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Abstract 
Joint deformation is a key factor controlling the mechanical behavior of discontinuous rock strata under changing stress conditions, includ-
ing dominating the elastic deformation in near-surface excavations and serving as a major component of settlement under higher stress. This 
study, focusing on joint deformation behavior, investigates the effect of joint roughness on the peak stress and failure modes of specimens 
under uniaxial compression. Rock-like specimens with two layers of parallel, nonpersistent joints, one rough, were fabricated using 3D print-
ing technology. Digital image correlation was used to capture real-time surface displacement fields, and a joint deformation analysis method 
was developed. The results show that joints exhibit staged, non-uniform closure and slip behavior, influenced by joint roughness, distribution 
of primary and secondary joints, and layered arrangement. Rough joints accelerate closure but hinder slip coordination, resulting in a three-
stage loading process. In stage I, primary closure and layer-coordinated slip occur, accompanied by crack initiation, joint coalescence, and 
steady stress growth. Stage II involves secondary closure and overall coordinated slip, leading to localized failure and stress stabilization. Sta ge
III is characterized by complete closure, uncoordinated slip, intensified crack propagation, and specimen failure, accompanied by stress hard-
ening. The study reveals that joint deformation serves as a bridge linking roughness and peak strength. The average joint closure level and slip
coordination are linearly negatively correlated with roughness but nonlinearly positively correlated with peak strength. Roughness restricts slip
coordination, limiting crack propagation and delaying failure, which slows stress growth. Redistribution of joint aperture during slip reduces
joint closure, weakens wall contact, and diminishes stress hardening.

Keywords: Jointed rock; Joint deformation; Crack propagation; Uniaxial compression
1 Intr oduction

Jointed rock mass failure under uniaxial compression is 
critical in tunnel excavation, slope stabilization, and min-
ing. These failure modes directly impact engineering struc-
ture stability and safety (Cui et al., 2022; Zhang et al., 2023;
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Chen et al., 2015; Wang et al., 2023; Afolagboye et al.,
2016). Rock mass mechanical properties are governed by 
joint geometric characteristics (Haeri et al., 2021), distribu-
tion patterns (Park & Bobet, 2009; Zhou et al., 2013;
Huang et al., 2023), and deformation behavior (Li et al.,
2024). Discontinuous joint behavior has attracted wide-
spread attention (Pradhan & Siddique, 2020; Esterhuizen
et al., 2011; Yang et al., 2020; Chen et al., 2012), particu-
larly in underground pillar design (Brady & Brown,
2006), such as pillars (Fig. 1(a)) in underground mining
behalf of KeAi Communications Co. Ltd. 
mmons.org/licenses/by-nc-nd/4.0/).

move_f0005
https://doi.org/10.1016/j.undsp.2025.09.001
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:shwang@mail.neu.edu.cn
https://doi.org/10.1016/j.undsp.2025.09.001
http://crossmark.crossref.org/dialog/?doi=10.1016/j.undsp.2025.09.001&domain=pdf


198 H. Yin et al. / Underground Space 26 (2026) 197–219

Fig. 1. Cases of failure in rock masses with rough nonpersistent joints under uniaxial compression. (a) Fracture along nonpersistent joints in underground
pillars of a mine in the eastern and midwestern United States (Esterhuizen et al., 2011; Reproduced with permission, courtesy of Elsevier), (b) overall 
failure caused by rough nonpersistent joints in the cut rock slopes of an open-pit mine in Yingkou, Liaoning Province, China, (c) parallel layered joints in
the cut rock slopes of an Al-Mg open-pit mine in Anshan, Liaoning Province, China, and (c1) localized contact by joint slip.
operations (Esterhuizen et al., 2011), tunnel sidewal ls
(Fig. 1(b)), and cut slopes (Fig. 1(c)), which exhibit uniaxial 
compression stress states.

Research has focused on crack propagation and failure 
patterns using various detection methods, particularly
acoustic emission monitoring (Alcott et al., 1998), and 
map microcrack distribution (Walton et al., 2017; Tang
et al., 2019; Liu et al., 2019). Studies emphasize crack initi-
ation criteria (Sih, 1974; Erdogan & Sih, 1963; Griffith,
1921; Jiao et al., 2024), evolution patterns (Lu et al.,
2013; Huang et al., 2019), and macroscopic failure (Hoek 
& Bieniawski, 1965; Kumar et al., 2022). Joint closure 
behavior has been characterized (Bieniawski, 1967; Wang
et al., 2019; Chen & Guo, 2020; Ye et al., 2021), but irre-
versible damage effects throughout loading recei ve limited
attention (Xie et al., 2022; Li et al., 2024; Ren et al., 2022). 

Joint closure directly influences joint wall c ontact
behavior (Bandis et al., 1983), stress transmission, and 
crack propagation. The coupling between slip and closure 
behavior requires further investigation (Ren et al., 2023), 
particularly regarding joint length influence on deforma-
tion coordination, as illustrated in Fig. 1(c 1). Joint rough-
ness significantly impacts rock mass behavior by altering
wall contact conditions (Johansson & Stille, 2014), stress 
distribution (Asadizadeh et al., 2019), and crack propaga-
tion (Shan et al., 2025). Despite studies on rough j oints
(Wang et al., 2023; Hu et al., 2021), underlying mecha-
nisms need exploration. Natural joints involve co ntact
between rough surfaces (Cook, 1992), with rough joints 
resisting full closure and exhibiting inhibited slip. There-
fore, explaining the influence of roughness on uniaxial 
compression performance from the perspective of joint 
deformation is an effective approach. Due to their signif-
icant undulations, rough jo ints are difficult to fully close,
and their slip behavior is also notably inhibited. The
mechanisms by which roughness affects joint closure
and slip behavior, and how it influences the peak strength 
of rock masses through t he control of crack propagation,
require further investigation.

3D printing technology has enhanced experimental stud-
ies by precisely reproducing joint features (Gao et al., 2021;
Ma et al., 2024). Compared to traditional specimen prepa-
ration methods, 3D printing technology enables the precise 
reproduct ion of joint geometric features, including rough-
ness (Fereshtenejad & Song, 2021; Wang et al., 2023), spac-
ing, and inclination (Shao et al., 2024b; Shao et al., 2024c), 
offering higher controllability and reproducibility for stud-
ies on joint closure and slip behavior. Specimens prepared 
using 3D printing technology can bette r simulate complex
joint morphologies and their effects on the mechanical
behavior of rock masses (Shao et al., 2024a; Cao et al.,
2020; Wu et al., 2024). 

