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 This paper presents an experimental-statistical study investigating the influence of 
five joint properties: density, filling type, angle, aperture, and roughness on the 
longitudinal wave velocity (LWV) of concrete samples. To achieve this, each of the 
five properties is categorized into distinct groups with specific intervals. Concrete 
samples measuring 15×15×15 cm are prepared in the laboratory based on an optimal 
combination of 75% sand, 15% cement, and 10% water. The LWV values of these 
samples are then measured. The experimental results indicate that joint density, 
roughness, and aperture have an inverse relation with LWV, resulting in reductions 
of 82%, 22.5% and 49%, respectively. Additionally, an approximate sinusoidal 
relationship between LWV and joint angle is established, leading to a variation of 
approximately 10% in LWV values for different joint angles. To evaluate the effect 
of joint filling on LWV, various filling materials, including iron oxide, calcite, silica, 
clay, and gypsum are used, resulting in approximately a 34% variation in LWV 
values. It was found that gypsum filling yields the highest LWV value while iron 
oxide filling produces the lowest. Furthermore, analysis of variance (ANOVA) 
confirms that a polynomial quadratic equation best represents the relation between 
LWV and each of the joint characteristics, with determination coefficient (R2) values 
ranging from 0.694 to 0.99. Finally, a verification study using "validation samples" 
demonstrates the acceptable accuracy for the proposed equations, with minimum 
relative errors ranging from 3% to 13%, a low root mean square error of 189.08 m/s, 
and a high R2 value of 0.926. This research enhances understanding of wave 
propagation through jointed rock masses with varying joint characteristics and 
provides theoretical support for rock reorganization and dynamic stability analysis of 
rock masses. 
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1. Introduction 

Obtaining accurate information about the status 
of rock mass is crucial for designing geotechnical 
projects. A primary step in developing rock 
mechanics and civil engineering designs involves 
determining the deformability and strength of 
jointed rock masses. Consequently, understanding 
the properties of intact rock and its existing 
discontinuities is essential for comprehending rock 
mass behavior. The wave velocity through the rock 
is a key parameter influenced by both the 
properties of intact rock and the discontinuities 
within the rock mass. The main discontinuities 

typically include joints, bedding surfaces and 
faults. The key properties of joints can be 
categorized into three categories: geometrical 
properties, characteristics of joint surfaces, and 
types of filling material. Important geometrical 
features include aperture, density and angle, while 
joint surface properties encompass factors such as 
wall strength, roughness and weathering [1–4]. 

Acquiring detailed information about the joints 
and discontinuities within a rock mass enables 
engineers to accurately assess its overall condition. 
Therefore, it is vital to thoroughly understand joint 
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characteristics and their impacts on other rock mass 
properties to get precise insight into the system. 
Joints significantly influence the physical, 
hydrogeological, and mechanical properties of the 
rock mass, contributing to its complexity. This 
complexity increases when dynamic forces—such 
as those from earthquake or blasting—interact with 
rock, leading to wave propagation. The 
propagation of waves through a jointed rock mass 
depends on both the type of rock and the properties 
of its joints. For instance, when a wave encounters 
a joint interface, part of it is reflected while another 
portion slows down with some absorption, 
resulting in wave attenuation. This process alters 
both the wave distribution pattern and transit time. 
Given these factors' significance, extensive 
research has focused on how joint characteristics 
affect wave behavior and propagation patterns 
across various geoscientific structures [5–7]. 

There are three primary methods in the 
literature for studying and analyzing wave 
propagation in jointed rock masses: theoretical [8–
16], experimental [7, 10, 17–27], and numerical [7, 
19, 23, 28–31] models. Theoretical approaches 
typically rely on approximations [8–10, 12, 13], 
displacement discontinuity methods [11, 14], and 
equivalent [15, 16] models. Various experimental 
investigations have been conducted to understand 
wave propagation in jointed rock masses, 
employing common testing methods such as 
resonant-based experiments [19, 21, 22], bender-
based tests [24], Hopkinson-based tests [17, 26, 
27], and wave velocity-based experiments [7, 21–
23, 28]. The most widely used numerical model for 
analyzing wave propagation in jointed rock masses 
is the discrete element method, which is 
implemented through various computational codes 
[7, 13, 28–31]. 

