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Conventional numerical solutions developed to describe the geomechanical behavior of rock interfaces
subjected to differential load emphasize peak and residual shear strengths. The detailed analysis of pre-
and post-peak shear stress-displacement behavior is central to various time-dependent and dynamic
rock mechanic problems such as rockbursts and structural instabilities in highly stressed conditions. The
complete stress-displacement surface (CSDS) model was developed to describe analytically the pre- and
post-peak behavior of rock interfaces under differential loads. Original formulations of the CSDS model
required extensive curve-fitting iterations which limited its practical applicability and transparent
integration into engineering tools. The present work proposes modifications to the CSDS model aimed at
developing a comprehensive and modern calibration protocol to describe the complete shear stress-
displacement behavior of rock interfaces under differential loads. The proposed update to the CSDS
model incorporates the concept of mobilized shear strength to enhance the post-peak formulations.
Barton’s concepts of joint roughness coefficient (JRC) and joint compressive strength (JCS) are incorpo-
rated to facilitate empirical estimations for peak shear stress and normal closure relations. Triaxial/
uniaxial compression test and direct shear test results are used to validate the updated model and
exemplify the proposed calibration method. The results illustrate that the revised model successfully
predicts the post-peak and complete axial stress—strain and shear stress—displacement curves for rock
joints.
© 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

and Egger, 2003; Barton, 2013; Zhang et al., 2014; Thirukumaran
and Indraratna, 2016). These models predict the peak and/or re-

Rock masses present networks of structural fractures (i.e. dis-
continuities and joints) which separate intact rock components.
The mechanical properties of these interfaces greatly influence the
behavior of rock masses. The potential for failure or rupture of the
rock masses (e.g. slope failure, strain burst, rock falls) is largely
attributed to shear strength of joint surfaces under load (Ladanyi
and Archambault, 1969; Barton, 1982; Lee et al., 1990). A proper
understanding of the shear behavior of structural interfaces is thus
necessary to ensure safe and stable rock excavations.

Numerous criteria have been proposed to quantify shear
strength of rock joints subjected to lateral and normal loads (e.g.
Patton, 1966; Bandis et al., 1981; Saeb and Amadei, 1992; Grasselli
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sidual shear strength of rock fractures based on superficial geom-
etry (i.e. directional roughness) and rock geomechanical properties
(e.g. compressive strength, elastic modulus) (Goodman, 1980).
Limited considerations have been given to the practical quantifi-
cation of total shear stress-strain profile of joints under loads. The
pre- and post-peak strain profiles of loaded joints is of great
importance in dynamic environments prone to time-dependent
failure and rockburst events (Martin, 1993; Martin and Chandler,
1994; Fairhurst and Hudson, 1999; Simon, 1999; Simon et al.,
2003; Khosravi, 2016; Khosravi and Simon, 2018). There are clear
needs for a pragmatic and applicable numerical solution to describe
the full shear stress-strain profile pre- and post-peak for rock in-
terfaces under differential load.

Simon (1999) introduced a constitutive model to represent the
complete stress displacement surface, the complete stress-
displacement surface (CSDS) model. The model considers strains
arising from compaction, shear, and normal deformation and it
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includes several model parameters that are needed to be obtained
by triaxial compression and direct shear test data and extensive
curve fitting (Simon, 1999; Simon et al., 2003). Subsequent works
have been reported to develop and verify the proposed model
(Deng et al., 2004; Tremblay, 2005; Tremblay et al., 2007; Khosravi,
2016). Notwithstanding, difficulties with the estimation of model
parameters have never been removed, and the exemplified cali-
bration process for CSDS remains opaque due to extensive curve
fitting that diminishes the applicability of the model to practical
realities of rock engineering. A rational for intuitive procedural
calibration is required to develop CSDS further for holistic
applications.

The goal of this work is to present a thorough stepwise pro-
cedure for the calibration of a complete shear stress-strain model.
To this purpose, a modified version of the CSDS model is proposed
to incorporate updated formulations for peak strength and normal
closure, and account for mobilized shear strength. Validation for
the updated model and the proposed calibration protocol is
exemplified with experimental data taken from relevant literature.
The results showcase the applicability of the model to represent the
stress-strain behavior of rock interfaces during conventional direct
shear and triaxial shear tests. This paper contributes a complete
and readily applicable version of the CSDS model not published
before, introduces an update to the model to reflect modern
acknowledged precepts of field, presents a detailed and exhaustive
calibration procedure to determine model parameters, showcases a
multi-datasets validation of the model to showcase its applicability
and the proposed calibration protocol, and demonstrates a number
of application methods based on different shear testing programs
(with direct and/or triaxial testing for post-peak and full profile
representation).

2. Background

The shear behavior of rock interfaces can be characterized
through direct or indirect experimental methods in laboratory
settings. Direct shear testing and shear characterization in triaxial
apparatus are described in ISRM (1989), ASTM D2664-04 (2004),
ASTM D5607-16 (2016), ASTM D7012-23 (2023), (see also Franklin
et al., 1974; Fardin, 2008; Tang and Wong, 2016; Liu et al., 2017; Day
et al, 2017a, b; Packulak et al., 2018, 2022a, b). Fig. 1 depicts
conceptually the stress-strain profile for a rock joint under shear
loading. Similar features and profiles are expected from applying
compression to a sample during direct shear and triaxial
compression tests. The plot is characterized by near linear stress-
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Fig. 1. Typical shear stress versus deformation curve for a rock joint under shear
loading.

strain correlation up to a maximum stress value associated with
peak shear stress. Peak shear stress denotes the shearing and or
crushing of superficial asperities, thus changing the roughness and
potential for dilation. The post-peak behavior of rocks starts once
the failure plane is created and the shear load decreases, eventually
converging to a constant value and coined residual stress
(Goodman et al., 1968; Goodman, 1976; Barton and Choubey, 1977;
Martin and Chandler, 1994; Aubertin et al., 1998; Eberhardt et al.,
1998).

