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The propagation and attenuation characteristics of blast stress waves in geotechnical media directly 
influence the fracture behavior of the medium and serve as a crucial basis for optimizing blasting 
parameter design. To examine the attenuation characteristics of cylindrical blast waves in rocks, 
the indoor blasting experiments were conducted using sandstone with cylindrical charges. Digital 
image correlation technology was employed to successfully capture the full-field strain evolution 
around the borehole during blasting, and the strain–time curves of the rock surrounding the borehole 
were obtained. To account for the influence of blasting stress wave loading rates on dynamic elastic 
modulus, Split Hopkinson Pressure Bar tests were performed to establish a precise relationship 
between dynamic elastic modulus and strain rate. By analyzing the attenuation of the peak strain, 
a stress wave attenuation equation within the fractured zone was developed, and the stress wave 
attenuation index was examined. The results indicated that the experimental method effectively 
simulated the blasting process of cylindrical charges. The strain wave propagation was accompanied 
by energy transformation, where the descending phase of the strain–time curve represented the rapid 
energy input to the rock near the borehole due to blast loading, whereas the ascending phase reflected 
the radial release of elastic energy, further promoting the development of circumferential cracks, 
albeit at a lower energy release rate than the descending phase. As the distance from the blast center 
increased, both the dynamic elastic modulus and strain rate of the rock under blast loading decreased, 
leading to differences between the attenuation characteristics of stress waves and strain waves, 
with the former following a power function decay. The complex nature of stress wave attenuation in 
rocks was primarily governed by physical attenuation properties, with the physical attenuation index 
exceeding the geometric attenuation index in crushed and cracked zones. Finally, the accuracy of the 
stress wave attenuation equation and the reliability of the experimental method were validated by 
analyzing the fracture morphology of the blasted specimens and the extent of the cracked zone.
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In geotechnical and mining engineering, the drilling and blasting method remains one of the most widely used 
and efficient techniques for excavating hard rock masses1,2. Determining the damage zone around a borehole is 
a critical factor in the design and optimization of blasting network parameters. The stress waves generated by 
columnar charge blasting can be conceptualized as waves radiating from a line source in a plane perpendicular to 
the axis and propagating outward as circular wavefronts within the surrounding medium3. Therefore, accurately 
defining the damage zone resulting from a single-hole charge explosion requires an in-depth understanding of 
the propagation and attenuation characteristics of columnar stress waves. Upon detonation, an initial shock wave 
forms within the rock mass, which rapidly decays into a stress wave before transforming into seismic waves and 
eventually dissipating4. The attenuation of explosion-induced columnar waves generally follows either the power 
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law or exponential decay functions as the distance from the explosion center increases5–7, with both geometric 
and physical attenuation mechanisms contributing to this process. Geometric attenuation results from the radial 
expansion of the stress wave energy, causing a reduction in the energy density with increasing distance from the 
source8. Physical attenuation occurs owing to plastic deformation in the rock material, which dissipates part of 
the wave energy and leads to further stress wave attenuation9. As stress waves propagate, they create distinct 
damage zones at varying distances from the borehole, including crushed, cracked, and elastic vibration zones10, 
each with different energy consumption levels that influence the stress wave attenuation rates. Consequently, the 
propagation and attenuation behavior of explosion-induced columnar waves in rock masses is significantly more 
complex than that of elastic columnar waves.

Since the 1970s, researchers have extensively employed theoretical models11,12, experimental investigations13,14, 
and numerical simulations15 to investigate blasting damage effects and stress wave attenuation in rock masses. 
Rock blasting, particularly with columnar charge configurations, is a highly complex dynamic fracture 
process in which the dynamic mechanical properties of the rock and stress wave propagation are difficult to 
quantify accurately16. Consequently, theoretical and numerical analyses of stress wave attenuation often rely 
on assumptions about rock dynamic behavior and attenuation mechanisms under specific conditions or on 
experimental data that are not always verifiable through direct field validation. With advancements in pressure 
and deformation measurement techniques, physical modeling experiments have become an effective approach 
for capturing the stress-wave attenuation process under controlled conditions17,18. For instance, Huo et al.19 
implemented mortar-based blasting models to examine the effects of filling media and decoupling coefficients 
on stress wave propagation, whereas Qiu et al.20 investigated the deformation disturbances caused by charge 
blasting in underground tunnels using similar models. These rock-like materials enable the direct acquisition 
of stress wave data at specific locations through embedded pressure or strain sensors. However, capturing the 
internal deformation of natural rock and fabricated rock-like materials remains challenging, necessitating the 
placement of deformation measurement devices on the surface of the medium21. Alternatively, non-contact 
full-field stress and strain measurement techniques such as dynamic photoelasticity22, dynamic caustics23, and 
DIC24 provide indirect methods for observing wave propagation and deformation characteristics. For example, 
Malezhik et al.25 applied the dynamic photoelasticity to analyze the stress fields around tunnels in anisotropic 
media under impact loading, while Yang et al.26,27 conducted the explosive tests on PMMA, a rock-like material, 
using dynamic caustics to observe the crack propagation and strain distribution. Additionally, He et al.28 
monitored the deformation process of rock surrounding boreholes under confining pressure through using 
high-speed imaging combined with DIC techniques. Despite these advancements, challenges persist owing to 
the scale limitations of laboratory models, rapid nature of explosive detonations, and inherent randomness and 
complexity of rock fragmentation near boreholes. These factors contribute to incomplete observation coverage 
and deviations from idealized conditions for columnar wave propagation, complicating the precise measurement 
of rock deformation in the vicinity of columnar charge blasts.

