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Abstract: Accurately measuring stress waves generated during blasting is crucial for understanding rock 
failure mechanics. Traditional methods rely on large water-filled pits for measurement, which are costly 
and impractical for small-scale experiments. This study introduces a novel approach using water pressure 
sensors in small-diameter (14 mm) boreholes, providing a cost-effective and scalable alternative. 
Numerical simulations and experimental tests were conducted to validate this method. A conversion 
coefficient of 0.598 was derived to translate borehole measurement results into equivalent values for 
water-filled pits, accounting for borehole geometry effects on wave transmission. Advanced material 
models, including the Holmquist-Johnson-Cook model for concrete and the Jones-Wilkins-Lee equation 
for TNT, were used to simulate wave propagation accurately. Experiments using coral concrete blocks 
and 1 g TNT charges confirmed the reliability of this approach, with a margin of error of approximately 
5% between simulation and experimental results. The findings highlight a practical and precise method 
for measuring transmitted stress waves in rock formations. This method not only improves measurement 
accuracy but also significantly reduces costs associated with stress wave analysis in blasting, making it 
particularly suitable for small-scale geotechnical applications. 

Keywords: Blasting stress waves, Explosive simulation, Stress wave measurement, Transmitted waves. 

 
1. Introduction  

When explosives are detonated, the high-pressure blast products exert intense forces on the walls of 
the blast holes, causing rock particles to displace. This displacement induces movement in adjacent 
particles, propagating oscillations through the rock medium, thereby generating stress waves. Since the 
previous century, numerous scientists have investigated the destructive effects of stress waves on rock 
formations, culminating in the theory of rock fracturing via stress waves. Researchers such as Khanukaev 
and Kumao Hino have contributed to this area, asserting that when the intensity of stress waves exceeds 
the dynamic strength of the material, the material at that location fractures [1, 2]. Consequently, stress 
waves are pivotal in breaking rock and material structures during blasting operations. 

The measurement of stress waves in rock environments has been extensively studied. However, two 
primary methods dominate this research: 

Strain measurement devices: This method involves using strain gauges to record deformations in the 
rock medium. Stress wave intensity is then calculated based on the stress-strain relationship of the 
material [3-6]. 

.E =                                  (1) 

where: 𝜎 is stress in the material or medium; 𝐸 is elastic modulus of the material; 𝜀 is strain of the material 
at the measurement point. 

While strain measurement devices are useful, they have several limitations. The stress-strain 
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relationship according to Equation 1 is mainly valid under static or slowly varying loads. For high-speed 
dynamic loads, such as those caused by blasts or impacts, both the elastic modulus and the material 
strength can change significantly [7, 8]. Moreover, this relationship becomes unsuitable in the plastic 
state of the material, leading to inaccuracies in determining the complete parameters of the stress waves. 
Additionally, the insertion of strain gauges into the rock medium can disrupt its initial homogeneity, 
introducing further errors. 

Method 2: A second approach to measure blast-induced stress waves in rock involves using voltage-
based pressure sensors submerged in water. In this method, a water pit with dimensions 
L×B×H=4m×4m×3m and vertical walls is created along the wave propagation path. The sensors are 
placed close to the pit walls, approximately 2–8 mm from the surface, opposite to the blast charges 
positioned within the rock at a specific distance from the wall. The sensors record the intensity of 
transmitted waves. The incident stress wave intensity in the rock is then determined using the sensor 
readings and a transmitted coefficient [9].  

 
12

np

T
 =                                             (2) 

where: pn is the pressure value of the wave transmitted in the water environment measured by the sensor, 
T12 is transmitted coefficient of stress waves;   

Although water pits of the specified dimensions offer a means of measuring stress waves, their setup 
can be impractical and costly. For small-scale blasts or experiments on small rock samples, such pits are 
infeasible. 

Alternative methods have been proposed, including using accelerometers, displacement sensors, and 
velocity sensors to measure rock displacement caused by blasts [10-12]. However, these sensors are 
typically surface-mounted and cannot be embedded within the rock medium. Consequently, they only 
measure displacement parameters, not the intensity of stress waves. 

