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Grid-growth method for the reconstruction of 3D rock joints with 
arbitrary joint roughness and persistence
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Abstract: We present a grid-growth method to reconstruct 3D rock joints with arbitrary joint roughness and persistence. In the 
first step of this workflow, the joint model is divided into uniform grids. Then by adjusting the positions of the grids, the joint 
morphology can be modified to construct models with desired joint roughness and persistence. Accordingly, numerous joint 
models with different joint roughness and persistence were built. The effects of relevant parameters (such as the number, height, 
slope of asperities, and the number, area of rock bridges) on the joint roughness coefficient (JRC) and joint persistence were 
investigated. Finally, an artificially split joint was reconstructed using the method, and the method’s accuracy was evaluated by 
comparing the JRC of the models with that of the artificially split joint. The results showed that the proposed method can 
effectively control the JRC of joint models by adjusting the number, height, and slope of asperities. The method can also modify 
the joint persistence of joint models by adjusting the number and area of rock bridges. Additionally, the JRC of models obtained 
by our method agrees with that of the artificially split surface. Overall, the method demonstrated high accuracy for 3D rock joint 
reconstruction.
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1 Introduction 

Rock joints exist in a variety of natural rock 
masses. The mechanical properties of rock joints are 
closely related to the stability of the rock mass. Further‐
more, studies have revealed that the mechanical pro-
perties of rock joints are strongly influenced by the 
joint surface morphology (Barton and Choubey, 1977; 
Tse and Cruden, 1979; Huang et al., 2014; Lê et al., 
2018). Therefore, the reconstruction of joint surface 
morphology is of great significance to rock mass 
stability analysis (Liu et al., 2017; Zhao et al., 2020; 
Fan et al., 2024; Yang et al. 2025).

In general, rock joints can be classified into two 
categories: persistent and non-persistent joints. A large 
number of studies have focused on the reconstruction 
of these two types of rock joints. For persistent joints, 
joint roughness is of primary concern. Two methods 

are commonly used for rough rock joint reconstruc‐
tion in 2D and 3D. The first method involves scanning 
the natural rock joints to obtain the surface morphology 
and generate a corresponding digital model (Fan et al., 
2023; Qiu et al., 2025). For example, using 3D scanning, 
computer-aided design (CAD), and digital image pro‐
cessing, virtual rock joint models with realistic morpho‐
logical characteristics have been successfully recon‐
structed (Jiang et al., 2016; Zhang et al., 2016; Xue 
et al., 2020; Liu et al., 2024). To sidestep the high 
cost of 3D scanning, this method was improved to re‐
construct 3D rock joints based on 2D profiles (Liu SL 
et al., 2022). However, the usable size of the rock 
samples is limited by the resolution and scanning 
range of the instruments (Lang et al., 2024). For large-
scale rock joints, which are difficult to scan, another 
type of reconstruction method is required.

The second type of rock joint reconstruction 
method involves the use of algorithms. This approach 
first requires a quantitative description of the rough 
rock joints. Scholars have established ten typical joint 
profiles with different joint roughness coefficients 
(JRCs) (Barton and Choubey, 1977). The JRC can be 
determined by visual comparison with typical joint 
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profiles. However, due to the high subjectivity of this 
method, several parameters have been proposed to 
quantify the JRC, such as the root mean square Z2, the 
structure function (SF) (Tse and Cruden, 1979; Gao 
and Wong, 2015), and the fractal dimension (Askari 
and Ahmadi, 2007; Bae et al., 2011). Using the above 
parameters, various rough rock joint reconstruction 
studies were performed. For the reconstruction of 2D 
rock joint profiles, a method based on the Fourier 
series was proposed (Yong et al., 2018; Nie et al., 
2019). This method successfully controlled the joint 
roughness by adjusting the Fourier amplitudes. For 
the reconstruction of 3D rock joint surfaces, a bubbling 
method was developed (Liu XG et al., 2022). In this 
way, 3D rock joint surfaces with different roughness 
values in two orthogonal directions were successfully 
reconstructed. In addition, an alternative method using 
fractal theory was also effective for rock joint recon‐
struction in 2D and 3D (Zhou and Xie, 2003; Cattania 
and Segall, 2021). This method requires fewer itera‐
tions and thus improves efficiency.

