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ABSTRACT: Shale gas has become the major source of natural gas.
However, shale is rich in clay and easily collapsed by water invasion.
This not only causes collapse of the reservoir but also causes the loss of
natural gas and can even cause local earthquakes and affect the safety of
human beings. This paper describes an investigation of the relationship
between hydration and collapse. Shale samples were obtained from a
series of wells drilled in the lower Silurian Longmaxi Formation at a
depth of 3500 m. The different hydrated shales were simulated to
analyze the hydration−collapse relationship. Magnetic resonance
analysis and mechanical analysis were combined to analyze the collapse
of the hydrated shales. The collapse progression was found to follow an
S-shaped growth curve that can be divided into three parts, namely, the
potential period, the exciting period, and the mature period. The
hydration state and degree of damage were determined from the magnetic resonance of water molecules. This paper proposes a
mechanism for shale hydration collapse based on basal and numerical data that can be used to predict shale collapse as a function of
hydration.

1. INTRODUCTION
As traditional energy sources are fully developed, shale gas
reservoirs, an unconventional type of reservoir, have been
deeply exploited, and shale gas has become the main source of
natural gas.1−4

Beginning with the revolution in America in 2007 and
continuing until 2015, the volume of research papers on shale
gas grew explosively, and shale gas became a major focus of
research interest in the fuel field (Figure 1). However, many
accidents related to shale collapse occurred as more shale gas
sites were developed.5,6

In recent years, thousands of research reports about shale
collapses have been published. Chinese researchers have
played an important role in this process, publishing numerous
reports on the collapse of shale blocks due to water invasion.
China’s shale gas reservoirs are mainly distributed in the
Xinjiang Basin and Sichuan Basin.7−9

The shale in the Sichuan Basin is rich in clay and can be
easily hydrated, which is why it is vulnerable to collapse.10,11 In
a previous study, 82 marine shale samples were obtained from
10 evaluation wells drilled in the Wufeng−Longmaxi
Formation in the southern Sichuan Basin of China and were
used to explore the role of clay in shale hydration.12 The
results showed that clay minerals are carriers for water
absorption because of their interlayer polarity and water
wettability. Water activity was also shown to be a key factor in
the failure mechanism of shale. Shale samples with higher clay
contents had greater water activity.10 The interaction of water

with shale can destabilize a wellbore and reduce the rate of gas
production from a reservoir.13

Therefore, it is necessary to understand the relationship
between the degree of hydration and the collapse of hydrated
shale. In this study, low-field nuclear magnetic resonance
(LFNMR) technology and uniaxial compression testing
(UCT) were employed to explore the collapse behavior of
hydrated shale.

2. THEORETICAL BASIS
2.1. Fundamental Principles of LFNMR. LFNMR has

been widely applied in determining the degree of water
saturation of animal tissues, wood, and rock.14−18 In 2015,
LFNMR was first employed by Washburn and Birdwell to
analyze water in shale.19 LFNMR has since been developed as
an effective method for analyzing water in unconventional
reservoirs. Nuclear magnetic resonance (NMR) is produced by
simply releasing a radio-frequency (RF) field with the same
frequency as 1H water, in which low-energy 1H jumps to a
higher energy level, namely, the Zeeman transition.20 1H then
gradually releases energy in a nonradiative manner. In the

Received: September 11, 2022
Accepted: October 25, 2022
Published: November 11, 2022

Articlehttp://pubs.acs.org/journal/acsodf

© 2022 The Authors. Published by
American Chemical Society

42524
https://doi.org/10.1021/acsomega.2c04852

ACS Omega 2022, 7, 42524−42536

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wenxin+Dong"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jian+Tian"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Qiang+Chen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Pengxiang+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tao+Han"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yufen+Zhai"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Deyi+Jiang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.2c04852&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04852?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04852?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04852?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04852?fig=abs1&ref=pdf
https://pubs.acs.org/toc/acsodf/7/46?ref=pdf
https://pubs.acs.org/toc/acsodf/7/46?ref=pdf
https://pubs.acs.org/toc/acsodf/7/46?ref=pdf
https://pubs.acs.org/toc/acsodf/7/46?ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsomega.2c04852?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://acsopenscience.org/open-access/licensing-options/


macroscopic horizon, transverse magnetization vectors move
relative to each other, cut the coil, and induce an NMR signal
that can be expressed as follows21−23

V t M t( ) sin cos( )e t T
z o

/ 2 (1)

where Mz is the transverse magnetization vector at time t, θ is
the cutting angle of the magnetization vector, ωo is the angular
velocity of the magnetization vector, and T2 is the transversal
relaxation time, which depends on the degree of freedom for
water.

