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The geometric properties of fracture surfaces significantly influence shear-seepage in rock fractures,
introducing complexities to fracture modelling. The present study focuses on the hydro-mechanical
behaviours of rough rock fractures during shear-seepage processes to reveal how dilatancy and frac-
ture asperities affect these phenomena. To achieve this, an improved shear-flowmodel (SFM) is proposed
with the incorporation of dilatancy effect and asperities. In particular, shear dilatancy is accounted for in
both the elastic and plastic stages, in contrast to some existing models that only consider it in the elastic
stage. Depending on the computation approaches for the peak dilatancy angle, three different versions of
the SFM are derived based on Mohr-Coulomb, joint roughness coefficient-joint compressive strength
(JRC-JCS), and Grasselli’s theories. Notably, this is a new attempt that utilizes Grasselli’s model in shear-
seepage analysis. An advanced parameter optimization method is introduced to accurately determine
model parameters, addressing the issue of local optima inherent in some conventional methods. Then,
model performance is evaluated against existing experimental results. The findings demonstrate that the
SFM effectively reproduces the shear-seepage characteristics of rock fracture across a wide range of stress
levels. Further sensitivity analysis reveals how dilatancy and asperity affect hydraulic properties. The
relation between hydro-mechanical properties (dilatancy displacement and hydraulic conductivity) and
asperity parameters is analysed. Several profound understandings of the shear-seepage process are
obtained by exploring the phenomenon under various conditions.
� 2024 Institute of Rock and Soil Mechanics, Chinese Academy of Sciences. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
1. Introduction

Fractures in natural rock formations are essential to various
geological and engineering processes, such as groundwater flow,
geological hazard assessment, energy exploration, and radioactive
waste disposal (Wang et al., 2020; Zhang et al., 2022a; Zhou et al.,
2023). The interaction between hydraulic and mechanical pro-
cesses has received significant attention due to its profound impact
on seepage pathways, hydraulic properties, and overall geo-
mechanical responses (Dietrich et al., 2005; Kolditz et al., 2012; Tan
et al., 2021). In this context, it is crucial to comprehend the hydro-
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mechanical characteristics of rough rock fractures to accurately
model and predict subsurface fluid migration and deformation.

One fundamental aspect that governs the behaviour of rough
rock fractures is the phenomenon of shear dilatancy (Segall and
Simpson, 1986; Liu et al., 2023). Dilatancy describes the tendency
of a rock fracture to widen when subjected to shear loading. This
effect is particularly pronounced in fractures with irregular sur-
faces, often referred to as fracture asperities. These asperities are
characterized by their roughness and local geometric features,
serving as key factors in governing the contact behaviour of two
sides of fracture surfaces (Zhang et al., 2022b; Gan et al., 2023). As
shear stress is applied, these asperities interact in intricate ways,
affecting the flow paths of fluids within the fractures (Lee and Cho,
2002; Sawayama et al., 2021; Jiang et al., 2022). The asperity-
induced channels lead to preferential flow pathways, altering the
transport properties of the fracture and influencing the overall
seepage pattern.
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To explore the phenomenon in depth, plenty of research studies
are dedicated to the comprehensive analysis of the shear-seepage
process within a single fracture. This phenomenon has been thor-
oughly investigated in the existing literature through laboratory
tests, analytical models, and numerical simulations (Chen et al.,
2021a, b; Jiang et al., 2022; Sui et al., 2022). As hydro-mechanical
properties are inherent in the attributes arising from fracture as-
perities, the majority of researchers focus their attention on frac-
ture roughness and asperity properties (Thompson and Brown,
1991; Cunningham et al., 2020; Liu et al., 2020). The coupling ef-
fect is primarily perceived to originate from mechanical to hy-
draulic effects. Consequently, in many engineering problems, the
hydraulic process exerts minimal impact on the mechanical pro-
cess, as indicated in several studies (Hudson et al., 2001; Chen et al.,
2007; Zhou et al., 2023). Therefore, many researchers are interested
in investigating the impact of mechanical effects on the evolution of
hydraulic conductivity, particularly in the context of seepage flow
in rock fractures (Chen et al., 2021a, b; Sui et al., 2022).

Numerous shear-flow models have been developed to compre-
hensively analyse the shear-seepage process. It focuses on accu-
rately describing seepage through a single rock fracture. On one
hand, a limitation arises from the inaccuracy of existing methods
for parameter identification. This limitation results in reduced
precision, primarily due to the issue of local optima (Sun et al.,
2019). On the other hand, some models proposed in the early
stages often oversimplify fracture surfaces as smooth, whereas real
fractures are featured with roughness, asperities, and irregularities.
Barton and Bandis (1980) introduced the concept of joint roughness
coefficient (JRC) to quantify fracture roughness. This concept plays a
pivotal role in understanding fracture mechanical properties and
holds significant relevance in geomechanics (Kim et al., 2013; Liu
et al., 2017; Barton et al., 2023). Some researchers have pointed
out a limitation in the JRC-based model, caused by the inadequacy
in representing the geometric anisotropic features (Grasselli et al.,
2002; Tang et al., 2021). To tackle this concern, Grasselli et al.
(2002) introduced an improved approach that integrates the ef-
fect of fracture asperities through the concepts of the maximum
contact area and the maximum apparent dip angle (Grasselli et al.,
2002; Grasselli and Egger, 2003). Subsequently, many authors have
developed a range of models building upon Grasselli’s approach
(Tatone and Grasselli, 2009; Xia et al., 2014).