In summary, to accurately capture the propagation characteristics of columnar blasting stress waves, rock 
blasting strain wave propagation experiments under columnar charge conditions should not only constrain the 
side surfaces of the model but also limit the displacement along the borehole direction. Traditional experimental 
methods that arrange the measurement elements within or on the surface of the model can only capture the 
deformation at a limited number of points. Therefore, incorporating full-field surface testing techniques is 
beneficial for obtaining a larger volume of test data. In this study, we enhanced the specimen constraint setup 
and integrated high-speed photography with DIC techniques as a widely used method for surface deformation 
observation in geotechnical materials. These methods were applied to model experiments on strain fields during 
columnar charge rock blasting, enabling a detailed investigation of the stress wave propagation and attenuation 
processes and an analysis of the stress wave attenuation exponent.

Overview of blasting test scheme
Specimen preparation
For this experiment, a relatively homogeneous sandstone with the density of 2710  kg m−3 and the Poisson’s 
ratio of 0.20 was selected. To facilitate full-field specimen visualization and experimental operations, specimens 
measuring 300 mm × 300 mm × 50 mm were prepared. After smoothing its surface, matte white paint was 
applied to the observation side as a background, followed by black speckle dots with a marker. The size and 
density of the dots were optimized based on the best processing results obtained using DIC software (Fig. 1). A 
vertical borehole was drilled at the geometric center on the back of the specimen, with a diameter slightly larger 
than that of the detonator (approximately 8 mm) and a depth of 45 mm. A 5 mm section was left undrilled to 
prevent premature detonation and exposure of the blast products, which could interfere with imaging. A 1 g 
electric detonator served as the explosive source to simulate the columnar charge environment, with passive 
confinement achieved using the device shown in Fig. 1. The foam material was placed between the sides of the 
specimen and the cushion blocks to minimize the stress wave reflection and extension effects. The specimen was 
confined to both the front and rear using high-strength transparent resin plates, ensuring radial propagation of 
the explosive force along the borehole axis while enhancing the safety and improving the imaging conditions. 
Moreover, a thin transparent rubber pad was inserted between the resin plates and specimen to protect the 
surface speckle pattern from damage. This configuration effectively simulates cylindrical charge conditions by 
directing detonation energy predominantly along the borehole radial direction.

Strain field acquisition
Using the arrangement of speckle patterns and pre-blast images as references, the entire specimen area was 
selected as the reference sub-region, with its center positioned at the geometric center of the specimen, 
corresponding to the borehole center. The images captured before and after the blast were divided into 
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grids, and the sub-regions were analyzed using specific correlation functions29,30. Following blasting, the 
surface deformation causes displacement of the speckle patterns. By analyzing the correlation coefficients of 
grayscale values representing these changes, the spatial positions and displacements of the points before and 
after deformation were determined. This enabled the acquisition of strain field evolution around the borehole 
throughout the blasting process. The key requirement for obtaining complete strain field evolution using DIC 
techniques was to capture a sufficient number of high-quality images. A high-speed camera with a maximum 
frame rate of 2 × 105 fps was used in this experiment. During testing, the camera was positioned vertically, and 
the image capture frequency was set to 105 fps, ensuring full-field imaging of the specimen. Experimental results 
confirmed that this frame rate yielded sufficiently clear images of the blasting process, thereby enabling accurate 
reconstruction of the strain field evolution.

