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Abstract：Long-term groundwater seepage promotes continuous water–rock interaction, resulting in progressive dete- 11 

rioration of weakly cemented soft rock and posing significant challenges to the long-term stability of underground ex- 12 

cavations. To investigate the deformation and failure mechanisms and stability control of argillaceous weakly cemented 13 

soft-rock roadways under long-term water-seepage conditions, the 110803 working face in Qingshuiying coal mine was 14 

selected as the engineering background. Field investigation, theoretical analysis, numerical simulation, and in-situ mon- 15 

itoring were conducted. The results indicate that the surrounding rock is dominated by argillaceous weakly cemented 16 

soft rock and has undergone significant deterioration under long-term water seepage. The original support system is 17 

characterized by a weak anchoring foundation, low prestress, and insufficient bearing capacity, which limits effective 18 

deformation control. Based on the changes in the slope and deformation rate of the convergence curve, the roadway 19 

deformation process is divided into three stages: initial rapid deformation, intermediate accelerated deformation, and 20 

late slow deformation. A coupled progressive failure mechanism involving water seepage and three weak links is iden- 21 

tified, including water-induced softening and swelling of the roof rock, a weak anchoring foundation, a weak prestress 22 

transmission layer, and low surrounding-rock bearing capacity. These factors drive deformation from local damage 23 

toward global instability, with water–rock interaction acting as the dominant driving factor. Accordingly, a control 24 

strategy of water isolation and threefold strengthening is proposed to isolate water from the surrounding rock and en- 25 

hance anchoring capacity, prestress transmission, and overall rock-mass strength. A fully enclosed support system com- 26 

prising roof control, sidewall reinforcement, and floor strengthening is developed. Field application demonstrates that 27 

the proposed method effectively reduces roadway deformation and maintains long-term stability, providing a reference 28 

for the control of water-bearing soft-rock roadways. 29 

Keywords: water seepage; weakly cemented soft rock; mining roadway; deformation mechanism; stability control 30 

1. Introduction 31 

Water seepage is one of the primary factors responsible for the instability of soft-rock roadways in underground 32 

coal mines. Under long-term seepage conditions, water-rock interaction alters the physical and mechanical properties 33 

of soft rock, accelerates crack propagation and structural deterioration, and significantly reduces the bearing capacity of 34 

surrounding rock. These effects become more pronounced in deep mining environments, where high in-situ stress, ele- 35 

vated geothermal temperature, and complex hydrogeological conditions coexist [1–3]. As a result, severe deformation 36 

and support failure frequently occur in soft-rock roadways subjected to water seepage [4–5]. According to statistics, 37 

more than 10,000 km of roadways are excavated annually in China, among which soft-rock roadways account for a 38 
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considerable proportion (>10%) [6–8]. During service, many soft-rock roadways experience roof subsidence, rib spall- 39 

ing, floor heave, and support failure, which not only increase roadway maintenance costs but also seriously affect the 40 

safe and efficient production of coal mines. Therefore, the stability control of soft-rock roadways has remained a critical 41 

research topic in the fields of coal mine strata control and underground engineering. Recent years have witnessed ex- 42 

tensive studies on the deformation and failure mechanisms of soft-rock roadways and their support technologies. Sig- 43 

nificant progress has been achieved in this field. The concept of surrounding rock control has gradually shifted from 44 

passive support to active support. A collaborative support system centered on high-prestress, high-strength, and high- 45 

stiffness bolts and cables has been developed [9–11]. In addition, the development of numerical simulation, field mon- 46 

itoring, and geomechanical testing technologies has provided important support for stability evaluation and support 47 

parameter optimization of soft-rock roadways. To address the large deformation of deep soft-rock roadways, many 48 

researchers have investigated the failure mechanisms, support theories, and control technologies. Wang et al. [12] com- 49 

bined field testing, theoretical analysis, and numerical simulation to reveal the failure mechanism of an ultra-large- 50 

section soft-rock roadway at a depth of over 1000 m. They proposed and applied a collaborative control technology 51 

integrating grouting, anchoring, and shotcreting. Pei et al. [13] established an energy-driven model for analyzing large 52 

deformation in a soft-rock roadway located in the footwall of a fault. They proposed a synergistic control method com- 53 

bining pressure relief and reinforcement, which effectively mitigated large deformation of the surrounding rock. Liu et 54 

al. [14] investigated the asymmetric deformation characteristics and influencing factors of deep soft-rock roadways. 55 