Joint deformation under normal load is quantified by its normal
stiffness, K, (MPa/mm) (Goodman et al., 1968). It can be measured
by varying normal stress and measuring the corresponding strain
normal to the discontinuity. The relation of normal stiffness with
peak and residual shear displacement and maximum joint closure
allows one to identify the contribution of joints to total displace-
ment of a rock mass (Fotoohi, 1993). Joint shear behavior is highly
affected by the change in normal stress (Goodman et al., 1968;
Bandis, 1980; Fotoohi, 1993; Simon, 1999).

The shear behavior of rock joints is heavily dependent upon
external factors (e.g. shear load direction, span, stress profile) and
the geomechanical characteristics of the rock and its interfaces (e.g.
morphology of discontinuities, mechanical strength, elastic prop-
erties, weathering conditions). Extensive studies have parame-
trized the influence of intrinsic and external factors on the behavior
of rock joints under differential loads (see for example Goodman
et al,, 1968; Barton, 1973; Bandis, 1980; Simon, 1999; Grasselli,
2001; Fardin et al., 2001, 2004; Simon et al., 2003; Fardin, 2008;
Sanei et al.,, 2015a; Tang and Wong, 2016; Khosravi, 2016; Yang
et al,, 2016; Liu et al., 2017; Niktabar et al., 2017; Li et al.,, 2022;
Wang et al., 2022).

Various criteria have been proposed over the years to quantify
peak shear strength of rock joints with respect to the applied
normal load by accounting for both external and intrinsic factors.
Patton (1966) proposed a bilinear model by incorporating surface
roughness (i.e. asperities) to Mohr-coulomb failure criterion.
Ladanyi and Archambault (1969) developed a more comprehensive
failure model, the LADAR model, based on actual shear contact
surfaces and inclination angle, and applicable to different irregular
joint surfaces. Since then, several failure criteria have been devel-
oped by implementing roughness parametrization (e.g. Barton,
1973; Barton and Choubey, 1977; Bandis et al., 1981; Barton,
1982; Fortin et al., 1988; Amadei and Saeb, 1990; Saeb and
Amadei, 1992; Huang et al., 1993; Haberfield and Johnston, 1994;
Homand et al., 2001).

The joint roughness coefficient (JRC) proposed by Barton and
Choubey (1977) progressively became a standard index of refer-
ence to represent joint surface geometry (ISRM, 1978). The sub-
jective nature of this index has been discussed at length by various
authors (Grasselli, 2001; Sanei et al., 2015b; Khosravi, 2016; Li et al.,
2022). Researchers proposed correlations between objective
roughness parameters (e.g. fractal dimension, D; roughness profile
index, Rp; surface parameter, Z;) and JRC (Yang et al., 2001; Jang
et al., 2006; Kim et al., 2009; Tatone and Grasselli, 2010). Grasselli
(2001) used apparent dip angle of joint surface with respect to
the shear direction to find a three-dimensional (3D) criterion for
the estimation of peak shear strength of the entire rock joint sur-
face. This method was followed by many researchers (Grasselli
et al., 2002; Grasselli and Egger, 2003; Xia et al., 2014; Tang and
Wong, 2016; Yang et al., 2016; Liu et al., 2017; Tian et al., 2018;
Magsipoc et al., 2020).

Models based on mobilized shear strength have also been pro-
posed to predict the post-peak shear strength (e.g. Bandis et al.,
1983; Asadollahi, 2009). Simon (1999) developed the CSDS model
to describe the post-peak shear behavior for rock joints in the
context of describing rockburst-prone rock mass conditions. The
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Table 1
Summary of the updated CSDS formulation.

Shear stress—shear displacement

Normal displacement—shear displacement
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Note: a, b, ¢, d, e, f1, 82 and 3 are the model parameters for CSDS; 7, Tpeq and 7 are the shear stress, shear stress at peak (maximum shear stress), and residual shear stress,
respectively; ¢y,, oc and ¢y are the normal stress, uniaxial compressive strength and main axial stress, respectively; u, and u; are the peak and residual displacements,
respectively and correspond with tpea and t;; ¢p and ¢, are the basic friction angle and residual friction angle, respectively; Vi, kni, a;, JRCy, JRCr, JCS and L are the maximum
closure, initial normal stiffness, initial joint aperture, peak joint roughness coefficient, mobilized joint roughness coefficient, joint compressive strength and specimen length,
respectively; ¢, eprepeak and ( are the axial strain, pre-peak strain and shear plane angle, respectively.

model was refined and adapted to predict the hydromechanical
behavior of rock joints by Tremblay et al. (2007).

The present study aims to adapt the CSDS model by incorpo-
rating peak shear strength, mobilized joint roughness and normal
closure models. In addition to provide a simple procedural method
for calibration, the adapted model can describe full shear behavior
of rocks from triaxial/axial compression tests with or without direct
shear tests. In this article, the CSDS model is first introduced.
Certain and proven formulae that are used to modify the models’
calibration method are presented next. The step-by-step CSDS
model calibration proposed in this study is then presented and
exemplified by using a series of data sets taken from the literature.

3. Complete stress displacement surface (CSDS) model

The CSDS model implements an exponential function to
describe the relationship between shear stress t (MPa) and shear
displacement u (mm) (Simon, 1999):

F(u) =1t = a+ b exp(—cu) — d exp(—eu) (1)

where q, b, ¢, d and e are the model parameters with the condition
ofa, b,c,d,e>0andc<e.