Evolution of the specimen strain field during the blasting process
Strain contour characteristics of the specimen
A series of images captured during the blasting process were processed, and within the 300 × 300 mm internal area 
of the specimen, 384 × 384 virtual points were assigned, with the distance between adjacent points corresponding 
to an actual length of approximately 0.78 mm. Figure 2 illustrates the strain contour maps in the x-direction 
(horizontal), y-direction (vertical), and xy-direction (± 45° and ± 135°) during blasting with a time interval of 
50 μs between adjacent images. The results indicated that the radial strain in all three directions followed an 
approximately symmetrical distribution centered around the borehole. Additionally, the strain magnitudes in 
different directions were nearly equal and negative, demonstrating that the deformation propagated radially 
outward from the borehole in the form of compressive strain at a uniform speed. This confirmed that the blasting 
strain wave propagated in an approximately cylindrical waveform, validating the suitability of the experimental 
method for columnar charge blasting tests. At the center of the specimen, the deformation was more pronounced 
and manifested as tensile strain owing to the focusing effect of the detonator explosion, which caused a small 
central rock mass to exhibit outward projectile motion. However, the presence of the front and rear resin plates 
restricted the development of tensile deformation in this region.

Strain field evolution characteristics
Specimen deformation area division
To capture the radial propagation of the strain wave along the borehole, the strain–time curves at different 
distances from the explosion center were analyzed. Because the blasting strain wave propagated outward in a 
cylindrical waveform, the strain data from various positions along the OC segment on the x-axis in the middle 
of the specimen (Fig. 3a) were selected for analysis. The radial strain–time variations at the virtual points along 
the OC segment are shown in Fig. 3b and c. The characteristic changes in these curves indicated that the rock 
near point O experienced tensile deformation owing to the focusing effect of detonator charge, as previously 
discussed. Moving from O to A, the rock transitioned from a tensile to a compressive state, with point A 
corresponding to the location of the maximum peak compressive strain. Furthermore, data processing revealed 
that despite the application of foam pads to mitigate boundary effects, significant reflection tensile waves were 
still present. As the primary focus of this study was the strain wave behavior before and at the peak value, the 
AB segment, characterized by an undisturbed pre-peak waveform, was selected for strain wave analysis, where 
the time-history curve at point B quantitatively demonstrates the compressive strain peak characteristics. Based 
on points A and B, the OC segment of the specimen was divided into three regions: OA, AB, and BC, measuring 
approximately 35, 70, and 45 mm, respectively. These corresponded to three annular rock deformation zones 
around the borehole during blasting, designated as Ω1, Ω2, and Ω3. Notably, points A and B coincided with the 
virtual measurement points. Although the corresponding Ω1, Ω2, and Ω3 regions exhibited slight variations in 
area among different specimens, these dimensional differences did not affect the experimental results analysis.

Fig. 1.  Specimen confinement preparation and charge blasting process.
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In the Ω1 region, the rock fragments exhibited an outward motion trend. Near point O, the strain was tensile, 
initially increasing rapidly in an approximately linear manner, before gradually decreasing and stabilizing. As 
the position shifted from point O to the Ω1 region boundary, the initial deformation transitioned from tensile 
to compressive, with a characteristic pattern of first compression followed by tension. Closer to the Ω1 region 
boundary, the compressive strain peak increased, duration of the compressive strain increased, and duration 
of the tensile strain decreased. Near the boundary, the medium underwent almost exclusive compressive 
deformation. In the Ω2 region, the specimen was subjected only to compressive stress (Fig. 3c). Near point A in 
the Ω1 region, a transition from compressive to tensile strain occurred, indicating that the rock medium at this 
position experienced compression followed by tension during the blasting process. This phenomenon can be 
explained as follows.

As shown in Fig. 4, immediately after the explosion, a shock wave formed along the borehole wall, causing 
intense damage to the surrounding rock. High-temperature, high-pressure blast gases can further exacerbate 
this damage, creating an enlarged cavity and a network of crushed zones where the rock primarily undergoes 
compressive-shear failure31. This process rapidly transitions from a shock wave to a stress wave. Although 
incapable of inducing compressive-shear failure, these stress waves continue radial compression on rock, 
generating tangential tensile stresses through Poisson’s effect. This leads to tangential deformation and forms 
a cracked zone dominated by radial cracks. The quasi-static gas wedge effect of blast gases accelerates the 
expansion of this cracked zone, where the rock predominantly experiences tensile failure32. As the stress wave 
further attenuates into seismic waves, it ceases to cause significant damage, leading to the formation of an elastic 
vibration zone. The high-intensity and short duration of the blast shock wave generated rapid compressive 
deformation in the adjacent rock mass, accumulating substantial elastic strain energy. When the shock wave 
decays to a point where it can no longer transfer energy to compressed rock, the accumulated elastic strain 
energy propagates radially outward as a stress wave. Simultaneously, this energy can be released radially inward 
into the crushed zone and expanded cavity, generating a circumferential unloading wave that further accelerates 
the development of circumferential cracks. Therefore, under columnar charge conditions, the rock medium 
in the near-borehole region initially experienced compressive stress in the early stages of blasting, followed by 
tensile stress in the later stages.