They reduced the extent of the plastic zone and surrounding rock deformation by optimizing the support parameters. 56 

In terms of crack evolution and instability mechanisms of surrounding rock, Ma et al. [15] investigated the crack 57 

distribution characteristics of soft-rock roadways under different lateral pressure coefficients, revealing the intrinsic 58 

relationship between crack propagation in the plastic zone and large deformation of surrounding rock. Sun et al. [16] 59 

evaluated the risk of squeezing-induced large deformation in deep soft-rock roadways based on hydraulic fracturing in- 60 

situ stress measurements, and identified high horizontal tectonic stress as a key factor inducing surrounding rock insta- 61 

bility. Yan et al. [17] studied the creep damage mechanism of deep soft-rock roadways through triaxial creep tests and 62 

numerical simulations, concluding that high stress concentration and rock mass fragmentation jointly contribute to the 63 

progressive development of long-term deformation. Considerable attention has also been paid to the stability control of 64 

water-rich soft-rock roadways. Lin et al. [18] investigated deformation characteristics and support optimization methods 65 

for such roadways, proposing a gradient support technology that effectively controls floor heave and rib deformation. 66 

Lu et al. [19] proposed a self-dissolving grouting reinforcement method that utilizes groundwater within the surrounding 67 

rock to enhance slurry diffusion and improve reinforcement performance in water-rich soft rock. Zhang et al. [20] de- 68 

veloped a cable–truss coupled support system and demonstrated its effectiveness in restraining plastic zone expansion 69 

under fluid–solid coupling conditions. He et al. [21] focused on floor heave in water-rich soft-rock roadways and re- 70 

vealed that hydraulic action combined with mining-induced stress leads to floor instability, further proposing a “double- 71 

sealing + inverted arch” control technology. Wang et al. [22] analyzed roof instability mechanisms in water-rich envi- 72 

ronments and identified strength degradation induced by water–rock interaction as a primary cause of failure, while 73 

showing that optimization of roadway geometry and support parameters significantly improves stability. Fan et al. [23] 74 

examined long-term groundwater effects on coal roadway instability and proposed a collaborative control strategy com- 75 

bining grouting and high-strength support, achieving long-term stability of the surrounding rock. 76 

Most existing studies have focused on general soft-rock roadways. However, for mining roadways affected by long- 77 

term water seepage, a systematic understanding of the strength deterioration law, stress redistribution characteristics, 78 

and deformation and failure evolution mechanism of the surrounding rock is still lacking. In particular, under the coupled 79 

effects of mining disturbance and water softening, the surrounding rock structure continuously weakens, and the bearing 80 

capacity of support components gradually decreases. This leads to nonlinear large deformation and repeated instability 81 

of the roadway, which brings great difficulty to long-term stability control [24–25]. Water seepage not only changes the 82 

physical and mechanical properties of soft rock, but also accelerates crack propagation and the degradation of structural 83 
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planes, thereby reducing the overall bearing capacity of the surrounding rock. For mining roadways, the combined 84 

effects of mining-induced stress concentration, surrounding rock damage, and water–rock interaction make the defor- 85 

mation and failure mechanism more complex [26]. Therefore, revealing the deformation and failure mechanism of wa- 86 

ter-seepage soft-rock mining roadways and identifying the key controlling factors are of great theoretical significance. 87 

It is also of important engineering value to establish a targeted support and control system for safe and efficient deep 88 

mining. [27–30]. 89 

To address these problems, the water-seepage affected soft-rock mining roadway in Qingshuinying Coal Mine was 90 

studied using field investigation, geomechanical testing, ground pressure monitoring, numerical simulation, and engi- 91 

neering practice. The deformation and failure characteristics and their evolution laws were systematically analyzed. The 92 

instability mechanism under coupled mining disturbance and water-induced softening was revealed, and the key con- 93 

trolling factors of large deformation were identified.The surrounding rock exhibits the typical “one water and three 94 