Numerical simulations are another approach employed by researchers to model the effects of blasts 
and assess their impact on rock formations [13-15]. This method provides a comprehensive analysis of 
blast impacts, including the stress wave field at any point within the rock. It is cost-effective compared to 
physical experiments. However, the material models used in simulations often fail to fully capture the 
complex behaviors of materials under explosive loads or account for natural factors influencing blast 
outcomes. As a result, the simulation results tend to deviate significantly from experimental observations. 

Proposed method: Based on the analysis of existing measurement methods, particularly Method 2, 
the authors propose replacing the large water pit with a small, water-filled borehole to house the pressure 
sensors. This approach reduces costs and labor while enabling easier implementation across various blast 
scales, especially for small-scale experiments on limited rock samples. The proposed borehole diameter is 
14 mm, chosen to match the specifications of the PCB-W138-A05 water pressure sensor manufactured by 
Piezoelectric, USA. 

However, in using a circular borehole, the transmitted stress wave intensity from rock to water is 
influenced by the curved contact surface. The formular 3, applicable for flat interfaces, require 
modification to account for the shape of the borehole. Therefore, an additional correction factor must be 
incorporated to adjust for the borehole’s geometry when calculating stress in the rock medium. 
 

2. Materials and Methods  
2.1. Fundamentals of  Stress Wave Transmission Across Interfaces 

When a stress wave propagates to the interface between two media at an angle of incidence 𝛼I1, it 
generates reflected waves (reflected P-wave and reflected S-wave) and transmitted waves (transmitted P-

wave and transmitted S-wave) with respective angles of reflection and transmission 𝛼R1, R1, 𝛼T2, T2  
Figure. 1. 
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Figure 1. 
Reflection and transmittion of stress wave at the interface. 

 
According to Snell’s law, consistent with Huygens' principle, the following relationship holds: 

 
1 1 1 2 2

1 1 1 2 2

sin sin sin sin sinI R R T T

L L S L Sc c c c c

    
= = = = (3) 

 

In the case of a P-wave incident perpendicularly to the free surface (𝛼𝐼1 =0), all angles 𝛼R1, R1, 𝛼T2, 

T2, are zero. Consequently, only two waves are generated: the reflected P-wave and the transmitted P-
wave. Based on the continuity assumptions for displacement at the interface, the equations for particle 
velocity and stress at the interface are given as [16, 17].  

 1 1 1I R T  + = (4)(4a) 

 1 1 1I R T  + = (4b) 

where:  1 1 1; ;I R T    are particle velocities of the incident, reflected, and transmitted waves at the 

interface, respectively;  1 1 1; ;I R T    are stresses of the incident, reflected, and transmitted waves at the 

interface, respectively.  

Furthermore, solving the stress wave propagation equation in solids: 

2 2

2 2

u u
E

t x

 

=
 

 

and applying Hooke's law yields the relationship between stress and particle velocity [15]: 

Lc  =  . The negative sign indicates a wave propagating in the positive 𝑥-direction, while the 

positive sign represents a wave propagating in the negative 𝑥-direction.  

Therefore   1 1 1 1I L Ic  = − (5)(5a) 

 1 2 2 1T L Tc  = − (5b) 

 1 1 1 1R L Tc  = (5c) 
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Substituting Equation (5) into Equation (4a) gives 
1 1 1

1 1 1 1 2 2

I R T

L L Lc c c

  

  

− −
+ = (6) 

By solving Equations (4b) and (6), we obtain: 

 
2 2 1 1

1 1

1 1 2 2

L L
R I

L L

c c

c c

 
 

 

−
=

+
 (7)(7a) 

 
2 2

1 1

1 1 2 2

2 L
T I

L L

c

c c


 

 
=

+
 (7b) 

Substituting Equations (5c) and (5a) into both sides of Equation (7a) and substituting Equations (5a) 
and (5b) into Equation (7b) yields: 