The present study explores the hydro-mechanical characteris-
tics of rough rock fractures during shear-seepage processes. The
primary focus lies in comprehending how dilatancy and fracture
asperities collectively govern the coupled behaviours of seepage
and mechanical deformation within fractures. By investigating
these phenomena across a range of stress levels and different
fracture patterns, a deeper insight into the shear-seepage process
within rock fractures is attained.

The article is organized as follows. In Section 2, an improved
shear-flow model is proposed with consideration of the effect of
dilatancy and asperity. In Section 3, we present a method for
determining parameters and an advanced optimization approach
designed to accurately identify model parameters. In Section 4,
descriptions of the shear-seepage experiment and the data source
are provided. In Section 5, the proposed model is employed to
reproduce the experimental results under different conditions with
varying fracture asperities. A series of tests are conducted to thor-
oughly explore the effects of dilatancy and asperity on hydraulic
conductivity.

2. An improved shear-flow model with dilatancy and asperity

In this section, we present a shear-flow model that incorporates
essential components, including stress-dependent hydraulic
4005
conductivity, fracture closure, and asperity-induced dilatancy.
Then, various versions of the proposed model are derived based on
different theories.
2.1. Stress-dependent hydraulic conductivity

The hydraulic conductivity Kf (or permeability kf ) of rock frac-
tures is significantly influenced by the stress state and the geo-
metric features of fracture surfaces (Cunningham et al., 2020; Li
et al., 2023). As illustrated in Fig. 1, the stress components acting
in the normal and shear directions to the fracture are denoted as sn
and s. The geometric attributes and the mechanical strength of
fracture are denoted as l1 and l2. Therefore, a general formula of
the shear-flow model can be expressed as

Kf ¼ Kf ðsn; s; l1; l2Þ (1a)

Kf ¼
g
n
kf ¼ rg

m
kf (1b)

where g is the gravitational acceleration; r is the density of fluid; n
and m are the kinematic viscosity and dynamic viscosity co-
efficients, respectively.

The primary objective of the present investigation is to formu-
late an explicit expression of Eq. (1), establishing a connection
between stress, fracture asperity, and Kf . The cubic law provides a
significant relation between the hydraulic conductivity Kf and the
hydraulic aperture eh (Dietrich et al., 2005; Zhou et al., 2023):

Kf ¼
e2hg
12n

¼ e2hgr
12m

(2a)

kf ¼
e2h
12

(2b)

As illustrated in Fig. 1b, the hydraulic aperture eh is determined
by the deformation of the fracture under shear-seepage conditions,
particularly the displacement component normal to the fracture,
represented as un. Normally, the magnitude of the hydraulic aper-
ture is smaller than or equal to the initial mechanical aperture e0, as
the shear-seepage process tends to decrease the fracture aperture.

Several models exist for the determination of eh. However, they
are often hindered by the requirement of numerous uncertain co-
efficients, for example, Louis model (Louis, 1974), Matsuki model
(Matsuki et al., 1999), and Rasouli-Hosseinian model (Rasouli and
Hosseinian, 2011). To obtain parameters, substantial effort is
required to acquire the geometric details of the fracture surface.
Witherspoon et al. (1980) proposed a concise formula to calculate
eh:

eh ¼ e0 � cfun (3)

where the dimensionless coefficient cf ranges from 0.5 to 1. In
modelling, it can be determined through the least square fitting,
parameter optimization, or by using a direct predefined value.
Consequently, Eq. (2) is further expressed as

Kf ¼
g

12n

�
e0 � cfun

�2
(4)



Fig. 1. Schematic of a rough rock fracture: (a) A digital image of a rough fracture (Sawayama et al., 2021), (b) The shear-flow model, and (c) Displacement components in the normal
and shear directions along the fracture.

Fig. 2. Dilatancy-induced deformation during shear loading: (a) The initial state of rock fracture before shear loading, and (b) Dilatancy effect due to fracture asperities. A pair of
contact points is denoted as A and A0 .
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2.2. Fracture closure

The initial mechanical aperture e0 of a rough fracture can be
predicted in the following expression (Bisdom et al., 2016; Barton
et al., 2023):

e0 ¼ JRC
5

�
0:2sc
JCS

� 0:1
�

(5)

where JRC is the joint roughness coefficient (Barton, 2014); JCS is
the joint compressive strength; and sc is the uniaxial compressive
strength. sc equals to JCS if the rock fracture is unweathered.

