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Abstract 9 

The failure of support systems in deep coal mine roadways is a critical issue that hinders the 10 

development of deep coal resources. As a critical support element, the surface retaining element (SRE) 11 

plays a more prominent role in deep conditions. A comprehensive investigation into the anti-impact 12 

mechanism of an SRE on bolted surrounding rock under a dynamic load is greatly needed. In this 13 

study, split Hopkinson pressure bar (SHPB) tests were conducted to investigate the strengthening 14 

effect of different SRE areas on the mechanical properties of bolted specimens under dynamic and 15 

static loading. Moreover, the reinforcement effect of the SRE on the surrounding rock under various 16 

dynamic loadings was examined by FLAC3D. The results indicate that increasing the SRE area 17 

enhances the overall mechanical properties of the bolted specimens under combined dynamic and 18 

static loading conditions. By constructing an engineering-scale roadway numerical model, the impact 19 

of the SRE area on the amount of roof subsidence increases with increasing dynamic loading. The 20 

research findings enrich the study of the bearing capacity of SREs on bolted surrounding rock and 21 

provide a theoretical basis for controlling the surrounding rock in deep dynamic load roadways. 22 

Key words: Surface retaining element; Dynamic loading; Bolted rock; Dynamic mechanical 23 

properties 24 

 25 

1. Introduction 26 

Ensuring stable roadways in underground coal mines is crucial for safe and efficient mining. 27 

Unlike other underground engineering fields (e.g., metal mining and tunneling), coal mine ground 28 

control is more challenging due to weak, fractured rock conditions, ongoing geotechnical disruptions 29 

(longwall mining, strata collapse, fault-slip), and budget constraints (Kang, 2023; Xie, 2019). With 30 
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the depletion of shallow mineral resources, deep mining has become inevitable, bringing various 31 

challenges, including high stress and strong dynamic loads, and even causing rock burst accidents 32 

under severe conditions. 33 

At present, as the dominant supporting method for underground coal mines, surface retaining 34 

elements (SREs), such as plates, straps, and wire meshes, are indispensable in addition to rock and 35 

cable bolts (Dan, 2019). In this system, SREs play a vital role in integrating various support elements, 36 

maintaining the integrity of the surrounding rock, and transferring loads between bolts and the 37 

surrounding rocks (Li, 2017). Unlike shallow roadways, deep roadways are exposed to complex stress 38 

environments and frequent dynamic loads. As a result, a high-performance support system is needed, 39 

which highlights the function of SREs in maintaining stability and dissipating energy (Geobrugg, 40 

2013). 41 

In previous studies, the mechanical characteristics of rock support system SREs under dynamic 42 

load conditions have been investigated. For example, He (2021) utilized a drop hammer impact 43 

testing device to analyze the mechanical response of a plate and other SREs under impact loads. 44 

Villaescusa (2015) conducted static and dynamic loading tests on various metal meshes and plates 45 

with different material properties and sizes to investigate the support and bearing capacity of different 46 

SREs. Fu (2019) conducted mechanical property tests on conventional metal meshes using a self-47 

developed testing apparatus. The tests were performed under both static and dynamic loading 48 

conditions to determine the stress and deformation characteristics of the metal meshes under various 49 

loading conditions. It is important to note that the bearing capacity of a rock support system under 50 

real engineering conditions, such as rock bursts and dynamic ground pressure, depends on the proper 51 

matching and combination of various support elements rather than a simple sum of the individual 52 

elements (Stacey, 2011). Designing dynamic support systems necessitates both practical experience 53 

and comprehensive experimental testing to assess their performance, especially under dynamic 54 

loading conditions (Hadjigeorgiou, 2011). To achieve this goal, Geobrugg (2013) utilized a large-55 

scale testing system, the Western Australian School of Mines (WASM) test facility, to simulate rock 56 

burst testing of a support system consisting of bolts and high-strength metal mesh. Their investigation 57 

aimed to explore the energy-absorbing characteristics of the system and quantify its suitability for 58 

impact loading. Similarly, Louchnikov (2017) investigated the design process of roadway support 59 

under dynamic ground pressure in mining areas. These researchers analyzed the anti-impact ability 60 
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of different types of bolts and SREs from the perspectives of energy absorption and yielding. 61 

Previous studies have mainly focused on the mechanical properties of the SRE itself. It is well 62 

accepted that the surrounding rock and support elements become a comprehensive system with 63 

mechanical interaction by rock bolting. Due to the heterogeneity and variability of surrounding rock, 64 

systematic investigations through in-situ tests remain challenging. Split Hopkinson Pressure Bar 65 

(SHPB) tests, as a high strain-rate impact methodology, serve as crucial means for evaluating rock 66 

responses under dynamic loading. Conducting rock dynamics experiments through physical modeling 67 

based on material characteristics facilitates the analysis of surrounding rock system interactions (Li, 68 

2020). Feng et al. (2022a, 2022b) performed static-dynamic coupled loading tests on rocks containing 69 

non-coplanar and conjugate flaws, providing critical references for stability assessment and support 70 

design in rock engineering. Qiu (2025) investigated asynchronous deformation between bolts and 71 

rock through dynamic uniaxial compression tests on specimens with varying anchoring angles. Fan 72 

(2024) examined dynamic mechanical properties of bolted rocks, revealing the enhanced support 73 

efficiency of bolts in fractured rock masses under dynamic disturbances. Wu (2024) conducted 74 

dynamic tests on sand-powder 3D printed specimens with varying bolted lengths, validating their 75 

mechanical similarity to coal specimens and revealing the dynamic failure characteristics of bolted 76 

specimens.  77 

Although existing studies have achieved meaningful progress, most scholars investigating bolt-78 

supported structures have primarily focused on individual bolts or bolted rock masses, neglecting the 79 

structural characteristics of SRE. In other words, when the dynamic stress wave in the rock layer acts 80 

on the bolted surrounding rock of the deep roadway, the influence of SREs on the overall mechanical 81 

behavior of bolted rock masses remains insufficiently studied. In this study, a combination of 82 

specimen-scale laboratory tests and engineering-scale numerical simulations was used to analyze the 83 

reinforcement effect of SREs on the impact resistance and bearing capacity of bolted specimens under 84 

dynamic loading. The SHPB test system is used to perform impact dynamic loading tests on bolted 85 

specimens with different SREs. Additionally, numerical models of roadway support with different 86 