Non-persistent joints have also received signifi‐
cant research attention (Einstein et al., 1983; Shang 
et al., 2018). A series of geophysical measurements 
(Olsson et al., 1992; Tronicke and Knoll, 2005; Willen‐
berg et al., 2008) and surface terrestrial laser scans 
(Sturzenegger and Stead, 2009) were performed to ex‐
plore non-persistent rock joints. Based on this explo‐
ration, quantifiable parameters for joint persistence in 
2D and 3D were defined (Kim et al., 2007; Prudencio 
and van Sint Jan, 2007; Wasantha et al., 2014). Subse‐
quently, numerous studies on non-persistent rock joint 
reconstruction were conducted. For example, 2D non-
persistent rock joint models were successfully con‐
structed via the discrete element method (Ghazvinian 
et al., 2012). To further consider the inhomogeneity 
and randomness of the rock bridge distribution, statis‐
tical analysis was performed on the geometric param‐
eters of these joints (Jimenez-Rodriguez and Sitar, 2006; 
Song, 2006; Wu et al., 2011). Non-persistent rock joint 
reconstruction methods based on random distribution 
techniques were developed, such as the Monte Carlo 
(Wang et al., 2016) and discrete fracture network (Liu 
et al., 2015; Lei et al., 2017; Huang et al., 2023) methods. 
The effects of different geometric parameters on the 
mechanical properties of non-persistent joints were 
thus investigated. Then, the study of non-persistent rock 
joints was extended to three dimensions. For example, 

3D non-persistent rock joint models with randomly 
shaped rock bridges were built via the 3D particle flow 
modelling approach (Bahaaddini et al., 2016; Cao et al., 
2022). At present, the majority of research on non-
persistent joints concentrates on joint persistence, and 
assumes that the surfaces of non-persistent joints are 
smooth. However, there is still a lack of 3D rock joint 
reconstruction methods that consider both joint rough‐
ness and persistence.

Accordingly, in this study, we propose a grid-
growth method to reconstruct 3D rock joints with 
arbitrary joint roughness and persistence. A series of 
joint models with different joint roughness and persis‐
tence is reconstructed using the novel grid-growth 
method. The effects of the modelling parameters on 
the JRC and joint persistence are subsequently inves‐
tigated. Additionally, an artificially-split joint is recon‐
structed. Finally, by comparing the JRC of the models 
with that of the artificially-split joint, the accuracy of 
the proposed method is evaluated.

2 Method for 3D rock joint reconstruction 

2.1 Grid-growth method

Generally, joint roughness and persistence are the 
most significant quantitative indicators of joint surface 
morphology. We present a reconstruction method for 
3D rock joints with arbitrary joint roughness and per‐
sistence. The method is divided into three parts: orien‐
tation control, asperity generation, and rock bridge 
generation, as shown in Fig. 1. In the process of orien‐
tation control, a smooth and flat joint surface is con‐
structed, which can be rotated in any direction. Thus, 
the size and the inclination of the rock joint model can 
both be controlled. In the process of asperity genera‐
tion, the rough joint surface will be constructed by the 
algorithm to replace the original flat joint surface. The 
joint roughness of the rock joint model can also be 
controlled. In the process of rock bridge generation, 
randomly shaped and distributed areas on the rough 
joint surface are removed to simulate rock bridges. 
Moreover, the joint persistence of the rock joint model 
can be adjusted.