As shown in Fig. 1c, the variable un in Eq. (4) consists of two
parts of deformation, including the compressive-induced defor-
mation Du and the dilatancy-induced deformation udn:

un ¼ Duþ udn (6)

where Du can be directly determined by the BartoneBandis law
(Barton and Bandis, 1980; Barton et al., 1985). The closure of frac-
tures under the compressive stress sn is determined by a nonlinear
hyperbolic function:

Du ¼
�

1
um

þ Kn0
sn

��1

(7)

where the initial normal stiffness Kn0 and the maximum closure of
fracture um are expressed as (Barton, 2014; Bisdom et al., 2016)
4006
Kn0 ¼ � 7:15þ 1:75JRC þ 0:02
JCS
e0

(8a)

um ¼ � 0:1032� 0:0074JRC þ 1:135
�
JCS
e0

��0:251

(8b)
2.3. Dilatancy effect during shear loading

The dilatancy-induced deformation udn in Eq. (4) is related to the
shear displacement ds along tangential direction to the fracture. As
shown in Fig. 2, themismatching existing between the two surfaces
results in significant relative movement between the asperities.

In the present model, we assume that the shear displacement ds
consists of two parts:

ds ¼ des þ dps (9)

where des and dps are the shear displacements in elastic and plastic
stages, respectively. The elastic part des can be directly determined
by

des ¼ s
�
Ks0 (10)

where Ks0 is the initial shear stiffness and can be obtained from
experimental data; and s is the shear stress.

As shown in Fig. 3a, once the deformation enters the plastic
stage, the elastic deformation reaches its maximum value, given by



Fig. 3. Characteristics of rock fracture deformation during shear loading: (a) ds-s curve and definition of Ks0, (b) ds-un curve and definition of i0 in shear dilatancy, and (c) ds-i0 curve.
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de;max
s ¼ sc

�
Ks0 (11)

where sc represents the shear strength of fracture.
Assuming the dilatancy effect occurs in both the elastic and

plastic stages, we formulate the dilatancy-induced displacement as
follows:

udn ¼ sf

0
B@Zdes

0

tan i0dd
e
s þ

Zdps
0

tan i0dd
p
s

1
CA (12)

where sf is a dimensionless coefficient with a range of 0e1; and i0 is
the dilatancy angle of fracture as described in Fig. 3b and c. It can be
expressed as an exponential function of shear displacement (Barton
and Bandis, 1982; Chen et al., 2007):

i0 ¼ ip0e
�rfd

p
s (13)

where ip0 is the peak dilatancy angle of fracture; e�rf d
p
s is an

exponential function; and rf is a positive coefficient. We expand the
function tan i0 using the Taylor series, that is tan i0 z i0. Eq. (12) is
rewritten as

udn ¼
Zdes
0

sf i0d
�
ds � dps

�þ Zdps
0

sf i0dd
p
s ¼ sf

ip0
rf

�
2� e�rfd

e
s � e�rfd

p
s

�

(14)

The peak dilatancy angle ip0 has a considerable effect on the
dilatancy-induced deformation. Numerous studies suggest that ip0
depends on the properties of fracture asperity and mechanical
strength. Different calculation methods of ip0 lead to various forms
of the shear-flow model, as discussed in Section 2.5.
2.4. The asperity-induced dilatancy angle

The Mohr-Coulomb (MC) criterion predicts the shear strength of
rock fracture (Jaeger et al., 2009):

sc ¼ sn tan
�
fb þ ip0

�
(15)

where fb is the basic frictional angle. Therefore, the peak dilatancy
angle ip0 can be directly derived:

ip0 ¼ arctan
�
sc
sn

�
� fb (16)

where fb and sc can be obtained from the direct shear test.
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Alternatively, a commonly used method for determining ip0 is
based on the JRC-JCS criterion (Barton et al., 1985; Liu et al., 2017):

ip0 ¼ JRC log10

�
JCS
sn

�
(17)

Correspondingly, the JRC-JCS criterion can be analogously
formulated to the MC criterion:

sc ¼ sn tan
	
fb þ JRC log10

�
JCS
sn

�

(18)

However, some researchers have pointed out that the JRC-JCS
criterion cannot effectively capture the geometric anisotropic
property of rough fractures, due to insufficient information
regarding the spatial asperity on fracture surfaces (Grasselli et al.,
2002; Tang et al., 2021). To address this issue, Grasselli proposed
a model that incorporates the effect of spatial asperity (Grasselli
et al., 2002; Grasselli and Egger, 2003), considering the detailed
geometric information of the rough fracture.