Numerous researchers have examined the 
impact of joint properties, such as joint density, on 
LWV in different types of rocks [7, 23, 32–36]. 
They consistently found an inverse relationship 
between LWV and joint density. Additionally, 
previous studies demonstrated that increasing joint 
roughness leads to a reduction in LWV [7, 22, 23, 
37, 38]. Some researchers observed an 
approximate sinusoidal relationship between LWV 
and joint angle [34, 39]. Varma et al. [7] concluded 
that as the joint angle increased from 0ᴼ to 10ᴼ, 
LWV decreased, remains constant between 10° and 
50°, but increased again as the angle rose from 50ᴼ 
to 70ᴼ. The influence of joint thickness on LWV 
was studied by Huang et al. [40] and Yang et al. 
[41], who found that LWV decreases as joint 
thickness increases. 

Abbas et al. [42] conducted a laboratory study 
on a composite rock consisting of sandstone-shale-
sandstone layers with various joints at different 
angles to assess the anisotropic behavior of body 
wave velocities. They found that the LWV 
decreased by 35% as the joint orientation angles 
increased from 30° to 90°. In a separate study, Fan 
et al. [43] employed a theoretical model to 
investigate the propagation and attenuation of 
LWV in jointed rock masses, considering both 
single and multiple parallel joints. Their findings 
indicated that as the number of joints increased, the 
magnitude of LWV decreased. Tartoussi et al. [44] 
examined the effect of filled discontinuities with 
varying widths, lengths, and infilling material 
densities on LWV, concluding that changes in 
velocity were more closely related to the width of 
the discontinuities than to amplitude attenuation. 
Yang et al. [45] conducted a laboratory 
investigation into the interaction between clay 
minerals and water saturation in filled rock joints, 
revealing inconsistent results regarding the impact 
of water saturation due to the hydration of the clay 
materials. Hu et al. [46] utilized numerical 
modeling to study LWV propagation across jointed 
rock masses with both single and multiple joints. 
Lastly, Kaixing et al. [47] explored the effect of 
block fractures on LWV propagation, 
demonstrating that LWV decreases as block 
fractures increase.  

In the majority of these studies, the focus on 
wave propagation was primarily limited to seismic 
factors, while aspects such as wave transmission, 
reflectance factors, and the influence of joint 
characteristics were largely overlooked. 
Furthermore, previous research mainly examined 
the direct or inverse relationship between LWV 
and individual joint properties without exploring 
their optimal interrelationships. By thoroughly 
characterizing joints and determining ultrasonic 
wave velocity through rock masses, researchers 
can gain deeper insights into rock mass quality and 
key mechanical characteristics. In lights of these 
gaps, the current research investigates the 
propagation of LWV in artificial jointed rock 
samples, considering the effect of joint roughness, 
density, aperture, angle, and filling type. The 
research methods involve the preparation of 
artificial samples, comprehensive experimental 
testing on these specimens, and statistical analyses 
to establish optimal relationships between LWV 
and joint properties. The primary novelty of this 
study lies in utilizing laboratory-derived LWV and 
joint characteristics datasets, contrasting with the 
indirect seismic data used in most previous studies. 
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Additionally, this research examines the effect of 
all relevant joint properties on LWV and proposes 
predictive optimal relationships for determining 
LWV, facilitating rapid and cost-effective 
assessments. 

2. Experimental study 
2.1. Sample preparation 

In this study, a sufficient number of artificial 
specimens were prepared for experimental 
analysis. To create these artificial samples, plastic 
molds measuring 15 cm × 15 cm × 15 cm were used 
(Figure 1a). The utilization of artificial samples is 
a common practice in rock engineering, primarily 
due to the challenges associated with obtaining 
natural rock samples that possess the desired joint 
characteristics [7, 15, 18, 48, 49]. It is essential to 
use homogeneous and isotropic materials when 
preparing suitable artificial specimens and 
conducting accurate tests to obtain precise results. 
Additionally, the design of the specimen 
components must ensure that the samples exhibit 
high strength and facilitate the creation of artificial 
joints within their structure. In this research, an 
optimal mix of sand, type II cement, and water was 
employed to prepare the artificial specimens, 
owing to its high strength, good joint flexibility, 

accessibility of materials, and ease of placement in 
molds. 