The first part of the method (orientation control) 
is easily achieved by creating and rotating a flat joint 
surface. The second and third parts of the method 
(asperity generation and rock bridge generation) require 
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more attention, as the randomness of the joint sur‐
face morphology must be accounted for. The tradi‐
tional Quartet Structure Generation Set method pro‐
vides a potential solution to the problem of the random‐
ness of the joint surface morphology. According to 
previous studies, the Quartet Structure Generation Set 
method is a random internal morphology and struc‐
ture generation-growth method, which is used to gen‐
erate microstructures of porous media (Wang MR 
et al., 2007; Guan et al., 2015; Wang QF et al., 2020). 
Specifically, a grid system is set up to divide the model 
space into numerous grids. Then, some of the grids are 
selected as growing phases, and the growing phases 
grow randomly to generate the internal morphology. 
In this study, a similar idea of random growth is intro‐
duced to consider the randomness of the joint surface 
morphology. Thus, the model of the 3D rock joint 
will be divided into uniform grids. The final morphol‐
ogy of the rock joint model is then determined by the 
growth of the grids. Intuitively, this reconstruction 
method is called the grid-growth method.

2.2 Asperity generation method

Here, an algorithm for asperity generation is de‐
veloped to transform a smooth and flat joint surface 
into a rough joint surface, as shown in Fig. 2. The 
algorithm consists of several steps as follows.

First, we uniformly divide the flat joint surface 
into grids, as shown in Figs. 2a and 2b. Note that the 

size of the grids should be small enough to ensure the 
accuracy of the final model. The size of the grids used 
in this study is 1/400 of the minimum side length of 
the plane.

Second, we randomly select two types of grids 
(convex and concave) from all the grids, as shown in 
Fig. 2c. For selection, a random number in the range 
from 0 to 1 is assigned to each grid in the region. 
Meanwhile, a parameter called the distribution proba‐
bility of asperities (PDa) is set. The grids with a random 
number less than PDa/2 are defined as convex grids, 
and those with a number in the range from PDa/2 to PDa 
are defined as concave grids.

Third, we set an initial height for each convex grid 
or concave grid to form a 3D rectangular element; this 
is called the growth element. The growth elements will 
grow around its five surrounding directions, as shown 
in Fig. 2d. The growth elements of convex grids can 
grow vertically upwards and horizontally in the front‐
ward, backward, leftward, and rightward directions. 
The growth elements of concave grids can grow verti‐
cally downwards and horizontally in the same four 
directions. To avoid overlapping of the growth elements, 
downward growth is not allowed for the growth ele‐
ments of convex grids, and upward growth is not 
allowed for the growth elements of concave grids.

Fourth, we allow the growth elements to grow in 
the prescribed growth direction. For each growth ele‐
ment, the growth directions are randomly selected from 
its five surrounding directions. To determine the growth 
directions, a random number in the range from 0 to 1 
is assigned to each direction. Meanwhile, a parameter 
called the growth probability of asperities (PGa) is set. 
The directions with a random number less than PGa 
are selected as the growth direction. New growth ele‐
ments with the same size as the original growth ele‐
ment will accordingly be generated in the selected 
directions. The distance of each lateral growth extent 
is equal to the lateral side length of the growth ele‐
ment, and the distance of each vertical growth extent is 
equal to the height of the growth element. If a growth 
element already exists in the selected direction, the 
growth fails. Additionally, this process follows two 
more rules. One is that the vertical growth only occurs 
in the vertical direction of the convex grids or the con‐
cave grids. The other is that a growth element must 
already exist at the bottom or top of each new growth 
element, otherwise the growth will fail.

Fig. 1  Grid-growth method for the 3D rock joint reconstruction
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Next, we calculate the cumulative height in the 
vertical direction of each grid. The cumulative height 
is equal to the difference between the height above 
the original plane and the height below the original 
plane, as shown in Fig. 2e.

Finally, the fourth and fifth steps are repeated 
until the maximum of the cumulative height reaches 
the set maximum elevation difference (ΔzMax). Next, a 
plane is created at the cumulative height of the verti‐
cal direction of each grid. All the planes at different 
heights together form the rough joint surface, as shown 
in Fig. 2f.

In this algorithm, the slope of asperities is deter‐
mined by the ratio of the height to the lateral side length 
of the growth element. Since the lateral side length of 
a growth element is constant, the slope of asperities 
can be controlled by adjusting the height of the growth 
element. Considering the randomness of the slope of 
the asperities in realistic conditions, the height of the 

growth element belonging to different grids is set to 
vary in this algorithm. In general, the slope angle of 
asperities on the joint surface along a certain direction 
(called the climbing angle) tends to follow a normal 
distribution (Liu XG et al., 2022). Therefore, we set 
up a normal distribution function to determine the 
climbing angle and the slope of each asperity, where μ 
is the mean of the climbing angles, and σ is their stan‐
dard deviation.