The shear dilatancy is influenced by the apparent dip angle q*

rather than the geometric dip angle q, as illustrated in Fig. 4. q* is
calculated by (Grasselli et al., 2002):

tan q* ¼ � tan q cos a (19)

where a is the azimuth. In Fig. 4, n0 is the unit vector normal to the
shear plane; na is the unit normal vector of the fracture asperity;
and n1 is the projection of na onto the shear plane.

In a shear loading process, the potential contact area A
q
* rep-

resents the geometric intricacies of the fracture surfaces, as shown
in Fig. 5. It can be expressed as a function of the apparent dip angle
q* introduced in Eq. (19):

A
q
* ¼ A0

�
q*max � q*

q*max

�C

(20)

where A0 and q*max are the maximum possible contact area and the
maximum apparent dip angle in the shear direction; and C is a
coefficient and calculated by parameter optimization or curve
fitting. Note that A0 is a dimensionless quantity as indicted by
Grasselli et al. (2002). Tatone and Grasselli (2009) derived the in-
tegral of A

q
* as follows:

Zq*max

0

A0

�
q*max � q*

q*max

�C

dq* ¼ A0
q*max
C þ 1

(21)

where A0 is almost constant (A0 ¼ 0:5) in many tests, as reported
in literature (Liu et al., 2017). The term q*max=ðCþ1Þ is regarded as a



Fig. 4. Schematic of dilatancy when shear loading is applied on a unit of the fracture asperity.

Fig. 5. The relation between q* and A
q
* in Grasselli’s model.

Table 1
Parameters of the proposed model in various versions.

Method Experimental data Uncertain
parameters

Number of
total
parameters

Number
of
uncertain
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novel index for evaluating fracture roughness (Tatone and Grasselli,
2009; Barton et al., 2023).

Then, based on Grasselli’s model, Xia et al. (2014) proposed a
method for accurately calculating ip0:

ip0 ¼ 4A0
q*max
C þ 1

	
1þ exp

�
� 1
9A0

q*max
C þ 1

sn
st

�

(22)

where st is the tensile strength. Based on the results, Grasselli’s
model was extended to determine the shear strength:

sc ¼ sn tan
�
fb þ 4A0

q*max
C þ 1

"
1þ exp

�
� 1
9A0

q*max
C þ 1

sn
st

�#�

(23)

Compared to the MC-based method and the JRC-JCS-based
method, Grasselli’s model takes into account the intricate details of
fracture asperity. In Section 5, we will compare the differences
among various calculation methods of ip0.
parameters

SFM-MC JRC, JCS, sc, Ks0, sc, fb cf , rf , sf 9 3
SFM-JRC JRC, JCS, sc, Ks0, fb cf , rf , sf 8 3
SFM-Grasselli JRC, JCS, sc, Ks0, fb, A0,

q*max, st
cf , rf , sf , C 12 4

Remarks: (1) Experimental data: the parameters can be obtained from experiments.
(2) Uncertain parameters: the parameters cannot be obtained from experiments. (3)
g, r and m are constants set to 9.8m=s2, 1000 kg=m3 and 8.9�10�4 Pa s, respectively.
2.5. Various forms of the proposed shear-flow model

The shear-flow model (Eq. (4)) can be expressed in various
forms, depending on different calculation methods for the
following aspects: (1) shear strength sc, and (2) the peak dilatancy
angle ip0. In the present study, we focus on three versions of the
proposed model. The MC-based method employs Eqs. (15) and (16)
4008
to determine sc and ip0, whereas the JRC-JCS-based method utilizes
Eqs. (17) and (18) for the calculation.

One of the novelties of the proposed model is the integration of
asperity-induced dilatancy via Eq. (14). Furthermore, our model
incorporates the effect of fracture asperity based on Grasselli’s
approach using Eqs. (22) and (23). While commonly employed in
purely mechanical processes of shear strength analysis, this
method is seldom utilized for exploring the hydro-mechanical
characteristics of rock fractures.

3. Model parameters: determination and optimization
method

The shear-flow model proposed in Section 2 involves numerous
parameters that require determination. In this section, we provide a
method for determining model parameters and introduce an
advanced optimization approach.

3.1. Determination of parameters in the shear-flow model

The proposed shear-flow model (SFM) has three different ver-
sions, as discussed in Section 2.5, including the MC-based method,
JRC-JCS-based method, and Grasselli’s method. In short, they are
referred to as SFM-MC, SFM-JRC, and SFM-Grasselli, respectively.
The parameters that need to be determined vary with eachmethod.
Table 1 provides all the parameters involved in the proposedmodel
in various versions. The SFM-Grasselli excels in capturing intricate
geometric details of rough fractures. This advantage comes at the
cost of having a higher number of parameters when compared to
the other two methods.

In the analysis, the ideal scenario is to obtain all parameters
from experiments, ensuring their reliability and accuracy. However,
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in most scenarios, some parameters cannot be directly acquired
from experimental data, for instance, cf and rf . The following key
points are listed for determining parameters:

� Ks0, sc, and fb can be obtained from the direct shear test.
� JCS equals to sc for unweathered rocks as pointed out in liter-
ature (Olsson and Barton, 2001). sc can be obtained from the
uniaxial compression test.