SRE areas are constructed to explore the control effect of SREs on the surrounding rock under 87 

different dynamic loadings. The findings of this study can provide a reference for the support design 88 

of deep coal mine roadways. 89 

2. SHPB test of bolted specimens with different SRE areas 90 
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2.1 Test preparation and scheme 91 

2.1.1 Specimen preparation 92 

Natural rock's inherent heterogeneity often leads to inconsistent results in repeated tests, even 93 

when taken from the same rock body. Moreover, most mechanical tests destroy rock specimens, 94 

preventing further investigations or retesting for other properties (Wu, 2016; Gell, 2019). To address 95 

these challenges, the use of rock analogs/artificial materials began early in rock mechanical testing 96 

and is now a significant focus (Ivars, 2011; Smith, 2014). In terms of research on rock bolt 97 

reinforcement, bolted analogs made of cement (Sakurai, 2010), concrete (Ferrero, 1995) and gypsum 98 

(Xu, 2019) are widely employed. 99 

Both natural rocks and rock analogs face a common limitation: the challenge of reproducing 100 

internal and complex defects. Methods like wire saws, water jets, and molds can only generate 101 

external and simple geometric defects (Fedrizzi, 2018). To overcome these problems, the 102 

development of 3D printing has led to recent attempts to fabricate rocks with complex defects 103 

worldwide (Tian, 2017). Recent studies have demonstrated that 3D printed sand powder analogs 104 

exhibit mechanical behavior akin to that of sandstone and other common rocks in underground mining 105 

(Jiang, 2021), as illustrated in Fig. 1 and summarized in Table 1. By investigating the strength in 106 

compression, tension and crack propagation, sand-powder 3D printing has been considered a 107 

promising technique for creating rock analogs (Tian, 2017; Primkulov, 2017; Vogler, 2017). 108 

 109 

Figure 1. Stress-strain curve of coal specimen and 3D printing specimen under uniaxial 110 
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compression. 111 

Table 1 Mechanical parameters of 3D printing specimen and coal specimen. 112 

Type 

Compressive 

strength 

(MPa) 

Tensile 

Strength 

(MPa) 

Friction 

(°) 

Cohesion 

(MPa) 

Density 

(kg▪m−3) 

Modulus of 

elasticity 

(GPa) 

3D printing 

specimen 
8.46 0.53 30.79 1.15 1426 9.60 

Coal specimen 10.61 0.72 31.00 1.4 1435 11.67 

Therefore, to avoid secondary damage to the specimen by drilling the bolting borehole, sand-113 

powder 3D printing specimens were used to prepare cylindrical specimens with a diameter and height 114 

of 50 mm with a premade 4 mm diameter through-hole at its center. In laboratory tests of bolted 115 

specimens, selecting the appropriate bolt materials is crucial to ensure accurate results. The materials 116 

chosen for this experiment closely resemble those found in actual field conditions. SUS304 steel was 117 

used as the material for the bolts, and customized M4 threaded steel and M4 galvanized washers were 118 

employed to simulate the bolts and SREs, respectively. The relevant mechanical parameters of these 119 

materials are presented in Table 2. For the experiment, an epoxy-type binder was chosen as the 120 

adhesive. To ensure geometric similarity, a ratio of 10:1 was selected and adjusted accordingly based 121 

on the experimental conditions and relevant references from the literature (Zhu, 2018). 122 

The specimen preparation process involves filling the binder, adding the bolt and SRE, fastening 123 

the nut, and applying pretension. The detailed procedure is illustrated in Fig. 2. The bolted specimen, 124 

prepared in this manner, is similar to specimens used by other researchers and meets the requirements 125 

for SHPB (split Hopkinson pressure bar) testing (Qiu, 2020). 126 

Table 2 Average values of different parameters obtained at complete pore water pressure 127 

dissipation. 128 

Material 
Modulus of Elasticity 

(GPa) 
Tensile strength (MPa) 

Rebar bolt 200–210 200–600 

SRE 200 350–400 

SUS304 steel 194 520 
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 129 

Figure 2. Preparation process of bolted specimen 130 

2.1.2 Test design 131 

In deep mining, the stress environment is complex, and roadways are often in an unstable state 132 

due to high stress. To investigate this phenomenon, a sample unit is extracted from one side of the 133 

roadway, and the simplified stress state is illustrated in Fig. 3(a).  134 

 135 

(a) Simplified stress state of the bolted rock                (b) Bolted specimens with different SRE 136 

areas 137 

Figure 3. Bolted specimens with different SREs. 138 

When determining the axial pressure for combined dynamic and static loading, the uniaxial 139 

compression strength of the test specimen should be measured. The RLJW-2000 rock servo test 140 

system was utilized to conduct the uniaxial compression test on the specimen at a loading rate of 0.3 141 

mm/min (Wu, 2024). Refer to the forms of bolted specimens in other papers of the research group, as 142 

shown in Fig. 4. The Modulus of Elasticity of the specimen is 5.08 MPa and the peak strength is 10.16 143 

GPa. To account for the specimen size effect and adhere to the dynamic similarity principle, an axial 144 
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precompression of 2 MPa is set for the SHPB test. SREs with thicknesses of 0.1 mm are selected, and 145 

square plates with side lengths (SLs) of 10 mm, 16 mm, and 20 mm, representing three distinct plate 146 

areas, are labeled SL10, SL16, and SL20, respectively. The prepared specimen is illustrated in Fig. 147 

3(b). By applying axial pressure and impact pressure, we conducted a combined loading test on bolted 148 

specimens with different SRE areas, both dynamically and statically. 149 

 150 

Figure 4. Stress-strain curve of specimen under uniaxial compression (Wu, 2024).  151 

2.1.3 Test System and Program 152 

The test was conducted with the SHPB system at Shandong University of Science and 153 

Technology. The test setup is depicted in Fig. 5. The SHPB system consists of various components, 154 

including a pneumatic loading device, an incident bar, a transmission bar, an absorption bar, a bullet, 155 

a pressure loading pump, and a data acquisition system. To ensure a high-quality waveform and 156 

achieve a smooth loading section with a sinusoidal wave, a “spindle-shaped” bullet measuring φ50 157 

mm × 500 mm was employed. The data acquisition system consists of a high-speed camera (Vision 158 

Research/V410L) and a high-speed dynamic acquisition instrument (DH8302), which allows for the 159 

dynamic monitoring of crack evolution during the impact failure process. Before conducting the test, 160 