Obviously, the NMR signal is proportional to the amount of
1H water molecules at time T2. The well-known T2 spectrum
can be generated from the machine inversion of the NMR
signal. The degree of water saturation of the tested material
can be calculated from the integral area of the T2 spectrum and
the T2 value determined from the activity of the water. The T2
spectrum can be further divided into bound water and free
water components (Figure 2).

2.2. Collapse Damage. Collapse damage was first
proposed by Hillerborg et al. to describe concrete collapse
under compressive loading. In 1989, Lubliner et al. described
plastic damage as reflecting the nonlinear behavior and
irreversible deformation that occur during the collapse
process.24 A series of modified plastic damage models

(PDM) has been developed to describe collapse behavior,
including the elastic−plastic damage model (EDM), viscoe-
lastic−plastic model (VM), and coupled elastoplastic damage
model (CEDM).25−27

The onset of collapse behavior with increasing compressive
stress is illustrated in Figure 3.

The stress−strain behavior shown in this figure can be
divided into the elastic, plastic, and damage ranges, which
involve four major components, namely, the yield criterion,
hardening/softening law, damage evolution, and flow rule.

Normally, the normalized strain can be decomposed into
two parts according to the classical elastoplasticity theory

c c c
pl el= + (2)

where c
pl and c

el are the plastic and elastic strain, respectively.
A more general model for progressive material damage can be
obtained by introducing a scalar damage variable dc, 0 ≤ dc ≤
1, as shown below

d E(1 ) ( )c c o c c
pl= (3)

where σc is the yield stress in compression and E0 is the initial
elastic stiffness of the material (prior to damage).

Figure 1. Global volume of research papers about shale from 2003 to 2020.

Figure 2. Bound and free water components of the T2 spectrum.

Figure 3. Collapse behavior in three-dimensional compression.
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In describing the damage evolution, the normalized strain
can be refined further as follows

c c
in

oc
el= + (4)

Eoc
el c

o
=

(5)

where c
in is the inelastic strain and oc

el is the calculated elastic
strain with respect to the original stiffness. The normalized
plastic strain and damage can be expressed as follows

d
d E(1 )c

pl
c
in c

c

c

0
=

(6)

d
E

E
(1 )

(1 )c
c
in

0

c c
in

0
=

+ (7)

where β is the ratio of c
pl to c

in. Therefore, the collapse
damage can be calculated and predicted from the collapse
curve.

3. EXPERIMENTS AND METHODS
3.1. Geological Setting. The Sichuan Basin, with a total

area of approximately 260,000 sq km, is one of the major
basins in China and is located in the southwest of China

(Figure 4a). In this study, the maximum diameter of the
exploration zone was approximately 100 km. The Zigong shale
field is located on the southeast boundary of the Sichuan Basin.

The sedimentary sequences in the Sichuan Basin were
deposited in a mainly marine sedimentary environment
(Figure 4b). Four shale exploration targets located in the
upper Ordovician Wufeng and Baota Formations and the lower
Silurian Longmaxi Formation were considered. The majority of
the explored shales were complex, with inserting sandstone and
limestone. The series of No. 1 shale is distributed
continuously, with horizontal bedding at depths from 3200
to 3500 m. This suggests that the formation evolution of this
period is complete.

3.2. Sample Preparation. In this study, nine shale
samples were collected from the No. 1 shale in the Longmaxi
Formation. The mineral compositions of the collected samples
are shown in Table 1.

The average clay content was more than 40%, which
illustrates that the drilled shale is typically water-sensitive shale
that can be easily hydrated. The collected shale cores had
diameters of 25 mm and heights of 50 mm.