� st can be predicted using the Brazilian split method or esti-
mated through the empirical relation with sc.

� A0, q
*
max and JRC can be obtained through topography analysis

of the rock fracture. However, sometimes experimental con-
ditions may not allow for such tests. In this context, JRC can be
predicted using the fracture profiles proposed by Barton et al.
(2023).

� If one wishes to use SFM-Grasselli but lacks sufficient experi-
mental data, A0 and q*max should be determined by parameter
optimization.

� sf , cf , rf and C are coefficients that need to be determined
through curve fitting or parameter optimization, since they do
not possess physical meanings compared to other mechanical
parameters.
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3.2. PSO-WDV method for parameter optimization

Parameter optimization enables the determination of uncer-
tain parameters in scenarios where experimental data is limited.
Classical least square-based fitting methods may encounter un-
expected issues, making them susceptible to getting trapped in
the dilemma of local optima (Sun et al., 2019; Tan et al., 2023).

To overcome this limitation, we integrate the particle swarm
optimization with weighted delay velocity (PSO-WDV) into the
proposed SFM. The PSO-WDV is an innovative parameter opti-
mization method that extends the classical PSO (CPSO) with
notable enhancements (Song et al., 2021; Xu et al., 2021). While it
originated in the field of intelligent optimization, it has not yet
been applied to geomechanics problems.

The objective function used in parameter optimization is as
follows:

min fðXÞ ¼
XNd

i¼1

Kf ;i � K f ;i


2

(24)

where Nd is the number of data points obtained from experi-
ments; Kf ;i and Kf ;i represent the i-th data points (the hydraulic
conductivity) obtained from experiments and SFM prediction,
respectively; X is the coefficient vector, which consists of the
parameters listed in Table 1.

The velocity and position vectors in CPSO are expressed as
(Tsoulos and Stavrakoudis, 2010):

vkþ1
i ¼ wvki þ c1r1

�
pkli � xki

�
þ c2r2

�
pkg � xki

�
(25a)

xkþ1
i ¼ xki þ vkþ1

i (25b)

where vki and xki are the velocity and position of the i-th particle at
the k-th iteration; w is the weight (w < 1); c1 and c2 are the
cognitive and social coefficients, respectively; pkli and pkg represent
the optimal positions encountered by the i-th particle and the
entire particle swarm up to the k-th iteration; r1 and r2 are
random numbers uniformly distributed in the range of 0e1.
4009
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An improved version of the CPSO, referred to as the PSO-WDV
method (Song et al., 2021; Xu et al., 2021), incorporates the effect
of the delayed velocity into Eq. (25a):

vkþ1
i ¼ ð1�wÞvk�1

i þwvki þ c1r1
�
pkli � xki

�
þ c2r2

�
pkg � xki

�
(26)

where ð1�wÞvk�1
i is the weighted delay velocity term. It is a novel

term that circumvents the issue of local optima, guaranteeing the
attainment of the global optimum. We implement the algorithm
using the PySwarms package (Miranda, 2018). The workflow of the
PSO-WDV method is elaborated in Appendix A.
Fig. 6. Schematic of the apparatus (shear box) in the shear-seepage experiment (after
Cao et al. (2018)).
4. Experiment description and data source

The shear-flow experiments are conducted under diverse con-
stant normal stresses varying within a limited range. The param-
eters and material properties in experiments conducted by various
authors are presented in Table 2. In this study, we utilize these
published experimental results to evaluate the performance of the
proposed SFM.

A schematic of the testing apparatus, namely the shear box, is
illustrated in Fig. 6. The normal stress sn is gradually increased to
the designated value, then the shear displacement ds is applied at a
specified displacement rate. In the post-processing of experimental
results, the relations of hydraulic conductivity Kf versus shear
displacement ds are obtained through back-calculation from the
shear-seepage experiment.

Esaki et al. (1999) conducted a comprehensive investigation into
the combined influence of shear deformation and dilatancy on
hydraulic conductivity. They accomplished this by devising a novel
laboratory technique for conducting shear-flow tests on rock frac-
tures. The normal load applied in the shear-seepage process is
relatively high compared to that used by other authors (up to
20 MPa). Olsson and Barton (2001) analysed the shear-seepage
properties of fractures under both constant normal load and con-
stant normal stiffness conditions. Here, for comparison with other
results, we exclusively utilize the experimental data obtained un-
der constant normal load conditions. In contrast to the natural rock
(granite) utilized by Esaki et al. (1999) and Olsson and Barton
(2001), Xiong et al. (2011) employed an artificial material (pour-
ing plaster) for the test.