Boundary conditions for the model formulation help derive
values of model parameters. Under initial testing conditions (i.e.
u = 0), there is no deformation and no corresponding load.
Therefore, we have

a+b=d (2)

Atlarge displacement (i.e. u > 0), it is intuited that shear stress has
reached residual state 7, (MPa). The two exponential components
approach 0, thus we have

Fu>0)=r1=a (3)

When shear deformation has reached residual conditions (i.e.
u = uy), then it follows that

F(ur) = a+b exp(—cuy) — d exp(—eu;) = ¢ (4)
Then, we have

b exp(—cu;) — d exp(—eu;) = v —a= 0 (5)

Based on extensive experimental data, Simon et al. (2003)
proposed to approximate exponential component of —cu; as 0.07,
i.e.

exp(—cur)=0.07 (6)

sc=5/ur (7)

Since shear stress peaks at u = up, the derivative of Eq. (1) with
u = up must equal zero, i.e.

aaF(EJL;) = —5/ur(d—tr)exp(—5up / ur) +deexp(—eup) =0
(8)
% —exp[up(e—5 /ur)] = 0 ©)

At peak displacement, F (up) = 1p, thus we have

Tp — Tr[1 — exp(
—5up /ur)] —d[exp(—5up /ur) — exp(—eup)] = 0 (10)

Parameter d is isolated in Eq. (10) to yield

d— Tp — Tr[1 — exp( — 5up /ur)] (11)

~ exp( —5up/ur) —exp (—eup)

where 7, and 7, are the peak and residual strengths, respectively
(MPa); and up and u; are the displacements at the peak and residual
shear stresses, respectively (mm).
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Based on Egs. (2)—(11), the model parameters can be derived
from physical measurements obtained in the conventional labora-
tory experiments.

An exponential function was proposed by Simon (1999) to
describe the normal displacement (V) versus shear displacement
(u) relationship:

V = 81 — B, exp(—f3u) (12)

where (1, 8, and (3 are the model parameters. The procedure for
determining these parameters is described below.

It goes from the above equation that for u =0, V=41 — (,. 82 is
derived by following the relationship between normal load and
displacement described by Bandis et al. (1983):

0nVm

V= KyiVin — on

(13)

where ¢y, is the normal stress applied to rock joint (MPa), Vy, is the
maximum closure of the rock joint (mm), and ky; is the initial
normal stiffness (MPa/mm). It follows that

_ onVm
B2 =64 K Vor —on (14)
Atu >0,V = f;and u = u,.

By using the model proposed by Goodman and St John (1977)
(Eq. (15)), one can obtain 87 using Eq. (16).

o _ ka . (ran
V =ur(1—0n/0c)™ taniy +7Kme o (15)
B1 = ur(1 — on/0c)* tan i +% (16)
1 r n/0c 0 KyiVim — 0n

where ¢ is the compressive strength of rock (MPa), ky = 4, and iy is
the initial asperity angle (°).

Based on many experimental data taken by Simon (1999) from
the literature, it was found that the last parameter, §3, may be
related to the residual displacement (u;) as follows:

B3=1.5/ur (17)

4. Proposed modification to the CSDS model

A series of modifications is proposed to improve CSDS’ ease of
calibration. These changes provide specific and proven formula-
tions for certain model parameters that may otherwise require
extensive curve fitting. The modifications and rationale for empir-
ical justifications are described below. A compiled summary of the
updated CSDS formulation is provided in Table 1.

4.1. Normal closure model after Bandis et al. (1983)

Rock joint deformability can be described by the properties of
stress-deformation curve (Goodman et al., 1968; Fotoohi, 1993).
Exponential equations have been suggested by Bandis et al. (1983)
to determine the maximum closure and initial normal stiffness as
follows:

Vi = 8.57(JCS/a;) % (18)

Kpi = 0.02(JCS / a;)+1.75]RC,—7.15 (19)
where g; is the initial joint aperture (mm) and it can be obtained by

_JRG

=2 (020c /JCS—0.1) (20)

4
where ¢ is the uniaxial compressive strength (MPa) and JCS is the
joint compressive strength (MPa). Eqgs. (18)—(20) are proposed to
facilitate the determination of #; and £, in Eqs. (14) and (16).

4.2. Mobilized shear strength after Barton (1982) and Asadollahi
(2009)

Barton (1982) modified the peak shear strength model of
Barton-Bandis to take the stress dependency of shear strength into
account. The modified model considers the progressive degrada-
tion of joint roughness during the shear process, mobilized joint
roughness coefficient (JRCy,). The failure model is then proposed as
follows:

T=0n tarl[]RCm 10g10(]CS/ 0'1'1) + (/71'] (21)

arctan(tm/on) — ¢r
logyo(JCS/an)

where 1 is the mobilized shear stress (MPa) and ¢; is the residual
friction angle (°).

From Eq. (22), one can determine the mobilized JRC and joint
roughness changes during shearing. Also, Barton (1982) described a
dimensionless relationship between JRCi/JRC, and u/up in a table,
called Barton table. Once up and JRC, are obtained from experi-
mental data, JRCy, and shear strength can be determined. However,
this method could not obtain a complete post-peak curve, partic-
ularly precise residual shear strength (Asadollahi and Tonon, 2010;
Khosravi and Simon, 2018).

Asadollahi (2009) modified Barton’s model for the peak
displacement and the dimensionless relationship between JRC and
shear displacement to predict the shear strength more precisely:

.’Rcm =

(22)

]Rcm _ (l) —0.381 (23)
JRG, — \up
3.5
- = = = Experimental data (Ohnishi et al. 1993)
3 1.6 % Barton (1982)
2549 Asadollahi (2009)
s %
% 2
o
215 "
b X
2 14
v ]
0.5 '
[}
0 |
0 5 10 15 20 25

Shear displacement (mm)

Fig. 2. A comparison between the post-peak shear behavior of rock joint predicted by
Barton and Asadollahi models and experimental data obtained by Ohnishi et al. (1993).
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up= 0.0077L%% (¢, /JCS)%*cos|JRCp logyo(JCS / on) (24)

where L is the specimen length (m).

Asadollahi and Tonon (2010) validated proposed models by
using 365 direct shear test data taken from the literature in which
the JRC ranged between 0 and 20 with normal distribution. The
average ratio of predicted up over measured up was reported as 1.11
with standard deviation of 0.76 and the average ratio of predicted
JRCmobilised to measured JRCobilised Was 1.19 with standard devia-
tion of 0.92.