To simulate different hydration situations, the shale cores
were first soaked in 100% distilled water for different amounts
of time. The hydrated shales were then subjected to further
evaluation.

Figure 4. Geological setting of exploited shales. (a) Location of Sichuan shale field and (b) sedimentary sequences of shale measures in Zigong.

Table 1. Total Organic Carbon Contents and Mineral Compositions of Shale Samples

mineral composition

<!�Col Count:7F0E0samples formation R0 (%) total organic carbon (%) clay quartz other

ZG1 Longmaxi 1.26 2.15 41.7 47.6 7.3
ZG2 Longmaxi 1.27 2.14 42.1 47.4 7.1
ZG3 Longmaxi 1.26 2.13 41.5 48.2 6.9
ZG4 Longmaxi 1.28 2.15 42.3 47.1 7.2
ZG5 Longmaxi 1.26 2.16 41.9 47.5 7.2
ZG6 Longmaxi 1.27 2.14 42.0 47.6 7.1
ZG7 Longmaxi 1.27 2.15 41.6 47.7 7.3
ZG8 Longmaxi 1.28 2.16 42.2 47.4 7.0
ZG9 Longmaxi 1.26 2.15 42.4 47.1 7.1
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Figure 5. Specimens and numerical model for collapse behavior analysis.

Figure 6. (a) Mechanism of collapse behavior of hydrated shale, (b) UCT test data for hydrated shale, (c) fitting curves of linear elasticity in the
initial softening stage, (d) division of the real elastic modulus with hydration time, (e) change in compressive stress with inelastic deformation, and
(f) evolution of collapse damage with increasing inelastic deformation.
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3.3. LFNMR Analysis. The LFNMR technique is a lossless,
in situ analysis technique that can be used to quickly determine
the water content of a sample. Hydrated shale was placed into
the sample cell of the NMR whole-core analysis system
(version MiniMR60; Niumag, Shanghai; resonance frequency
23.1 MHz, magnet strength 0.5 T; probe coil 60 mm;
experimental temperature range 31.99−32.00 °C) to obtain
LFNMR T2 spectra of the hydrated shale by calculating the
integral area of the T2 spectrum and substituting the value into
eq 8

y kx b= + (8)

where x is the integral area of the T2 spectrum, y is the water
mass of the standard sample, k is the slope of the standard
equation, and b is the vertical intercept of the standard
equation.

The degree of water saturation of the hydrated shale can be
obtained from eq 9.28,29

S
m
m

100%w
w

s
= ×

(9)

where Sw is the degree of water saturation of the hydrated shale
and mw and ms are the water mass and total mass of the
hydrated shale, respectively.

3.4. Collapse Behavior Analysis. An advanced rock
mechanics analysis system (GCTS, Tempe, AZ, USA) was
employed to monitor the compression (stress) and displace-
ment (strain) at a loading rate of 0.001 mm/s. The
longitudinal strain was obtained by dividing the longitudinal
displacement in the axial direction by the original diameter of
the test specimen. Young’s modulus and Poisson’s ratio were
determined from the slopes of the linear fits to the axial stress−
axial strain and lateral strain−axial strain data, respectively.30,31

3.5. Finite Element Analysis. Based on the shale samples,
numerical specimens and models were developed for collapse
behavior analysis, as shown in Figure 5. The diameter of the
cylindrical specimen was 25 mm, and the height was 50 mm.
During the finite element analysis (FEA), the spatial
displacement vectors of the cylinder bottom were defined as
zero in the analysis steps, and compression was achieved by
modeling displacement under loading at a rate of 0.001 mm/s.

The finite element type used was the cubic C3D8R cell, and
the mesh sizes were 1.5, 2.0, and 2.5 mm. To model large
deformations and nonlinear behavior, an explicit algorithm was
used to describe the quasi-dynamic compression process.

In FEA, the softening law reflects the shape and location of
the loaded surface, as well as its evolution after initial yielding,
thereby defining the post-peak behavior during plastic flow.32

The evolution is driven by the equivalent plastic strain, as
indicated in eqs 6 and 7 above. Regardless of the influence of
tension damage, the tensile strength was assumed to be 10
times greater than the compressive strength.