The hydraulic property in literature (Olsson and Barton, 2001;
Xiong et al., 2011) is represented by the transmissivity Tf , which is
related to Kf as follows:

Tf ¼
ge3h
12n

¼ Kfeh (27)

For comparative analysis, we convert the hydraulic conductivity
Kf to the transmissivity Tf using Eq. (27) when analysing the results
of Olsson and Barton (2001) and Xiong et al. (2011).
Table 3
Shear strength and initial shear stiffness in shear-seepage tests.

No. sn (MPa) sc (MPa) Ks0 (MPa/mm) References

1 1 2.06 3.37 Esaki et al. (1999)
5 6.16 10.65
10 11.74 11.97
20 22.1 17.97

2 2 2.38 Olsson and Barton (2001)
3 1 0.9 Xiong et al. (2011)

1.5 1.1
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5. Results and discussion

In this section, we analyse mechanical deformation and hy-
draulic conductivity evolution during shear-seepage. The data
source used for the analysis is given in Section 4. The proposed SFM
is utilized to replicate experimental results across different condi-
tions, and to explore the impact of dilatancy and asperity on hy-
draulic conductivity.
5.1. Comparative analysis of different models

The model parameters in the proposed SFM are determined
using the PSO-WDV method. The uncertain parameters commonly
involved in both SFM-MC and SFM-JRC are cf , rf , and sf . In SFM-
Grasselli, three additional parameters are employed for exclu-
sively capturing geometric features of the rough fracture, including
A0, q

*
max and C. The values of these parameters are listed in Table 4.

Obviously, their values are varied in different experiments,
depending on the individual experimental apparatus and envi-
ronment. Moreover, the shear strength sc and initial shear stiffness
Ks0 are connected to the normal stress sn. For this analysis, we rely
on the relationships depicted in Fig. 7.

Fig. 8 displays the ds-un curves. It provides a comparison be-
tween the experimental data and the SFM results. The experi-
mental data obtained from Esaki et al. (1999) is selected as the
reference solution. The results indicate that different versions of the
SFM effectively replicate the experimental outcomes across a broad
spectrum of normal stresses (sn ¼ 1e20MPa). It is evident that the
displacement component un normal to the fracture gradually di-
minishes as the normal stress increases. At a relatively low stress
level, the maximum un reaches approximately 3 mm. However, at a
relatively high stress level, themaximum un is even less than 1mm,
as depicted in Fig. 8a and d, respectively.

In another analysis, Olsson and Barton (2001) examined the
shear-seepage process in a rock fracture subjected to a stress of
2 MPa. As depicted in Fig. 9, the observed trend differs from that in
Esaki’s experiment (Fig. 8). Specifically, the displacement un in
Olsson’s experiment demonstrates a monotonic increase under
continuous shear loading, while it converges to a stable value under
high stress conditions (greater than 5 MPa) in Esaki’s experiment.
The proposed SFM effectively captures these results with a strong
alignment between the reference solutions and the predicted
results.

To compare the performance of different parameter optimiza-
tion methods, we utilize three distinct methods for determining
model parameters, including the PSO-WDV developed in Section
3.2, the classical PSO, and the least square method (LSM). The error
εh is defined as



Table 4
Parameters of the proposed SFM determined by the PSO-WDV method in different experiments.

SFM-MC SFM-JRC SFM-Grasselli References

cf rf sf cf rf sf cf rf sf A0 q*max (�) C
0.88 0.23 0.22 0.91 0.22 0.22 0.9 0.21 0.21 0.5 80 7.6 Esaki et al. (1999)
0.96 0.18 0.11 0.89 0.19 0.11 0.95 0.3 0.12 0.49 76 7.7 Olsson and Barton (2001)
0.91 0.13 0.22 0.9 0.13 0.23 0.95 0.16 0.14 0.5 72 9.2 Xiong et al. (2011)

Note:: Other parameters can be obtained from experiments as shown in Tables 2 and 3.

Fig. 7. Relations of sn-sc and sn-Ks0 used in shear-seepage analysis (after Esaki et al.
(1999)).
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εh ¼
XNc

i¼1

kFi � Fik2
kFik2

(28)

where Nc is the number of experimental data points collected
during the shear-seepage process; Fi refers to the experimental
Fig. 8. Comparison of the ds-un curves obtained from experiments (Esaki et al., 1999) and var
1 MPa, (b) 5 MPa, (c) 10 MPa, and (d) 20 MPa.
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data; Fi corresponds to the results derived from the optimization
methods. Note that the maximum error among all the evaluated
points is denoted as maxðεhÞ.