weaknesses” characteristics, including water-bearing strata, weak anchoring, weak prestress transmission, and low bear- 95 

ing capacity. Water is identified as the dominant factor inducing severe deformation. A control concept of “one isolation 96 

and three strengthening” was proposed for weakly cemented soft rock roadways. Based on this, a fully enclosed support 97 

system of “roof control, sidewall reinforcement, and floor strengthening” was developed. The results provide a reference 98 

for stability control of similar roadways and support safe deep coal mining. 99 

2 Engineering overview 100 

2.1 Roadway layout 101 

Qingshuiying coal mine is located in the Ningxia Hui Autonomous Region. The primary coal seams currently being 102 

mined are Nos. 2 and 8. The surrounding rock along these seam extraction routes is characterized as argillaceous soft 103 

rock. The roof of the No. 2 coal seam extraction route consists of argillaceous, poorly cemented sandstone, which is soft 104 

and easily eroded. The floor is composed of argillaceous sandstone, mainly consisting of highly expansive illite and 105 

chlorite, making it prone to swelling upon water exposure. The surrounding rock exhibits poor engineering geological 106 

properties, classifying it as a typical soft-rock roadway. These roadways deform significantly during both driving and 107 

extraction, causing roof subsidence and localized fracturing. This leads to failure of the anchor support system, with 108 

individual bolts being pulled out or broken. These issues are typically accompanied by water seepage and dripping. 109 

The 110803 operational face of the Qingshuiying coal mine is situated in the north wing of the No. 11 mining area. 110 

The vertical depth from the working face to the surface ranges from 197.73 m to 325.5 m, with a mean of 261.6 meters. 111 

The strike length of the working face is 2,998 meters, while the dip length is 260 meters. It is bounded to the east by 112 

solid coal from the No. 8 seam, to the south by the 1172 horizontal reverse crosscut connecting roadway, to the west by 113 

a 63-243 m protective coal pillar left by the No. 8 coal wind oxidation zone, and to the north by the boundary protective 114 

coal pillar of the No. 11 mining area. As demonstrated in Fig. 1, there is currently no other mining or driving activity in 115 

the area. The 110803 transport roadway is intended to be 3,018 metres long; 735 metres have already been excavated, 116 

leaving 2283 metres to drive. The principal ceiling of the 110803 working face is a cracked and porous confined aquifer 117 

of coarse-grained sandstone from the fifth member of the Yan'an Formation. The thickness varies from 0.80 m and 29.56 118 

m, with an average of 6.52 m. This aquifer, located 0.45–15.03 meters from the No. 8 coal seam, has limited water flow 119 

and poor permeability. However, during the driving process, water from this sandstone aquifer seeps onto the working 120 

face via water-conducting channels such as sandstone pores, fissures, and anchor cable holes in the highway roof, serv- 121 

ing as the primary source of water for the working surface. Water from this aquifer will cause leaking on certain sections 122 

of the roadway. When exposed to water, the roadway floor argillizes and softens, which can quickly degrade manufac- 123 

turing conditions. The No. 8 coal seam has a natural density of 1.96 g/cm3, with an uniaxial compressive strength of 11 124 

MPa, an elastic modulus of 4.8 GPa, a Poisson's ratio of 0.25, a cohesion of 1.1 MPa and an internal friction angle of 125 
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20°, indicating a low-strength, weakly cemented coal seam that is significantly weaker than the surrounding siltstone 126 

and sandstone strata. 127 

 128 

Extensive water accumulation in the roadway
Water dripping from the 

roadway roof
 129 

Fig.1 Schematic diagram of the transportation roadway 130 

2.2 Roof and floor lithology of soft rock roadways 131 

The immediate floor is siltstone, the main floor is a combination of the No. 9 coal seam and siltstone, and the roofs 132 

are siltstone and coarse sandstone, respectively. The main roof's coarse sandstone ranges in thickness from 8.74 m to 133 

11.08 m, with an average of 9.91 m. It is grey, contains a small quantity of coal particles and plant fossils, and has 134 

horizontal bedding. The immediate roof's siltstone ranges in thickness from 1.92 m to 2.80 m, with an average of 2.36 135 

m; it is grey, soft, predominantly quartz with a trace of mica, has argillaceous cementation, and is interspersed with thin 136 

layers of mudstone and coal streaks. The No. 8 coal seam varies in thickness from 1.42 m to 3.81 m, with an average of 137 