The direction and magnitude of plastic deformation were
determined by the non-associated potential flow rule used. The
potential function G has a Drucker−Prager-type hyperbolic
form

G e q p( tan ) tan 0t
2 2

0
= + = (10)

where ψ is the dilation angle measured in the p−q plane, t0 is
the uniaxial tensile stress, e is the eccentricity that defines the
rate at which the function approaches the asymptote, and e =
0.1 by default. Because of the continuity and smoothness, this

potential can enable the flow direction to be uniquely
determined.

4. RESULTS AND DISCUSSION
4.1. Collapse Behavior of Hydrated Shales. The

collapse behavior of hydrated shales can be divided into four
stages, as shown in Figure 6a. In the initial stage, the apparent
modulus of elasticity increases gradually with increasing
loading stress (Figure 6b). Softening develops with increasing
hydration time. Figure 6c illustrates the limit of the strain
evolution in the softening stage. After 5 days of hydration, the
nominal strain in the softening stage increased gradually from
0.44 to 2.63‰. After compaction, compression reveals the real
elasticity modulus (Er) and the linear relationship between
strain and loading stress, as shown in Figure 6c.

In comparison with the original shale, the Er value of the
hydrated shale was reduced by 46.58% to 12.67 GPa. Figure 6d
reveals the change in Er values for different hydration times.
The reduction in the modulus of hydrated shale can be divided
further into two stages. In the primary stage, the modulus
decreases slightly, at a rate of 2.24 GPa h−1. The modulus
decreases further with increasing hydration time, and the slope
increases to 4.19 GPa h−1, which reflects the maximum
contribution of water invasion to softening.

As the loading stress increases further, the relationship
changes from linear to nonlinear, which indicates the initiation
of inelastic behavior. This is usually caused by microdamage
and the development of microcracks. The corresponding
inelastic strain can be further distinguished from the linear
strain and can be calculated from the following equation

w el in= + + (11)

where ε is the total compressive strain, εw is the softening
evolution caused by water, εel is the elastic strain, and εin is the
inelastic strain.

With increasing hydration time, the maximum compressive
stress decreases to 36%, and the evolution proceeds at a
decreasing rate. These results reflect the degradation of the
structure of hydrated shales. The shale damage can be
calculated as shown in eq 7. Figure 6e illustrates the damage
evolution in compression with inelastic strain. From the yield
point to the maximum compressive strength, the deformation
of the shale is nominally considered to be plastic strain. Figure
6f illustrates the change in the collapse damage factor (dc) for
different hydration times. The development of dc can be
divided into three periods, namely, the latent, excitation, and
stationary periods. Plastic deformation occurs during the latent
period. In this period, there is no obvious damage generation
in the shale structure; the damage is mainly related to the
growth of micropores. In the excitation period, dc increases
significantly with increasing inelastic strain. This period is
characterized mainly by the generation of cracks and makes a
major contribution to the shale collapse. In the final period, the
hydrated shale completely loses its stiffness, and dc reaches a
limit of approximately 0.6−0.9.

4.2. Numerical Reproduction of Shale Collapse. The
initial compression of hydrated shale is quite different from
that of original shale. Based on the compression results for the
hydrated shales, the model was modified as shown in Figure 6a
to reflect the contribution of water invasion. In the first step,
the hyperelastic model was introduced to describe the initial
nonlinear increase of the elasticity with water invasion. In
Abaqus, the hyperelastic model is usually applied to describe
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porous material which promises devolution with micropores
between molecular chains, mineral layers, or solid particles.33,34

The Marlow model was used in this study to simulate
hyperelastic behavior.35 The Marlow model assumes that the
strain energy potential is independent of the second deviatoric
invariant. In the case of the Marlow model, the material
coefficients can be calibrated by the Abaqus software from
experimental stress−strain data. For n nominal stress−nominal
strain data pairs, the relative error measure E is minimized

E T T(1 / )
i

n

i i
1

th test 2=
= (12)

where Ti
test is a stress value from the test data and Ti

th comes
from one of the nominal stress expressions. During the
simulation process, Abaqus minimizes the relative error rather
than an absolute error measure since this provides a better fit
at lower strains. Abaqus will also construct a strain energy
potential and reproduce the test data exactly.