Generally, the materials used to fabricate 
artificial rock samples include gravel, sand, 
cement, and water. To prepare these samples, a 30-
mesh sieve was first used to remove impurities 
from the materials. The mixture was then prepared 
according to an optimal ratio of 75% sand, 15% 
cement, and 10% water. This composition yielded 
a mean unconfined compressive strength 
approximately 40±2 MPa, achieved through a trial-
and-error method. After thorough mixing, a 
homogeneous mortar was created and transferred 
into the plastic molds. Prior to filling, the inner 
surfaces of the molds were lubricated with grease 
to prevent the mortar from adhering and to ensure 
easy removal of the samples (Figure 1). To achieve 
the intended join characteristics, greased iron 
sheets were placed between the layers in the 
samples (Figure 1 b). Once the mortar was placed 
into the molds, the samples were positioned on a 
shaking table for one minute to eliminate air 
bubbles within the mortar. After two days, the 
molds were removed, and the samples were 
allowed to cure at room temperature for 28 days to 
reach their final strength before conducting LWV 
tests. A prepared sample with dimensions of 
15*15*15 cm is presented in Figure 1c. 

 

 
(a) 

 
(b) 

 
(c) 

Figure 1. a) Used plastic molds for sample preparation, with lubrication of their inner surfaces using grease, b) Placement of 
the mortar and iron sheet into the plastic molds, c) A prepared sample with dimensions of 15 cm × 15 cm × 15 cm. 
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The primary parameters examined in this study 
include joint density, joint filling, joint angle, joint 
aperture, and joint roughness. To assess the effect 
of joint density on LWV, five artificial samples 
were cast in the laboratory. These samples 

represent different configurations: zero (no joints), 
one joint, two joints, three joints, and four joints. 
The prepared artificial samples, considering the 
joint density parameter, are shown in Figure 2. 

 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

Figure 2. Prepared concrete samples with varying joint configurations: a) Zero joint (no joints), b) One joint, c) 
Two joints, d) Three joints, e) Four joints. 

The filling materials within the joints 
significantly influence the engineering behavior of 
rock mass. To study the effect of different filling 
types on LWV, natural materials—namely iron 
oxide, calcite, silica, clay, and gypsum—were used 

as the joint fillers. After preparing the samples and 
creating the joints, the fillers were applied and 
maintained for 14 days. The constructed samples 
with various filling materials are illustrated in 
Figure 3. 
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(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

Figure 3. Prepared concrete samples with different fillings: a) Iron oxide, b) Clay, c) Gypsum, d) Calcite, e) 
Silica. 

Joint angle is another parameter that affects 
LWV. Four artificial specimens were utilized to 
test the effect of joint angle on LWV. Following 
established experimental methods, mortar was 
poured into the molds, after which iron sheets were 
inserted into the mortar. A graduated protractor 
was employed to align the iron sheets at specific 
angles to create artificial joints at various 
orientations. After two days, the iron sheets were 
removed from the mortar, and the samples were 
extracted from the plastic molds two days later. 
This approach yielded four different samples with 

joint angles of 300, 450, 600, and 900 as depicted in 
Figure 4. 

Joint aperture is a key parameter influencing 
wave velocity through rock masses. In nature, 
joints with varying apertures can significantly 
affect wave velocity within rock formations. This 
study examines the effect of joint aperture on 
LWV. To create different aperture sizes, iron 
sheets with thicknesses of 0.5 mm, 1 mm, 1.5 mm, 
and 2 mm were used to form four samples with the 
desired apertures, following the aforementioned 
sample preparation process. The prepared samples 
are shown in Figure 5. 
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(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 4. Prepared concrete samples with varying joint angles: a) Angle of 30 ,O b) Angle of 45ᴼ, c) Angle of 60ᴼ, 
d) Angle of 90ᴼ. 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 5. Prepared concrete samples with varying joint apertures: a) Joint aperture of 0.5 mm, b) Joint aperture of 1 mm, c) 
Joint aperture of 1.5 mm, d) Joint aperture of 2 mm. 