2.62 m. It is black with a pitch-like sheen, classified as semi-dull coal, composed mostly of dull coal, and interspersed 138 

with vitrain bands. The adjacent floor's siltstone thickness varies from 1.30 m to 3.57 m, with an average of 2.09 m. It 139 

is grayish-black, relatively firm, and compact, with argillaceous cementation, thin layers of mudstone, and coal streaks 140 

that melt when exposed to water. The main floor's No. 9 coal streak ranges in thickness from 0.14 m to 0.72 m, with an 141 

average of 0.30 m. It is black, interspersed with vitrain bands and fusain, and classified as semi-dull coal. The main 142 

floor's siltstone ranges in thickness from 0.86 m to 17.64 m, with an average of 7.01 m; it is grey, relatively hard, has 143 

horizontal bedding, contains plant fossils, has argillaceous cementation, is interspersed with thin coal streaks, has an 144 

uneven fracture, and is relatively soft and friable. 145 

2.3 Damage conditions of soft rock roadways 146 
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As shown in Fig. 2, the 110803 transportation roadway features a round arch cross-section. The roadway's clear 147 

width is 5400 mm, height is 3600 mm, and cross-sectional area is 14.64 square meters. The original support rock bolts 148 

are Φ22×2500 mm left-hand threaded steel bolts without longitudinal ribs, with a spacing and row pitch of 1000 × 1000 149 

mm. To anchor resin cartridges, at least 200 N·m of pre-tightening torque and 190 kN of anchoring force are required. 150 

The matching bearing plates are butterfly-shaped Q235 steel plates measuring 150×150×10 mm in size. Cable bolts 151 

(Φ21.8×5300 mm) are utilised, with a spacing and row pitch of 1500×1000 mm. Their pre-tightening force is no less 152 

than 150 kN, while their anchoring force is no less than 350 kN. The matching bearing plates measure 300 × 300 × 16 153 

mm. Steel reinforcement mesh is comprised of Φ6.5 mm round steel with a mesh size of 100 × 100 mm. Another mesh 154 

is built from Φ16 mm circular steel and measures 50×70 mm. 155 

The anchor cable supporting beams are constructed from No. 11 mining I-beams (26.05 kg/m) with the following 156 

dimensions: height h is 110 mm, leg width b is 90 mm, web thickness d is 9 mm, and length L is 2000 mm. The external 157 

bearing plates are steel plates measuring 150 × 150 × 10 mm. The floor paving concrete and shotcrete have strength 158 

grades of C30. 159 

 160 

Fig.2 Original support scheme for the 110803 transportation roadway 161 

Currently, the 110803 transportation roadway is experiencing varying levels of rock pressure manifestations. The 162 

degree of deformation and failure of the roadway floor varies significantly, and highly distorted areas have already 163 

hampered the roadway's routine operations. Deformation and failure situations are found in a variety of regions, includ- 164 

ing normal parts, dripping sections, and showering sections; Fig. 3 depicts photographs of the roadway's overall condi- 165 

tion. The 110803 transportation roadway exhibits varying degrees of deformation and failure. Roof subsidence and 166 

cracking are obvious, and mesh bagging is extremely prevalent. The ribs are converging inward, and the floor strata are 167 

argillized, softened, and swelled, causing floor heave. According to on-site examinations, in areas with considerable 168 

floor deformation, the floor heave exceeds 700 mm, the roof sinking is around 300 mm, and the inward convergence of 169 

the two ribs is greater than 600 mm. The roof mesh has ripped in places, and the anchor wires are heavily corroded. 170 

Furthermore, the surface-retaining components in the support design work poorly. The I-beams only make linear contact 171 

with the roof's surrounding rock, failing to evenly distribute the pre-tightening force over the deeper rock mass. While 172 

the support system is currently under moderate stress and has not undergone large-scale deformation or failure, the 173 
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roadway's underlying rock remains damp due to water seepage and rain. The residual water from showering is apparent 174 

locally on the floor surface. 175 

  176 

Fig.3 Field photos showing deformation and damage in the 110803 transportation roadway 177 