 2 2 1 1
1 1

1 1 2 2

L L
R I

L L

c c

c c

 
 

 

 −
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 (8)(8a) 
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 (8b) 

Let: 
1 1

12

2 2

c

c





= ; 12

12

12

1

1
R





−
=

+
 and   12

12

2

1
T


=

+
  

 

1 12 1

1 12 1

1 12 1

1 12 12 1

R I

T I

R I

T I

R

T

R

T

 

 

 

  

=

=

= −

=

 

where: 12R is the stress wave reflection coefficient; 12T  is the stress wave transmission coefficient; 12  

is the ratio of the acoustic impedance of the two media. 
Thus, the parameters of the incident and reflected stress waves can be fully determined based on the 

transmitted stress wave, given the reflection and transmission coefficients when the stress wave 
propagates through two media.  
 
2.2. Simulation Study 
2.2.1. Research Model Description 

The study model comprises a concrete block of strength grade B22.5 with dimensions 
L×B×H=1.5×0.8×0.5 m. The block contains two drilled holes: one with a diameter of 27 mm for explosive 
placement and the other with a diameter of 14 mm, filled with water. The concrete block is placed in 
contact with water. 

A steel tube with an outer diameter of 27 mm and a wall thickness of 1.5 mm is affixed to the wall of 
the explosive-containing hole (Figure 2). Inside this hole, a cylindrical charge of TNT weighing 1.0 g is 
placed, with dimensions r=6 mm and h=30 mm.  
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Figure 1.  
Simulation Model. 

 
2.2.2. Material Models 

Concrete: The Holmquist-Johnson-Cook (HJC) model, designed for brittle materials subjected to 
high-rate loading such as impacts or explosions, is employed to model the B22.5 concrete. The HJC model 
parameters for B22.5 concrete are derived based on the study by Ren, et al. [16]. 

Water: The Grüneisen equation of state (EoS) is used to model water. The parameters for water under 
the Grüneisen EoS are adopted from the research by Hinrichsen, et al. [17]  Alia and Souli [18]. 

TNT Explosive: The Jones-Wilkins-Lee (JWL) equation of state has been applied by many authors 
to model TNT explosives. The TNT parameters follow the publication by Alia and Souli [18]. 

Steel: The Continuum Damage Mechanics (CDM) model is used to simulate steel material behavior. 
The steel parameters are based on the findings of Kumar, et al. [19].  
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a) 

 

b) 

 
Figure 2.  
Formation and propagation of stress waves during explosion. 

 
2.2.3. Simulation Results 

a- blasting stress wave formed after detonation of explosive charge; b- blasting stress wave propagates 
to water medium at interface and in borehole 

As the stress waves propagate to the interface between the two media, they transmitte from the 
concrete into the water, generating stresses within the water medium. 
 

  
Figure 3.   
Stress waves profiles over time. 

 
From the plots shown in Figure 4, it can be observed that the maximum pressure of the transmitted 

wave at the interface exceeds the corresponding pressure value within the water-filled borehole. To 
evaluate this disparity, it is necessary to compile the maximum values of the refracted wave pressures at 
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various distances. By extracting the maximum pressure values of the stress waves at different distances 
from the charge's center to the interface and to the borehole, the results are summarized in Table 1. 
 
Table 1.  
Transmitted wave pressure peak results from simulation study. 

Distance r (cm) Maximum pressure 

at the interface (si) in the drilling hole (si) 
20 724041 384456 

30 380337 268721 
40 247302 143774 

50 213526 137458 

60 196913 88985.7 

 
From the results in Table 1, the maximum pressure values of the transmitted waves are plotted, 

yielding the points shown in Figure 5. 
 

 
Figure 4.  
Peak pressure of measuring points in water at the interface and borehole according to distance to 
the explosion centre. 