Fig. 2.  Evolution of specimen strain field during the blasting process.
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From the above analysis, the deformation of the medium in the small Ω1 region was not caused by the 
cylindrical wave effect owing to the energy-focusing cavity of the detonator, despite the implementation of 
the front and rear confinement plates in this experiment. In addition, in the Ω3 region, the strain wave before 
reaching its peak was influenced by the reflected tensile wave. In contrast, the Ω2 region was directly affected 
by the cylindrical stress wave and was primarily associated with rock fractures. Therefore, this study focused on 
analyzing the attenuation characteristics of strain waves in the Ω2 region.

Radial strain–time curve characteristics
Because of the large volume of data, one research point was selected for every 10 virtual points along the AB 
segment, obtaining a spacing of 7.8 mm between adjacent research points and a total of 10 measurement points, 
starting from point A. The curves in Fig. 3c underwent appropriate smoothing treatment without altering their 
evolutionary trends, peak magnitudes, descending edge slopes, or peak values, as shown in Fig. 5, where the 
numbers represent the distances of the measurement points from point A. In the Ω2 region, the compressive 
strain increased rapidly over time, reached a peak, and then gradually decreased. Overall, the peak compressive 
strain decreased over time. The rate of decrease along the descending slope of the curve decreased, and the 

Fig. 4.  Schematic diagram of rock mass deformation and damage around the blasthole under blasting load: (a) 
explosion onset, (b) shock wave impact, and (c) damage zone formation. EV zone: elastic vibration zone.

 

Fig. 3.  Division of strain time history curves for different zones: (a) division of deformation zones around 
the borehole, (b) strain time history variation at OA segment measuring points, and (c) strain time history 
variation at AB segment measuring points.
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duration of this phase was shorter than that of the rising slope. In reality, the descending slope represents the 
stress wave rapidly compressing the specimen, whereas subsequent deformation recovery occurs once the 
rock medium has accumulated sufficient energy. The longer duration of the recovery process compared to the 
compression phase can be attributed to the rapid outward propagation of the initial blasting stress wave from the 
borehole center, whereas in the later stage, the release of accumulated elastic energy can induce an inward radial 
motion of the rock medium. This inward motion encounters greater resistance and, because the stored elastic 
energy is inevitably lower than the energy carried by the compressive stress wave, the release rate decreases, 
leading to an extended duration of the rising slope. The inflection point between descending and ascending 
phases marks the transition from compression to tensile deformation. Maximum radial compressive stress at any 
position coincides with peak deformation rate. Subsequent stress reduction triggers compressive deformation 
recovery, precisely defining the compressive-tensile deformation transition point.

Figure  5 illustrates that the strain–time curve demonstrates an initial compressive deformation of the 
rock surrounding the borehole under the blasting load, followed by partial deformation recovery, whereas it 
cannot return to the baseline position. This suggests that the process led to significant irreversible deformation, 
indicating that the medium sustained damage or yielded. Given that rock was a brittle material, this yielding 
or damage was primarily concentrated in the compressive deformation phase, which occurred before the peak 
strain. The variation in the strain rate during compression reflected the characteristics of the rock medium 
to the blasting dynamic load. As shown in Fig. 5, the strain–time curve at the measurement points generally 
exhibited a sinusoidal or approximately triangular shape, with the descending slope of the radial strain–time 
curve displaying a near-linear trend. This indicates that during the loading phase, the rock medium experienced 
a relatively constant strain rate change. By performing a linear fit on the descending slope, the slope value 
represented the strain rate at that location under the blasting load, as shown for point A in Fig. 6. The strain rates 
at each measurement point in the Ω2 region are shown in Fig. 7, revealing a general decrease in the strain rate 
with increasing distance from the explosion center. Beyond approximately 7 cm, the strain rate declined from 
approximately 565 s−1 to approximately 196 s−1.

Characteristics of blasting stress wave attenuation
In engineering practice, determining the stress wave attenuation law is essential in addition to understanding the 
strain wave attenuation process. In the near field of the explosion, the stress wave attenuates rapidly, leading to 
significant variations in the strain rate, while the rock at different distances from the borehole exists in varying 
elastic–plastic states. Rock-like materials can exhibit a pronounced strain rate effect under loading, with their 

Fig. 6.  Strain rate fitting for the compression phase of rock medium.

