3). Before soaking, no fractures could be
spotted by naked eyes. 2 h later, several fractures appeared
parallel to the bedding planes. We called these horizontal
fractures. After 5 h, the preexisting fractures continued
propagating and new fractures were also formed. It was
worthwhile to note that a new fracture was approximately
vertical to the bedding planes and link up two horizontal
fractures. We called it vertical fracture. Fractures were spread
all over the end face. In the subsequent period, hydration
fractures developed in two patterns: propagating parallel to the
bedding planes and fracturing perpendicular to the bedding
planes. After soaking 10 days and 9 h (10D09 h), the end face
of the specimen showed a state of crisscrossing fracture network.

Soaking in Fracturing Fluid
For specimens soaking in fracturing fluid, hydration fractures were
developed moderately and mainly paralleled to the bedding planes.
Take the lower face of specimen J-2-3 for example (Figure 4).
Originally, there were no obvious fractures in the end face. After
soaking 2 h, several horizontal fractures were formed in the middle
and lower part of the surface. Although continue soaking, rare new
fractures were formed in other regions, instead, preexisting fractures
kept on propagating and branching. Because of the addition of anti-
swelling agent in fracturing fluid, the free swelling of clay minerals
was restrained, leading to the relatively moderately developed
hydration fractures compared with that immersed in distilled water.

Soaking in Mineral Oil
Entirely different from the specimens immersed in distilled water
and fracturing fluid, fractures were rarely developed for
specimens soaking in mineral oil. Take the specimen J-3-2 for

TABLE 1 | Mineral composition and mechanical properties of sampled marine shale.

Mineral composition

Mineral type Quartz Cristobalite Albite Calcite Muscovite Pyrite Annite Ankerite Clay mineral
Content (%) 50.23 4.75 17.60 2.60 5.71 5.80 3.83 4.21 5.26
Mechanical properties
Loading direction VS Bedding plane Strength (MPa) Young’s modulus (GPa) Poisson’s ratio
Vertical 116.5 15.26 0.275
Horizontal 86.2 15.95 0.320

TABLE 2 | Allocation of specimens according to three types of soaking fluids.

Soaking fluids Distilled water Fracturing fluid Mineral oil

Serial numbers of the specimens J-1-1 J-2-1 J-3-1
J-1-2 J-2-2 J-3-2
J-1-3 J-2-3 J-3-3
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FIGURE 3 | Crack evolution process in distilled water (lower face of J-1-2) (In first line, original photos were showed; in second line, hydration fractures were
highlighted by yellow lines in original photos).
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example (Figure 5). There was one fracture in the upper face
before soaking. After soaking 10D09 h, only one fracture
developed in the middle part of the section and failed to reach

the border. For the lower face, no fractures were spotted before
test, and only three small fractures were formed after soaking
10D09 h.

FIGURE 4 | Crack evolution process in fracturing fluid (lower face of J-2-3).
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FIGURE 5 | Crack evolution process in mineral oil (J-3-2).

TABLE 3 | Statistics of length of all hydration crack of specimens soaking in distilled water and fracturing fluid (Unit: mm).

Time points
number

0 h 2 h 5 h 12 h 23 h 1D01 h 1D09 h 2D09 h 4D 7D01 h 8D07 h 10D09 h

J-1-1 Upper 0 128 128 144 144 147 147 226 226 229 229 229
Lower 0 163 163 210 215 216 216 230 306 331 337 340

J-1-2 Upper 0 106 119 128 140 140 163 188 190 190 202 205
Lower 0 223 295 308 308 313 330 330 342 390 404 420

J-1-3 Upper 0 189 207 218 225 225 225 269 276 292 292 301
Lower 49 193 237 237 258 258 266 281 287 287 293 301

J-2-1 Upper 11 169 186 186 186 186 186 211 211 214 214 214
Lower 0 233 245 258 262 274 274 274 276 276 282 282

J-2-2 Upper 30 207 211 232 239 239 239 263 264 268 271 271
Lower 23 191 233 233 248 251 251 255 259 259 266 266

J-2-3 Upper 0 145 166 166 170 179 179 188 199 203 203 219
Lower 49 76 129 142 145 145 155 163 163 163 179 181

FIGURE 6 | Increase of the length of hydration fractures soaking in distilled water with time: (A) complete period, and (B) the first day.
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Statistical Analysis of Hydration Fractures
Evolution of the Total Fracture Length
The total length of end face hydration fractures at each soaking
time-points were measured in AutoCAD. All data were collected
in Table 3. Considering only a few fractures were formed in
specimens submerging in mineral oil, fractures in these
specimens were not included here.

For specimens soaking in distilled water, the length of
hydration fractures grew rapidly in the early 5 h, then slowed
down, and gradually reached a plateau. Finally, the total length of
hydration fractures distributed between 150 and 450 mm
(Figure 6). The average value of the six end faces was
299 mm. This indicated that the major part of hydration
fractures was formed in the early period.