In summary, the asperity generation algorithm in‐
volves five parameters (PDa, PGa, ΔzMax, μ, and σ). PDa is 
used to select the convex grids and the concave grids. 
The value of PDa determines the number of the convex 
grids and the concave grids. PGa is used to select the 
growth directions of the growth elements, which en‐
sures the randomness of the growth. It should be noted 
that the PGa of each growth direction is equal. When 
the value of PGa is close to 1, the shape of the asperi‐
ties is regular. Conversely, the shape of the asperities 

Fig. 2  Detailed explanation of the asperity generation: (a) smooth and flat joint surface; (b) uniform grids of the joint 
surface; (c) convex grids and the concave grids; (d) growth elements and the growth directions; (e) model after the grid 
growth; (f) rough rock joint model
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is highly random when the value of PGa is close to 0. 
ΔzMax is a threshold for determining the end of the cycle 
in the algorithm, which controls the maximum eleva‐
tion difference of the rock joint model. μ and σ are the 
mean and the standard deviation of the normal distri‐
bution, respectively, which are used to control the slope 
of asperities. To ensure the convergence of the algo‐
rithm, the product of PDa and the number of grids should 
be greater than 1. In addition, a scaling coefficient can 
be set to cause a difference between the growth proba‐
bility of upward and downward growth. This can also 
ensure the convergence of the algorithm.

2.3 Rock bridge generation method

In general, joint persistence is defined as the ratio 
of the area of the discontinuous region to the total area 
of the rock joint surface (Cao et al., 2022). Due to the 
difficulty of measuring the area of the irregular rock 
joint surface, the projected plane is used to calculate 
joint persistence in this study. The relevant equation is:

K =∑
i = 1

n é
ë
êêêê

ù
û
úúúú

SJ - SRBi

SJ

 (1)

where K is the joint persistence, SRBi is the projected 
area of the rock bridge, i=1, 2, …, n, n is the number 
of rock bridges, and SJ is the total area of the projec‐
tion plane.

Furthermore, an algorithm for the rock bridge 
generation is developed to control the joint persistence 
of the rock joint surface, as shown in Fig. 3. The algo‐
rithm consists of several steps as follows.

First, a number of special grids are randomly 
selected from the rock joint projection plane, as shown 
in Figs. 3a and 3b. To select the grids, a random number 
in the range from 0 to 1 is assigned to each grid on 
the projection plane. Meanwhile, a parameter called 
the distribution probability of rock bridges (PDrb) is 
set. The grids with a random number less than PDrb are 
defined as special grids.

Second, we allow the special grids to grow around 
their four surrounding directions within the projection 
plane, as shown in Fig. 3c. To select the growth direc‐
tions, a random number in the range from 0 to 1 is 
assigned to each direction around the special grids. 
Meanwhile, a parameter called the growth probability 
of rock bridges (PGrb) is set. The directions with a 
random number less than PGrb are selected as the growth 
directions.

Third, the joint persistence is calculated using 
Eq. (1). The projected area of the rock bridges is equal 
to the area of the special grids. The total area of the 
projection plane is equal to the area of all grids within 
the projection plane.

Next, we repeat the second and third steps until 
the persistence of the rock joint reaches the set value 
of K0.

Finally, we define the grids on the rough rock 
joint surfaces that correspond to the special grids as 
the failure grids, as shown in Fig. 3d. The failure grids 
represent the region of rock bridges on the rough rock 
joint surfaces.