This study employs 3D printing to fabricate controlled 
specimens containing two parallel discontinuous joints, 
one of which is rough, and uses digital image correlation 
(DIC) to capture full-field displacement during loading. 
By quantitatively characterizing joint closure and relative 
slip, the work elucidates how roughness governs crack 
propagation and peak strength. Based on a reconstructed 
coupled system representative of natural rock with coex-
isting smooth and rough joints, deformation characteris-
tics at different joint layers and locations are 
systematically compared along with their sensitivity to 
roughness. The experimental results enable early risk-
zone identification and localized support based on the
spatial distribution of joint deformation, and allow infer-
ence of stress state and evolutionary stage from closure
and slip signatures. The findings inform support design
parameters, monitoring and warning thresholds, and con-
struction sequencing strategies, thereby improving the
accuracy of stability prediction and reducing support
redundancy and operational risk.
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2 Methodo logy

Figure 2(a) and (b) illustrates the geometric details of the 
test specimens, with dimensions of 100 mm × 100 mm × 30 m 
m  (length  × width × thickness). To achieve a comparative 
study of rough and smooth joints within a single specimen 
and better reproduce the multi-joint mechanical behavior of 
natural rock masses, two layers of parallel joints were 
set along the main diagonal direction of the specimen. To fully 
consider the positional effects of joints and the deformation 
characteristics of various parts within the joint body, each 
layer consists of nonpersistent double joints symmetrically dis-
tributed about the geometric center of the specimen, ensuring 
that each layer of joints is subjected to the same s tress state.
Starting from the top left and proceeding clockwise, the joints
are named JA, JB, JC, and JD. The nominal length of the pre-
fabricated joints is 50 mm, with an aperture of 1 mm, pene-
trating through the specimen along the thickness direction.
Among these, JB and JC are smooth, while JA and JD are
rough and are equally extracted from the same Barton’s stan-
Fig. 2. Sample design. (a) Design diagram, (b) finished specimens, (c) typical p
2015). 
dard profile (Fig. 2(c)). To account for varying degrees of 
roughness, profiles No. 1, 4, 7, and 10 were selected at equal 
in tervals. Each profile was divided into two parts at the center,
digitized (Li & Zhang, 2015), and assigned to JA and JD of 
the same specimen, thereby constructing the 3D model of
the specimen (Fig. 2(d)). The specimens are named TRQ-S, 
where T represents ‘‘test”, R represents ‘‘roughness”,  Q  indi-
cates the number of smooth joints (0 or 2), and S represents 
the relative numbering of the rough profiles (1–4). Consider-
ing the stability of 3D printed specimens, one specimen was
fabricated for each category (Fig. 3( a)). 

The roughness coefficients of the digitized joints were 
calculated using the Z2 and its relationship with the joint
roughness coefficient (JRC) (Tse & Cruden, 1979) 
(Eq. (1)). The results are summarized in Table 1. It should 
be noted that for the two parts derived from profile No. 10,
the JRC values calculated using Eq. (1) exceeded 20, which 
is beyond the range of Barton’s standard profiles. Without 
loss of generality, these values were defined as 20 (Wang 
et al., 2023a).
rofiles (Barton & Choubey, 1977), and (d) digitized profiles (Li & Zhang,
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Fig. 3. Experiment workflow. (a) Modeling, (b) printing, (c) post-processing, and (d) testing.

Table 1 
JRC of each joint after quantification.

Specimens Roughness No. 

JA JD JA/JD 

TR0-1 – – – – 
TR2-1 0.59 0.24 0.4 1 
TR2-2 6.5 7 7.7 4 
TR2-3 14.61 10.07 12.8 7 
TR2-4 20 20 18.7 10 
JRC 32 2 32 47 lg Z2 

Z2 
1 

m Dx 2 

m

i 1

yi 1 yi
1

where JRC is the joint roughness coefficient, Z2 is the root 
mean square of the slope, m is the number of sampling 
intervals, D x is the sampling interval, and yi is the height
coordinate of ith sampling point.

Figure 3 illustrates the test procedure. 3D printing was 
adopted to precisely reproduce joint geometry and rough-
ness, which is hard to achieve with natural rock. The 3D 
printer used was the Zprinter450, developed by 3D Sys-
tems. The printing material was gypsum powder (ZP150), 
which mainly consists of single-phase calcium sulfate hemi-
hydrate (CaSO4 0.5H2O) and partial anhydrous calcium 
sulfate (CaSO4). During printing, the material undergoes 
a hydration reaction to generate stable calcium sulfate 
dihydrate (CaSO4 2H2O) in the 3D printed specimen s.
The gypsum powder had a particle size range of 10–
1000 lm and an average particle size of d50 = 48.24 lm.
The binder used was 2-pyrrolidone, which provides excel-
lent solubility and penetration properties for effective
bonding between powder particles. The constructed digital
model was printed along the direction perpendicular to the
specimen thickness (Fig. 3(b)) with printing parameters of 
layer thickness 0.0875 mm and binder saturation 100%. 
After printing, the specimens were dried at 110 °C for
1 h and then maintained at 40 °C for 14 days (Fig. 3(c)). 
These two measures work together to effectively mitigate 
the influence of printing layers on the specimens (Yin 
et al., 2024; Shao et al., 2024a). Based on the above 
method, the physical and mechanical properties of natural 
weak sandstone can be simulated with high similarity. For
details, please refer to the published work(Shao et al.,
2024a; Shao et al., 2025). Following reinforcement treat-
ment, uniaxial compression tests were conducted. The 
loading method was displace ment-controlled, with a load-
ing rate of 0.15 mm/min (Fig. 3(d)). 

During the tests, the DIC technique was used to capture 
the surface displacement of the specimens in real-time
(Fig. 3(d)). The DIC equipment was manufactured by Dan-
tec Dynamics, model EduDIC, with a planar accuracy of 
5 lm and a spatial resolution of 105 lm/px. The accompa-
nying data processing system was Istra4D 4.7.

Figure 4(a) illustrates the principles of surface 3D digital 
correlation technology based on binocular imaging(Luo 
et al., 1993). By comparing images before and after defor-
mation, corresponding points are matched using correla-
tion functions to calculate displacement. The calculation
accuracy depends on two key factors.

(1) Matching of left and right image points (Fig. 4( b)), 
which uses epipolar geometric constraints to construct 
a fundamental matrix F, reducing the matching search 
from a 2D plane to a 1D epipolar line, thereby improv-
ing matching accuracy and robustness (Fig. 4( c)). 

(2) Matching of image regions before and after deforma-
tion, which uses the sum of squared differences (SSD,
CSSD) function, Eq. (2), to achieve matching by min-
imizing grayscale value differences (Fig. 4(d)). 

CSSD Gt xt yt G x y 2 2

where G(x, y) represents the grayscale value of the refer-
ence region, which transforms into Gt(xt, yt), after loading
and deformation. By adjusting the illumination parameters

move_f0020
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Fig. 4. Schematic diagram of the 3D DIC testing principle. (a) DIC measurement process, (b) stereo-triangulation, (c) principle of polar lines in geometry,
and (d) facet matching.
and affine parameters during the calibration process, a 
matching accuracy of up to 0.01 pixels can be achieved.

Based on the above algorithm, the local deformation 
field is calculated sequentially. Using function fitting, the 
strain field is then obtained. The system provides multiple
methods for strain field calculation, and in this study, the
Lagrange strain is adopted (Eq. (3)). 
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In the equation, xp, yp, and zp denote the coordinates of 
point P in the reference configuration. exx, eyy,  and  ezz 
denote the normal components of the Lagrangian strain 
along the x , y, and z directions, respectively, representing 
extensional or compressional deformation; exy, eyz,  and  ezx 
are the shear components of the Lagrangian strain corre-
sponding to the xy, yz, and zx planes; up, vp, and wp are
the displacement components of the point in the x, y,
and z directions, respectively.