Vaseline is applied to both ends of the specimen, which helps reduce transverse friction and ensures 161 

proper transmission of stress waves between the incident bar and the transmission bar, ensuring good 162 

contact with the specimen. 163 
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 164 

Figure 5. Split Hopkinson pressure bar test system. 165 

The SHPB test depends on stress uniformity and one-dimensional stress wave theory. The “three-166 

wave method” was used to measure the pulse on the incident bar and transmission bar and indirectly 167 

obtain the strain rate 𝜀𝑠̇, strain 𝜀𝑠 and stress 𝜎𝑠 of the specimen (Eqs. (1)–(3)). 168 

𝜀𝑠̇ =
𝐶0

𝐿𝑠
[𝜀𝑖(𝑡) − 𝜀𝑟(𝑡) − 𝜀𝑡(𝑡)]    (1) 169 

𝜀𝑠 =
𝐶0

𝐿𝑠
∫

𝐼0

0
[𝜀𝑖(𝑡) − 𝜀𝑟(𝑡) − 𝜀𝑡(𝑡)]dt    (2) 170 

𝜎𝑠 =
𝐸𝐴

2𝐴𝑠
[𝜀𝑖(𝑡) − 𝜀𝑟(𝑡) − 𝜀𝑡(𝑡)]    (3) 171 

where C0 represents the elastic longitudinal wave velocity of the bar, m/s; Ls is the length of the 172 

specimen, m; 𝜀𝑖(𝑡) , 𝜀𝑟(𝑡)  and 𝜀𝑡(𝑡)  are the time-history strains of the incident, reflected, and 173 

transmitted wave during propagation, respectively; E represents the modulus of elasticity of the bar, 174 

GPa; and A and As are the cross-sectional areas of the bar and the specimen, m2, respectively. 175 

2.2 Experimental study on the reinforcement effect of SREs 176 

2.2.1 Analysis of the mechanical characteristics of bolted specimens under combined dynamic and 177 

static loading 178 

Dynamic and static combined loading tests were conducted on both the intact and bolted 179 
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specimens listed in Table 3. To fulfill the testing criteria, a preimpact test was carried out to ascertain 180 

the impact velocity. Subsequently, the tests were conducted with an average impact velocity of 8.48 181 

m/s. 182 

Table 3 Average values of different parameters obtained at complete pore water pressure 183 

dissipation. 184 

Remark Type of specimens Axial pressure (MPa) Impact speed (m·s−1) 

UB1 

Unbolted 2 

6.077 

UB2 8.523 

UB3 8.498 

SL10-1 

Bolted with SL10 plate 2 

8.234 

SL10-2 8.425 

SL10-3 8.558 

SL16-1 

Bolted with SL16 plate 2 

8.555 

SL16-2 8.506 

SL16-3 8.481 

SL20-1 

Bolted with SL20 plate 2 

8.496 

SL20-2 8.522 

SL20-3 8.490 

Under the combined static and dynamic load conditions, all specimens ultimately failed. The 185 

experimental data for each specimen were analyzed, and stress‒strain curves were derived for 186 

specimens with varying SRE areas, as illustrated in Fig. 6(a). The stress-strain curve of the specimens 187 

exhibits a noticeable concave downward shape, suggesting a lack of densification characteristics. This 188 

means that the specimens enter the elastic deformation stage directly upon impact, without 189 

undergoing a compaction stage. Based on the data analysis, it can be inferred that the axial pressure 190 

effectively closed the internal microcracks in the specimens. This closure was facilitated by the active 191 

diffusion of the SREs during bolt pretightening and the passive enhancement of clamping during 192 

preloading. Both processes contributed to the accelerated densification and closure of microcracks. 193 

As the strain increased, the stress within the specimens gradually peaked and then decreased, 194 

demonstrating clear overall elastic‒plastic characteristics. The comparative test results indicate that 195 

the presence of bolts and SREs has a noteworthy positive impact on the dynamic strength and dynamic 196 

modulus of elasticity of the bolted specimens. In comparison to the unbolted specimen, increasing 197 

the size of the bolt and square plate results in significant improvements in the average dynamic 198 
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strength and dynamic modulus of elasticity of the SL10 specimen. Specifically, the average dynamic 199 

strength increases by 2.05 MPa (a 9.78% increase), and the dynamic modulus of elasticity increases 200 

by 0.488 GPa (a 6.90% increase). When using 16 mm and 20 mm square plates with larger SRE areas, 201 

the dynamic modulus of elasticity of the bolted specimens remains relatively unchanged, while the 202 

dynamic strength further improves. In comparison to the SL10 specimen, the average dynamic 203 

strength of the SL16 specimen increases by 2.20 MPa (an 8.46% increase), and the dynamic modulus 204 

of elasticity increases by 0.028 GPa (a 0.37% increase). Similarly, compared to SL10, the average 205 

dynamic strength of the SL20 specimen increases by 1.93 MPa (a 7.66% increase), while the dynamic 206 

modulus of elasticity increases by 0.023 GPa (a 0.30% increase). 207 

The experimental analysis shows that, under combined static and dynamic loads, the 208 

reinforcement effect of SREs on bolted specimens is directly proportional to the SRE’s surface area. 209 

However, the increase in the modulus of elasticity is relatively small. Unlike elements such as bolts, 210 

which directly exert their influence on the interior of the rock, the reinforcement effect of SREs is 211 

often more prominently manifested during the loading process. The modulus of elasticity serves as a 212 

crucial indicator for measuring a material's resistance to deformation and is closely linked to stress 213 

and strain. When subjected to low strain rate quasistatic loading conditions, the loading process of 214 

the bolted specimen allows sufficient time for the SRE to undergo uniform loading and stabilize force 215 

transmission. However, under high strain rate loading conditions, such as instantaneous impact, the 216 

specimen undergoes rapid loading that can result in immediate failure. The short duration of the 217 

loading event and the high strain rates involved can result in different behaviors and failure 218 

mechanisms compared to quasistatic loading. 219 

 220 

(a) Stress‒strain curve                     (b) Dynamic strength and modulus of elasticity 221 
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Figure 6. Mechanical behaviors of bolted specimens with different SRE areas. 222 