Furthermore, Fig. 2 shows the application of Barton and Asa-
dollahi models for the direct shear tests on a cement mortar with
irregular surface, which are taken from Ohnishi et al. (1993). As
shown, the post-peak shear stress obtained by Asadollahi (2009)
predicts quite well the experimental curve whereas the curve ob-
tained by Barton model decreases as the shear displacement in-
creases. This observation may be due to the 0-value defined in
Barton’s table for JRCy/JRC, when JRC, > 5 and ufup = 25. Hence,
the model proposed by Asadollahi (2009) is used in this study to
determine the JRCy, and up.

Since the JRCy, is obtained from Eq. (23) for all the data points on
the experimental curve, the CSDS model parameter, 4, is suggested
to be calculated as follows:

B1 = ur tan[JRCn 10g10(0c / on)] (25)

4.3. Peak shear strength criterion after Barton and Choubey (1977)

Barton and Choubey (1977) proposed the commonly acknowl-
edged peak shear strength criterion based on roughness conditions
(represented by JRC) and joint compressive strength JCS:

Tp = 0p tan [chp 10g10(JCS / o) + (pb] (26)

JRC,, can be obtained directly by profiling rock joint specimens
using profilometer. Ten typical roughness profiles given by Barton
(1973) for JRC ranging from 0 to 20 can then be used. The joint
roughness coefficient can also be determined by the back-
calculation of Eq. (26), when other parameters are available from
the experimental data. In this equation, JCS can be determined by
Schmidt hammer tests. Alternatively, JCS can be estimated as the
unconfined compressive strength (o¢) of the intact rock for fresh
joints and o¢/4 for highly weathered rocks (Barton, 1973; Barton
and Choubey, 1977). Additional information on JCS measure-
ments, empirical estimates and complementary techniques for the
application of JRC and JCS can be found in Barton (2013), Zheng and
Qi (2016), Liu et al. (2017), and Tang et al. (2021). For further ana-
lyses in this work, the peak value of shear strength predicted from
Eq. (1) and/or measured by experimental work is considered equal
to the peak shear strength obtained by Eq. (26). The Barton model is
suggested here because of easy application of the model in industry
and general trust in the calculations based on JRC and JCS.

5. CSDS model calibration

This section describes the updated calibration method of CSDS
model for post-peak and full shear behavior of rock discontinuities
with the use of triaxial compression test with/without direct shear
test data. The model calibration includes some general steps
remained from Simon et al. (2003) and detailed steps proposed in
this study. The model is then exemplified in the next section.

5.1. Post-peak shear stress-displacement curves with triaxial/
uniaxial compression tests

The CSDS model can be applied to describe traditional direct
shear testing detailed by ISRM (1978) and ASTM D5607-16 (2016).
As reported by Simon et al. (2003), the relevant experimental pa-
rameters, i.e. gp, Tp, T Up, Uy JCS and elastic modulus (E) are first
obtained from traditional interpretation of triaxial and uniaxial
testing experimental process. Then, the model parameters such as
a, b, ¢, d and e are determined through Egs. (2)—(11). The following
procedural workflow, proposed in this study, is subsequently used
to calibrate the model.

(1) JRG, is obtained by back calculation from Eq. (26).

(2) For all the post-peak data points on triaxial stress—strain
curve, the ratios of u/up (or ¢/ep) are calculated and added
to Eq. (23) to determine JRCp,.

(3) Values for gj, Viy and Ky; are directly calculated by Eqgs. (18)—
(20) to ensure that the influence of joint deformation is
considered in the analyses.

(4) By using the obtained parameters and experimental data, the
CSDS model parameters (1, 2 and (3 can be determined
through Eqgs. (14), (17) and (25), respectively.

(5) The variation of axial strain on the post-peak stress—strain
curve is a function of several parameters (Simon et al., 2003):

Aucos 3 AVsin 8 N ﬂ

L L E (27)

&€ = §&p

where ¢ is the axial strain, ¢p is the peak strain, Au is the difference
in shear displacement (mm), AV is the difference in normal
displacement (mm), Ag; is the difference in principal axial stress
(MPa), L is the initial sample length (mm), E is the elastic modulus
of rock (MPa), and £ is the shear plane angle (°).

For each data on the post-peak stress-strain curve, the peak and
elastic strains are subtracted from Eq. (27), thus we have

e =e¢—¢ep— Aoy /E (28)

where ¢* is the modified post-peak strain.
At the 1st point, AV; = Vq = 0. Eq. (27) becomes

Auy = (g1 —ep — Aoy 1 /E)(L/cos B),Au; = uy (29)
At the 2nd point, from Eq. (12), we have
Vo =p1—0B2exp (—f3u1), AVa =V — V4
From Eq. (27), we have
AUZ = (6‘2 —€p
—AJLZ/E—i-AVzTSlnﬂ)(L/cosﬁ),uz = Auy + 14 (30)
The same procedure is repeated for all subsequent datapoints on
the post-peak stress—strain curve. The calculated values of Au and

model parameters are used in Eq. (1) to determine the shear stress.

5.2. Full shear stress-displacement curves with triaxial compression
tests, with/without direct shear tests

When direct shear tests are available, the model properties (e.g.
Tp, Tr, Up, Uy) are directly derived through the shear curves in order
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to determine the model parameters such as a, b, ¢, d and e. Once the
model parameters are determined, Steps (1)—(5) in the preceding
section are carried out by using the axial stress and strains obtained
from triaxial compression tests. It should be noted that, since the
complete shear displacement is required in this section, the values
of u obtained by following Step (5) are used in Eq. (1) for estimating
the shear stress.