 

Fig. 5.  Radial strain time history curves of selected points in the Ω2 region.
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elastic modulus dependent on the strain rate33,34. Consequently, the relationship between the radial stress and 
radial strain varies with distance from the explosion center. As previously discussed, the relationship between 
the strain rate and the distance from the explosion center was established. In the following section, based on 
the correlation between the elastic modulus and strain rate, the relationship between the elastic modulus and 
distance from the explosion center was determined. This can facilitate the derivation of the radial stress peak 
attenuation law as a function of the distance from the explosion center using the stress–strain relationship.

Relationship between elastic modulus and strain rate
In the Ω2 region, the strain rates induced by the blasting stress wave range from 196 to 565 s−1, falling within the 
moderate strain rate range of the study35. The Split Hopkinson Pressure Bar (SHPB) system, which is a widely 
used apparatus for testing the dynamic properties of rock-like materials at moderate strain rates, can generate 
stress waveforms similar to blasting stress waves when using tapered striker bars36. Therefore, SHPB impact 
loading tests were conducted on the sandstone specimens at four different impact velocities corresponding to 
four distinct strain rates, with each velocity tested on more than three valid specimens. Figure  8 shows the 
dynamic stress–strain curves for the selected sandstone specimens at these strain rates. Consistent with the 
strain rate values in Fig. 6 under blasting loading, the average strain rate of the approximately linear deformation 
segment of the specimen was considered as the loading strain rate. Because this study primarily focused on the 
variation in peak stress or strain wave values, the secant modulus at the peak point of the dynamic stress–strain 
curve was used as the dynamic elastic modulus of the specimen.

As the loading rate of rock-like materials increases, their elastic moduli generally increase. Studies have 
shown that within a certain strain rate range, the dynamic elastic modulus of rock-like materials exhibits either 
an approximately linear37 or logarithmic38,39 increase. Based on the experimental results, the dynamic elastic 
modulus of sandstone in the Ω2 region follows a logarithmic function with the strain rate. From the SHPB 
test results, as the strain rate increased from 85.96 to 151.83 s−1, the dynamic elastic modulus of the specimen 
rose from 9.67 to 17.24 GPa. This relationship was fitted to establish a predictive model for the dynamic elastic 
modulus as a function of strain rate (Fig. 9). By integrating this relationship with the strain rate ε̇ and distance 
from the explosion center (r) in Fig. 7, the correlation between dynamic elastic modulus E (r) and explosion 
center distance (r) was derived (Fig. 10). In the Ω2 region, under the influence of the blasting stress wave, the 
dynamic elastic modulus of the rock gradually decreased from 35.72 to 20.69 GPa, demonstrating that the elastic 
modulus decreased as the distance from the explosion center increased.

Relationship between radial peak stress and explosion center distance
The relationship between radial stress and strain at a specific point in the rock medium surrounding the borehole 
can be expressed as follows:

	 σr = E (r) ε (r)� (1)

where σr  and ε (r) are the radial stress and strain, respectively, at a specific point within the rock medium.
By statistically analyzing the radial strain peak values at different measurement points from the strain–

time curves, the variation in the radial strain peak values with respect to the explosion center distance (r) was 
obtained. Based on the dynamic elastic modulus and radial strain peak values, the relationship between the 
radial peak stress and explosion center distance was determined (Fig.  11). The results indicated that as the 
distance from the explosion center increased, the radial strain peak value in the Ω2 region decreased from 0.043 
to 0.015, whereas the radial peak stress decreased from 1522.17 to 318.63 MPa. Although both the strain and 
stress peak values decreased with increasing distance, their rates of decrease gradually slowed, with the stress 
peak values exhibiting a more pronounced reduction. This discrepancy resulted from the gradual decrease in 
the dynamic elastic modulus with increasing distance from the explosion center. If the dynamic elastic modulus 
remained constant, the trend of the stress peak values with respect to the explosion center distance would align 
with that of the strain peak values, resulting in a lower stress wave attenuation rate than that observed.

Fig. 7.  Correlation between strain rate and distance from blast center.
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Blasting stress wave attenuation equation
As shown in Fig. 11, the radial peak stress followed an approximately power-law relationship with the explosion 
center distance. Based on previous studies, the relationship between the shock wave and stress wave peak values 
and the explosion center distance within the rock medium can be expressed as follows40,41:

	 σr
cru = σi (r0/r)α� (2)

	 σr
cra = σj (rcru/r)β � (3)

where σr
cru and σr

cra represent the radial compressive peak stresses in the crushed and cracked zones of the rock, 
respectively; σi is the initial radial compressive peak stress in the borehole wall rock; σj  is the radial compressive 
peak stress at the interface between the crushed and cracked zones; r0 and rcru represent the borehole radius 

Fig. 9.  Fitting of the variation in rock elastic modulus with strain rate.