In the SHPB test, the impact pressure is transmitted through the specimen using stress waves, 223 

traveling from the incident bar to the transmission bar and back. Throughout this process, the elastic 224 

strain energy generated by the incident bar transforms into various forms of energy. The part of this 225 

energy absorbed by the specimen dissipates as the energy required for crack propagation, while the 226 

remaining, smaller portion dissipates in the form of heat energy (Han, 2022). The average dissipated 227 

energy of bolted specimens with different SRE areas is shown in Fig. 7. It is observed that as the SRE 228 

area increases, the dissipated energy of each specimen also increases, and there is a linear positive 229 

correlation between them. The average dissipative energies of the bolted specimens with three 230 

different SRE areas are 21.67 J, 23.46 J, and 25.48 J. These values are 9.72%, 18.78%, and 29.01% 231 

higher than the dissipative energy of the unbolted specimen. Under the lateral constraints provided 232 

by the bolt and SREs, the bolted specimen exhibits an enhanced capacity to withstand dynamic 233 

loading. Additionally, the support elements, along with the specimen, contribute to energy dissipation 234 

by absorbing a portion of the energy. This increased dissipation of stress wave energy is attributed to 235 

the combined effect of the bolt, SREs, and support elements. 236 

 237 

Figure 7. Average dissipated energy of bolted specimens with different SRE areas. 238 

2.2.2 Analysis of deformation and failure characteristics of the bolted specimen under dynamic and 239 

static combined loading. 240 

(1) Crack evolution of specimens 241 

In this study, high-speed cameras (Vision Research/V410L) were used to capture the entire 242 

process of damage, crack development, and macroscopic failure of the bolted specimens. The camera 243 

samples at 650,000 fps with a maximum resolution of 1024 × 1024 pixels. Captured images were 244 
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processed using VIC-2D software for detailed analysis. The evolution of the principal strain for each 245 

specimen under combined dynamic and static loading was obtained and is presented in Fig. 8. 246 

 247 

(a) Unbolted 248 

 249 

(b) Bolted with SL10 plate 250 

 251 

(c) Bolted with SL16 plate 252 
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 253 

(d) Bolted with SL20 plate 254 

Figure 8. Evolution of the principal strain of bolted specimens with different SRE areas. 255 

From Fig. 8, it is evident that there are significant differences in the crack development and 256 

macroscopic failure patterns between the unbolted specimens and the bolted specimens with different 257 

SRE areas. In the case of unbolted specimens, the initiation position of cracks appears to be disordered 258 

and nonuniform, with multiple points of initiation. During macroscopic failure, each crack tends to 259 

be parallel to the direction of the dynamic loading, indicating a typical fracture failure pattern. On the 260 

other hand, in the bolted specimens with different SRE areas, dense cracks first emerge at the ends of 261 

the specimens where the bolts are located. Subsequently, crack initiation occurs parallel to the loading 262 

direction. Importantly, the crack initiation points are primarily situated on the nonbolting surface, and 263 

the number of cracks observed is relatively small. Indeed, the presence of rock bolts and SREs not 264 

only enhances the mechanical properties of the specimen but also contributes to its structural stability. 265 

The anchoring effect of the bolt reduces the likelihood of initial damage occurring in specific areas 266 

of the specimen, while the fastening effect of the SRE further enhances the overall stress distribution 267 

within the specimen. Under dynamic load conditions, the end face of the farther specimen from the 268 

bolt is less influenced by support elements. As a result, it is more likely to come into contact and 269 

friction with the pressure bar, leading to the generation of a hoop effect. 270 

When comparing the principal strain of each specimen, it can be observed that crack initiation in 271 

the unbolted specimen is accompanied by multiple strain concentrations. In contrast, the location of 272 

the crack initiation point and the presence of strain concentration in the bolted specimens are similar. 273 

Based on the analysis of the crack evolution process, the macroscopic failure of the unbolted 274 

specimen is influenced by the development and closure of multiple primary and secondary cracks. In 275 
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contrast, the failure pattern of the bolted specimen is characterized by 1–2 initial cracks, which may 276 

occur under certain conditions, along with the development of secondary cracks in conjunction with 277 

the primary cracks. In terms of the final crack propagation, both the unbolted specimen and the bolted 278 

specimens with an SL10 plate exhibited lateral splitting cracks. However, in the case of bolted 279 

specimens with an SL16 and SL20 plate, transverse cracks perpendicular to the loading direction 280 

were observed. These cracks expanded along the edge of the SRE.  281 

Surface cracks morphology of the specimens after impact was extracted and analyzed, as 282 

illustrated in Fig. 9. The bolted specimens with an SL10 plate predominantly exhibited tensile-shear 283 

hybrid cracks characterized by asymmetric X-shaped shear failure patterns (Fig. 9a). Shear cracks 284 

initiated at the specimen tips and propagated diagonally within the specimens. In contrast, the bolted 285 

specimens with SL16 and SL20 displayed localized macro-fragment spalling, typically forming 286 

conical geometries regardless of failure modes (Fig. 9b and c). The morphology of throughgoing 287 

cracks in bolted specimens was governed by the SRE area: larger SREs expanded the anchorage zone, 288 

particularly in regions proximal to the bolt ends. When the SRE area increases from SL16 to SL20, 289 

the spalling position of the fragments will change from the corner to the center of the load end, 290 

indicating that the larger area of SRE changes the effect of stress transfer and concentration. The 291 

analysis conducted demonstrates that under combined dynamic and static loading conditions, the 292 

lateral constraints provided by the SREs on the specimen are strengthened through the continuous 293 

action of dynamic stress waves. This leads to a closer cooperation in deformation between the bolt 294 

and the specimen, resulting in a change in the failure mode of the specimen. The use of a larger SRE 295 

area proves beneficial for delaying the initiation of cracks, reducing crack propagation, and enhancing 296 

the overall integrity of the specimen after impact failure. 297 

 298 
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Figure 9. Surface cracks morphology of bolted specimens with SREs. 299 

(2) Fragmentation of specimens 300 

After impact, the specimens experienced crushing, resulting in the production of fragments with 301 

varying sizes and shapes. These fragments, along with the presence of fine particles, serve as crucial 302 

indicators for determining the bearing capacity of the samples. Furthermore, they provide essential 303 

material evidence for understanding the mechanism of SREs in bolted specimens. Figure 10 illustrates 304 

the ultimate failure of each bolted specimen under combined static and dynamic loading. 305 