The comparison of errors obtained by different optimization
methods is illustrated in Fig. 10. It is found that among these three
methods, the PSO-WDV yields the smallest maxðεhÞ. The classical
PSO exhibits relatively lower error compared to the traditional LSM,
which often faces challenges related to local optima (Sun et al.,
2019). Due to the incorporation of an additional delayed velocity
term in the PSO-WDV, it demonstrates higher accuracy when
contrasted with the classical PSO.
5.2. Hydraulic conductivity in shear-seepage process

Fig. 11 illustrates the comparison between experimental data
and the SFM results. It demonstrates the efficacy of the SFM in
capturing variation in the hydraulic conductivity Kf during shear-
seepage. Kf gradually decreases as the normal stress increases
whereas it shows an increasing trend with the progression of shear
displacement. It reveals that fracture closure takes place within the
range of ds � 5 mm. Subsequent to this, the magnitude of Kf tends
to a stable value. Note that the magnitude of the y-axis is scaled by
logarithm, by the original experimental data reported in Esaki et al.
ious versions of the proposed SFM. The ds-un curves under different stress levels sn: (a)



Fig. 9. Comparison of the ds-un curves obtained from experiments (Olsson and Barton,
2001) and various versions of the proposed SFM.

Fig. 10. The maximum error maxðεhÞ of SFM-Grasselli during the shear-seepage pro-
cess under different normal stresses

Fig. 11. Comparison of the ds-Kf curves obtained from experiments (Esaki et al., 1999) and va
1 MPa, (b) 5 MPa, (c) 10 MPa, and (d) 20 MPa.

Fig. 12. Comparison of the ds-Tf curves obtained from experiments (Olsson and Barton,
2001) and various versions of the proposed SFM.
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(1999). At a high stress level (sn ¼ 20 MPa), the accuracy of the
results predicted by the SFM-MC is relatively lower compared to
those of the SFM-JRC and the SFM-Grasselli. The deviation primarily
arises from the intricate mechanisms involved in the alteration of
fracture asperity under high stress conditions.

A similar analysis was also conducted by Olsson and Barton
(2001), but the range of shear displacement was limited to 0e
6 mm, and the stress level was fixed at sn ¼ 2 MPa. Note that Kf is
converted to the transmissivity Tf via Eq. (27), by the original
experimental data reported in Olsson and Barton (2001). The
comparative results are displayed in Fig. 12. The results obtained
from the SFM-Grasselli and SFM-JRC models exhibit a remarkable
consistency, closely aligning with the experimental data. Model
parameters (cf , rf , and sf ) obtained from different optimization
methods are shown in Fig. 13. The range of all these parameters is
limited within 0e1.
rious versions of the proposed SFM. The ds-Kf curves under different stress levels sn: (a)



Fig. 13. Coefficients used in the proposed SFM obtained by different optimization
methods in the Olsson-Barton experiment (Figs. 9 and 12).

Fig. 14. Comparison of the ds-Tf curves obtained from experiments (Xiong et al., 2011) and various versions of the proposed SFM. The ds-Tf curves under different conditions: (a)
Rough fracture with sn ¼ 1 MPa, and (b) Smooth fracture with sn ¼ 1.5 MPa.

Fig. 15. Variation of error εh predicted by different versions of the proposed SFM: (a) SFM-MC, (b) SFM-JRC, and (c) SFM-Grasselli.

Fig. 16. Variations of dilatancy-induced deformation udn and dilatancy angle i0 under different conditions during the shear-seepage process: (a) The effect of sn and ds on udn, and (b)
The effect of sn and ds on i0.

Fig. 17. Variation of the displacement component un normal to the fracture with
different asperity parameters during the shear-seepage process.
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Fig. 18. Variation of hydraulic conductivity Kf under different conditions: (a) The effect of fracture asperity (measured by q*max and A0) on Kf , and (b) The effect of JRC and stress sn
on Kf .

Fig. 19. Effect of fracture asperity (measured by JRC and A0) on hydraulic conductivity Kf under a constant stress (sn ¼ 1 MPa): (a) Predicted by SFM-JRC, and (b) Predicted by SFM-
Grasselli.
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Fig. 14 illustrates the results of rough fracture and smooth
fracture (Xiong et al., 2011). For a rough fracture, the accuracy of the
SFM-MC is lower than that of the other two models, since the SFM-
MC cannot exclusively describe fracture roughness. The compara-
tive results demonstrate that the SFM-JRC and the SFM-Grasselli are
able to satisfactorily capture the variation of hydraulic property in
both the rough and smooth fractures. In the case of smooth frac-
tures, the SFM-Grasselli demonstrates superior performance, but it
requires more additional parameters (A0, q

*
max and C) than other

models, as indicated in Table 4.
The disparity between the predicted results and the experi-

mental data dynamically changes throughout the shear-seepage
process. We compute the error εh using Eq. (28), where the
experimental results are considered as the reference solutions. For
comparison, the x-axis is scaled by a normalized shear displace-
ment, denoted as ds ¼ ds=maxðdsÞ. The observation shown in
Fig. 15 reveals that the error varies throughout the shearing pro-
cess, exhibiting distinct patterns in different shear-seepage pro-
cesses. Although the error magnitude exhibits a random nature, it
remains relatively small in SFM-Grasselli. In contrast, SFM-MC re-
sults in a comparatively significant deviation.