3 Results and discussion

3.1 Stress–strain curve

Figure 5(a)–(e) shows the stress–strain curves of the 
specimens under uniaxial compression. Unlike the typical
stress–strain curves of brittle rocks (Eberhardt et al.,
1999), the curves in this study are similar to the Type IV
curves reported by Chen et al. (2013), exhibiting an overall 
stepwise trend before peak stress. This type is characteristic

move_f0025
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of multi-jointed rock masses with a high joint connectivity
ratio, as shown in Fig. 5(f). From the perspective of stress 
growth, the curves can be divided into four stages: stress 
climbing, stress stabilization, stress strengthening, and 
stress softening, with points a, b,  and  c marking the turning 
points between these stages. Point c corresponds to the 
peak stress of the specimen. Compared to the smooth
curves in other stages, the stress climbing stage exhibits sig-
nificant stress fluctuations, with the peaks and troughs of
the fluctuations marked as points a1, a2, a3, and a4. In
Fig. 5. Stress–strain curve characteristics. Stress–strain curve of specimen (a) 
from Chen et al. (2013), (g) stress growth characteristics, and (h) peak stress v
the stress stabilization stage, TR0-1 and TR2-1 show a 
slight trend of stress weakening, while TR2-2 demonstrates 
a slight stress strengthening trend. TR2-3 and TR2-4 exhi-
bit a more pronounced stress strengthening trend. In the 
stress climbing stage, TR0-1 and TR2-1 display significant 
stress fluctuations, whereas the stress fluctuations in TR2-
2, TR2-3, and TR2-4 are less prominent. Based on these
characteristics, the stress–strain curves can be classified
into two types: Type A includes TR0-1 and TR2-1, while
Type B includes the rest (Fig. 5 (f)). This classification cor-
R0-1, (b) R2-1, (c) R2-2, (d) R2-3, and (e) R2-4; (f) curve types, modified
ariation.
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responds to the trend of peak uniaxial compres sive strength
clustering shown in Fig. 5(h).

To further quantitatively analyze the contribution of 
each stage to the specimen’s strength, the ratio of the 
strength at point c to the strength at point a (rnc/rna)
was calculated for each specimen and summarized in the
cyan region of Fig. 5(g). This ratio fluctuates between 
1.73 and 1.88, centering around 1.8. These variations indi-
cate that the stress climbing stage contributes more to the 
specimen’s uniaxial compressive strength than the com-
bined contributions of the stress stabilization and stress 
strengthening stages. For Type A curves, this combined 
contribution mainly comes from the stress strengthening 
stage. The stress rna at point a for each specimen 
approaches 3 MPa, so the difference in peak stress rnc 
between the specimens is attributed to the contribu tions
of the stress stabilization stage and the stress hardening
stage. Considering the linear relationship between strain
and loading time, strain reflects the growth efficiency of
the specimen’s uniaxial compressive strength. The ratio of
strain at point c to strain at point a (enc/ena) was calculated
for each specimen and summarized in the orange region of
Fig. 5(g). This ratio fluctuates between 1.92 and 2.49, cen-
tering around 2.2. Combined with the characteristics of 
stress increment, the staged growth of stress and strain sug-
gests that strength growth efficiency during the stress
climbing stage is higher than that during the stress stabi-
lization and stress strengthening stages.

In fact, the clustering trend of peak stress in Fig. 5(h) 
qualitatively indicates the weakening effect of rough joints 
on the uniaxial compressive strength of the specimens,
which is consistent with the findings of Wang et al.
(2025). However, some researchers have report ed the oppo-
site results. Yuan et al. (2023) observed a positive correla-
tion between the uniaxial compressive peak strength of 
specimens containing persistent rough joints and joint
roughness. B. Wang et al. (2023) and Asadizadeh et al.
(2023) constructed numerical models of rock masses con-
taining double rough discontinuous joints, showing a 
strengthening trend in peak compressive strength with 
increasing joint roughness. The mechanism by which rough
joints weaken the uniaxial compressive strength of the
specimens will be analyzed in subsequent sections.

3.2 Joint defor mation

3.2.1 Joint deformation analysis based on displacement field 
and its mathematical expression

Due to the aperture of the pre-existing joint, specimen 
deformation during uniaxial compression is primarily con-
centrated on the pre-existing joint. The closur e behavior of
pre-existing joints significantly impacts specimen mechani-
cal properties (Ren et al., 2023; Li et al., 2024), and this 
study also observes relative slip behavior along the joint
axis. Figure 6 defines a method for calculating joint defor-
mation based on DIC data. Point displacement in the XOY

plane can be decomposed in two ways: (1) based on the
coordinate system (red arrows in Fig. 6(a)), separating 
into X and Y direction displacements (DX, DY), facilitating 
vector description using scala r components; (2) based on
deformation direction (blue arrows in Fig. 6(a)) deforma-
tion into closure displacement (DC) perpendicular to the 
joint axis and slip displacement (DS) parallel to the joint
axis.

By combining these methods, total displacement can be 
described through coordinate system decomposition, then
further decomposed according to deformation direction
(Fig. 6(b)). Since DY remains vertically upward in this 
study, joint movement analysis can be converted to analyz-
ing DX magnitude, which suits the DIC displacement field
data (Fig. 3(b)). 

To analyze joint deformation during loading, the rela-
tive displacement of observation points on both sides of 
the joint must be examined. While this is essentially a vec-
tor ope ration, the consistent vertical upward DY creates
four basic combinations of relative displacement between
points across the joint (Fig. 6(c)). Following the calculati on
method in Fig. 6(b), any DC can be expressed as the vector 
sum of closure displacements (DCX, DCY) decomposed 
from X and Y directions. DS can be expressed as the vector 
sum of slip displacement s (DSX, DSY) decomposed
from X and Y directions. The joint’s relative displacement
can be calculated using the following equation:

DC DU 
C DD 

C DU 
CX DU 

CY DD 
CX DD 

CY 

DS DU 
S DD 

S DU 
SX DU 

SY DD 
SX DD 

SY 

DCX DX co s h DCY DY sin h

DSX DX sin h DSY DY cos h

4

In E q. (4), superscripts U and D denote the displace-
ments of the measurement points located on the upper 
and lower sides of the joint. h represents the angle between 
the direction of the DC and the Y-axis, which is essentially 
determined by the angle between the joint axis and the hor-
izontal direction. In this study, the reference value of h is 
set to p/4. For rough joints, h is a variable that changes 
with the position of the measurement point. However, con-
sidering the influence of the joint aperture and the overall
effect of shear along the inclined plane, h in some relatively
smooth and gentle segments should also be taken as the
angle between the joint axis and the horizontal direction.
Special cases occur in certain segments of rough joints, as
shown in Fig. 6(d). For joints with high roughness, vertical 
and horizontal segments may appear. In these cases, h 
should be set to 0 and p/2, respectively, and the de forma-
tion displacement of the joint coincides with the displace-
ment components decomposed based on the coordinate
system. Equation (4) is then sim plified to

DC DU 
Y DD 

Y 

DS D UX DD
X

5

DC DR 
X DL 

X 

DS DR
Y DL

Y

6
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Fig. 6. Principles of joint closure and slip behavior analysis. (a) Two forms of displacement decomposition, (b) closure and slip displacement based on 
displacement from coordinate decomposition, (c) illustration of joint closure and slip behavior calculation, and (d) deformation behavior for special
sections.
Four basic types in Fig. 6(c) show the influence of DX on 
joint deformation. The relative magnitudes of DX and DY 
are also critical factors. To address this, quadrants are
introduced to transform vector operations into scalar
operations.

As shown i n Fig. 7(a), the displacement angle plane is 
formed with au (upper measurement point) as the hori-
zontal axis and ad (lower measurement point) as the ver-
tical axis. Displacement angle is defined with horizontal
leftward displacement as 0°, rotating clockwise to 180°
when pointing horizontally right (Fig. 7(b)). Since DY 
remains vertically upward, both axes have a domain
[0, p].

With point (p/2, p/2) as center and lines u = p/2, d = p/2 
as boundaries, the plane divides into four displacement 
quadrants (I, II, III, IV). Joint deformation trend can be 
determined by comparing deformation displacements at 
correspondin g points on both sides without calculating
specific relative displacement values. Since the pre-
existing joint angle h with horizontal is p/4, trigonometric
functions in Eq. (4) can be ignored. Table 2 shows the 
deformation trend determination equati ons for each
quadrant.