 306 

(a) Bolted with SL10 plate 307 

 308 

(b) Bolted with SL16 plate 309 

 310 

(c) Bolted with SL20 plate 311 

Figure 10. Failure pattern of bolted specimens with SREs. 312 

From Fig. 10, it is clear that the presence of SREs significantly affects the final failure mode of 313 

the specimen. When an SL10 plate is used, there is an increase in the volume of the specimen 314 

fragments after impact. However, a larger quantity of fine particles with small diameters remains in 315 
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the resulting fragments. When using SL16 and SL20 plates, there is an additional increase in the bulk 316 

percentage of the specimens after impact. Additionally, there is a decrease in the occurrence of small-317 

diameter fine particles. Three different SRE schemes were implemented using the full-length 318 

anchoring method to ensure that the bolts made solid contact with the rock and did not detach 319 

completely. As the SRE area increased, there was a noticeable decrease in the overall failure rate and 320 

the number of fragments generated. 321 

The fragments of the specimens underwent additional sieving and weighing. Based on their size, 322 

they were categorized into three grades based on lumpiness range: Grade I (1 cm > r), Grade II (2 323 

cm > r ≥ 1 cm), and Grade III (r ≥ 3 cm). Through the process of sieving the fragments along their 324 

longest diameter, the lumpy mass ratio was calculated for each bolted specimen after crushing. Figure 325 

11 illustrates the results of the mass ratio of lumpiness for the specimens. When comparing the 326 

specimen with an SL10 plate to those with SL16 and SL20 plates, the following observations can be 327 

made: In the specimen with an SL16 plate, there was a 26.88% decrease in the mass proportion of 328 

fragments smaller than 1 cm, a 21.78% decrease in the mass proportion of fragments smaller than 3 329 

cm, and a 20.57% increase in the mass proportion of fragments larger than 3 cm. In the specimen 330 

with an SL20 plate, there was a significant decrease in the mass proportion of fragments smaller than 331 

1 cm by 68.5%, a decrease in the mass proportion of fragments smaller than 3 cm by 28.12%, and an 332 

increase in the mass proportion of fragments larger than 3 cm by 35.00%. The results demonstrate 333 

that increasing the SRE area has a significant impact on the number of fragments in various size 334 

ranges. Enlarging the SRE area significantly reduces small-sized fragments and increases large-sized 335 

fragments, improving the specimen's post-peak residual bearing capacity. 336 
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 337 

Figure 11. Mass proportion of broken bolted specimens with SREs. 338 

Figure 12 shows the damage patterns at the contact point of the bolt, specimen, and SRE after the 339 

impact failure of the bolted specimen under different SRE areas. It can be observed that there are 340 

clear variations in the extent of anchorage within the three SRE areas. By analyzing the final bonding 341 

morphology of the specimens, we can intuitively obtain the spatial distribution of the residual 342 

anchorage range after impact failure. When using an SL10 plate, the failure surface of the bolt/anchor 343 

agent appears uneven, suggesting an irregular bonding pattern. The contact area between the bolt and 344 

the specimen is small, and a limited range of bolt control areas is observed only in the loading 345 

direction. When using the SL16 and SL20 plates, the failure surface of the bolt/anchor agent is smooth 346 

without any protrusions. The specimen is securely bonded between the bolts in a conical shape, which 347 

leads to an increased contact area and a broader range of residual anchorage. As the SRE area 348 

increases, the control range of the bolt expands, resulting in a transformation of the rock shape within 349 

this range from flat to three-dimensional. Under the influence of dynamic loading, the specimen fails 350 

as a result of the initiation, propagation, convergence, and closure of primary and secondary cracks. 351 

These cracks propagate through the specimen, ultimately leading to its ultimate failure. The anchoring 352 

effect of the bolt plays a role in restraining crack propagation and improving the bearing capacity in 353 

this process. The key to achieving this effect lies not only in the bonding of the anchor agent to the 354 

bolt and the specimen but also in the diffusion of the initial pretightening on the bolt by the SRE. 355 

Under the influence of SREs, the pretightening force of the bolt spreads out toward the periphery of 356 

the specimen. This expands the anchorage range of the bolt, in addition to the bonding provided by 357 
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the anchoring agent. The positive correlation between the SRE area and the residual anchorage range 358 

suggests that enhancing the area attribute of the SRE can effectively improve the anchoring ability of 359 

the bolt. By increasing the surface area of the SRE, the contact state between the specimen and the 360 

bolt is improved, resulting in an enhanced supporting effect of the bolt. This enhanced contact state 361 

ensures improved load transfer and distribution, ultimately enhancing the overall effectiveness of the 362 

bolt support system. 363 

 364 

Figure 12. Failure characteristics of bolted specimens with SREs. 365 

3. Numerical analysis of the supporting effect of the SRE on roadway surroundings under 366 

dynamic loading 367 

While the reinforcement effect of SRE on bolted rock under dynamic loading was analyzed with 368 

experimental analysis, its performance under engineering conditions, especially in the evaluation of 369 

support response under dynamic load and combined support, require. Conducting an analysis of the 370 

supporting effect of support elements on roadway surrounding rock under laboratory conditions is 371 

challenging. This includes simulating and applying the primary rock stress field and bolt preload, 372 

assessing the degree of roadway deformation convergence, and achieving group anchor combined 373 

support of bolts and SRE. Numerical simulation is used to simulate the full cycle of roadway support 374 

process and dynamic load stress waves of different strengths, which is helpful for us to further 375 

understand the reinforcement effect of SRE under real working conditions. 376 

In this study, we utilized FLAC3D to construct an engineering-scale numerical model of a 377 

roadway, as shown in Fig. 13(b). The model incorporates a nonlinear dynamic calculation module 378 

within the software, enabling us to analyze the supporting effect of the SRE under different dynamic 379 

loadings. 380 

By conducting these analyses and simulations, we can gain valuable insights into the behavior 381 

and performance of the SRE in practical scenarios. This will provide a better understanding of the 382 
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potential benefits of enhancing the stability and resilience of bolted support systems in response to 383 

dynamic load conditions. 384 

 385 

(a) Simplified stress state of the bolted roadway   (b) Engineering-scale numerical model of a 386 

roadway 387 

Figure 13. Bolted roadway with different SREs. 388 

3.1 Model description 389 

In this study, we constructed a three-dimensional numerical model in FLAC3D based on the actual 390 

geological conditions of a deep rock burst mine (Xu, 2021). Normal displacement constraints were 391 

applied to the bottom and peripheral boundaries to simulate far-field geological constraints. The initial 392 

stress field was calibrated based on in-situ geostress measurements, with an overburden unit weight 393 

assumption of 0.025 MN/m³. A vertical stress of 24 MPa (corresponding to a burial depth of 394 

approximately 1000 m) was applied to the top boundary, and horizontal stresses in the x- and y-395 

directions were set to 0.75 times the vertical stress. The acceleration due to gravity was considered to 396 

be 9.8 m/s². Prior to roadway excavation simulations, multi-step iterative calculations ensured 397 

equilibrium of the initial geostress field. The mechanical parameters of the coal and rock mass used 398 

in the model are provided in Table 4. The model is defined as a strain softening model, and this model 399 

has been widely accepted for the simulation of underground coal mines (Khoshmagham, 2025). 400 