Based on this approach, the hyperelastic behavior of the
hydrated shale was reproduced, as shown in Figure 7. All of the
nonlinear elasticity was well reproduced. However, the initial
axial stress distribution was not uniform in comparison with

the original shale. This illustrates the evolution of shale
softening with increasing hydration.

The collapse behavior of hydrated shale varies with the
plastic deformation, as shown in Figure 8a. According to eq 7,
the plastic factor β is defined as the ratio of plastic strain to
inelastic strain and is used to scale the dc and permit the
reproduction of the failure curve. The numerical compressive
behavior can reproduce the tested stress and inelasticity strain
curves well, and the failure zones varied with the hydration
time. With increasing hydration time, the initial inelastic strain
increased from 0.42 to 1.05%, which indicates the development
of a plastic zone with increasing hydration. The slope of the
failure also decreased significantly with increasing hydration
time, which reflects the transformation from brittle failure to
plastic failure.

Figure 8b illustrates the numerical and tested evolution of
collapse damage. The growth of dc can be divided into three
stages. dc is initially defined as “0” in the absence of additional
evolution of failure. This stage is mainly related to the growth
of microcracks. In the next growth stage, the damage increases
with increasing nominal inelastic strain and approaches a
maximum. In the final stage, the hydrated shale loses its
stiffness, and the damage reaches a maximum. In both test and

Figure 7. Finite element reproduction of nonlinear elastic behavior.
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numerical results, the maximum decreases with increasing
hydration time. This again reflects the transformation from
brittle failure to plastic failure and slows the rate of release of
fracture energy with increasing inelastic strain.

Figure 8c illustrates the process of hydrated shale collapse.
During the confined simulation time, the majority of the
original shale collapsed. At a simulation time of 6 s, cracking
was primarily produced. Between 6.5 and 8.0 s, the cracks
produced developed remarkably, became effectively cross-
linked with each other, and gradually resulted in collapse. As
the hydration time increased to 1 h, the generation of cracks
was slow at the initial simulation timing. In comparison with
the original shale, the damage in the FE body can be observed
to have been reduced significantly. With further hydration, it
becomes increasingly difficult to produce cracks, and the
damage is further reduced. This indicates that hydration can
delay crack generation because hydration increases the plastic
zone and is conducive to plastic rather than brittle failure.

4.3. Numerical Prediction of Shale Collapse. Shale
exhibits an unconventional layer bedding. The layer bedding
angle determines the dilation angle. A shale layer loaded more
closely parallel to the bedding exhibits a smaller dilation angle

(typically 9°) than one loaded more normal to the bedding
(typically 15°),36 as shown in Figure 9.

Based on this observation, dilation angles from 9 to 15° were
simulated to predict shale collapse for different bedding angles.
The bedding of the tested shales was horizontal, and the
dilation angle was defined at 15° (Figure 9). Different dilation
angles were simulated by considering changes in the bedding
structure. With decreasing dilation angle, the evolution of the
failure was reduced, and the failure tended to be brittle. In a
shale layer loaded parallel to the bedding, cracks are produced
more easily. However, this brittle failure tendency can be
changed with further hydration. Regardless of the dilation
angle, the evolution of failure was obviously increased when
the hydration time was increased to 5 days, and the brittle
failure gradually changed to plastic failure. To better describe
the transformation of the damage, the damage growth was
further described by collapse curves. Figure 10 illustrates the
damage growth of hydrated shales with different dilation
angles. The damage growth was found to exhibit typical S-
shape growth, which can be understood as being associated
with the development of microcracks and micropores. An S

Figure 8. Numerical reproduction of shale collapse. (a) Numerical and tested compressive stress and inelastic strain curves of hydrated shales, (b)
numerical and tested evolution of collapse damage and inelastic deformation of hydrated shales, and (c) FEA imaging of the evolution of shale
collapsing process after 0, 1 h, or 3 days of hydration.
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Gompertz (SG) growth model was employed to model the
damage growth.37,38