Rezaei et al. Journal of Mining & Environment, Vol. 16, No. 3, 2025 

 

1015 

In natural rock formations, joint roughness 
significantly influences both the physical and 
mechanical properties of the rock. Roughness is a 
crucial characteristic of joints that affects 
ultrasonic wave velocity through rock masses. 
Variations in joint roughness can lead to changes 
in ultrasonic wave velocity. Following Barton's 
standard profile [50], four samples with differing 
degrees of roughness were created. A smooth iron 
sheet was utilized to achieve a joint roughness 
coefficient (JRC) value of 0-2. For joints with 
rougher textures, JRC values of 4-6, 10-12, and 14-

16 were produced using manually designed 
profiles based on Barton's standard. The iron sheets 
were made flexible to ensure that their surfaces 
conformed to Barton's standard profile, facilitating 
the creation of joints with the desired roughness in 
the mortar. The manually created profiles, along 
with the prepared rough sheets for joints with JRC 
values of 4-6, 10-12, and 14-16, are illustrated in 
Figure 6.  Additionally, a sample featuring joints 
with JRC values of 0-2, 4-6, 10-12, and 14-16 is 
presented in Figure 7. 

 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 6. a) Manually constructed profile for inducing joint roughness, b) Iron sheet for creating JRC=4-6, c) Iron sheet for 
creating JRC=10-12, d) Iron sheet for creating JRC=14-16. 



Rezaei et al. Journal of Mining & Environment, Vol. 16, No. 3, 2025 

 

1016 

 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 7. Prepared concrete samples with varying joint roughness: a) Sample with JRC=0-2, b) Sample with 
JRC=4-6, c) Sample with JRC=10-12, d) Sample with JRC=14-16. 

In the subsequent section, empirical 
relationships between joint properties and LWV 
are proposed. To test and validate each proposed 
equation, two separate samples were prepared, 
referred to as "validation samples".  Specifically, 
two samples with joint densities of 5 and 6, two 
samples with joint angles of 15° and 75°, two 
samples with joint aperture of 2.5 mm and 3 mm, 
and two samples with JRC of 8-10 and 18-20 were 
constructed. The samples shown in Figures 2–5 
and 7 will be used to develop new equations 
relating joint properties to LWV, while the 
"validation samples" will be employed to validate 
these proposed equations. 

2.2. LWV test 

As mentioned in the introduction, the ultrasonic 
wave velocity testing technique has been 
extensively used in previous studies to analyze 
wave propagation patterns in various rock types 
[51–57]. In the LWV test, a sinusoidal wave of 
moderate frequency is generated at one end of the 
sample, propagates through it, and is detected at the 
opposite end. The LWV of the prepared samples is 
measured using the PUNDIT device (Figure 8a) 
following the ISRM standard method [58]. This 

instrument consists of two transducers operating at 
a wave frequency of 54 kHz, a pulse maker, two 
connection cables, a calibration rod designed for a 
travel time of 25.4 μs, and an electronic calculator 
that measures travel times with an accuracy of 0.1 
μs. To measure LWV, a pulse is emitted by one 
transducer, travels through the sample, and is 
received by the other transducer. The measurement 
procedure for assessing LWV in an artificially 
prepared sample is illustrated in Figure 8b. The 
LWV value is calculated by dividing the sample 
length (measured manually) by the transmission 
time (measured by the PUNDIT device). The 
measured LWV values vary based on different 
parameters: they range from 480 to 2720 m/s for 
varying densities, from 1620 to 2460 m/s for 
different fillings, from 1840 to 2050 m/s for 
varying angles, from 1045 to 2050 m/s for different 
apertures, and from 1590 to 2050 m/s for varying 
JRCs. In contrast, the LWV values for the 
"validation samples" are recorded as 470 and 450 
m/s for joint densities of 5 and 6, respectively; 2100 
and 1850 m/s for joint angles of 15ᴼ and 75ᴼ; 650 
and 450 m/s for joints with apertures of 2.5 and 3 
mm; and 1650 and 1460 m/s for JRC values of 8-
10 and 18-20, respectively. 
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(a) (b) 

Figure 8. a) PUNDIT instrument used for measuring LWV, b) Measurement procedure for assessing LWV 
propagation through the prepared concrete samples. 