 401 
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 402 

(a) Roadway (b) Monitoring section and boundary condition (c) Support scheme 403 

Figure 14. Three-dimensional numerical model. 404 

Table 4 Mechanical parameters of the coal and rock mass. 405 

Lithology 

Bulk 

modulus 

(GPa) 

Shear 

modulus 

(GPa) 

Density 

(kg/m3) 

Friction 

angle (°) 

Cohesion 

(MPa) 

Tensile 

strength 

(MPa) 

fine sandstone 6.83 6.24 2700 40 3.30 4.19 

argillaceous 

sandstone 
7.22 4.15 2657 35 3.50 3.75 

sandy mudstone 5.18 3.20 2724 37 2.7 2.20 

coal 1.02 0.41 1651 32 1.50 0.31 

sandy mudstone 5.18 3.20 2724 37 2.7 2.20 

fine sandstone 6.83 6.24 2700 40 3.30 4.19 

argillaceous 

sandstone 
7.22 4.15 2657 35 3.50 3.75 

In the constructed FLAC3D numerical model, a roadway is excavated at the center of the model 406 

along the bottom of the coal seam. The roadway has dimensions of 70 m in length, 5 m in width, and 407 

4 m in height. To simulate roadway support, we used built-in structural elements such as cables and 408 

beams, which represent the actual support scheme used in field applications (see Fig. 14(c)). In 409 
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FLAC3D, beams are commonly used to simulate straps. However, reflecting the parameter of the 410 

strap area directly in the simulation can be challenging due to the limitations of structural element 411 

properties. To indirectly represent the role of the SRE area, we can adjust the horizontal value 412 

distribution under different SRE areas by increasing the length of the beam in the longitudinal 413 

direction and the moment of inertia in the transverse direction, as depicted in Fig. 15. The support 414 

elements used in the model consist of high-strength rebar bolts and steel strand wires, which are 415 

anchored using resin. W-shaped straps are used as the SRE. The mechanical parameters of the support 416 

elements are detailed in Table 5 and Table 6. 417 

 418 

Figure 15. The embodiment of the SRE area in the beam. 419 

Table 5 Mechanical parameters of the bolt cable. 420 

Support 

scheme 

Length 

(mm) 

Anchorage 

length (mm) 

Diameter 

(mm) 

Pre-

tightening 

(kN) 

Tensile strength 

(MPa) 

Bolt 2500 1250 20.0 30 335 

Cable 7300/5300 2400 21.6 100 510 

Table 6 Mechanical parameters of the strap. 421 

Support scheme 
Width 

(mm) 

Thickness 

(mm) 

Moment of 

inertia (mm4) 

Modulus of 

elasticity 

(GPa) 

Poisson 

ratio 

W-shaped strap 310 3 40768 206 0.3 

3.2 Simulation design 422 
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In the mining environment, various dynamic events with different focal mechanisms can occur, 423 

each of which can have different effects on the stability of the roadway. However, accurately locating 424 

the source of these events can be challenging. The stress wave generated by the source undergoes 425 

multiple interferences and propagations, making it difficult to derive an analytical formula 426 

theoretically. To simulate the seismic activity caused by underground mining, we utilized an interface 427 

source and applied a sinusoidal simple harmonic wave (with a frequency of 10 Hz and a period of 0.1 428 

s) to the top of the model. The stress waves of dynamic loading will be applied after roadway support 429 

and balance. The model boundary was set as a viscous boundary to prevent the reflection of seismic 430 

waves. A local damping coefficient of 5% was selected. This setup allows us to effectively simulate 431 

the stress waves of dynamic loading under various source intensities. The detailed simulation scheme, 432 

including the different peak velocity (PPV) settings, is provided in Table 7. 433 

Table 7 Design scheme of the experiments. 434 

Scheme Bolt spacing (mm) Bolt length (mm) Strap area (m2) PPV (m·s−1) 

1 1200 3500 0.744 0 

2 1200 3500 0.930 0 

3 1200 3500 1.116 0 

4 1200 3500 0.744 0.5 

5 1200 3500 0.930 0.5 

6 1200 3500 1.116 0.5 

7 1200 3500 0.744 1.0 

8 1200 3500 0.930 1.0 

9 1200 3500 1.116 1.0 

10 1200 3500 0.744 1.5 

11 1200 3500 0.930 1.5 

12 1200 3500 1.116 1.5 

3.3 Simulation results 435 

3.3.1 Influence of the SRE area on the deformation of the surrounding rock under dynamic loading 436 

The instability of the roadway is primarily characterized by the instability of its spatial structure. 437 

After implementing support elements such as bolts, one of the most intuitive and effective ways to 438 

assess the support effect is by examining the deformation characteristics of the bolted rock (Li, 2021). 439 

The deformation of the roadway in the monitoring section was extracted under different strap areas 440 

and dynamic loadings. Since the simulation involves a variety of working conditions, in order to 441 
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clearly convey the evolution, representative test groups are selected for illustration. Figures 16 (a) 442 

and (b) are roof vertical displacement distribution of different SRE areas under conditions of no 443 

dynamic load and high dynamic load, respectively. The study reveals a direct relationship between 444 

roof subsidence and dynamic loading. An increase in dynamic loading leads to higher roof subsidence. 445 

Additionally, a significant negative correlation is observed between roof subsidence and the strap 446 

area, regardless of the magnitude of the dynamic loading. In order to further quantitatively 447 

characterize the influence of strap area and PPV on roof deformation, the maximum subsidence of 448 

roof under different working conditions was extracted, as shown in Fig. 17. When the strap area is 449 