In summary, the rock bridge generation algorithm 
involves three parameters (PDrb, PGrb, and K0). The PDrb 

Fig. 3  Rock bridge generation: (a) projection plane of the rock joint model; (b) special grids on the projection plane; 
(c) special grids after the grid growth; (d) final 3D rock joint model
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value is used to select the special grids and determine 
the number of special grids. The PGrb value is used to 
select the growth directions of the special grids, which 
ensure the randomness of the growth. It should be 
noted that the PGrb of each growth direction is the same. 
When the value of PGrb is close to 1, the shape of the 
rock bridges is regular. Conversely, the shape of the 
rock bridges is highly random when the value of PGrb 
is close to 0. The K0 value is a threshold for determin‐
ing the end of the cycle in the algorithm, which con‐
trols the joint persistence of the final model.

3 Results 

Using the proposed grid-growth method, a 3D rock 
joint modelling software was established, as shown in 
Fig. 4a. The software enables parametric modelling of 

3D rock joints and can output two types of models (solid 
models and point clouds) as illustrated in Fig. 4b. The 
point cloud is adopted in this study to demonstrate the 
3D rock joint models, due to the shorter generation time 
and the convenience of the data statistics. In this section, 
the software is used to construct a series of 3D rock joint 
models with different joint roughness and persistence. 
The effects of the relevant modelling parameters on 
the JRC and joint persistence are also investigated.

To quantitatively characterize the roughness of 
3D rock joints, the traditional quantification method 
(Tse and Cruden, 1979) is used to calculate the JRC of 
each 3D rock joint. A total of 201 profiles are selected 
at 0.5 mm intervals from the 3D rock joint surface for 
this method (Tatone and Grasselli, 2010; Liu XG et al., 
2022). The roughness of each profile is calculated by 
the empirical relationship between JRC and the root 
mean square Z2 as follows:

Fig. 4  3D rock joint modelling software and resulting models: (a) 3D rock joint modelling software; (b) solid model and 
point cloud of the 3D rock joint
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JRC2D = a + b log Z2 (2)

the root mean square Z2 is given as:
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where JRC2D is the roughness of a single profile line, 
a and b are empirical coefficients (a=32.2 and b=
32.47), ∆x is the interval of sampling points along the 
profile line (0.5 mm in this study), ∆z is the vertical 
difference between two adjacent points along the pro‐
file, L is the length of the contour projection, and N is 
the number of sampled points.

The overall roughness of the 3D rock joint sur‐
face is reflected by the average value of JRC2D across 
all profile lines. The corresponding formula is:

JRC =
1

201∑
i = 1

201

(JRC2D )
i
 (4)

where JRC is the joint roughness coefficient of the 
3D rock joint.

Figs. 5–7 show the effects of three key modelling 
parameters (PDa, ΔzMax, and μ) on the JRC of 3D rock 
joint models, respectively. For this scenario, the length 
and width of the 3D rock joint models are equal to 
100 mm. The modelling parameters related to the 
joint persistence are K0=100%, PDrb=0, and PGrb=0. The 
remaining parameters are presented in Tables 1–3. It 
can be seen here that six different sets of values are 
taken for each variable to investigate the effect on the 
JRC. Additionally, it should be noted that the JRC ob‐
tained from a single joint model is not representative 
due to the randomness of the joint surface morphology. 
The JRC presented in this section is the mean of the 
JRCs obtained from the five joint models, based on 
the same modelling parameters.

Fig. 5 shows the effects of the distribution prob-
ability of asperities (PDa) on the JRC of the 3D rock 
joint models. According to the six data points and the 
fitting curve, one can see that the JRC of the 3D rock 
joint models increases as the PDa increases. Meanwhile, 
the rate of increase of the JRC decreases as the PDa in‐
creases. The JRC of the 3D rock joint models increases 

Table 1  Parameter values of the distribution probability 

of asperities (PDa)