3. Statistical analysis 
3.1. Impact of joint properties on LWV  

Based on the tests discussed in the previous 
section, a suitable dataset was prepared for the 
necessary analyses. This section examines the 
effect of joint properties on the LWV. 
Relationships between the studied joint 
parameters—namely density, filling type, angle, 
aperture, and roughness—and LWV are illustrated 
in Figure 9a–e, respectively. As shown in these 
figures, joint density, joint roughness, and joint 
aperture all exhibit an inverse relation with LWV. 

To investigate the effect of joint density on 
LWV, samples with 0 (no joints), 1, 2, 3, and 4 
joints were tested. As demonstrated in Figure 9a, 
LWV decreases nonlinearly with an increasing 
number of joints. The LWV value decreases from 
2720 m/s for the sample without joints to 480 m/s 
for the sample with 4 joints, representing a 
reduction rate of approximately 82%. Figure 9b 
indicates that gypsum and iron oxide filling 
materials yield the highest and lowest LWV values 
(2460 m/s and 1620 m/s, respectively). In contrast, 
silica, calcite, and clay filling materials result in 
moderate LWV values (1970 m/s, 1880 m/s, and 
1865 m/s, respectively). Notably, the variation in 

LWV across different filling materials is about 
34%. 

To assess the influence of joint angle on LWV, 
wave propagation through samples with joint 
angles of 30°, 45°, 60°, and 90° was investigated. 
A sinusoidal pattern emerges between LWV and 
joint angle, as illustrated in Figure 9c. As the joint 
angle increases from 30° to 45°, LWV rises from 
1910 m/s to 1950 m/s. However, as the joint angle 
increases to 60°, LWV decreases to 1840 m/s, 
before rising again to 2050 m/s at a joint angle of 
90°. The difference between the lower and upper 
limits of LWV across different joint angles is 
relatively small, with about a 10% variation.   

As depicted in Figure 9d, LWV decreases 
nonlinearly with an increase in joint aperture. The 
LWV value drops from 2050 m/s for a joint 
aperture of 0.5 mm to 1045 m/s for a joint aperture 
of 2 mm, resulting in a reduction rate of 49%. 
Finally, Figure 9e demonstrates that LWV 
decreases nonlinearly as the joint roughness 
coefficient increases. Specifically, the LWV value 
declines from 2050 m/s for a smooth joint to 1590 
m/s for a joint roughness coefficient of 14, 
representing a reduction rate of 22.5%. 

Similar findings regarding the decrease in LWV 
with an increase in joint density [7, 19, 32–36], 
roughness [7, 22, 23, 37, 38, 40], and aperture [40, 
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41] have been reported by previous researchers. 
Conversely, the relationship between joint angle 
and LWV follows a sinusoidal pattern; join angles 
of 90ᴼ and 60ᴼ correspond to the highest and lowest 
LWV values, respectively. It is noteworthy that 
earlier investigators [7, 34, 39] have also observed 
a similar trend in LWV variation with increasing 

angle. Finally, the relationship concerning joint 
filling type indicates that gypsum results in the 
highest LWV value while iron oxide filling leads 
to the lowest. Meanwhile, calcite and clay fillings 
produce closely comparable LWV values that are 
slightly lower than those associated with silica 
filling. 

 

  
(a) (b) 

  
(c) (d) 

 
(e) 

Figure 9. Relationship of LWV with joint properties: a) Relationship of LWV with joint density, b) Relationship 
of LWV with joint filling, c) Relationship of LWV with joint angle, d) Relationship of LWV with the joint ape, e) 

Relationship of LWV with joint roughness coefficient. 
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3.2. Development of optimum relations 

To develop experimental-statistical equations 
that relate joint characteristics to the LWV, an 
analysis of variance (ANOVA) was employed. 
ANOVA is a widely used statistical techniques in 
various engineering disciplines. Five equations—
linear, quadratic polynomial, logarithmic, 
exponential, and power relations—were 
independently established to describe the 
relationships between joint characteristics and 
LWV. The optimal equation for each case was 
selected based on three criteria: determination 
coefficient (R2), Fisher-test coefficient (F), and 
statistical significance (Sig.). 