0.744 m2 and the PPV increases from 0 m/s to 1.5 m/s, the roof subsidence also increases from 251.27 450 

mm to 446.15 mm. This indicates a significant rise of 194.88 mm. Similarly, with a strap area of 1.116 451 

m2, the increase in PPV from 0 m/s to 1.5 m/s results in a rise in roof subsidence from 192.93 mm to 452 

363.25 mm, indicating an increase of 170.32 mm. The results reveal a consistent trend of roof 453 

subsidence with varying strength of dynamic loading across the three schemes. However, as the 454 

dynamic loading increases, the impact of the SRE area on roof subsidence becomes more significant. 455 

In the presence of high dynamic loading, increasing the SRE area leads to a more significant reduction 456 

in roof deformation compared to the situation with low dynamic loading. 457 

 458 

 459 

Figure 16. Roof vertical displacement distribution under different strap areas and dynamic 460 

loadings. 461 
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 462 

Figure 17. Roof subsidence of the roadway under different strap areas and dynamic loadings. 463 

Similar to the analysis of the roof, Figs. 18 and 19 respectively show the horizontal displacement 464 

distribution and maximum convergence of the ribs under different working conditions. The findings 465 

indicate a positive correlation between rib convergence and dynamic loading, with rib convergence 466 

increasing as the dynamic loading intensifies. Additionally, a significant negative correlation is 467 

observed between roof subsidence and the strap area. For example, when the strap area is 0.744 m2 468 

and the PPV increases from 0 m/s to 1.5 m/s, the convergence of the ribs increases from 295.77 mm 469 

to 507.04 mm, representing a difference of 211.27 mm. Similarly, with a strap area of 1.116 m2, the 470 

rib convergence increases from 279.34 mm to 477.86 mm, showing an increase of 198.52 mm as the 471 

PPV rises from 0 m/s to 1.5 m/s. The results show that under low dynamic loading (PPV = 0.0–0.5 472 

m/s), increasing the SRE area can reduce the deformation of the surrounding rock, and the reduction 473 

range increases with increasing dynamic loading. However, under high dynamic loading (PPV = 1.0–474 

1.5 m/s), with the exception of the scheme with a 1.116 m2 strap, the other schemes show limited 475 

control over the rib deformation. The variation in deformation among the schemes appears to be less 476 

sensitive to dynamic loading, indicating that the impact of the SRE area on rib convergence does not 477 

significantly increase with higher dynamic loading. 478 
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 479 

 480 

Figure 18. Rib horizontal displacement distribution under different strap areas and dynamic 481 

loadings. 482 

 483 

Figure 19. Rib convergence of the roadway under different strap areas and dynamic loadings. 484 

3.3.2 Influence of the SRE area on the plastic failure of the surrounding rock under dynamic loading 485 

After excavating the roadway, the surrounding rock is prone to plastic deformation caused by 486 

bidirectional unequal stress. Local distortion and expansion of the plastic failure zone are crucial in 487 

high-stress rock roadway instability (Fan, 2020). The distribution of the plastic failure zone in the 488 

surrounding rock is an effective indicator for assessing roadway stability. To study the effect of SRE 489 

on plastic failure in surrounding rock under dynamic loading, plastic failure zones around the roadway 490 

Jo
urn

al 
Pre-

pro
of



26 

 

were marked using the FISH module in FLAC3D. The plastic failure distribution of the surrounding 491 

rock along the axial and vertical sections of the monitoring section was obtained for each SRE area 492 

under various dynamic loadings, as depicted in Fig. 20. 493 

From the figure, it is evident that the common characteristic of surrounding rock failure under all 494 

conditions is the wider distribution of the plastic failure zone in both the roof and the ribs. This 495 

distribution range expands as the dynamic loading increases, with the ribs showing a more 496 

pronounced effect. As shown in Fig. 20(a), when the PPV increases from 0 m/s to 1.5 m/s, the plastic 497 

zone range of the roof increases from 3.37 m to 4.96 m, and the ribs increase from 6.50 m to 10.44 498 

m, representing increases of 47.18% and 60.61%, respectively. Similarly, as shown in Fig. 20(b), 499 

when the PPV increases from 0 m/s to 1.5 m/s, the plastic zone range of the roof increases from 3.37 500 

m to 4.96 m, and the ribs increase from 6.00 m to 10.44 m, representing increases of 47.18% and 501 

74.00%, respectively. Furthermore, in Fig. 20(c), as the PPV increases from 0 m/s to 1.5 m/s, the 502 

plastic zone range of the roof increases from 3.37 m to 3.90 m, and the ribs increase from 5.00 m to 503 

9.60 m, resulting in a percentage increase of 15.72% and 92.00%, respectively. The results indicate 504 

that under low dynamic loading, the SRE area has minimal influence on the plastic failure zone of 505 

the surrounding rock. However, its effect on the roof becomes more pronounced with an increase in 506 

dynamic loading. A larger SRE area reduces near-field surrounding rock plastic failure and delays the 507 

expansion of the plastic failure zone. 508 

 509 

(a) Strap area 0.744 m2 510 
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 511 

(b) Strap area 0.930 m2 512 

 513 

(c) Strap area 1.116 m2 514 

Figure 20. Distribution of roadway plastic failure under different strap areas and dynamic loadings. 515 

To further analyze the failure characteristics of the roadway under different SRE areas and 516 

dynamic loadings, the plastic failure zones obtained using the FISH language and the total number of 517 

surrounding rock zones in the near-field roadway were extracted (Table 8). The ratio of the two was 518 

defined as the plastic failure ratio, as illustrated in Fig. 21. The plastic failure ratio of surrounding 519 

rock increases with PPV but decreases with strap area. For instance, when the PPV is 0 m/s, the plastic 520 

failure ratio of the surrounding rock decreases by 5.6% from 34.1% to 28.5% as the surface area of 521 

the strap increases from 0.744 m2 to 1.116 m2. Similarly, when the PPV is 1.5 m/s, the plastic failure 522 

ratio of the surrounding rock decreases by 23.2% from 75.4% to 52.2% as the surface area of the strap 523 

increases from 0.744 m2 to 1.116 m2. The results show that the plastic failure ratio of surrounding 524 

rock correlates with dynamic loading strength, with a decreasing growth rate as SRE area increases. 525 

Notably, the strap with an area of 1.116 m2 exhibits a more pronounced inhibitory effect on the plastic 526 
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failure of the surrounding rock and exerts a more significant control effect on the surrounding rock 527 

under strong dynamic loading. 528 

Table 8 Roadway plastic failure zone under different SREs and dynamic loadings. 529 