An alternative method is proposed in this study to approximate
the calibration process in the absence of direct shear test data. In
this method, the measured joint roughness coefficient and Barton
model can be used to determine peak shear strength (tp). The
Coulomb criterion without cohesion is used to obtain the residual
friction angle:

Ty = Op tan (¢r) (31)

The ¢; is thus used to calculate the residual shear strength under
the imposed normal load(s). The corresponding residual displace-
ment for 7; is denoted by u; that can be determined using curve
fitting and back calculation of CSDS model. Since JCS and JRC, are
known, Eq. (24) may be utilised to determine u,. When direct shear
test does not reach the actual residual shear stress and subse-
quently residual shear displacement, the residual shear data can be
obtained by the alternative method.

5.3. Full shear stress-displacement curves with direct shear tests

When the direct shear test data and mechanical properties of
rock (e.g. ¢p, JCS (or a¢), E) are available, the model properties are
directly extracted from shear curves to determine the model pa-
rameters such as a, b, ¢, d and e using Egs. (2)—(11). Subsequently,
the shear stress can be calculated. Depending on the direct shear
machine and applied normal load, direct shear test may not reach
the actual residual shear stress and subsequently residual shear
displacement. The residual shear stress can thus be obtained by
using Eq. (31), and u; can be back-calculated with the CSDS model
(Eq. (1)) and curve fitting.

Concerning the normal displacement—shear displacement
curves, the method suggested in this study is followed. The mobi-
lized JRC values are first obtained from Eq. (22). Then, the normal
closure parameters (e.g. aj, Vm, Kpi) are determined to be able to
calculate the model parameters (1, f2 and B3 and normal
displacement from Egs. ((12), (14), (17) and (25). Since the sug-
gested formulae for the estimations of §; and (, are based on
normal stress, only one value is obtained for each parameter.

5.4. Full axial stress-strain curves with triaxial/uniaxial
compression tests

The proposed method for post-peak stress—strain estimation
resembles the method initiated by Simon et al. (2003), with some
modifications that are highlighted below along with the proposed
method for pre-peak curve.

The model parameters must first be determined from triaxial
compression tests using the procedure outlined in Section 5.1. Once
the model parameters are obtained, the following steps must be
taken:

(1) For the data on stress-strain curve, the shear and normal
stresses are calculated by the following formulae:

On = 5(91+03) — 5 (01 ~ 03)c05 (26) (32)
t= (01 —a3)sin (26) (33)

where ¢4 is the major principal stress (MPa), and ¢3 is the minor
principal stress (MPa).

(2) For the corresponding values of shear stress, the shear
displacement (u) can be computed through Eq. (1) and the
application of a linear solver available in common compu-
tation tools (e.g. MS Excel solver, see the detailed application
in Li et al. (2000)). There are two values for u, which should
be noted. The value larger than the peak displacement ()
should be used for the current analysis.

(3) By using the predicted u values, obtained (1 (by using Eq.
(25) suggested in this study), 82 and (3 and Eq. (12), the
normal displacement (V) can be calculated.

(4) The axial strain can then be estimated by adding the pre-
dicted shear and normal displacements into Eq. (27). For the
pre peak profile, since the volume change is positive before
shear stress reaches to the peak (Goodman, 1976; Martin and
Chandler, 1994), the normal displacement should be ob-
tained using Eq. (34). The axial strain can thus be predicted
with Eq. (35).

V= —[81 — B exp(—B3u)] (34)

Aucos3 AVsinf Aoy
Epre—peak = € T+ L - L + E

where épre-peak is the axial strain before peak.

6. Validation of updated CSDS
6.1. Scope of validation work carried

The next sections showcase the use and application of the CSDS
model in its updated form, and the calibration method proposed in
the previous sections. The model is applied to different experi-
mental settings commonly encountered with laboratory charac-
terization for shear testing. Validation is carried out for test
programs with triaxial and/or direct shear tests for post-peak and
full profile representations. The validation work was carried out on
direct shear and triaxial compression tests originally presented in
Price (1979), Ohnishi et al. (1993), Arzta and Alejano (2013),
Khosravi and Simon (2018) and Khosravi (2016). These data sets
include both direct and triaxial shear test results with servo-
controlled machine for the full pre- and post-peak profile.

6.2. Post-peak shear stress-displacement estimation with triaxial
compression tests

This section exemplifies the application of the updated model to
describe post-peak shear stress—displacement curve. The curves
predicted by the original CSDS model (Simon et al., 2003) are also
included in the results to showcase the validity and evolution of the
model. The experimental data on sandstone were taken from Price
(1979) for different confining pressures.
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Table 2

Rock properties and CSDS model properties that are obtained by Simon et al. (2003).
o3 (MPa) B*(°) E* (GPa) up (mm) ur (mm) io () Kni (MPa/mm) Vim (mm) or" (MPa) So" (MPa) »o” () or ()
0 35 18 0.008 8 25 —1000 1 95 16 46 44
4 33 18 0.008 8 25 —1000 1 95 16 46 44
7 33 18 0.008 8 25 —1000 1 95 16 46 44
14 30 18 0.008 8 25 —1000 1 95 16 46 44

2 Parameters are taken from Price (1979).

Table 2 shows the rock properties and CSDS model properties
obtained by Simon et al. (2003) for four tests, and Table 3 gives the
model properties that are determined by the updated model for
different confining pressures. Fig. 3 illustrates a comparison of
post-peak shear stress-displacement curves obtained by this study
and those taken from Simon et al. (2003). The results reveal that the
new model always calibrates well the residual shear stress. It is
perfectly illustrated in Fig. 3¢ and d. In addition, it is noted from
Table 2 that the ky; and Vi, values obtained from curve fitting are
seemingly arbitrary and/or subjective to the user. The updated
method presents a systematic solution to derive these values as
showcased in Table 3.

To further validate the proposed model, the triaxial compression
tests on basalt (BAS) and microgabbro (MG) reported by Khosravi
(2016) and tests on granitic rock (Blanco Mera) reported by Arzia
and Alejano (2013) are used. Tables 4 and 5 show the rock prop-
erties taken from the literature and the model properties obtained
in this study for BAS and MG and Blanco Mera, respectively.