The ANOVA results presented in Table 1 
identify the best-fitting equations between LWV 
and joint properties, which include density, angle, 
aperture, and roughness. As indicated, quadratic 
polynomial equations were found to provide the 

best fit for all examined joint properties. 
Consequently, these optimal experimental-
statistical equations are proposed in this study to 
estimate LWV based on specific joint 
characteristics. Figures 10a–d illustrate the optimal 
relationships between LWV and joint density (Jn), 
joint angle (Jan), joint aperture (Jap), and joint 
roughness (Jr), respectively. As shown in these 
figures, LWV exhibits a non-linear inverse 
relationship with Jn, Jap and Jr. In contrast, there is 
a non-linear sinusoidal relationship between LWV 
and Jap, as demonstrated in Figures 9e and 10d. 

Based on the determination coefficient 
presented in Table 1 and Figures 10a–d, it can be 
concluded that LWV shows a strong correlation 
with joint roughness compared to other joint 
properties. Conversely, joint angle exhibits the 
weakest correlation with LWV among the studied 
joint properties. 

Table 1. Summary of ANOVA results for optimal equations between LWV and joint properties. 
Joint 

property 
Optimal 

equation type Equation R2 F Sig. 

Jn (-) Quadratic LWV=131.428Jn2-1115.714Jn+2806.857 0.977 43.043 0.023 
Jan (degree) Quadratic LWV=0.11Jan2-11.53Jan+2180 0.694 1.139 0.05 
Jap (mm) Quadratic LWV=-75Jap2-523.5Jap+2361.25 0.971 16.744 0.016 
Jr (-) Quadratic LWV=1.5625Jr2-54.67672Jr+2049.61207 0.99 33180.33 0.004 

 
4. Results verification 

As discussed in section 2.1, two new artificial 
samples were prepared to validate the proposed 
equations relating LWV to various joint properties. 
The values for each joint property entered were 
input into the suggested equations, and the 
resulting LWV values were compared with the 
actual experimental results. The outcomes of this 
comparative analysis are presented in Table 2. The 
table indicates that for a sample with five joints, the 
error is 13%, which falls within an acceptable 
range and supports the validity of the proposed 
equation. However, for the sample with six joints, 
the error is significantly higher and deviates 
considerably from the experimental result. This 
substantial error is attributed to the increased joint 
frequency relative to the sample length in this 
study. Specifically, having six joints in a 15 cm 
sample raises the frequency and the associated 
error, suggesting that the proposed equation is only 
applicable to samples with fewer than six joints. 

Regarding joint angles, the error of 15ᴼ and 75ᴼ 
joint angles are 3% and 4%, respectively, both of 
which are acceptable. The predicted values closely 
align with the experimental results, demonstrating 
the reliability of the equation. For a joint aperture 

of 2.5 mm, the error is 10%, which is also within a 
reasonable range. However, the error for a 3 mm 
aperture is significantly higher, as the value 
exceeds the typical range for natural joints. The 
proposed analytical model assumes a descending 
relationship that does not fully account for larger 
joint apertures; thus, the equation is valid for 
apertures smaller than 3 mm. The resulting errors 
for joint roughness values of 8-10 and 18-20 are 
3% and 7%, respectively. These errors are 
acceptable and illustrate the equation's capability to 
predict LWV based on joint roughness. In 
conclusion, these verification results suggest that 
the proposed equations are reasonably valid and 
can serve as predictive tools for determining LWV 
values in jointed rocks under similar conditions. 

In addition to the comparisons above, measured 
LWV values and predicted LWV values form all 
proposed equations (for eight samples) were 
compared and the obtained results are shown in 
Figure 11. This comparison is presented in terms of 
the R2 and root mean square error (RMSE). As 
illustrated in Figure 11, the achieved values of R2 
and RMSE are 0.926 and 189.08 m/s. These results 
generally demonstrate the effectiveness of the 
proposed equations in predicting LWV. 
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(a) (b) 

  
(c) (d) 

Figure 10. Optimal relationships between LWV and joint properties: a) Optimum relation between LWV and 
joint density, b) Relationship between LWV and joint angle, c) Relationship between LWV and joint aperture, d) 

Relationship between LWV and joint roughness. 