The 110207 transportation roadway is located near the 110803 transportation roadway and has similar geological 178 

conditions. Since its excavation, severe deformation and localized collapse have occurred, mainly due to roof dripping 179 

water and weak surrounding rock. Fig. 4 shows the deformation curve and real-time laser-based displacement monitor- 180 

ing system for surrounding rock in roadways. It is obvious that the deformation and failure of this type of pavement 181 

exhibit the following features:  182 

(1) The surrounding rock has deformed significantly, resulting in severe floor heave. During the driving phase, 183 

rock pressure manifestations are severe, including roof sinking, inward convergence of the two ribs, and substantial 184 

floor heave. During nearly 60 days of observation, the roof-to-floor convergence surpassed 1,400 mm, and the rib-to- 185 

rib convergence exceeded 400 mm, while the adjacent rock deformation increased. Over 30% of the excavated roadway, 186 

which is almost 2,300 meters long, is severely twisted and damaged.  187 

(2) Prolonged and staged deformation. The surrounding rock continued to deform throughout the monitoring period. 188 

As shown in Fig. 4, the deformation process can be divided into three stages according to the changes in the slope and 189 

deformation rate of the convergence curve: an initial rapid-deformation stage (0–7 d), an intermediate accelerated-de- 190 

formation stage (7–21 d), and a late slow-deformation stage (after 21 d). During the initial stage, the roof-to-floor con- 191 

vergence increased rapidly and exceeded 200 mm within approximately 7 d. During the intermediate stage, the conver- 192 

gence increased by more than 600 mm within 14 d, indicating a pronounced acceleration in deformation. In the late 193 

stage, the deformation rate gradually decreased, although the surrounding rock continued to deform for more than 30 d. 194 

This persistent deformation indicates that the roadway surrounding rock remained in an unstable deformation state for 195 

a prolonged period. 196 

(3) Significant deformation of the surrounding rock. The deformation was particularly pronounced in the roof-to- 197 

floor direction. During the approximately 60-day monitoring period, the roof-to-floor convergence exceeded 1,400 mm, 198 

while the rib-to-rib convergence exceeded 400 mm. The large cumulative deformation and prolonged deformation pe- 199 

riod indicate a strong tendency for continuous deformation of the surrounding rock. Such pronounced deformation sub- 200 

stantially increases the difficulty of maintaining the stability of the soft-rock roadway in Qingshuiying coal mine. 201 
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 202 

 203 

Fig.4 Deformation curve and real-time laser-based displacement monitoring system for surrounding rock in road- 204 

ways 205 

3 Geomechanical characteristics of soft rock roadways 206 

3.1 Fracture characteristics  207 

Fig. 5 depicts the borescope inspection results of the roof structure at 150 meters, which clearly indicate internal 208 

structures, striations, and pores. A 0-1.4 m fracture growth zone can be found 150 m up on the top of the 110803 209 
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transportation roadway. This length, which ranges from 0.7 m to 0.9 m, comprises numerous longitudinal and transverse 210 

fractures with poor integrity and significant instability, indicating that it is a zone of very dense fracture formation. At 211 

4.3–4.7 m, multiple transverse coal streaks can be visible, indicating somewhat extensive fracture development. Trans- 212 

verse fractures are occasionally seen between 5.0 and 8.0 m; these fractures are only slightly developed, indicating 213 

adequate rock integrity. From 9.0 to 10.2 m, there are clear shallow drill damage zones, as well as severe argillization 214 

and water-showering zones, indicating that the rock stratum is intact but compromised.  215 

 216 

Fig.5 Borescope image of the roadway roof at 150 m 217 

As shown in Fig. 6, due to substantial internal collapse and blockage within the borehole, the borescope investiga- 218 

tion of the rib structure at 150 m could only reach a depth of around 7.4 m. The inspection results are clear, showing 219 

internal structures, striations, pores, and other features. Fracture development zones are located 50 meters into the rib 220 

of the 110803 transportation roadway. Many sets of transverse fractures are observed between 0.0 m and 0.7 m, indi- 221 

cating a zone of very dense fracture development, with the remainder being minimally developed fracture zones. From 222 