Case number

1

2

3

PDa

0.0005

0.001

0.002

Case number

4

5

6

PDa

0.004

0.006

0.008

ΔzMax=8 mm, μ=2°, σ=10°, and PGa=0.8

Fig. 5  Effects of the distribution probability of asperities 
(PDa) on the JRC

Fig. 6  Effects of the maximum elevation difference (ΔzMax) 
on the JRC

Fig. 7  Effects of the mean of the inclination angles (μ) on 
the JRC
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faster when PDa is less than 0.004 and slower when PDa 
is greater than 0.004. Moreover, Fig. 5 also shows the 
3D rock joint models with PDa values of 0.0005, 0.002, 
and 0.008. As can be seen from the model diagrams, 
the number of asperities on the rock joint surfaces sig‐
nificantly varies. For the model with the PDa of 0.0005, 
the number of asperities on the rock joint surface is 
the least among the three models. Many nearly-flat re‐
gions can also be observed in this model. Compared 
with the other two models, the JRC of this model is 
the smallest. For the model with the PDa of 0.008, the 
number of asperities on the rock joint surface is the 
largest, and the JRC of this model is the greatest among 
the three models. For the model with PDa equal to 0.002, 
both the number of asperities and the JRC are the 
middle values among the three models. Fig. 5 shows 
that the method proposed in this paper can adjust the 
number of asperities by modifying the parameter PDa, 
which effectively controls the JRC of the 3D rock joint 
models.

Fig. 6 shows the effects of the maximum elevation 
difference of the joint surface (ΔzMax) on the JRC of 
the 3D rock joint models. From the six data points and 
the fitting curve, it is clear that the JRC of the 3D rock 
joint models increases as ΔzMax increases. Meanwhile, 
the rate of increase of the JRC decreases slightly as 
ΔzMax increases. Furthermore, Fig. 6 shows the 3D rock 
joint models with ΔzMax values of 5, 7, and 10 mm. It 
can be seen that the height of the asperities on the 
rock joint surfaces differs significantly. For the model 
with a ΔzMax of 5 mm, the height of the asperities on 
the rock joint surface is the least among the three 

models. A simple visual evaluation indicates that this 
model has a lower roughness compared to the other 
two models. This quantitative comparison also indi‐
cates that the JRC of this model is the smallest among 
the three. For the model with a ΔzMax of 10 mm, the 
height of the asperities on the rock joint surface is the 
largest and the JRC of this model is the greatest. For 
the model with ΔzMax equal to 7 mm, both the height 
of the asperities and the JRC are the middle values 
among the three models. Fig. 6 shows that our pro‐
posed method can adjust the height of asperities by 
modifying the parameter of ΔzMax, which effectively 
controls the JRC of the 3D rock joint models.

Fig. 7 shows the effects of the mean of the asperity 
inclination angles (μ) on the JRC of the 3D rock joint 
models. By observing the six data points and the fitting 
curve, one can see that the JRC of the 3D rock joint 
models increases as μ increases. Meanwhile, the slope 
of the fitting curve decreases slightly as the μ increases. 
Fig. 7 also shows the 3D rock joint models with μ 
values of 0°, 8°, and 20°. It can be seen that the slope 
of the asperities on the rock joint surfaces varies con‐
siderably. For the model with a μ value of 0°, the slope 
of the asperities on the rock joint surface is the least 
among the three models. By visual observation and 
quantitative comparison, we can determine that the JRC 
of this model is the smallest among the three models. 
For the model with μ equal to 20°, the slope of the 
asperities on the rock joint surface is the largest, and 
the JRC of this model is the largest among the three 
models. For the model with a μ value of 8°, both the 
slope of asperities and the JRC are the middle values 
among the three models. Fig. 7 shows that the method 
proposed in this paper can adjust the slope of the as‐
perity by modifying the parameter μ, which enables 
control of the JRC of the 3D rock joint models.

Fig. 8 shows the 3D non-persistent rock joint 
models with three different values of joint persistence 
(80%, 60%, and 40%) and the distribution probability 
of rock bridges (PDrb=0.0002, 0.0005, and 0.0010). In 
this scenario, the length and width of the 3D rock joint 
models both equal 100 mm. The modelling parame‐
ters related to the joint roughness are PDa=0.002, PGa=
0.8, ΔzMax=8 mm, μ=2°, and σ=10°. The growth proba‐
bility of the rock bridges is PGrb=0.03. It can be seen 
in Fig. 8 that the number and the area of rock bridges 
on the 3D non-persistent joint surfaces are different 
depending on the values of joint persistence and PDrb. 
The white areas shown in the models represent the 