Table 2. Comparing the results of suggested equations with actual LWV values. 
Join properties Input value Actual LWV (m/s) Predicted LWV (m/s) Relative error (%) 

Jn (-) 5 450 511.7 13 
6 470 841.4 79 

Jan (degree) 15 2100 2031.9 3 
75 1850 1939.4 4 

Jap (mm) 2.5 650 584.7 2.5 
3 450 117 74 

Jr (-) 8-10 1650 1712.6 3 
18-20 1460 1572.2 7 

 

 
Figure 11. Comparison between measured and 

predicted LWV values from the proposed equations 
for eight samples. 

5. Research benefits, limitations and 
recommendations 

This study investigates the impact of key rock 
joint characteristics on LWV. The findings address 
the scarcity of laboratory data regarding wave 
behaviour in jointed rock masses under various 
conditions. By examining factors such as density, 
filling type, angle, aperture, and roughness, this 
research enhances our understanding of how these 
parameters influence LWV. The laboratory results 
support the development of theoretical and 
statistical models for wave propagation in jointed 
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rock masses, providing insights into wave 
behaviour across diverse conditions. These 
findings can facilitate preliminary evaluations and 
offer reliable constraints on wave propagation in 
jointed rock masses, which is crucial for 
understanding rock mass dynamics in engineering 
applications.  

Furthermore, this study demonstrates that LWV 
can be estimated indirectly using derived equations 
based solely on specific joint properties, including 
density, angle, aperture, and roughness. The 
outcomes of this research may also assist in 
interpreting seismic data collected from 
underground sites and open-pit slopes, where joint 
characteristics play a vital role in analyzing rock 
mass stability. However, it is important to note that 
these findings must be generalized and 
extrapolated to field conditions, as laboratory 
standards for LWV testing differ from those 
applicable to field-scale data. 

It is also essential to highlight that the 
experiments conducted in this study were 
performed under relaxed conditions, without 
confining pressure or water saturation. In contrast, 
natural rock joints and those encountered in 
practical engineering settings often exist under 
more complex environmental conditions involving 
confining stresses, temperature variations, and 
fluid pressures. For instance, the presence of fluids 
in joints can significantly change seismic 
velocities, complicating interpretations of rock 
mass behaviour. Therefore, accurately identifying 
and quantitatively assessing the effects of joint 
properties on wave propagation across in-situ rock 
masses will likely require additional datasets, 
including information on rock properties, fluid 
characteristics, pore attributes, and seismic data. 

Moreover, further research is needed to explore 
jointed rock masses filled with other common 
natural minerals, such as illite and chlorite, to fully 
understand how mineralogical composition 
impacts wave propagation. This study primarily 
focused on the effects of LWV incidence on rock 
samples with simple joint structures. Future 
research should consider more complex joint 
arrangements, such as intersecting joints. 
Additionally, since shear wave velocity is 
frequently encountered in both natural and 
anthropogenic contexts, it is essential to investigate 
how joint characteristics influence shear wave 
velocity in future studies. 

 
 
 

6. Conclusions 

In this study, the effect of joint properties (i.e., 
density, filling type, angle, aperture, and 
roughness) on the propagation of LWV through 
artificially jointed rock samples was investigated. 
The key findings are as follows: 

 A homogeneous mixture consisting of 75% sand, 
15% cement, and 10%, produced an optimal 
artificial with maximum strength. 

 Experimental results indicated that LWV has an 
inverse relationship with the joint density, 
aperture, and roughness, resulting in reductions 
of LWV by 82%, 22.5% and 49%, respectively. 

 The relationship between joint angle and LWV 
was found to be sinusoidal: LWV increases from 
30ᴼ to 45ᴼ, decreases from 45ᴼ to 60 ,O and 
increases from 60ᴼ to 90ᴼ. However, the 
variations in LWV across different joint angles 
was approximately 10%. 

 Gypsum filling resulted in the highest LWV 
values, while iron oxide filling yielded the 
lowest. Calcite and clay fillings produced similar 
LWV values that were both lower than those 
associated with silica filling. The variation in 
LWV due to different filling materials was about 
34%. 

 Based on the experimental data and analysis of 
variance (ANOVA), quadratic polynomial 
relations were established as the best fit for LWV 
concerning joint density (R2=0.977), aperture 
(R2=0.971), angle (R2=0.694), and roughness 
(R2=0.99) parameters. 