In these equations, sgn is the sign function. x1 and y1 are 
DX and DY components of the observation point above the 
joint (positive upward/rightward). x and y are displace-
ment components below the joint (positive upward/right-
ward). For closure behavior: sgn = −1 indicates closure,
sgn = 0 indicates relative static behavior along closure
direction, sgn = 1 indicates opening. For slip behavior: 
sgn = 0 indicates no slip, sgn = ±1 indicates slip in opposite
directions.

Before calculating joint deformation displacements, the 
closure and slip directions of any measurement point can 
be qualitatively determined based on the decomposition
method shown in Fig. 6(b). As illustrated in Fig. 7(c), the 
domain [0, p] can be divided into four continuous subdo-
mains using p/4 as the scale, with uniquely determined clo-
sure and slip directions in each subdomain.

Joint deformation trends depend on the relative closure 
and slip directions of corresponding measurement points 
on both sides of the joint. Each quadrant of the displace-
ment angle plane can be divided into four subregions using
p/4 as the scale, with uniquely determined relative defor-
mation modes in each subregion (Fig. 7(d)). When mea-
surement points on both sides move toward each other, 
the joint exhibits closure and slip; when they move away 
from each other, it shows opening and slip; when they
move in the same direction, the deformation trend requires
further analysis.

In summary, the relative closure behavior of the joint in 
each displacement quadrant follows the following rules:

(1) For Quadrant I

• In subregion I4, the measurement points on both sides 
move toward each other along the closure direction,
and the joint exhibits closure.

move_f0035
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Fig. 7. Analysis principle of joint deformation. (a) Displacement-angle plane and partitioning of joint deformation trend, (b) definition of displacement 
angle and symbol notation, (c) displacement identification at individual point, and (d) bilateral point analysis for joint displacement mode.

Table 2 
Determination criteria for deformation conditions in each displacement quadrant.

I II III IV 

DC sgn[(y1 − x1)−(y − x)] sgn[(y1 + x1)−(y − x)] sgn[(y1 + x1)−(y + x)] sgn[(y1 − x1)−(y + x)]
DS sgn[(y1 + x1)−(y + x)] sgn[(y1 − x1)−(x + y)] sgn[(y1 − x1)−(y − x)] sgn[(x1 + y1)−(y − x)]
1 − 1 − 1 − 1 −

1 1 −

I• n subregion I2, the measurement points on both sides 
move away from each other along the closure direction,
and the joint exhibits opening.

• In subregions I1 and I3, the measurement points on both 
sides move in the same direction along the closure direc-
tion. There exists a critical displacement angle at which 
the joint remains relatively static. Using the determina-
tion equation sgn[(y 1 − x1)−(y − x)] = 0, the critical dis-
placement angle can be determined when
y x = y x, x y = x y.

(2) For Quadrant II

• In subregion II12, the measurement points on both sides 
move away from each other along the closure direction,
and the joint exhibits opening.

• In subregion II34, the measurement points on both sides 
move toward each other along the closure direction. 
There exists a critical displacement angle at which the 
joint remains relatively static. Using the determination 
equation sgn[(y1 + x1)−(y − x)] = 0, the critical displace-
ment angle can be determined when y + x = y x.

(3) For Quadrant III, the two points move in the same
direction along the closure direction

• In subregion III4, considering the distribution pattern of 
the DY field along the main diagonal, whic h decreases
from the lower region through the middle region to
1 1

1 1

1 − 1

the upper region (Yin et al., 2024), it is always true that 
y > y1. According to Figs. 7(c) and (d), x > y, y1 > x1 
and thus x > x1. Therefore, y + x is alw ays greater than
y + x , and the joint exhibits closure.

• For other subregions, the critical displacement angle can 
be determined using the determination equation sgn 
[(y1 + x1)−(y + x)] = 0, which is satisfied when
y + x = y + x.

(4) For Quadrant IV

• In subregion IV14, the measurement points on both sides 
move toward each other along the closure direction, and
the joint exhibits closure.

• In subregion IV23, the two points move in the same 
direction along the closure direction. Since y > y1 , it fol-
lows that y + x > y x , and the joint exhibits closure.

The critical displacement angle that ensures the joint 
remains relatively stationary is determined below. Taking 
the third displacement quadrant as an example, the critical
position is

y1 x1 y x 7

Dividing both sides by y1, the equation becomes

1 x1 y1 y y1 x y1 8

By letting x = y/tanad, x1 = y1/tanau, and y/y 1 = d, sub-
stituting these into Eq. (8) gives:
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1 1 tan au d d tan ad 9

Solving for au yields:

au p tan 1 1 
d 1 tan p ad 1 1 ad 

p
2

p au
p
2

p

10

In a similar manner, the critical positions for the second 
and first displacement quadrants are determined as

au p tan 1 1 
d 1 1 tan p ad 1 

a d 0
p
2

au
p
2

p

11

au tan 1 1 
1 d 1 1 tan p ad 

a d 0
p
2

au 0
p
2

12

The segmented curve defines the closed critical line in
the coordinate system (Fig. 7(a)), with the region below 
representing joint closed state and the region on/above rep-
resenting non-closed state. For joint slip, a non-slip state 
exists only at specific positions, shown by the non-slip
curve. During loading, joint deformation is governed by
the closed state, appearing as superimposed slip and
closure/non-closure.

In Eq. (9), d represents the ratio of DY below the joint to 
that above. Different d values form curve families passing 
through the first displacement quadrant center (p/4, p/4). 
Higher d values shift the curve intersections: with 
ad = p/2 rightward and with a u = 3p/4 upward. The closed
region expansion in areas I3, II4, and III123 exceeds the
reduction in I1, indicating that joint closure is sensitive to d.

Figure 6(a) helps analyze deformation trends in multi-
joint structures. The red disk in Fig. 7(a) shows the condi-
tions of this study, with its center representing the funda-
mental deformation mode and radius showing 
displacement angle variations. Joints predominantly exhi-
bit closed state deformation with some opening behavior. 
As loading progresses, d increases and opening behavior
diminishes, explaining why joint opening typically occurs
early in loading. The parameter d reflects DY distribution
patterns, influenced by the Poisson effect.

3.2.2 Displacement line distribution on the speci men surface

and sample point selection

The displacement decomposition and deformation cal-
culation methods from Section 3.2.1 can be used to quan-
titatively calculate joint closure and slip at different times, 
locations, and sections, which is crucial for analyzing 
jointed rock mass fracture processes. Sampling sections 
are determined at key joint location s by considering closure
and slip conditions at the joint tip and along the joint body,
with increased sampling density for rough joints. As shown
in Fig. 8(a), sample points slightly deviate from the joint 
contour edge due to limitations in DIC technology.

Shape edge detection typically employs pixel-level algo-
rithms that can only approximate edge locations due to
precision constraints. As illustrated in Fig. 8(a 1), the actual
sample point P’ is separated from the designed sample 
point P by a distance d, which can be de composed into a
vertical component d1 and a horizontal component d2.
Figure 8(b) shows six sample lines of different orientati ons
and lengths, and Fig. 9(a)–(d) presents the standard devia-
tions of displacements along these lines throughout the 
loading process. The curves indica te that displacement
variation decreases as sample lines shorten, with Fig. 9(e) 
showing near-zero displacement standard deviations for 
the shortest lines. Since d1 and d2 are much smaller than 
the lengths of sample lines 4 and 5, the effect of sample
point position deviation on final results can be considered
negligible.