According to the basal data, predicted values were obtained
for the maximum damage (a = 1.0). A 90% confidence interval
and 90% prediction interval were also determined. The
intervals gradually increase in width with increasing hydration
time. The growth can be divided into three parts, namely,
potential period, excited period, and mature period. With

increasing hydration time, the potential period is expanded,
and it expands further with increasing dilation angle. In
comparison with the results for the minimum dilation angle (ψ
= 9°), dilation angles of ψ = 11°, ψ = 13°, and ψ = 15°
expanded the potential period by 16.3, 31.8, and 37.5%,
respectively. In the exciting period, the damage tended to grow
linearly. The first derivative at the midpoint was used to
evaluate the growth during the exciting period. According to

Figure 9. Prediction of the evolution of collapse damage for different bedding angles.
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the SG model, the slope can be simply expressed by a constant
K value. The value of K decreases with increasing hydration
time. This can be easily understood as reflecting the increasing
hydration damage.

4.4. Analysis of the Hydration Damage of Hydrated
Shales. Figure 11 shows the water content of shale at different
times. In the initial stage (t = 20 min), the total saturation of
shale was 0.57%, and the degrees of bound water and free
water saturation were 0.52 and 0.05%, respectively. The T2
distribution of bound water was not completely separated from
the T2 distribution of free water. This is consistent with the
capillary theory. Adsorbed water permeates into extremely
small pores. However, the T2 distributions of bound water and
free water were not completely separate. The small pores in
shale should not be completely saturated, according to the T2
hump. The free water outside the pores is available for
subsequent invasion.

During the next 1 h of hydration, the measured T2 peak
increased slightly, and the continuous hump still existed. The
total saturation of shale at a hydration time of 40 min increased

to 0.34%. These results indicate that a long process is involved
in saturating extremely small pores during the initial stage.
After the shale was hydrated for 1 h, the total saturation
increased significantly to 5.17%, and the T2 distribution of the
free water shifted to the right. Furthermore, the saturation
associated with the contribution of bound water increased
18.52−0.64% when the hydration time increased to 6 h. The
T2 distribution of free water was first separated from that of
bound water. This indicates that the majority of pores were
saturated and that more water would be removable because of
the development of pores with hydration damage. When the
shale was hydrated for more than 24 h, the saturation of bound
water increased significantly to 1.01%, and the peak of the free
water moved to the right, which indicates further damage to
shale pores and causes the free water to move.

With further increases in hydration time, there were no
obvious changes in the free water saturation. However, the
saturation of bound water continued to increase and eventually
increases by 21.50% from day 1 to day 5, which indicates that
the further hydration was mainly caused by the bound water.

Figure 10. Collapse damage growth prediction for different bedding angles.
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Figure 11. T2 distributions of hydrated shales at different T2 times.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c04852
ACS Omega 2022, 7, 42524−42536

42533

https://pubs.acs.org/doi/10.1021/acsomega.2c04852?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04852?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04852?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04852?fig=fig11&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c04852?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


The continuous increase in the bound water also indicates the
growth of pores.

For the growth of pores, the generation of microcracks can
be described by a density function n(r,t), which indicates the
number of cracks in the scale of Δr at time t. In the initial stage
of damage, ignoring the correlation between cracks, the
evolution of n is mainly determined by nucleation and crack
propagation. The evolution of n can be derived from the
following equations.

The change in microcrack density in an r to r + Δr phase
element of a one-dimensional phase space can be expressed as
follows

n r t( , )dr
r

r r+

The change over an increment of time Δt can be expressed
as follows

n r t t n r t( , ) ( , ) dr
r

r r
[ + ]

+

This can be divided into two parts as follows

t n r t rd ( , )d
t

t t

r

r r

N

+ +

which represents the source term of microcracks in the phase
element. nN represents the density of nucleation rate. The flow
generated by crack propagation can be further divided into
inflow and outflow

r n r t r r t n r r t r r r td ( , ) ( , ) ( , ) ( , )
r

r r
[ + + ]

+

where r ̇ is the rate of crack propagation.
Assuming that Δt and Δr tended to be zero, the evolution of

crack density can be simplified as follows

n
t

rn
r

n
( )

N+ =
(13)

In this way, we can describe the evolution of n in terms of r
and nN.