Since no representative curves predicted by the original CSDS
model could be found in Arzaa and Alejano (2013) and Khosravi
(2016), Figs. 4 and 5 illustrates a comparison between the original
curves reported by these studies and the post-peak shear behavior
of the tested rocks obtained in this work. It is shown that the post-
peak shear curves of all tests accurately represent the original
curves. Similar observation can be made from Fig. 5 between the
curves obtained in this work and the original curves obtained by
Arzta and Alejano (2013). It is questionable, however, whether the
predicted shear stress—displacement curves from triaxial
compression testing can also represent the curves obtained from
direct shear tests. This issue is addressed in the following section.

6.3. Full shear behavior estimation with triaxial compression tests,
with/without direct shear tests

To evaluate the accuracy of the proposed method for the full
shear stress—displacement curve, two series of laboratory test re-
sults are used. One series are the results of triaxial compression
tests on BAS-29 that are reported by Khosravi (2016). Another se-
ries are direct shear test data of the same rock obtained by Khosravi
and Simon (2018) at normal loads of 3 MPa, 5 MPa and 8 MPa.
Table 6 shows the rock characteristics used for the analysis. Table 7
shows the direct shear test data from Khosravi and Simon (2018),
whereas Table 8 shows the model properties obtained in this study
by the updated model.

The full shear curves of the tested rock are shown in Fig. 6 for
different methods at three normal loads. A comparison between
the predicted and original curves reveals that the proposed model
correctly predicts the pre- and post-peak shear stress—
displacement curves at varying normal loads. The similar conclu-
sion can be given by comparing the model properties presented in
Tables 7 and 8 However, significant differences are observed, when
comparing the up and u; values obtained with triaxial compression
test data (see Table 4) to those obtained with direct shear test data
of the same rock (see Table 8), indicating that direct shear tests are

required to obtain reliable full shear stress-displacement curves for
a rock joint.

The experimental data of BAS-29 are used again to further
demonstrate how the full shear curves can be obtained without
direct shear test data. In Table 9, one can see the model properties
obtained by using the alternative method.

The full shear stress—displacement curves obtained without the
use of direct shear tests are illustrated in Fig. 6 for different normal
loads. As seen, the curves obtained by applying the normal stresses
of 5 MPa and 8 MPa are successfully predicted. However, the pre-
dicted post-peak zone in Fig. 6¢ seems to have a difference of 0.5 to
the residual shear stresses obtained with the use of direct shear
tests. This may be shown further by comparing the data presented
in Tables 7—9 for the three normal loads. The model properties in
Table 9, which correspond to the predicted curves without direct
shear tests, are quite close to those in Tables 7 and 8 These results
tend to show that when direct shear tests are not available, the
alternative method may be used to describe the full shear stress—
displacement curve. Nevertheless, more works with the use of
experimental data of different materials under different normal
loads are required to further validate the alternative method.

6.4. Full shear stress-displacement and normal-shear displacement
curves estimation with direct shear tests

The accuracy of the proposed method for the full shear stress—
displacement curves when only direct shear tests are available is
studied by using the experimental data of cement mortar with
irregular surface taken from Ohnishi et al. (1993). Table 10 indicates
the characteristics of the rock sample and the CSDS model prop-
erties obtained in this study. Fig. 7 shows the full shear stress-
displacement and normal-shear displacement curves obtained
from direct shear tests and those obtained by the proposed method.
The curves obtained in this study exhibit the same trends as those
of the original curves. For the experimental data, the shear stress—
displacement curve tends to not behave as a perfect curve. This can
be due to the rock joint deformation and rock asperities.

6.5. Full and post peak axial stress—strain curves estimation with
triaxial compression tests

The triaxial compression test results of sandstone reported by
Price (1979) are used to obtain the post peak axial stress—strain
curves using the updated CSDS model. The rock properties taken
from Price (1979), the model properties obtained by the original
CSDS model and those obtained by the updated CSDS model in this
study are previously reported in Tables 2 and 3, respectively.

Fig. 8 compares the experimental post peak stress—strain curves
and those obtained by Simon et al. (2003) and this study. As seen,
the updated model always results in curves that perfectly fit the
original curves. The curves obtained by the original model do not
show the residual stress. In all the curves, the post peak stress
decreases when the axial strain increases. Unlike, the predicted
curves in this study show the same trend as those of experimental
data. This observation may be explained by including the mobilized
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Table 3
Rock properties taken from Price (1979) and the model properties obtained in this study.
a3 (MPa) B (°) E* (GPa) up (mm) u; (mm) JRG, Kni (MPa/mm) Vi (mm) ar® (MPa) So” (MPa) 90 (°)
0 35 18 0.008 42 22.6 36.6 0.23 95 16 46
4 33 18 0.008 8 25 41.1 0.24 95 16 46
7 33 18 0.006 4.5 38.8 62.1 0.33 95 16 46
14 30 18 0.008 8 449 72.9 0.36 95 16 46
2 Rock properties.
50 60
-------------- Triaxial test - 0 MPa seeeeeeeeens Triaxial test - 4 MPa
0 -@O & Modified CSDS model _ 50 9, ¢ Modified CSDS model
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Fig. 3. Comparison of the post-peak shear stress—displacement curves obtained by the updated model with those obtained by Simon et al. (2003 ) for triaxial compression tests on
sandstone with confining pressures of (a) 0 MPa, (b) 4 MPa, (c) 7 MPa and (d) 14 MPa. The experimental data are taken from Price (1979).

Table 4

Rock properties taken from Khosravi (2016), and the model properties obtained in this study for basalt (BAS) and microgabbro (MG).

Sample a3 (MPa) B (°) E? (GPa)

up (mm)  u-(mm) JRC Kni (MPajmm)  Vip (mm) o1 (MPa)  So*(MPa) 90" (°) o (°) 0 (°)

BAS-23 20 22 454 0.015 1.1 10.96 37.6 0.07 280 33 53 34 19
BAS-29 24 17 454 0.002 13 22.6 449 0.1 280 33 53 43 347
MG-17 24 24 39 0.007 0.5 14.7 30.85 0.11 180 27 48 42 327
MG-19 15 25.5 39 0.02 1.12 194 36.04 0.13 180 27 52 49 37
2 Rock properties.