3.2.3 Deformation of the joint body
Figure 1 0 shows the variation curves of closure and slip 

displacements for different parts of the joint body with
strain, conforming to the nonlinear characteristics revealed
by Goodman (1974). According to the notation in
Section 3.2.1, positive growth in closure displacement 
curves indicates joint opening, while negative growth indi-
cates closure. At any moment, positive closure displace-
ment represents opening relative to the initial state, while 
negative values indicate closure. For slip displacement
curves, positive growth indicates clockwise slip, while neg-
ative growth indicates counterclockwise slip.

Based on the stress–strain curve stages defined in Fig. 5, 
the time-history diagram in Fig. 10 marks the deformation 
characteristics of the joint body at each stage. This study 
primarily focuses on joint deformation characteristics
before peak stress.

(1) Common characteristic s

(1.1) The closure displacement curves (Fig. 10(a 1)) for 
all joints exhibit a general trend of negative increase, with 
some joints showing localized positive increases in the 
oa3/4 segment. The curve following a3/4 exhibits a
hyperbolic-like characteristic, as described by Goodman 
(1974). The slip displacement curves (Fig. 10(a 2)) for all 
joints show a trend of positive increase. This indicates that 
the joints in all sp ecimens predominantly exhibit closure-
slip behavior, consistent with the analysis in Section 3.2.1. 

(1.2) Joint displacement curves are divide d into two
groups (Fig. 10(a)). For closure displacement: JA and JC 
(main joints) show similar closure behavior; JB and JD 
(subordinate joints) also exhibit closure but with opening 
behavior in the a1/2a3/4. During stress climbing (oa)  and
stabilization (ab) stages, JA/JC curves are generally lower 
than JB/JD curves. For slip displacement: JA and JD show
similar trends, as do JB and JC, with JA/JD curves gener-
ally higher than JB/JC during oa and ab. These patterns
indicate that closure behavior is significantly influenced
by main/subordinate joint (Yin et al., 2024) distribution 
(main joints close faster), while slip displacement is more 
affected by joint layer distribution (layers closer to the pri-
mary loading direction slip faster).

move_f0040
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Fig. 8. Sampling location diagram. (a) Sample points for calculating joint deformation, and (b) sample lines for analyzing displacement distribution.
(1.3) Displacement curves of different parts within the 
same joint location show variability (Fig. 10(a)). Slip dis-
placement curves are generally more concentrated than clo-
sure displacement curves. For closure displacement: JA 
and JC curves start closely distributed and gradually dis-
perse before eventually converging; JB and JD curves begin 
dispersed and gradually converge, with JC curves eventu-
ally intersecting. For slip displacement: all joint curves
transition from concentrated to dispersed distributions,
with JB and JC showing greater dispersion than JA and
JD. These patterns indicate non-uniform closure-slip
behavior along the joint axis during loading.

(1.4) The closure displacement curves of different parts of 
the same joint location can be divided into two groups b ased
on their shapes and proximity (Fig. 10(b )). For JA and JB, 
the curves can be divided into UP curves and MID_LOW 
curves. For JC and JD, the curves can be divided into 
LOW curves and UP_MID curves. This indicates that the 
closure behavior of parts near the specimen edges is rela-
tively independent. This will be further explained in subse-
quen t discussions on the relationship between joint tip
motion and the initiation of propagating cracks.

(1.5) The displacement curves of different parts of the 
same joint locat ion exhibit consistent distribution patterns
(Fig. 10(b)). For closure displacement: in JA and JD, the 
UP curves are positioned lowest (greatest negative 
increase), followed by MID curves, with LOW curves high-
est (least negative); JB and JC show the opposite pattern, 
with LOW curves lowest, followed by MID curves, and 
UP curves highest. For slip displacement: in JA and JD,
the UP curves are positioned highest (greatest positive
increase), followed by MID curves, with LOW curves low-
est; JB and JC show the opposite pattern, with LOW
curves highest, followed by MID curves, and UP curves 
lowest. These findings indicate that closure-slip behavior 
ordering across different joint parts is significantly influ-
enced by joint layering: JA and J D exhibit progressive
closure-slip behavior from top to bottom along their axis,
while JB and JC exhibit progressive behavior from bottom
to top.

(2) Unique characteris tics

(2.1) In TR0-1, the closure displacement curves of all 
joints intersect in the bc stage, reaching the same closure 
displacement. At the stress peak, the curves remain rela-
tively stationary or increase slowly. This indicates that
the final level of joint closure is independent of its location.

(2.2) Regarding closure displacement (Fig. 10(a 1)): in all 
specimens, JB and JC reach a displacement difference 
threshold of 1 in the bc stage (indicating complete closure) 
and remain relatively stable at peak stress; in TR2-2, TR2-
3, and TR2-4, JA and JD fail to reach the displacement dif-
ference threshold of 1. For slip displacement (Fig. 10(a 3)): 
in TR0-1, JA and JD exhibit greater slip speed and magni-
tude than JB/JD; in TR2-series specimens, the slip speed of 
JA and JD decreases during the ab and is eventually sur-
passed by J B and JC. This indicates that joint roughness
impedes complete closure and slip. During slip, apertures
between rough joint surfaces redistribute, as confirmed by
Cook (1992). Areas with reduced aperture obstruct further 
closure, a phenomenon more pronounced in joints with
greater roughness (Zhang et al., 2024; Hopkins, 2000). 
Specimens with persistent joints exhibit shear behavior 
under uniaxial compression, consistent with shear mechan-
ics (Wang et al., 2021). In studies by B. Wang et al.(2023)
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Fig. 9. Line distribution patterns of surface displacement. (a) Line distribution pattern of DX along Y-axis, (b) line distribution pattern of DY along Y-axis, 
(c) line distribution pattern of DX along X-axis, (d) line distribution pattern of DY along X-axis, and (e) consistency pattern in displacement line
distribution.

 
 

and Asadizadeh et al. (2019), the joints in specimens had 
lower persistence, with a higher proportion of intact rock. 
Therefore, the strength was primarily contributed by crack 
propagation and specimen failure, while the low persis-
tency rate restricted joint slip behavior and aperture redis-
tribution. Once the joints became fully connected, they
could close completely, and at this point, under overall slip
action, the strengthening effect of roughness on peak
strength manifested as shear behavior. In the study of
Wang et al. (2025) and this research with high-persistence 
joints, peak strength was primarily determined by the
degree of joint closure.

(2.3) Comparing the closure behavior of JA and JC
across specimens (Fig. 10(b)). In TR0-1, JA and JC both 
close rapidly during the a1/2b and remain relatively station-
ary during the bc. In TR2-1 and TR2-2, JC closes rapidly 
during the a1/2a and remains stationary or continues clos-
ing during the ac, while JA closes rapidly during the
a1/2a3/4 and remains stationary or continues closing during
the a3/4c. In TR2-3 and TR2-4, JC closes rapidly during the
a1/2b and remains stationary or continues closing during 
the bc, while JA closes rapidly during the a1/2a segment 
and remains stationary or continues closing during the ac 
stage. Combined with (1.3 ), this indicates that roughness
characteristics advance and accelerate joint closure behav-
ior, shortening the time required to reach maximum closure
capacity.