Table 2  Parameter values of the maximum elevation difference 

(ΔzMax)

Case number

1

2

3

ΔzMax (mm)

5

6

7

Case number

4

5

6

ΔzMax (mm)

8

9

10

μ=2°, σ=10°, PDa=0.004, and PGa=0.8

Table 3  Parameter values of the mean of the inclination 

angles (μ)

Case number

1

2

3

μ (°)

0

4

8

Case number

4

5

6

μ (°)

12

16

20

ΔzMax=6 mm, σ=10°, PDa=0.004, and PGa=0.8
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distribution areas of rock bridges. Figs. 8a–8c show 
3D non-persistent rock joint models with joint persis‐
tences of 80%, 60%, and 40%, respectively. One can 
observe that the total area of the rock bridges increas‐
es as the joint persistence decreases. The total area of 
the rock bridges for the model shown in Fig. 8a is the 
smallest, while that of the model shown in Fig. 8c is 
the largest. For a certain degree of joint persistence, 
the total area of rock bridges is nearly constant. The 
number of rock bridges increases and the area of the 
individual rock bridge decreases as PDrb increases. For 
a certain degree of PDrb, the number of rock bridges is 
nearly constant. Additionally, the joint persistence in‐
creases as the area of the individual rock bridge in‐
creases. Fig. 8 shows that the number of rock bridges 
on the joint surface can be controlled by adjusting the 
parameter PDrb. The joint persistence can be tuned by 
adjusting the number and the area of rock bridges on 
the 3D non-persistent joint surface.

4 Validation 

An artificially split joint was obtained by a split‐
ting test and reconstructed with the proposed method 
to test the method’s effectiveness. A cubic granite 
sample with a side length of 100 mm was selected for 
the test, as shown in Fig. 9a. The splitting test was 

carried out along the horizontal plane at the 50 mm 
height point of the rock sample. The length and width 
of the artificially split joint are both equal to 100 mm. 
Since the rocks on both sides of the artificially split 
joint surface are separated from each other, the joint 
persistence of the artificially split joint is equal to 
100%. In order to obtain the morphological character‐
istics of this joint’s surface, photographs of the split 
rock sample were taken from different viewpoints. The 
angles between adjacent viewpoints were less than 
15°. The resolution of the camera is 1280×1024. Over 
300 photographs were taken from different viewpoints 
to ensure that every detail of the split rock sample sur‐
face was captured. These photographs were imported 
into the software Reality Capture to generate a 3D 
digital model, as shown in Fig. 9b. Subsequently, the 
3D coordinates for any position on the model surface 
were extracted based on CAD techniques. A total of 
201 profiles were selected at 0.5 mm intervals on the 
joint surface, and 201 data points were selected at 
0.5 mm intervals on each profile. The 3D coordinates 
of all data points were recorded. The elevation of the 
data point is defined as the relative elevation between 
the data point and the horizontal plane at the 50 mm 
height point of rock sample.

According to the 3D coordinates of the data points, 
the maximum elevation, minimum elevation, and climb‐
ing angles along the profiles were counted. The maxi‐
mum elevation of the joint surface is equal to 5.557 mm 

Fig. 8  3D rock joint models with different joint persistence values and distribution probabilities of rock bridges (PDrb): 
(a) 3D rock joint models with joint persistence of 80%; (b) 3D rock joint models with joint persistence of 60%; (c) 3D 
rock joint models with joint persistence of 40%
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and the minimum elevation of the joint surface is 
−3.075 mm. The maximum elevation difference of the 
joint surface is equal to 8.632 mm. The statistical re‐
sults of the climbing angles along the profiles are 

presented in Fig. 9c. It can be seen that the climbing 
angles along the profiles approximately follow a normal 
distribution. Based on the fitting curve, we estimate 
that the mean of the normal distribution is equal to 

Fig. 9  Generation process and statistics of an artificially split joint: (a) generation process of an artificially split joint by 
the splitting test; (b) selection of profiles and data points; (c) cumulative number of climbing angles from all profiles
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0.94°, and the standard deviation is 9.83°. Additionally, 
the JRC of the 3D joint surface is determined from 
the 201 profile lines. The quantification method of the 
JRC is the same as described in the previous section. 
The calculated JRC of the artificially split joint surface 
is equal to 8.13.