 Verification using laboratory samples 
demonstrated a low relative error (approximately 
3%–13%), an acceptable RMSE of 189.08 m/s, 
and a high R2 value of 0.926, confirming the 
reliability of these relationships for determining 
LWV. However, these relationships are valid 
only for joint density less than 6 and joint 
aperture less than 3 mm, respectively. 

 This research enhances our understanding of 
wave propagation through jointed rock masses 
with varying joint characteristics and filling 
materials, providing valuable theoretical insights 
for analyzing the dynamic behaviour and 
stability of rock masses containing structural 
planes. 
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  چکیده:

ــگاهیمطالعه    کیمقاله  نیا ــاملپنج    ریتأث در آن، که  کندیرا ارائه م  يآمار-آزمایش ــرعت موج   يو زبر دهانه  ه،ی، زاوماده پر کنندهنوع    ،تراکم ویژگی درزه ش بر س
ــتبتن  يهانمونهی  طول ــی قرار گرفته اس ــوصبازهمجزا با   يهابه گروه  الذکری فوقژگیاز پنج و  کدام، هر بدین منظور. ی مورد بررس ــدند   يندبطبقه  هاي مخص .  ش

سرعت   ریمقاد  ،. سپسسازي گردیدآماده شگاهیدر آزماآب  %10و    مانیس  %15ماسه،   %75  نهیبه  بیمتر بر اساس ترکیسانت  15×15×15در ابعاد   یبتن  يهانمونه
د يریگها اندازهنمونه نیای  موج طول ان   یتجرب ج ی. نتاشـ رعت موج طول  سرابطه معکو دهانه درزه دارايو   ي، زبرتراکمکه  دادنشـ تندبا سـ منجر    بیترتکه به  ی هسـ

رعت موج طول %49و    %5/22،  %82به کاهش   رعت موج طول  نیب ینوس ـیس ـتقریباً رابطه  کی ،علاوه بر این  شـوند.ی میسـ که منجر به   اثبات گردید  درزه هیو زاوی  سـ
  رکننده، از مواد پیبر ســـرعت موج طول ماده پر کننده درزهاثر  یابیارز يشـــود. برایم درزهمختلف   يایزوا يبرای  ســـرعت موج طول  رمقادی در %10  حدوداً  رییتغ

مشـخص شـد   ،همچنین.  دگردنیمی  سـرعت موج طول  ریدر مقاد  تغییر %34 باعث که   شـدخاك رس و گچ اسـتفاده   س،یلیس ـ  ت،یآهن، کلس ـ  دیمختلف، از جمله اکس ـ
نتایج آزمایشـگاهی    انسیوار  لیو تحل هیتجز  ،بعلاوه.  شـوندی میمقدار سـرعت موج طول  نیترکم ترین وترتیب منجر به بیشبهآهن  دیاکس ـو  گچ   کنندهپر  مواد  که 

ان داد رعت موج طول  نیرابطه ببهترین  درجه دوم   ياکه معادله چند جمله نشـ یاتاز    کدامو هر  ی  سـ وصـ ر ریبا مقاد درزه  خصـ ت  99/0تا   694/0  ازیین  تع  بیضـ . اسـ
مقدار پایین   ،%13% تا  3ی از  نسـب يخطا  مینیممبا    يشـنهادیدقت قابل قبول معادلات پ »ییآزمایراسـت  يهابا اسـتفاده از «نمونه اعتبارسـنجیمطالعه   ت،یدر نها

  هايسنگتوده در داخلج  امواانتشار نحوه   شناخت  قیتحق نی. ا) را نشان داد926/0ضریب تعیین بالا ( و مقدار  ،)هیبر ثانمتر    08/189( خطا  اتمربع  نیانگیم  شهری
 .کندیفراهم م آن را یکینامید يداریپا لیو تحل هیسنگ و تجزتوده ترشناخت بیش يبرا ينظر بینش یک و داده شیفزارا ا خصوصیات مختلف درزهدرزدار با 

  سنگ، درزه، سرعت موج طولی، مطالعه آزمایشگاهی، تحلیل آماري.توده کلمات کلیدي:

 

 

 

 