5.3. Effect of dilatancy and asperity

As discussed in the preceding sections, the asperities on the rock
fracture induce the dilatancy-induced deformation udn. The
4014
dilatancy effect is intricately associated with variations in the
dilatancy angle i0. In the SFM-JRC, the parameter JRC serves as an
indicator of fracture roughness. Fig. 16a depicts a three-
dimensional (3D) surface depicting the evolution of udn with
changes in shear displacement ds and normal stress sn. It illustrates
that the dilatancy effect becomes pronounced as shearing pro-
gresses but diminishes with increasing stress levels. Moreover, the
increase of JRC substantially amplifies the dilatancy effect. The
dilatancy udn tends to a stable value after a certain shear displace-
ment. The dilatancy angle i0 exhibits a contrasting pattern when
compared to that of udn, as illustrated in Fig. 16b. As shear
displacement increases, there is a gradual decrease in the value of
i0. This observation reflects a fact that the fracture asperities un-
dergo abrasion due to local shear failure.

The SFM-Grasselli provides numerous parameters for charac-
terizing the geometric features of fracture asperity. Specifically, the
maximum apparent dip angle q*max signifies the inclination degree
of these asperities, as defined in Eq. (20). Fig. 17 illustrates variation
of the displacement un normal to the fracture with different q*max.
Obviously, the increase of q*max improves the magnitude of normal
displacement. It is evident that the steeper the dip angle, the
greater the effect. This also implies that the dilatancy effect will
vanish if q*max is set to zero. Notably, a shear shrinkage effect is
observed at the onset of shear loading, which can be attributed to
the elastic deformation of asperities under compressive loading
(Cao et al., 2018).
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To further analyse the effect of fracture asperities, we investigate
the evolution of hydraulic conductivity Kf under varying condi-
tions. To achieve this, we conduct a sensitivity analysis involving
different asperity parameters. The characteristic of asperities in the
SFM-Grasselli is represented by A0 and q*max, whereas in the SFM-
JRC, it is captured by JRC. Themaximum contact area A0 serves as an
indicator of the contact state of rock fracture. Fig. 18a shows that an
increase in A0 corresponds to a rise in Kf . The influence of q*max
becomes more pronounced at a higher ds, eventually stabilizing
once a certain ds threshold is attained. Fig. 18b shows that Kf de-
creases at a high sn level, which is attributed to the decrease in
fracture aperture caused by fracture closure under compression. A
more comprehensive result can be found in Fig. 19. Fracture closure
takes place within the range of ds � 10 mm, after which Kf tends to
stabilize. Under a constant normal stress condition (1 MPa),
increasing both JRC and A0 improves the magnitude of Kf , attrib-
uted to the increased fracture asperities.
6. Conclusions and outlook

In this work, we investigate the hydro-mechanical characteris-
tics of rough rock fracture during shear-seepage process. The main
concluding remarks and implications are summarized as follows:

(1) The improved shear-flow model (SFM) consists of stress-
dependent hydraulic conductivity, fracture closure, and
asperity-induced dilatancy effect. In particular, shear dilat-
ancy is considered in both the elastic and plastic stages. The
SFM-JRC, SFM-MC, and SFM-Grasselli are presented based on
different computation approaches of the peak dilatancy
angle. Notably, although Grasselli’s model has been applied
in shear strength analysis, it is rarely utilized in the shear-
seepage process.

(2) The PSO-WDV method is introduced to accurately identify
parameters involved in the SFM. It incorporates the delayed
velocity term and addresses the issue of local optima in
classical methods. Numerous tests demonstrate the superi-
ority of PSO-WDV, showing the capacity to enhance the ac-
curacy of parameter determination.

(3) By comparing with experimental data, the results show that
the SFM is capable of reproducing the shear-seepage char-
acteristics across a wide range of stress levels (from 1MPa to
20 MPa). The SFM-Grasselli performs well, although it re-
quires more parameters than the SFM-MC and SFM-JRC. The
SFM-MC shows relatively lower accuracy when applied to
predict hydraulic conductivity under a high stress state
(20 MPa).

(4) Sensitivity analysis reveals the effect of dilatancy and
asperity on shear-seepage. We analyse the relation between
hydro-mechanical properties and the asperity parameters.
The dilatancy effect depends on the variation in the dilatancy
angle. This effect becomes more pronounced as shearing
progresses but gradually decreases at higher stresses. An
underlying fact is that the asperities undergo abrasion due to
local shear failure. The shear shrinkage effect is observed at
the onset of shearing, attributed to the elastic deformation of
asperities under compressive loading.

Ongoing research aims to adapt the proposed model for
geotechnical application.We intend to integrate it into our program
for simulating flow in fractured media (Wang et al., 2022a, b, c).
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