Table 5

Rock properties taken from Arzia and Alejano (2013), and the model properties obtained in this study.
o3 (MPa) B(°) E* (GPa) up (mm) ur (mm) JRC Kqi (MPa/mm) Vin (mm) or” (MPa) So” (MPa) v0” (°) or () io (°)
4 243 22.61 0.045 2.53 31 48.9 0.39 57.8 8 46 52.4 38.7
12 14.2 48.84 0.07 2.5 38.2 63.1 0.26 126.7 16.8 46 485 49.5

2 Rock properties.

roughness and joint normal closure model into the analyses after
peak.

The full axial stress—strain curves can also be described by the
updated model for rock joints. To this purpose, the triaxial
compression tests on BAS and MG rocks reported by Khosravi
(2016) are used. The model properties obtained in this study for
BAS and MG are presented in Table 4. Table 11 shows the rock

properties and model properties obtained by Khosravi (2016) using
the original CSDS model. According to the data in Table 11, similar
peak displacement equal to 0.005 mm was obtained for different
samples and different confining pressures. The influences of
confining pressure and rock properties on the peak and residual
displacements are ignored in the method used by the authors.
Furthermore, the values of ki and Vi, are not published, and it is
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Fig. 4. Post-peak shear stress—displacement curves obtained by the modified model, and the original curves reported by Khosravi (2016) for (a) BAS-23, (b) BAS-29, (c) MG-17, and

(d) MG-19.
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Fig. 5. A comparison of the post-peak shear stress—displacement curves obtained by the modified model to the original curves reported by Arzia and Alejano (2013) for (a)

g3 = 4 MPa and (b) o3 = 12 MPa.

unclear how the normal displacement parameters are obtained by
the CSDS model.

Fig. 9 illustrates the experimental and predicted full stress-
strain curves for different rocks. Comparisons of the original
curves with the curves obtained by Khosravi (2016) and this study
show that the updated model provides more accurate results for
the full stress curves of four rocks, notably for the post-peak zone
and residual stress.

Similarly, the triaxial compression test results of granitic rock,
Blanco Mera, reported by Arzia and Alejano (2013) are used to
further evaluate the updated model. The rock joint properties taken
from literature as well as the model properties obtained in this
study are presented in Table 12. Fig. 10 compares the predicted full
stress—strain curves with the original curves for confining pres-
sures of (a) 4 MPa and (b) 12 MPa. The complete profiles between
axial stress and strain precisely fit the experimental curves. These
results confirm once again the validity of the proposed model.

7. Discussion

The present work aimed to contribute the field of rock engi-
neering with a complete shear stress-displacement model

developed for holistic applications and with a comprehensive
calibration method. To achieve this development, an updated
version of the CSDS model was presented to address certain prac-
tical limitations of the original formulations. The proposed model
considers direct estimation of normal closure parameters (e.g. Vi,
and Kjj) and implements mobilized joint roughness coefficient for
peak and residual approximations. A procedural step-by-step pro-
tocol was presented to guide calibration efforts using laboratory
experiment data from direct shear tests and triaxial shear tests.
Validations carried on various experimental data sets demon-
strate that the suggested method improved the calibration of the
CSDS model for the post-peak and full shear behavior of rock joints.
Additional work shall be carried in the future to further validate the
application of the model to other data sets, other types of rocks, and
other testing configurations. Deng et al. (2006) presented an
application of the original CSDS model to different types of in-
terfaces with infills. Validation of the updated model should be
carried out to showcase the applicability of the model to varying
types of interfaces, and also address conditions of interests such as
rock-concrete interfaces (see also work by Renaud et al. (2019)).
The model currently presents limitation in regards to its nu-
merical formulation which cannot be readily implemented in a
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Table 6

Rock properties used in this study. The data are taken from Khosravi (2016).
Sample g3 (MPa) B(°) E(GPa) or(MPa) S,(MPa) ¢o(°) io(°)
BAS-29 24 17 454 280 33 53 33

Table 7

Direct shear results of BAS-29 from Khosravi and Simon (2018) at three normal
stresses.

on(MPa)  up(mm)  u(mm) 1 (MPa) (MPa)  ou(°) o (%)
3 0.4 55 4 22 48 46
5 039 6 6.3 3.5

8 0.44 6 9.9 6.9

Table 8

Model properties obtained in this study by the application of the updated CSDS
model.

oy (MPa) u, (mm) u; (mm) 7, (MPa) 7 (MPa) ou (°) or (%)
3 0.51 5.9 3.5 2.2 46.6 435
5 0.51 6.7 5.8 3.54

8 0.5 6 8.9 6.8

numerical code. Future work shall be conducted to adapt the model
formulation as a set of partial differential equations (PDE) consid-
ering computing cycles/steps. In its current form, the model does
not account for strain rate or loading rate, which would leave un-
known elements to a complete PDE formulation of the model.
Simon (1999) proposed an incremental version of the original
model for numerical applications which incorporated assumptions
pertaining to the range of displacement rates applicable to the
model. Further investigation and laboratory tests should be carried
out to refine this aspect and clarify the relationship between strain
rate and model response.

12

- = — - Direct shear test
2 Modified CSDS
- = = = Modified CSDS without DST data

Shear stress (MPa)

Table 9
The model parameters obtained in this study by using the modified CSDS method
without direct shear test data.

on(MPa)  up(mm)  u(mm) 1 (MPa)  (MPa) oy (°)  or(°)
3 0.51 6.5 4 2.7 53 42
5 0.51 5.4 5.8 45

8 0.5 55 10.7 7.2

Table 10

Rock properties taken from Ohnishi et al. (1993) and the model parameters obtained
in this study.