As illustrated in Figure 7, the evolution of the length of
hydration fractures soaking in fracturing fluid was similar to
those submerging in distilled water. The length of hydration
fractures grew rapidly in the early 5 h, then slowed down, and
finally became stable. The final hydration fracture length was
distributed between 150 and 300 mm. The average value of the six
end faces was 239 mm, decreased by 20% compared with that
soaking in distilled water.

Evolution of the Vertical Fractures
It is worth considering that vertical fractures (fractures
perpendicular to bedding planes) developed in some end faces
of specimens and made the fracture system more complicated.
Therefore, it was valuable to count and analyze the evolution of
vertical fractures. Statistical data of vertical fractures were listed in
Table 4. For specimens soaking in distilled water, four out of six
end faces developed vertical fractures and the total fracture length
were greater than those not forming vertical fractures. For
specimens submerging in fracturing fluid, only one out of six
end faces developed vertical fractures. The occurrence time of
vertical fractures distributed between 5 h and 4 days. The
proportion of length of vertical fractures was 3–13%, which
was relatively small.

PROPAGATING MODEL OF THE
HYDRATION FRACTURE

By investigating microstructure change during shale hydration,
Shi et al. (2012) argued that capillary force induced by
microfractures in shale promoted the hydration of clay

FIGURE 7 | Increase of the length of hydration fractures soaking in fracturing fluid with time: (A) complete period, and (B) the first day.

TABLE 4 | Statistics of length of vertical hydration crack of specimens soaking in purified water and fracturing fluid (Unit: mm).

Number Soaking fluids Vertical fractures Total length of all
fractures

Proportion of vertical
fracturesWhether occur Occurrence time Length

J-1-1 Upper Distilled water No --- --- 229 ---
Lower Yes 2D09 h 37 340 11%

J-1-2 Upper No --- --- 205 ---
Lower Yes 5 h 56 420 13%

J-1-3 Upper Yes 23 h 23 301 8%
Lower Yes 4D 11 301 4%

J-2-1 Upper Fracturing fluid No --- --- 214 ---
Lower No --- --- 282 ---

J-2-2 Upper No --- --- 271 ---
Lower Yes 2D09 h 9 266 3%

J-2-3 Upper No --- --- 219 ---
Lower No --- --- 181 ---
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mineral. Meanwhile, hydration in turn accelerated the
propagation of microfractures. This mutual promotion
mechanism leads to the rapid evolution of hydration cracks.
For this reason, a fracture propagation model considering
hydration and capillary effect were established based on the
theory of fracture mechanics (Anderson, 2005), and the
promoting mechanism of hydration and capillary effect to
fracture propagation were analyzed in a mechanical view.

The mechanical model is based on the following assumptions:

1) An infinite homogeneous medium contains a finite fracture;
2) The medium behaves in a linear elastic response to loading;
3) The fracture width is small enough to cause notable capillary

effects;
4) Fluid pressure and hydration stress both distribute uniformly

along fracture surface.

By considering hydration and capillary effects, the stress
intensity factor (SIF) at fracture tip is determined by remote
in-situ stress, fluid pressure, hydration stress and capillary force
(see Figure 8).

1) SIF induced by in-situ stress

K(1)
I � −σ ���

πa
√

(1)

Where σ is the remote in-situ stress perpendicular to fracture face,
MPa; a is the half length of the micro fracture, m.

2) SIF induced by fluid pressure

K(2)
I � 2pf

��
a

π

√
arcsin

b

a
(2)

Where pf is the fluid pressure in fracture, MPa; b is the half length
of infiltration area, m.

3) SIF induced by hydration stress

Hydration force are the result of swelling of clay mineral.
Assume the clay mineral is distributed evenly in shale, and the
hydration stress σw spread uniformly in fracture surface, the
model Ⅰ SIF can be described by

K(3)
I � 2σw

��
a

π

√
arcsin

b

a
(3)

4) SIF induced by capillary force

By simplifying the micro-fracture faces as parallel-plate,
capillary force could be calculated by

F � 2c cos θ
W

(4)

Where F is capillary force, N; θ is contact angle, °; W is fracture
width, m; c is surface tension of water, N/m (Figure 9).

Fracture surface would bear the counter force of capillary
force, Fcosθ. SIF induced by this counter force is

K(4)
I � 4c cos2 θ

W

�������
a

πa2 − b2

√
(5)

The superposition of the above 4 parts results in the final mode
Ⅰ SIF.

KI � K(1)
I + K(2)

I + K(3)
I +K(4)

I

� −σ ���πa√ + 2pf + σw

��
a

π

√
arcsin

b

a
+ 4c cos2 θ

W

�������
a

πa2 − b2

√ (6)

FIGURE 8 | Force analysis of hydration fracture.