(2.4) The closure displacement curves of different parts 
of JB and JD in all specimens exhibit the same trend
(Fig. 10(b )). For JD, the lower curve opens during the 
a1/2a3/4 and closes rapidly during the a3/4c,  while  the
middle-upper curve closes rapidly during the a1/2c.  For
JB, the upper curve opens during the a1/2a3/4 and closes 
rapidly during the a3/4c, while the middle-lower curve 
closes rapidly during the a1/2b and continues closing dur-
ing the bc. Combined with (2.3) and (1.2), this indicates
that joint closure speed is influenced by both the main
or subordinate position and roughness, with the influence
of the main or subordinate position being more
significant.
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Fig. 10. Analysis of deformation of joint bodies. (a) Joint closure characteristics, (b) joint slip characteristics, and (c) correlation between joint 
deformation and stress–strain curves of specimen R0-1. (a1) Joint closure characteristics, (b1) joint slip characteristics, and (c1) correlation between joint 
deformation and stress–strain curves of specimen R2-1. (a2) Joint closure characteristics, (b2) joint slip characteristics, and (c2) correlation between joint 
deformation and stress–strain curves of specimen R2-2. (a3) Joint closure characteristics, (b3) joint slip characteristics, and (c3) correlation between joint
deformation and stress–strain curves of specimen R2-3. (a4) Joint closure characteristics, (b4) joint slip characteristics, and (c4) correlation between joint
deformation and stress–strain curves of specimen R2-4.
(2.5) For the special sampling points in Fig. 8, their cor-
responding deformation capacity is significantly enhanced, 
and the enhancement of slip and closure capacity is mutu-
ally exclusive. For example, in TR2-4, sampling point 
JD_OUT1 corresponds to a vertical joint segment, result-
ing in significantly enhanced slip capacity, but its closure
displacement increases positively, indicating intense open-
ing. Sampling point JD_OUT2 corresponds to a horizontal 
joint segment, resulting in significantly enh anced closure
capacity, but its slip displacement curve flattens.

Based on observations, specimen displacement curves 
can be divided into stages according to joint closure level. 
Joint roughness advances and accelerates closure behavior,
transforming closure displacement curves from a three-
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Fig 10. (continued)
stage pattern of TR0-1 to a four-stage pattern in other 
specimens. Similarly, roughness hinders slip capacity, 
changing slip displacement curves from a two-stage pattern 
of TR0-1 to a four-stage pattern in other specimens. The
inflection points in joint deformation displacement curves
correspond to stage boundaries in the stress–strain curves
shown in Fig. 5. From the joint body deformation perspec-
tive, this can be described as Fig. 10(c). 
The oa (stress climbing stage) represents the primary 
closure and layer-coordinated slip stage of the joints. 
Within the oa1/2, joint deformation displacement initi-
ate; during the a1/2a2/4, the main joints close rapidly, 
subordinate joints open locally, and upper and lower 
layer joints slip in the layer with similar capacities; dur-
ing the a2/4a, the main joints close locally and com-
pletely, subordinate joints transition from local

•



Fig 10. (continued)
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strain curve stage boundaries (Fig. 11) show that increasing 
joint roughness reduces crack propagation and failure 
extent at equivalent boundary points, indicating roughness 
hinders complete specimen failure and prevents full realiza-
tion of compressive capacity. 

opening to overall rapid closure, and upper and lower 
layer joints g radually converge to similar slip
capacities.

• The ab (stress stabilization stage) represents the sec-
ondary closure and overall coordinated slip segment. 
During this stage, the main joints tend toward complete 
closure, subordinate joints close rapidly, and the slip
capacities of upper and lower layer joints become
similar.

• The bc (stress strengthening stage) represents the com-
plete closure and overall uncoordinated slip segment 
of the joints. During this stage, the main and subordi-
nate joints achieve maximum closure capacity overal l,
with local continued closure, and the slip capacities of
different parts of the upper and lower layer joints exhibit
significant dispersion.

The maximum principal strain cloud diagra ms at stress–

This analysis explains failure phenomena in Fig. 11. The 
oa represents primary joint closure and layer-coordinated 
slip, characterized by rapid crack propagation, joint coales-
cence, and specimen fracturing that releases compressive 
capacity and forms the stress climbing stage. The ab 
involves secondary closure and overall coordinated slip, 
where main joints close completely, specimens experience
local failure, and stress stabilizes within a certain range.
The bc features complete closure and overall uncoordi-
nated slip, with joint walls making contact to form stress 
strengthening until specimens completely fail.
displacement curves are as follows:

• The lower tips of JA and JB, along with the upper tips of
JC and JD exhibit the same trend (highlighted in Fig. 12 
(a)): after initial micro-closure fluctuation, they grow

3.2.4 Joint tip deformation and initiation of propagating
cracks

The closure and slip displacements at the joint tips of 
each specimen were calculated in Fig. 12. Since the joint 
tips are only related to crack initiation, and considering 
the missing DIC data at certain time steps caused by 
instantaneous rupture, only the displacement curves during 
the stress climbing stage were analyzed. The specific time 
steps were determined based on the maximum time step
at which DIC could simultaneously capture data for all
eight tips of the four joints, and all selected time steps were
greater than the time step corresponding to a2.

Overall, the displacement curves of the specimens exhi-
bit similar trends . The main characteristics of the closure

negatively, indicating closure. The lower tip of JC dis-
plays a unique pattern: after micro-closure fluctuation, 
its displacement curve first grows rapidly positive, then 
negative, showing initial opening followed by closure, 
a phenomenon rarely addressed in existing joint closure 
studies. The upper tip of JA demonstrates another dis-
tinct pattern: after micro-closure fluctuation, it first
grows rapidly negative before transitioning to positive
displacement, indicating initial closure followed by sud-
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Fig. 11. Maximum principal strain contour map.
1

1

den opening. For the upper tip of JB and the lower tip of 
JC, after micro-clos ure fluctuation, the displacement
curves gradually grow positive, indicating joint opening.

• The upper tip of JA and the lower tip of JD are the first 
to initiate closure displacement, while the lower tip of 
JA, the upper tip of JD, and both the upper and lower
tips of JB and JC exhibit delayed and synchronized ini-
tiation of closure displacement.

• 

Compared to the closure displacement curves, the slip 
displacement curves of the specimens exhibit strong er con-
sistency, with the main characteristics as follows:

• 

The closure displacement of all joint tips initiates before
point a .

The displacement curves first experience a micro-slip 
fluctuation phase during the loading process, followed 
by a rapid positive increase in slip displacement. This 
indicates that the lower measurement point at the joint 
tip slides diagonally upward along the main diagonal,
while the upper measurement point slides diagonally
downward along the main diagonal.

• The displacement curves exhibit a significant grouping 
phenomenon, where the upper and lower tips of JA 
and JD form one group, and the upper and lower tips 
of JB and JC form another group. The slip displacement 
of the tips of JA and JD initiates earlier than that of JB 
and JC, and the slip displacement of the tips of JA and
JD is greater than that of JB and JC. The difference
between the two groups gradually decreases after the
slip displacement of the tips of JB and JC is initiated.

• The slip displacement of the upper and lower tips of JA
and JD initiates before point a .
3

The above characteristics indicate that the oa1 can be 
regarded as the initiation stage of joint tip deformation. 
Corresponding to the maximum principal strain cloud dia-
grams of the specimen surfaces (Fig. 11), the following pat-
terns can be observed:

• At point a1, the lower tip of JA and the upper tip of 
JD simultaneously exhibit closure and slip behavior, 
while the lower tip of JB and the upper tip of JC only 
exhibit closure behavior. Strain concentrates between 
the lower tip of JA and the upper tip of JD, triggering 
a crack propagation trend that connects the joints. 
After point a1, as slip displacement initiates at the
lower tip of JA and the upper tip of JD, the propagat-
ing crack begins to activate, as shown in the maxi-
mum principal strain cloud diagrams at points a2
and a in Fig. 11. 