According to the above equations, the relaxation time of
water in the pores is related to the size of the pore space. As
the pores become smaller, the surface area becomes larger, the
effect of surface interaction becomes stronger, and T2 becomes
smaller. Therefore, the T2 distribution can be used to evaluate
the r value, and each T2 corresponds to a certain r value.

The damage factor D can be described as follows

D rn t r r( , )d
0

=
(14)

According to the relationship between T2 and the pore size r,
the hydration process can be described in terms of the pore
growth by the following equation

T
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r
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jjj y

{
zzz =

(15)

Here, ρ is the relaxation intensity at the surface, S/V is the ratio
of pore surface area to pore volume, and Fs is a geometric
factor. For spherical pores, Fs is equal to 3.0; for cylindrical
passages, Fs is equal to 2.0.

Based on this, r can be replaced with T2, and the damage
factor D can be described in terms of T2

D FT n t T T( , )d
T

T

s 2 2 2
0

2
=

(16)

According to the T2 spectrum, the area of microdamage
extension in Δt time can be described in terms of the T2
integral area

S Fn t T T( , )ds 2 2 (17)

Therefore, the damage equation can be expressed as follows
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Here, STd0
is the integral area of the LFNMR peak at the initial

hydration damage, and ST d2
is the integral area at time T2.

However, it is difficult to choose the starting hydration as
reflecting the initial hydration damage. The pores of shales are
extremely small, and outside water needs a long time to invade.
Therefore, we simply defined the starting test (t = 20 min) as
corresponding to the initial hydration damage. Figure 12 shows

the change in hydration damage with hydration time. The
development of hydration damage can be described in three
parts, namely, the potential stage, the growth stage, and the
development stage. In the potential stage, there is no obvious
development of damage during 40 min of hydration. With
increasing hydration time, the hydration damage increases
significantly from 40 min to 3 days. After 3 days of hydration,
the damage develops further. This is attributable to crack
growth.

4.5. Relationship between Hydration Damage and
Collapse Damage. As mentioned above, collapse damage is
strictly related to the structure parameter K. Figure 13 shows
that the relation of K to the degree of hydration damage tends
to be linear.

The results of this study demonstrate that the structure
parameter is linearly related to damage and that lower and
upper limits of the K−Dt relation vary with the dilation angle.
For hydrated shales, the linear slope of the relation increases
with the increasing dilation angle. Considering the bedding
structure of the Longmaxi Formation, the dilation angle of No.

Figure 12. Development of hydration damage with hydration time.
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1 shale was considered to be 9°, and the predicted K values
were consistent with the test data. The correlation coefficient
was greater than 0.95. Based on the SG model, the following
equation for hydration collapse as a function of hydration
damage is proposed for No. 1 shale

D eC
e D D((1.48 t 1.54)( in 2.40 t 1.58))

= (19)

where DC is the collapse damage of the hydrated shale, Dt is
the hydration damage, and εin is the inelastic strain during
shale collapse. Hydration damage is the reason for the collapse.
If the hydration damage can be measured, potential collapse
damage can be easily predicted, and the collapse process
beyond the elastic zone can be simulated. Some protective
measures can then be applied in the case of water invasion.

5. CONCLUSIONS
By combining LFNMR and UCT measurements, the collapse
of hydrated shales was interpreted from the magnetic
resonance of water molecules, and the relationship between
shale hydration and collapse was investigated. An SG growth
model was developed to describe damage progression in
hydrated shale. Different numerical dilation models were
compared to the proposed collapse model in terms of fitting
performance. The relationship between collapse damage and
the dilation angle was also studied. We can draw the following
conclusions from the results of this study:

1 Water invasion can result in the collapse of water-
sensitive shale.

2 The damage growth model developed in this study fits
the collapse curves and reflects the increasing degree of
damage with increasing hydration time.

3 The hydration damage growth model was found to be
applicable to different dilation angles, and the dilation
angle was found to influence the duration of the exciting
period.

4 The proposed hydration collapse model can be used to
predict the potential collapse of hydrated shales as a
function of the degree of hydration.
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