FIGURE 9 | Force analysis of capillary effect.
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Without considering the influence of in-situ stress and fluid
pressure, assume the half length of micro-fracture is 0.005 m,
half-length of infiltration area is 0.004 m, fracture with is 0.001 m,
contact angle is 15°, surface tension is 0.0728 N/m, hydration
stress is 1 MPa, the SIF induced by hydration and capillary effects
is 3.613 MPa m1/2. Heng et al. (2015) got the fracture toughness of
shale (0.566 MPa m1/2 along the bedding plane and
1.146 MPa m1/2 perpendicular the bedding plane) by
performing three-point bending test. By comparing this with
previous study, it is apparently that the SIF caused by hydration
stress and capillary force is greater than the measured fracture
toughness and the micro-fracture would probably propagate.

DISCUSSION

Fracture propagation caused by hydrationmight play a key role in
the formation of fracture network in shale gas extraction. As the
major hydraulic fracture extends in the vertical or transverse
direction, hydration fracture would form along the direction of
bedding plane in the face of fracture. High fluid pressure and
capillary induced hydration effect promotes fracture propagation
along bedding-plane to the deeper shale reservoir. Micro
hydration fracture would gradually develop into macro-crack
which is a part of the whole hydraulic fractures. Finally, a 3-D
stimulated volume would form, where major hydraulic fractures

propagate along the direction of fracture height and length and
secondary fractures extend along the direction of bedding planes
(Figure 10).

Another import change is the reservoir stiffness. Shale
formation that has been hydro-fractured is no longer an intact
rock mass. Its strength, Youngs Modulus would reduce to some
extent, and the permeability might increase. All these would bring
critical influence on the follow-up fracturing and refracturing
Wang et al., 2020.

It is a very interesting phenomenon that vertical cracks
(fractures perpendicular to the bedding planes) occurred with
horizontal (along bedding) fractures. Further analysis indicated
that the occurrence time of vertical fractures distributed between
5 h and 4 days, at which the horizontal fractures had already been
fully developed. It seems the horizontal and vertical fractures
appeared in chronological order. As shown in Figure 11, the
clay minerals usually arranged directionally along shale bedding
planes. During the initial hydration process, the water absorption
of clay minerals could induce great swelling stress to open the
bedding planes. So, horizontal fractures along bedding planes
would occur first and fully develop. Furthermore, the fully
developed horizontal cracks promoted continuous hydration
and swelling of clay minerals. This process could produce
tensile stress along horizontal fracture surface and then induce
the crack initiation and propagation perpendicular to the bedding
planes, which contributed to forming the vertical cracks.

The application of water based fracturing fluid could induce
abundant hydration cracks to increase the fracture complexity of
fracking. But complex fractures would not surely represent high
conductivity. The permeability damage caused by the swelling of
clay mineral should also be evaluated, which is one of the critical
disadvantages of the application of water based fracturing fluid
Cong et al., 2022. Extra permeability tests should be conducted.
The ideal water based fracturing fluid should not only create
complex fractures, but also keep good fracture conductivity.

Although the evolution of hydration cracks was studied in this
experiment, several limitations should be clarified to guide future
research. Firstly, the test was conducted at room temperature and
pressure, which ignored the high temperature and high pressure
formation environment (Wang et al., 2021). Secondly, we only
described the surface crack evolution, and failed to present the
crack propagation inside the sample, which could be revealed by
CT scanning (Ma and Chen, 2014; (Ma et al., 2016; Zhang and
Sheng, 2017). Finally, the anisotropic bedding structure of shale

FIGURE 10 | Influence of hydration fracture to hydraulic fracturing.

FIGURE 11 | Sketch map of the evolution of hydration fractures.

Frontiers in Earth Science | www.frontiersin.org November 2021 | Volume 9 | Article 7595389

Wang et al. Hydration Induced Crack in Shale

https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles


was not considered in theoretical analysis (Gui et al., 2018; (Ma
et al., 2021). Restricted to experiment condition, the above aspects
were not realized and would be paid attention in future study.

CONCLUSION

Shale hydration fractures not only threaten wellbore stability, but
also influence the effect of reservoir stimulation. By performing
shale soaking experiment in three different fluids, conclusions are
as follows:

1) For specimens soaking in distilled water, hydration fractures
were extremely developed and evenly distributed in a state of
network, and their final average cumulative length were 299mm.

2) For specimens soaking in fracturing fluid, hydration fractures
were moderately developed and local accumulated, the final
average cumulative length were 239 mm. The addition of anti-
swelling agent remarkably restrained the free swelling of clay
minerals. Fractures were rarely developed for specimens
soaking in mineral oil.

3) The hydration fractures were mainly formed in the first 5 h
and showed strong anisotropy. Cracks parallel to the bedding
plane accounted for the vast majority, with a small proportion
developed in vertical direction.

4) Theoretical calculations indicated that the stress intensity
factor (SIF) caused by hydration stress and capillary force

was greater than the measured fracture toughness. The micro
crack would probably propagate along bedding plane and
grow up into macro horizontal fractures, which promoted the
formation of crisscrossing fracture network in shale gas
formation
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