 
2.3. Experimental Study 
2.3.1. Experimental Set Up: 

The pressure of the explosion waves was measured in a water-filled borehole along the wave 
propagation path. The experimental model consisted of a coral concrete block with dimensions 
L×B×H=1.8×0.8×0.5 m. The block was drilled with two types of boreholes: one with a diameter d=27 
mm for explosive placement and others with a diameter d=14 mm filled with water to house water 
pressure sensors. The concrete block's surface was in contact with water. The distances from the explosive 
charge to the interface and the water-filled boreholes (d=14 mm) were r=20, 30, 40, 50, and 60 cm, 
respectively Figure 6. 
 
2.3.2. Experimental Materials 

Concrete: The concrete used had a compressive strength equivalent to grade B22.5. Its mix 
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proportions were based on the research of Duong, et al. [20]. 
Explosive Material: The explosive charge, manufactured by Z121 Factory, was equivalent to a 

cylindrical TNT charge weighing 1.0 g, with dimensions d=6 mm and h=45 mm. The charge was placed 
at a depth of h=25 cm. 
 
2.3.3. Measurement Equipment 

Pressure Sensors: W138-A05 water pressure sensors (PCB brand) were used to measure the pressure 
of refracted waves transitioning from concrete to water. The sensors were placed in water-filled boreholes 
at distances of 20, 30, 40, 50, and 60 cm from the explosion center. 

Data Acquisition System: An NI SCXI-1000DC multi-channel dynamic data acquisition system was 
used to record signals from the sensors Figure 7. 

Explosive detonations were conducted, and stress wave measurements were taken at the borehole 
locations for the specified distances. Each distance was tested 3–4 times to ensure data reliability. 

 

 
Figure 6. 
Experimental layout diagram. 

 

1- Explosive charge; 2- Steaming; 3- Sensor placed in borehole; 4- Sensor at interface 

 

 
Figure 7. 
Measurement equipment. 
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Figure 8. 
Transmitted wave pressure over time. 

 
2.3.4. Experimental Results 

The stress wave (transmitted wave) pressure profiles over time in the water-filled boreholes are shown in Figure 
. The profiles clearly indicate distinct compression and tension phases, with the compression phase exhibiting a 
much higher intensity than the tension phase. 

The maximum measured intensity of the transmitted wave at the interface consistently exceeded the 
values recorded in the water-filled boreholes. The results of maximum stress intensities for each 
measurement distance are presented in Table 2. 
 
Table 2.  
Maximum stress values at measure. 

Label Distance r (cm) Measurement Number 
Maximum Pressure 

At the interface In drilling hole 
LK20-1 20 1 479.91 368.24 
LK20-2 20 2 613.192 370.8869 

LK20-3 20 3 631 362 
LK20-4 20 4 590.4078 409.4039 

LK30-1 30 1 368.4425 181.3285 

LK30-2 30 2 404.3092 215.9789 
LK30-3 30 3 480.5455 256.1552 

LK30-4 30 4 509.285 222.734 
LK40-1 40 1 279.1833 187.0356 

LK40-2 40 2 247.7999 167.4683 
LK40-3 40 3 246.5529 181.7726 

LK40-4 40 4 243.6993 178.512 
LK50-1 50 1 172.6021 102.2439 

LK50-2 50 2 196.8529 115.4926 

LK50-3 50 3 214.99 138.9326 
LK60-1 60 1 179 101 

LK60-2 60 2 177.493 82.06508 
LK60-3 60 3 151.6119 83.28804 

LK60-4 60 4 202.56 93.48 
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Figure 5.  
Peak Stress Wave Measured at the Interface and in the Borehole. 

 

 
Figure 6.  
Comparison of Simulation and Experiment. 

 

3. Results and Discussion 
The attenuation behavior of transmitted waves during propagation, as obtained from simulations and 

experimental studies, is illustrated in Figure 10 It is evident that the results from the simulation and 
experimental methods are closely aligned. 