• At point a1, the lower tip of JD simultaneously exhibits 
opening and slip behavior, triggering a crack propaga-
tion trend toward the specimen edge. At point a1, the 
upper tip of JA simultaneously exhibits closure and slip 
behavior, triggering a crack propagation trend perpen-
dicular to the adjacent joint. After point a1, the upper
tip of JA transitions to opening and reverse slip behav-
ior, triggering a crack propagation trend toward the
specimen edge.

• At point a1, the lower tip of JC only exhibits opening 
behavior, triggering a crack propagation trend toward 
the specimen edge. After point a1, the tip gradually tran-
sitions from opening to closure, triggering a crack prop-
agation trend perpendicular to the adjacent joint. At
point a1, only the upper tip of JB in TR2-2 exhibits
opening behavior. After point a1, opening and slip
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Fig. 12. Analysis of joint tip closure and slip behavior during the stress climbing stage. (a) Closure displacement curves, and (b) slip displacement curves.
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behavior occur at this location in all specimens, trigger-
ing a crack propagation trend toward the specimen
edge.

The above characteristics indicate that the oa1 segment 
can be regarded as the activation stage of crack propaga-
tion at the joint tips, while the post-a1 stage can be 
regarded as the crack propagation stage. The isolated clo-
sure behavior of the joint tips cannot trigger crack propa-
gation. Under the influence of slip, the closure and opening
behavior of the joint tips affects the direction of crack prop-
agation (Fakoor & Shahsavar, 2021). The proportion of 
strain during the oa1 relative to the oc was calculated for 
each specimen, yielding values of 7.4%, 10.4%, 11.0%, 
14.0%, and 19.7%, respectively. Rough joints delay the ini-
tiation of tip deformation displacement, causing delayed
crack propagation at the tips, which is consistent with the
conclusions in Section 3.2.3. 

The description of the oa in Section 3.2. 3 can be further 
refined as follows: the oa represents the primary closure 
and layer-coordinated slip stage of the joints, during which 
cracks propagate rapidly, joints gradually connect, and 
specimens fracture, releasing compressive capacity and 
forming the stress climbing stage. Within this stage, the
oa1/2 represents the initiation of joint deformation and
the activation of crack propagation. This is consistent with
the conclusions of previous studies (Martin, 199 7;
Eberhardt et al., 1999; Amann et al., 2014). 

3.3 Mechanism of uniaxial compressive strength reduction in 
jointed specimens due to roughness

The previous discussion qualitatively analyzed the rela-
tionships between the peak strength of the specimens, joint 
roughness, deformation characteristics, crack propagation, 
and failure modes. To determine their intrinsic connec-
tions, a correlation a nalysis was conducted on the afore-
mentioned parameters. Four indicators were selected:
joint roughness R, average closure level C (Eq. (13)), slip 
coordination S, and strain, to analyze their correlation 
with the peak strength SP (rn,p). Since slip displacement 
and strain exhibit a significant linear correlation, only
strain was included in the analysis.

C J DDCds 
l0 

J D DC

n
13

In the formula, DDC represents the closure displacement 
difference between the measuring points on both sides of 
the joint, and l0 is the actual length of the joint. Ideally, 
the closure displacement should be integrated along the 
contour line of the joint to be calculated, but this is not fea-
sible in practice. Therefore, it is simplified to the arithmetic
mean of a finite number of sample points, where n is the
number of measurement points. In this study, the sample
points shown in Fig. 8 are used for the calculation.

The S describes the discreteness of the slip displacements 
across different parts of the joint. Slip coordination is neg-
(1)
W X

(2)
W X

(3)
W X

(1)

(2)

(i)

(ii)

atively correlated with S, the larger the value of S, the 
weaker the sli p coordination. S is calculated using the fol-
lowing formula:

S 
n 
i 1 DDSi DD S

2

n 1
14

In the formula, DDS represents the slip displacement 
difference between the measuring points on both sides 
of the joint. T he correlation analysis results using Pear-
son correlation coefficient are shown in Fig. 13.  Absolute
value of the correlation coefficient is represented by the 
size of the circular markers: the larger the absolute value, 
the larger the diameter of the circle, indicating a stronger 
correlation. Red indicates positive correlation, while blue 
indicates negative correlation. To facilitate analysis, 
some correlation coefficients are grouped into regions.
Positive correlations are highlighted with an orange
background, while negative correlations are highlighted
with a blue background. Each region is marked with
specific symbols:

Pw represents a correlation analysis region formed by 
indicators and .
X

V w (vertical) represents a vertical correlation analysis 
bar form ed by indicators and ,

X

Hw 

Necessary subregions within each region are labeled 
with lowercase letters (e.g., a, b), and key correlation coef-
ficients are marked with Arabic numerals (e.g., 1, 2).

(horizontal) represents a horizontal correlation 
analysis bar form ed by indicators and .

X

PR shows a strong positive correlation between the 
roughness of JA, JD, and JA/JD. Since the rough 
profiles of JA and JD are derived from the same stan-
dard profile, the correlation coefficients among the
three are all close to 1, validating the reliability of this
correlation analysis.

R

PC shows the correlation between the average closure 
level of JA, JB, JC, JD, JA/JD, JB/JC, and JA/JB/ 
JC/JD. Based on their relative independence, this
region can be further divided into two subregions (a
and b).

C

aP −Subregion a: Displays a weak positive correla-
tion between the average closure levels of JA, JB, 
JC, and JD. This indicates that the closure behavior 
of individ ual joints is independent, with negligible
interaction between them. This finding is consistent
with the conclusions in Section 3.2. 3 and further sup-
ports the validity of the deform ation patterns
described in Section 3.2. 

C 
C

bP −Subregion b: Displays a positive correlation 
between the average closure levels of individual joints
and joint combinations.

C
C

move_f0065


H. Yin et al. / Underground Space 26 (2026) 197–219 215

Fig. 13. Analysis of parameter correlations.
•

•

indicates a strong positive correlation 
between the average closure levels of JA, JD, and
JA/JD.

b
1 5 PC

C

• indicates a strong positive correlation 
between the average closure levels of JB, JC, and
JB/JC.

b
3 4P

C
C

indicates that the average closure levels 
of JA, JD, and JA/JD play a decisive role in 
the overall average closure level of the speci-
men’s joints, with JD bein g the most critical.
Based on the analysis in Section 3.2.3, JD con-
sistently exhibits the smallest closure level 
among the four joints. This suggests that the 
overall average closure level of the specimen is 
d etermined by the joint with the weakest closure
capacity.

b
2 6 7 PC

C

(3) shows the correlation between the slip coordina-
tion parameter S of JA, JB, JC, JD, JA/JD, JB/JC,
and JA/JB/JC/JD.

P S
S

 

• indicates that JA and JA/JD play a deci-
sive role in the overall slip coordination of the 
specimen’s joints, with JA being the most criti-
cal. Based on the analysis in Section 3.2.3,  JA
and JA/JD exhibit the highest overall slip coor-
dination. This suggests that the overall slip 
coordination of the specimen’s joints is deter-
mined by the joint layer with the best
coordination.

2 6 7P S
S

(4)

(5)

shows a weak correlation between the average clo-
sure level of joints and the slip coordination parame-
ter, indicating that the average closure level and slip
coordination are relatively independent indicators.

PC
S

shows a strong positive correlation between the 
peak strength of the specimen and the average closure
level of the joints.