 

Fig. 8.  Determination of strain rate and elastic modulus of specimen based on SHPB test.
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and radius of the crushed zone, respectively (in m); and α and β represent the attenuation exponents of the 
shock wave and stress wave, respectively.

Research has shown that the radius of the crushed zone in rock blasting generally ranges from 2 to 5 r042,43, 
whereas the radius of the cracked zone typically ranges between 10 and 40 r0. The Ω2 region lies within the 
range of 8 to 26 r0 and can be considered as part of the cracked zone for simplicity. The relationship between 
the stress peak and explosion center distance in Fig. 11 was fitted using Eq. (3), where the rcru values in Eq. (3) 
were initially fixed, and the parameters σj  and β were subsequently determined. The results indicated that 
the crushed zone range did not significantly affect the fitting curve for the Ω2 region. In this experiment, the 
borehole radius rb was approximately 0.004 m, and a crushed zone radius of 3 r0 was assumed (Fig. 12). The 
fitted curve aligns well with the original data, yielding an attenuation exponent of 1.30 and a radial stress of 
6343.03 MPa at the interface between the crushed and cracked zones. In both Eqs. (2) and (3), the attenuation 
exponent was typically determined based on empirical data α = 2 + µd/ (1 − µd) and β = 2 − µd/ (1 − µd), 

Fig. 12.  Fitting curve of peak stress versus r.

 

Fig. 11.  Variation between radial peak strain and stress with respect to r.

 

Fig. 10.  Correlation between E and r.
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where µd represents the dynamic Poisson’s ratio of the rock. Assuming a Poisson’s ratio of 0.16, the attenuation 
exponent was calculated to be 1.81. The slightly lower fitted result from this experiment may be attributed to 
the relatively lower defect density of the tested rock specimens, whereas the empirical attenuation exponent was 
derived from engineering rock masses with more inherent defects. Overall, the derived attenuation results were 
consistent with the general attenuation behavior of rock-like materials.

The overall stress-wave attenuation process depicted in the figure resulted from both geometric and physical 
attenuation. The geometric attenuation resembled the attenuation process of elastic waves originating from a 
cylindrical cavity, where the stress on the wavefront decayed at a velocity of 1/

√
r44–46. Consequently, the complex 

characteristics of rock medium-blasting cylindrical wave attenuation are primarily governed by the physical 
attenuation properties of the stress wave, which are closely related to the rock’s plastic loading behavior. By 
combining the geometric attenuation characteristics with the experimental attenuation results of the cylindrical 
stress wave in the rock, a physical attenuation equation was derived, which could be the attenuation equation 
for the one-dimensional blasting stress wave in the rock medium. The stress peak values in the geometric and 
physical attenuation processes are denoted as σg  and σp, respectively, while the geometric attenuation of the 
cylindrical wave in the Ω2 region follows the equation:

	 σg = σj (rp/r)0.50� (4)

By comparing Eqs. (3) and (4) and utilizing the fitting results in Fig. 12, the physical attenuation of the blasting 
stress wave can be expressed as

	 σp = σj (rp/r)0.80� (5)

Figure 13 illustrates the relationship between the attenuation rates of different types of decay and the explosion 
center distance, with the crushed zone radius set at 3 r0. As the explosion center distance increased, the 
attenuation rates of all stress peak values gradually decreased, and in the Ω2 region, the physical attenuation rate 
exceeded the geometric attenuation rate. The geometric attenuation coefficient of the shock wave remained the 
same in both the crushed and cracked zones. Conversely, owing to the more intense fragmentation of the rock in 
the crushed zone, physical attenuation occurred more rapidly. In addition, the relatively small size of the crushed 
zone suggested that the stress wave attenuation in this region was primarily governed by physical attenuation. 
Although the experiment did not determine the value of α, the stress attenuation coefficient in the crushed zone 
was significantly higher than that in the cracked zone, aligning with the shock wave and stress wave attenuation 
coefficient values proposed by other scholars47–49.

Discussion on the accuracy of the stress wave attenuation law
In the previous section, the stress-wave attenuation equation fitting process assumed that the Ω2 region lies 
within the cracked zone. The validity of this assumption and the accuracy of the resulting stress-wave attenuation 
law under this condition require further examination. Because the stress wave propagation and attenuation are 
influenced by the expansion of the geometric space and rock damage, the stress wave attenuation formula can be 
applied to calculate the rock damage range. By comparing the calculated damage range with the actual damage 
caused by the explosion, the accuracy of the stress wave attenuation law can be evaluated.