On JCS  d up p 7 Uy ¢r JRCp Kni Vm
(MPa) (MPa) (°) (mm) (MPa) (MPa) (mm) (°) (MPa/mm) (mm)
2 50 33 135 286 159 25 33 157 1 041

Despite advantage of the modified model in incorporating
mobilized roughness into the updated method for the predictions
of shear stress and normal displacement, the scale effect on this
factor was not considered. It is generally acknowledged that the
shear behavior and deformability of rock joints are affected by
scale. Numerous researchers (e.g. Miller, 1965; Pratt, 1974; Rengers,
1970; Barton and Choubey, 1977; Bandis et al., 1981; Yoshinaka
et al., 1993; Ohnishi et al., 1993; Fardin, 2008; Bahaaddini, 2017;
Tan et al., 2019; Deiminiat et al., 2022) have investigated the scale
effect on the peak shear stress. Meanwhile, Deng and his colleagues
studied the scale effect on the post-peak shear behavior of rock
joints for the first time in 2004. They investigated the impact of
scale on joint behavior based on the measurement of initial asperity
angle of joint surfaces in the CSDS model, whereas the mobilized
roughness upon shearing of joints of different lengths appear to be
responsible for the scale effect in rock joints (Bandis, 1990). Since
the CSDS model uses the initial asperity angle in calculations of
shear behavior and normal displacement, it does not take into
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Fig. 6. Comparisons between full shear stress—displacement curves obtained by direct shear tests (DST) and those predicted by the modified CSDS model with and without DST. The
experimental data are taken from Khosravi and Simon (2018) for normal loads of (a) 8 MPa, (b) 5 MPa and (c) 3 MPa.
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Fig. 8. Comparisons between the post-peak axial stress—strain curves obtained by this study and Simon et al. (2003) with the experimental curves taken from Price (1979) for

confining pressures of (a) 0 MPa, (b) 4 MPa, (c) 7 MPa, and (d) 14 MPa.

account the influence of scale on ongoing deformation during shear
and after peak.

However, incorporating the mobilizing JRC and Barton model
into the updated model is intended to pave the way for topo-
graphical measurements (e.g. LiDAR scanners) and post-processing
calibration of the model. Remote sensing topographical data of
natural rock joints may be used to find a correlation between the
roughness properties of small and natural rock joints. Select re-
searchers have developed peak shear strength models that directly
correlate peak shear strength to rock joint properties in a 3D
effective area (e.g. Grasselli and Egger, 2003; Tatone and Grasselli,
2010; Tang and Wong, 2016; Yang et al., 2016; Liu et al., 2017;
Magsipoc et al., 2020; Huang et al., 2022). Due to the requirement of
these models for direct measurement of change in roughness with
respect to shear plane direction, they have not been considered in
this work. Instead, Barton model is used so that scale-free rough-
ness could be easily included into prediction of shear strength and

normal displacement in future works. Using the scale-dependent
roughness coefficient in the estimation of shear behavior offers a
novel opportunity to describe the post-peak and full shear behavior
of large rock joints without scale effect using the updated CSDS
model.

8. Conclusions

The following conclusions and observations are drawn from this
work and results presented:

(1) It is crucial to consider the mobilized joint roughness coef-
ficient (JRCy) in the estimation of post-peak shear behavior.
It could also be seen from the comparison shown in Fig. 2.

(2) The updated model well describes the post-peak and com-
plete axial stress—strain curves with the use of triaxial
compression test data.
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Table 11
Rock properties and CSDS model properties obtained by Khosravi (2016) for basalt (BAS) and microgabbro (MG).
Sample a3 (MPa) B (°) E? (GPa) up (mm) u; (mm) Kni (MPa/mm) Vi (mm) a1’ (MPa) So” (MPa) 90" (°) or (°) ip (°)
BAS-23 20 22 454 0.005 3 N/A N/A 280 33 53 46 33
BAS-29 24 17 45.4 0.005 3 N/A N/A 280 33 53 46 33
MG-17 24 24 39 0.005 2.5 N/A N/A 180 27 48 41 25
MG-19 15 255 39 0.005 25 N/A N/A 180 27 52 46 28
2 Rock properties.
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Fig. 9. Comparisons of full axial stress—strain curves obtained by this study and Khosravi (2016) for (a) BAS-23, (b) BAS-29, (c) MG-17, and (d) MG-19 with the experimental curves
taken from Khosravi (2016).

Table 12
Rock properties taken from Arzia and Alejano (2013), and model properties obtained in this study.
o3 (MPa) B(%) E* (GPa) up (mm) ur (mm) JRC Kni (MPa/mm) Vim (mm) or* (MPa) So* (MPa) »0” (°) or (%) io ()
4 243 22.61 0.045 2.53 31 48.9 0.39 57.8 8 46 52.4 38.7
12 14.2 48.84 0.07 2.5 38.2 63.1 0.26 126.7 16.8 46 48.5 49.5
4 Rock properties.
160 80
= = = Triaxial test (Arzda — — — Triaxial test (ArzGa and
and Alejano, 2013) & Alejano, 2013)
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Fig. 10. Comparison of the full stress—strain curves obtained by the modified model with the experimental curves reported by Arziia and Alejano (2013) for (a) 63 = 4 MPa and (b)

g3 = 12 MPa.
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(3) Available and updated versions of CSDS model could predict
the post-peak shear stress—displacement curves with the
use of triaxial compression test results. These curves, how-
ever, do not correspond to those obtained by direct shear test
results.

(4) The updated model accurately obtains the complete shear
stress—displacement curves. A requirement for making ac-
curate prediction is to use direct shear test data for the es-
timate of model parameters a, b, ¢, d and e.

(5) In the absence of direct shear test data, the alternative
method proposed in this work may be used to determine
model properties for the prediction of full shear stress—
displacement profiles. Nevertheless, more works on the
validation of this method can be necessary with using the
experimental data of different materials obtained under
different normal loads.
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