 Strap area 0.744 m2 Strap area 0.930 m2 Strap area 1.116 m2 
Zone of near-

field roadway 

PPV 0.0 

m/s 
1703 1593 1427 

4992 

PPV 0.5 

m/s 
2031 1871 1778 

PPV 1.0 

m/s 
2576 2426 2146 

PPV 1.5 

m/s 
3386 3255 2606 

 530 

Figure 21. Roadway plastic failure ratio under different strap areas and dynamic loadings. 531 

4. Discussion 532 

The rock support system operates in accordance with the principle of the weakest link, which 533 

means that the overall stability of the support system depends on the weakest internal support element. 534 

This principle assumes particular significance when roadways are subjected to complex conditions, 535 

especially those involving high stress and significant dynamic loads (Stacey, 2011). In roadways 536 

prone to frequent dynamic disasters such as rockbursts, the support system must not only consider 537 
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static load-bearing capacity but also incorporate dynamic load energy absorption characteristics. A 538 

comprehensive understanding of the functions performed by each support element within the system, 539 

along with careful selection of suitable combinations, is crucial in designing an effective and robust 540 

support system. Within the realm of dynamic loads, the bolt initially undergoes yielding to absorb 541 

energy, while the SRE resists premature failure, subsequently demonstrating its potential to absorb 542 

energy during the dynamic loading process. This enhances the energy-absorption ability of rock bolts. 543 

In instances where the rock mass remains intact and robust, a significant portion of the energy is 544 

absorbed by the bolt. Conversely, when the rock mass is fractured and weakened, the SRE assumes a 545 

more significant role in energy absorption. The amount of energy absorbed by these elements depends 546 

on factors such as the type, stiffness, mechanical properties of the surrounding rock, and intensity of 547 

the dynamic loading stress wave (Geobrugg, 2013). Simultaneously, the fracturing of the surrounding 548 

rock itself contributes to the dissipation of a portion of energy (Wf). To prevent rockburst incidents, it 549 

is crucial that the support system absorbs more cumulative energy (Wrs) than the residual energy 550 

released after rock rupture. This means the following: 551 

 
frsW W W −  (4) 

For a given total released energy, W, the efficient dissipation of energy through rock fracture can 552 

significantly decrease the energy that needs to be absorbed by the support system. While most 553 

rockbursts occur in hard and brittle rock formations within high-stress environments, this highlights 554 

the significance of prioritizing the energy absorption characteristics of bolts. Notably, recent studies 555 

have indicated that enhancing the capabilities of the SRE not only improves the overall energy 556 

absorption characteristics of the support system but also contributes to enhanced energy dissipation 557 

within the rock itself (Li, 2021). In the realm of current and future ground support strategies, the 558 

primary objective will be to achieve stable reinforcement for surrounding rock in challenging 559 

scenarios, such as those involving "three heights and one disturbance." Additionally, significant 560 

attention will be given to addressing substantial structural deformations. This objective will be 561 

achieved by synergistically integrating the bolt-SRE system with surrounding rock reinforcement.  562 

In deep roadway support design, the utilization of high-strength rock bolts, high-strength energy-563 

absorbing SREs, and grouting reinforcement measures constitutes a primary strategy for mitigating 564 

dynamic disaster risks. The energy absorption capabilities of support elements under different 565 

geological conditions are analyzed to optimize key parameters such as bolt yield strength, SRE 566 
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stiffness, and structural ductility. By quantifying these contributions, the goal is to ensure synergistic 567 

compatibility between support materials and the mechanical behavior of the surrounding rock, 568 

thereby improving overall stability and performance. While enhanced energy absorption 569 

characteristics improve safety, they concurrently elevate costs. Consequently, support system design 570 

necessitates equilibrium between safety requirements and cost-effectiveness. Strategic selection of 571 

bolt types, lengths, and densities, combined with material optimization and dimensional control of 572 

SREs, enables cost reduction without surrounding rock integrity. In addition, "main energy absorption 573 

zone" and "secondary energy absorption zone" can be divided according to the integrity of 574 

surrounding rock, dynamic load risk level and energy release intensity. The main energy absorption 575 

zone gives priority to high-energy SREs, and the secondary energy absorption zone is dominated by 576 

high-strength bolts, so as to realize the energy guidance and dissipation path design in space. With 577 

the development of material science, new supporting materials and structures will also provide more 578 

choices for the design of ground supporting systems. 579 

 580 

5. Conclusion 581 

(1) Under dynamic loading, the dynamic strength and modulus of elasticity of bolted specimens 582 

increase with increasing SRE area, and they are positively correlated. At the same time, increasing 583 

the surface area of the SRE can improve the dissipation of energy in the specimens during impact and 584 

enhance the ability of the bolted specimens under dynamic loadings. 585 

(2) The continuous action of stress waves of dynamic loading increases the lateral constraints on 586 

the specimens by the SREs. As a result, the bolt and the specimens become more inclined toward 587 

codeformation. The utilization of a larger surface area of SREs is beneficial for delaying the initiation 588 

of cracks, minimizing crack propagation, and improving the structural integrity of fragments 589 

following impact failure. 590 

(3) After applying dynamic loading to the numerical model, the SRE significantly influences the 591 

roof. For the ribs, increasing the SRE area can significantly reduce the deformation of the surrounding 592 

rock under low dynamic loading. However, under high dynamic loading, the control effect of the SRE 593 

on the ribs is not significant. Second, increasing the SRE area of the protector helps to minimize 594 

plastic failure in the near-field surrounding rock and delay the expansion of the plastic zone. 595 

(4) Under the conditions of static and dynamic load superposition, the comprehensive and 596 
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systematic support of the roadway is a prerequisite for its support design. The design should not only 597 

focus on enhancing the performance of the bolt itself but also consider the significance of other 598 

supporting elements, such as SREs. It is important to carefully select the coordination relationship 599 

between support technology and elements to minimize the likelihood of dynamic disasters. 600 
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Highlights 

1. The mechanical behaviors of 3D-printed rock exhibited similarities to soft rock, 

validating their applicability in rock mechanics research. 

2. Enhancing the area of surface retaining element (SRE) can effectively improve the 

dynamic mechanical behaviors and integrity of the bolted specimen.  

3. SREs demonstrated a more pronounced inhibitory effect on plastic failure in roadway 

surrounding rock under intense dynamic load disturbances. 
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