Characteristics of rock blasting failure patterns
The failure patterns of the specimens used in this experiment are shown in Fig.  14. Within a small region 
around the borehole (approximately 20 mm), the rock exhibited a distinct “bright white” color with friction 
marks, indicating the significant compressive-shear damage characteristic of the crushed zone. Four through-
going cracks formed near the symmetrical axis of the borehole as stress waves propagating in two directions 
traveled the shortest distance and were the first to be affected by reflected tensile waves. The later portion of the 
compressive wave and the reflected tensile wave superimposed at the symmetrical axis, where the compressive 

Fig. 13.  Comparison of three types of attenuation curves: total attenuation, geometric attenuation, and 
physical attenuation.
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stress and vertically induced tensile stress reached their maximum, resulting in the “+”-shaped through cracks, 
as shown in Fig. 14. However, the lengths of these cracks did not represent the full extent of the cracked zone. 
To estimate its expansion, the lengths of several longer cracks were measured, with an approximate length of 
106 mm. This suggested that the radius of the blasting crushed zone was within 5 r0, whereas the radius of the 
cracked zone was at least 26 r0. The Ω2 region extended from 8 to 26 r0, indicating that the stress attenuation 
results obtained above accurately reflected the stress wave attenuation law within the cracked zone. It should be 
noted that circumferential cracks described in previous sections are absent in this specimen,, whereas in practical 
engineering blasting operations, a significant network of cracks is indeed observed in the near-borehole region. 
This discrepancy originates from scale limitations in laboratory conditions, specifically specimen dimensions 
and charge quantities.

Calculation of blasting damage range
In the crushed zone, the rock primarily experienced compressive-shear failure, whereas in the cracked zone, 
it was mainly subjected to tangential tensile stress. By comparing the blasting stress waves with the dynamic 
compressive and tensile strengths of the rock in the respective regions, the radii of the crushed and cracked zones 
can be determined.

Crushed zone radius
A crushed zone was formed when the equivalent stress generated by the explosion stress wave in this area 
exceeded the dynamic compressive strength of the rock, as expressed by the following equation:

	 σi > σdc� (6)

Fig. 14.  Fracture morphology of specimen after blasting.
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σi can be expressed as50

	
σi = 1√

2
[
(σρ − σϕ)2 + (σϕ − σa)2 + (σa − σρ)2] 1

2 � (7)

where σρ, σϕ, and σa represent the radial stress, tangential stress, and axial (borehole direction) stress within the 
rock medium, respectively. The tangential stress σϕ = −bσρ, and b is the lateral pressure coefficient, expressed 
as b = µd/ (1 − µd)51.

Moreover, σa can be expressed as:

	 σa = µd (σρ + σϕ) = µd (1 − b) σρ� (8)

Therefore, the stress at a specific point within the rock medium in the crushed zone under the influence of an 
explosion shock wave is given by the following equation:

	
σi = 1√

2
σρ

[
(1 + b)2 − 2µd (1 − b)2 (1 − µd) +

(
1 + b2)] 1

2 � (9)

Because the primary difference between uncoupled and coupled charges was the explosive detonation pressure, 
which resulted in varying initial pressures at the borehole wall, the calculation process for determining the 
ranges of the crushed and cracked zones remained similar. Therefore, only the coupled charge case was analyzed 
below.

For coupled charges, the initial compressive stress at the borehole wall caused by the explosive detonation 
pressure can be expressed as follows51:

	
σi = 2ρrCr

ρrCr + ρeD
σ0� (10)

	
σ0 = 1

1 + γ
ρeD2� (11)

where ρr  and ρe represent the densities of the rock and explosive, respectively (in kg/m3); Cr  and D represent 
the longitudinal wave velocity of the rock and detonation velocity of the explosive, respectively (in m/s); and γ 
is the adiabatic coefficient, which can be taken as γ = 3.

By simultaneously solving Eqs. (6), (9), and (11), the radius of the crushed zone can be obtained as follows:

	
rcru =

(
ρeD2AB

4
√

2σdc

) 1
α

rb� (12)

where A = 2ρrCr
ρrCr+ρeD  and B =

[
(1 + b)2 +

(
1 + b2)

− 2µd (1 − µd) (1 − b)2] 1
2 .