Figure 11 depicts the correlation between the maximum intensities of refracted waves measured at 
the interface and in the borehole, based on both simulation and experimental data. The correlation 
behavior between the stress wave intensities at the two measurement locations can be expressed as 
follows:  

0

100

200

300

400

500

600

700

15 25 35 45 55 65

St
re

ss
 (

kP
a)

Distance (cm)

Peak Pressure in water

at the interface (ex)

in the drilling hole (ex)

0

100

200

300

400

500

600

700

800

15 25 35 45 55 65

St
re

ss
 (

kP
a)

Distance (cm)

Pressure in water

at the interface (si)

in the drilling hole(si)

at the interface (ex)

in the drilling hole (ex)



1702 

 

 

Edelweiss Applied Science and Technology 
ISSN: 2576-8484 

Vol. 9, No. 3: 1692-1704, 2025 
DOI: 10.55214/25768484.v9i3.5680 
© 2025 by the authors; licensee Learning Gate 

 

From simulation: 𝑃interface=0.568𝑃borehole; 

From experiment: 𝑃interface=0.598𝑃borehole; 

where:  𝑃borehole: Maximum pressure of the refracted wave in the borehole; 
 Pinterface: Maximum pressure of the refracted wave at the interface. 
 

 
Figure 7.  
Correlation of maximum intensities of transmitted waves at two measurement locations. 

 
The proportional coefficient between the stress at the interface and in the borehole, derived from 

simulation data, is 0.568, while that obtained from experimental data is 0.598. This coefficient represents 
the influence of borehole geometry compared to a planar surface when refracted stress waves propagate 
into the water medium. 

The error between the experimental and simulation methods is small (approximately 5%), 
demonstrating the validity of the research model. The consistency between experimental and simulation 
results confirms the accuracy and reliability of using water pressure sensors in boreholes to measure stress 
waves in rock and soil media. 
 

4. Conclusion 
This study has addressed the challenge of accurately measuring blasting-induced stress waves in 

water-filled boreholes, particularly in the context of small-scale blasting scenarios. Conventional methods 
involving large water pits, while effective, are impractical for smaller experiments or rock samples. By 
proposing and validating an alternative measurement method using water pressure sensors in small-
diameter boreholes, this research offers a cost-effective and scalable solution for analyzing stress wave 
intensity in hard rock formations. 

Through a combination of numerical simulations and controlled experiments, the study successfully 
determined a conversion coefficient of 0.598 for translating borehole measurement data into equivalent 
values for water-filled pits. This coefficient, derived from empirical and computational results, accounts 
for the influence of borehole geometry on wave refraction dynamics. The close alignment between the 
experimental and simulation outcomes, with an error margin of approximately 5%, underscores the 
reliability of the proposed method and the robustness of the research approach. 
Key findings include: 
 

Validation of the Borehole Method: The study demonstrated that water pressure sensors placed in 
14-mm boreholes could reliably measure refracted stress waves, providing results comparable to those 
obtained using larger water-filled pits. 

Conversion Coefficient Determination: The experimentally derived coefficient of 0.598 and the 
simulation-based coefficient of 0.568 indicate consistent correlations between the stress wave intensity at 
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the borehole and the interface. 
Practical Benefits: The proposed method significantly reduces the cost, labor, and complexity 

associated with constructing large water pits, making it particularly advantageous for small-scale 
experiments. 

Furthermore, this research contributes to the broader understanding of stress wave propagation in 
heterogeneous media, providing insights into the attenuation and refraction behaviors of stress waves at 
interfaces. The adoption of advanced material models such as the Holmquist-Johnson-Cook (HJC) for 
concrete, the Grüneisen equation for water, and the JWL equation for TNT enhanced the precision of the 
simulations, enabling a detailed evaluation of wave dynamics. 

In conclusion, the innovative approach presented in this study offers a practical, scalable, and accurate 
solution for measuring blasting-induced stress waves in rock media. It bridges the gap between large-
scale experimental setups and the need for cost-efficient methods in small-scale studies, paving the way 
for more accessible and precise investigations into the mechanics of blasting in geological environments. 
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