Based on the above statistical parameters, the 
artificially split joint is reconstructed using the pro‐
posed method. Fig. 10 shows the reconstructed models 
and the utilized modelling parameters. In addition to 
the statistical parameters mentioned above, the proba‐
bility parameters for this reconstruction are PDa=0.002, 
PGa=0.8, PDrb=0, and PGrb=0. Since a large number of 
random functions are used in the present method, a 
single reconstructed model is not representative of the 
whole. Thus, a series of 3D rock joint models are con‐
structed based on the same modelling parameters. The 
accuracy of the method was evaluated by comparing 
the JRC of the reconstructed models with that of the 
artificially split joint. By a simple visual evaluation, we 
observe that three cases of reconstructed models shown 
in Fig. 10 exhibit similar joint roughness. Although 

the distribution of asperities is different for the recon‐
structed models, the number of the asperities, the slope 
of the asperities, and the maximum elevation differ‐
ence of the reconstructed models are approximately 
the same. Meanwhile, the joint roughness of the re‐
constructed 3D rock joint models is similar to that of 
the artificially split joint.

For a further quantitative comparison, the JRC 
of the reconstructed 3D rock joint models and that of 
the artificially split joint are calculated. Fig. 11 shows 
this comparison. It can be seen that the JRC values of 
the reconstructed 3D rock joint models are similar to 
the JRC values of the artificially split joint. The maxi‐
mum value of JRC among the 10 data points shown 
in the figure is equal to 9.08, and the minimum value 
of JRC among the 10 data points is 7.52. The maxi‐
mum difference between the JRC of the reconstructed 
models and the JRC of the artificially split joint is 
equal to 0.95. One can also observe that the majority 
of the data points fall within the error band (±10%) 
of the JRC of the artificially split joint. This indicates 
that the JRC of the 3D rock joint models agrees with 

Fig. 10  Cases of the 3D rock joint model and the modelling parameters
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the JRC of the artificially split joint. Additionally, 
the JRCs of different reconstructed models generated 
using the same modelling parameters are approximately 
equal.

5 Conclusions 

A grid-growth method was proposed to recon‐
struct 3D rock joints with arbitrary joint roughness 
and persistence. The effects of the modelling pa‐
rameters on the joint roughness coefficient and per‐
sistence were investigated, and the accuracy of the 
method was evaluated.

We showed that the proposed method can effec‐
tively control the JRC of joint models by adjusting the 
number, height, and slope of asperities. The parame‐
ters of PDa, ΔzMax, and μ play a key role in this func‐
tion. As the PDa value increases, the number of asperi‐
ties and the JRC of the joint models both increase. As 
ΔzMax increases, the height of asperities increases and 
the JRC of the joint models also increases. Further‐
more, as μ increases, both the slope of asperities and 
the JRC of the joint models increase.

The present method can effectively control the joint 
persistence of joint models by adjusting the number 
and area of rock bridges. As the total area of the rock 
bridges increases, the joint persistence of the models 
was found to decrease. Meanwhile, the total area of the 
rock bridges can be determined by the number of rock 
bridges and the area of each individual rock bridge.

Our novel method demonstrated high accuracy 
for 3D rock joint reconstruction. In a comparison, the 

JRC of the reconstructed models agreed with that of 
the artificially split surface. Additionally, the JRCs of 
different reconstructed models generated by the same 
modelling parameters were nearly the same.

This workflow was designed to construct 3D rock 
joint models with real morphologies. It provides accurate 
3D rock joint models for numerical simulations, and is 
helpful in analyzing the effect of rock joint morphology 
on the mechanical properties of rock joint masses. 
However, this method is somewhat limited when it 
comes to complex cases, for instance where rock joints 
are offset from each other. Further investigations may 
be carried out to improve the method to account for 
such complexities.
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