V C
r

• The correlation coefficient of reaches 0.89, as
shown in Fig. 14(a). This indicates a strong nonlin-
ear positive relationship between the average closure 
level of the joints and the peak strength of the spec-
imen. This highlights that joint closure plays a criti-
cal role in influencing the specimen’s peak strength.

7V C
r

(6) shows a negative correlation between the peak 
strength of the specimen and the sli p coordination
parameter S of the joints.

V S
r

• The correlation coefficient of reaches −0.67, as
shown in Fig. 14(b). This suggests a nonlinear neg-
ative relationship between the slip characteristics 
of the joints and the peak strength of the specimen. 
This highlights that joint slip is also a key factor
influencing the peak strength, though its influence
is relatively weaker compared to the closure level.

7V S
r

(7) shows a strong negative correlation between the 
peak strength of the specimen and the roughness of 
the joints. The correlation coefficients are all above −0.7, 
indicating that the roughness of the j oints is another crit-
ical factor influencing the peak strength of the specimen.

V Rr
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Fig. 14. Analysis of factors influencing peak strength of specimens. Relationship between the peak strength of specimens and (a) average closure level, (b) 
joint slip coordination, relationship between the joint roughness and joint deformation parameters of (c) joint JA, (d) JD, and (e) JA/JD.
(8)

provide detailed information about

(9)

detailed information about

R 2 PR 3 PR.

R 2 PR 3 PR.

PC 
R shows a strong negative correlation between joint 

roughness and its closure level , which is consistent
with the findings of Bandis et al. (1983). The correla-
tion coefficients of all 
exceed −0.9, as illustrated in Fig. 14(c)–(e), which 
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shows a strong positive correlation between joint 
roughness and its slip coordination parameter, as well 
as a strong negative correlation between joint roug h-
ness and slip coordination. The correlation coeffi-

cients of all exceed 0.7,
as illustrated in Fig. 14(c)–(e), which provides 
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The above analysis quantitatively demonstrates that 
joint roughness influences the peak strength by affecting 
the average closure level and sli p coordination, with the
impact of the average closure level being more significant.

Combined with Fig. 5, the differences in peak strength 
among different specimens are primarily determined during 
the stress-hardening stage. Based on joint deformation 
behavior, the mechanism by which joint roughness affects 
specimen strength can be described as follows: Joint rough-
ness influences slip coordination, which constrains the 
extent of joint rupture and thereby affects stress growth.
Under slip conditions, roughness affects the closure level
of the joints, which in turn influences the contact extent
of joint walls. This ultimately determines the level of stress
hardening.
initiate crack propagation first.

4 Conc lusions

Under uniaxial compression, joint closure and slip 
behaviors exhibit significant staging and non-
uniformity, jointly influenced by joint roughness, 
main-subordinate distribution, and layered distribu-
tion. Closure rate is primarily affected by the main-
subordinate joint distribution, with main joints clos-
ing faster than subordinate joints. Slip rate is mainly 
influenced by the layered distribution, with joint lay-
ers closer to the main loading side slipping faster than 
those farther away. The sequence of closure and slip 
in different joint parts is significantly affected by lay-
ered distribution: joint layers closer to the main load-
ing side close and slip progressively from top to
bottom along the axial direction, while those farther
from the main loading side proceed from bottom to
top. Rough joints accelerate closure behavior while
impeding slip capacity, causing closure to occur ear-
lier and faster while significantly suppressing slip
behavior. Main joints’ closure behavior shows greater
sensitivity to roughness.

(1) 

(2) Isolated tip closure cannot trigger crack propagation; 
combined closure and opening under slip conditions 
determine propagation direction. For interior joint 
tips, closure and slip behaviors dominate crack prop-
agation. For tips near specimen edges, alternating
slip, opening, and closure behaviors control propaga-
tion. Main joints and joints closer to the loading side
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Joint deformation explains stress growth characteris-
tics and staged failure behavior. Stage oa features pri-
mary joint closure with layer-coordinated slip, rapid 
crack propagation, and joint coalescence, forming 
the stress climbing stage, with sub-segment oa1/2 rep-
resenting deformation initiation and crack activation. 
Stage ab involves secondary closure and coordinated
slip with localized failure, maintaining stress stability.
Stage bc shows fully closed joints with uncoordinated
slip, where wall contact creates stress hardening until
overall failure.

(3) 

(4) Joint roughness significantly affects uniaxial compres-
sion strength by influencing closure levels and slip 
coordination. Roughness constrains joint rupture by 
affecting slip coordination, thereby influencing stress 
growth. During slip, roughness redistributes joint 
aperture, affecting closure levels, wall contact, and
stress hardening. Average closure level and slip coor-
dination correlate negatively with roughness but pos-
itively with peak strength in a nonlinear relationship.

The above findings have important reference signifi-
cance for practical geological engineering applications, par-
ticularly for underground mining pillars and cut slopes, as
shown in Fig. 1. The deteriorating effect of joint roughness 
on specimen strength under uniaxial compression provides 
crucial insights for rock engineering design and stability 
assessment. Joint roughness characteristics should be con-
sidered when calculating pillar strength and slope stability,
with design strengths appropriately reduced for rough
joints to ensure adequate safety factors.

Meanwhile, the staged deformation behavior and 
closure-slip coordination patterns identified in this study 
can guide engineering monitoring strategies. The research 
found that joints closer to the main loading side exhibit fas-
ter closure and slip rates, indicating that critical deforma-
tion zones can be predicted based on joint distribution 
patterns, enabling optimization of monitoring sensor place-
ment and development of early warning systems. Addition-
ally, the incomplete closure behavior of rough joints
indicates potential water flow pathways and weathering
zones, which have important implications for the long-
term stability of engineering structures.

However, this study has certain limitations that require 
further attention: extending the analysis to more complex 
triaxial and multi-axial stress conditions; investigating the 
effects of three-dimensional joint roughness characteristics; 
validating the research findings throug h field-scale studies
and in-situ monitoring; conducting extensive experimental
studies on different rock types to establish quantitative
design guidelines and safety factor adjustment methods.

Data availabil ity

The data that support the findings of this study are 
available from the corresponding author upon reasonable
request.
CRediT authorship contribution statement

Hong Yin: Writing – review & editing, Writing – original 
draft, Investigation, Formal analysis, Data curation, Con-
ceptualization. Zehui Gao: Writing – review & editing, 
Writing – original draft. Yulong Shao: Investigation, For-
mal analysis, Conceptualization. Shuhong Wang: Supervi-
sion, Funding acquisition. Jae-Joon Song: Validation,
Supervision. Ye Wang: Writing – review & editing. Jineon
Kim: Conceptualization. Shan Guo: Investigation.

Declaration of competing interest

The authors declare that they have no known competing 
financial interests or personal relationships that could have
appeared to influence the work reported in this paper.

Acknowledgement 

This work was supported by the Natural Science Foun-
dation of China (Grant Nos. 52408417 and 52374157), the 
Chinese Government Joint Education Project 
(D20240080), and the Key Science and Technology Pro-
jects of Liaoning Province, China (2024021200-JH2/1021)

References 

Afolagboye, L. O., He, J., & Wang, S. (2016). Experimental study on
cracking behaviour of moulded gypsum containing two non-parallel
overlapping flaws under uniaxial compression. Acta Mechanica Sinica,
33(2), 394–405. 

Alcott, J. M., Kaiser, P. K., & Simser, B. P. (1998). Use of microseismic
source parameters for rockburst hazard assessment. Pure and Applied
Geophysics, 153 (1), 41–65. 
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