Radius of the cracked zone
When the shock wave is attenuated into a stress wave, the stress at a specific point within the cracked zone can 
be expressed by the following equation:

	
σr

cra = σj

(
rcru

r

)β

� (13)

	 σϕ
cra = −bσr

cra� (14)

where σρ
cra and σϕ

cra represent the radial and tangential stresses within the cracked zone, respectively. According 
to Eq. (2), the relationship is given by

	
σj = σi

(
rb

rcru

)α

� (15)

By comparing the tangential stress σϕ
cra with the dynamic tensile strength σdt, the radius of the cracked zone 

can be determined as follows:

	
rcra =

[
bσj

σdt

] 1
β

rcru� (16)

In this experiment, the value of α was not obtained, and the value of rcru could not be determined through 
calculations. However, the radius of the cracked zone could be estimated based on the measured radius of the 
crushed zone. According to Eq. (6), the value of σdt still needs to be determined. The dynamic tensile strength 
of rock can be influenced by the loading rate52 and is typically measured using a Hopkinson tensile bar for 
dynamic direct tensile testing53 or indirectly determined through the Brazilian disc test using SHPB system54. 
Radial cracks in the blasting cracked zone can result from the dynamic loading Poisson’s effect, where the radial 
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loading of the blasting stress wave induces lateral tensile failure, which is consistent with the failure mechanism 
in the Brazilian disc test. A dynamic tensile test was performed on the sandstone specimen adopted in this study 
under a relatively low impact loading rate using the SHPB system, and the typical stress-time curve is shown in 
Fig. 15. The dynamic tensile strength of the sandstone specimen was determined to be approximately 15.34 MPa 
with a stress rate of 379 GPa s−1. Based on the compressive strain rate at the Ω2 zone boundary and the dynamic 
elastic modulus, the radial stress rate was calculated to be approximately 4000 GPa s−1, while the tangential stress 
rate reached about 800 GPa s−1. This suggests that the tangential stress rate at the crack arrest position of radial 
fractures would exhibit lower magnitudes, potentially approaching the stress rate range obtained from impact 
tests. Using the obtained stress wave attenuation equation and setting µd = 0.16, the radius of the cracked zone 
was estimated to be approximately 86 r0, or 0.34 m.

Strict control was applied to the charge and confinement processes in the experiment to achieve ideal columnar 
charge conditions. The experimental results indicated that the blasting stress waves generated by explosive 
detonation in the borehole rock mass closely followed cylindrical wave propagation behavior. However, indoor 
blasting model tests for rocks inherently involve certain challenges in terms of the control and randomness of the 
results. Owing to the influence of the specimen size and charging method, the errors in the model test analyses 
can be magnified, thereby serving as a challenge that is difficult to avoid. Regarding the calculated cracked zone 
range, from the perspective of the r0-multiple factor, it can be larger than the experimental measurements and 
findings from other studies, whereas the numerical value of the crack propagation length remained acceptable. In 
conclusion, the blasting stress wave attenuation law obtained in this study was aligned with practical conditions. 
Furthermore, although the measured strain or stress values in the Ω2 region may differ numerically from the 
actual values, they accurately reflect the attenuation process of the cylindrical stress waves.

Conclusion
An improved constraint device was applied in indoor blasting experiments on columnar rock charges, allowing 
for testing of the full-field strain evolution process around the borehole rock. This study elucidated the cracking 
mechanism induced by stress waves, explored the relationship between the dynamic elastic modulus and 
explosion center distance, derived the stress wave attenuation equation for the cracked zone, and verified the 
validity of the stress attenuation exponent. The main conclusions are as follows.

	(1)	 The experimental method used in this study satisfied the requirements for columnar charge blasting. The 
propagation of cylindrical waves represented the process of energy accumulation and release, with the rap-
id input of blasting energy near the borehole reflected in the downward slope of the strain–time curve. 
Simultaneously, elastic energy was released radially, promoting the development of circumferential cracks, 
as indicated by the upward slope. In addition, the rate of energy accumulation exceeded the rate of energy 
release.

	(2)	 Under columnar charge blasting, the strain rate and dynamic elastic modulus of the rock medium pro-
gressively decreased with increasing distance from the explosion center, leading to stress wave attenuation 
characteristics distinct from those of strain waves. The stress wave attenuation equation followed a pow-
er-law form, and the relationship between the stress and strain waves accounted for the strain rate effect 
on the dynamic elastic modulus of the rock, thereby providing a more accurate representation of the actual 
conditions.

	(3)	 The complex characteristics of stress-wave attenuation in a rock medium were primarily governed by phys-
ical attenuation properties. In both the crushed and cracked zones, the stress wave attenuation was pre-
dominantly influenced by physical attenuation. The failure pattern of the specimen, along with theoretical 
calculations of the cracked zone radius, confirmed the accuracy of the stress wave attenuation equation and 
validated the experimental method.

Data availability
The datasets used and analysed during the current study are available from the corresponding author on rea-
sonable request.

Fig. 15.  Dynamic tensile stress-time curve of sandstone.
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