3.5 m to 7.4 m, there is visible fracture growth and hollow zones, indicating that the rock layers are not structurally 223 

stable. 224 
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 225 

Fig.6 Borescope image of the roadway rib at 150 m 226 

3.2 Mineral composition  227 

As shown in Tables 1 and 2, the clay mineral content of roof rock at the driving face of the 110803 return airway 228 

reaches 40.2%, 41.2% and 37.8%, falling within a high proportion range. Among clay minerals, smectite accounts for 229 

23%, 37% and 28%; illite accounts for 10%, 8% and 11%; kaolinite accounts for 55%, 46% and 50%; chlorite accounts 230 

for 12%, 9% and 11%. From lithology classification, this stratum exhibits prominent water-softening and disintegration 231 

characteristics. All types of clay minerals absorb water and expand, differing only in the magnitude of hydration swell- 232 

ing. Higher clay mineral content leads to more significant hydration and swelling effects. 233 

Hydration swelling is controlled by three forces: surface hydration force, osmotic hydration force and capillary 234 

force. Montmorillonite, illite and kaolinite are all aluminosilicates with lamellar crystal structures. Under anhydrous 235 

conditions, the interlayer spacing is extremely small; when exposed to water, a large volume of water is adsorbed and 236 

filled between layers. Further reactions of clay molecules induce hydrolysis into H⁺ cations and OH⁻ anions, forming 237 

hydrated clay with distinct colloidal properties, including expansibility, rheology, dispersibility and flocculation. Mac- 238 

roscopically, this phenomenon manifests in the 110803 return airway as mudstone swelling, fragmentation, dispersive 239 

disintegration, or flocculent fluidization accompanied by sharp strength degradation, which severely threatens the sta- 240 

bility of roadway surrounding rock. In summary, roadways in Qingshuinying coal mine are typical large-deformation 241 

roadways excavated in argillaceous weakly cemented soft rock under weak aquifer conditions. The X-ray diffraction 242 

patterns of non-clay minerals and clay minerals of rock samples are attached as direct evidence for the table data, as 243 

shown in Fig. 7. 244 

Table 1 Mineral X-ray diffraction analysis 245 

Sample No. 
Mineral content (%) 

Quartz K-feldspar Plagioclase Siderite Pyrite Clay minerals 

1-1 40.0 5.9 8.9 1.8 3.2 40.2 

1-2 45.5 4.0 6.6 2.0 0.7 41.2 

1-3 35.5 20.0 4.4 2.3 / 37.8 

 246 

Table 2 Clay mineral X-ray diffraction analysis report  247 
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Sample No. 
Relative content of clay minerals (%) Mixed-layer ratio (%S) 

S I/S It Kao C C/S I/S C/S 

34 23 / 10 55 12 / / / 

35 37 / 8 46 9 / / / 

36 28 / 11 50 11 / / / 

 248 

249 

 250 

Fig. 7 X-ray diffraction pattern of non-clay minerals in the rock sample of the bottom plate of the min- 251 

ing roadway in working face 110803 252 

3.3 Mechanical properties 253 

In accordance with laboratory rock sampling standards, rock cores with a depth of 8 m were collected from the 254 

mining roadways of 110207 and 110803 working faces for laboratory testing. Test items include uniaxial compressive 255 

strength, uniaxial tensile strength, elastic modulus and Poisson’s ratio. The rock sample processing and testing proce- 256 

dures are shown in Fig. 8. 257 
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 258 

 259 

Fig. 8 On-site photographs of sample collection, processing, and testing 260 

Due to the weak and highly moisture-sensitive nature of the surrounding rock, most specimens collected from the 261 

110803 working face were in a natural-moisture condition, while representative dry and saturated specimens were dif- 262 

ficult to obtain; therefore, the available dry- and natural-moisture-state mechanical parameters are presented in Table 3 263 

for comparison. As listed in Table 3, the mechanical properties of surrounding rock vary significantly in different zones 264 

of the 110803 working face, presenting obvious heterogeneous characteristics. Within the 1–8 m range of the transpor- 265 

tation roadway roof, the uniaxial tensile strength of rock strata is merely 0.19–0.27 MPa, the uniaxial compressive 266 

strength ranges from 2.72 to 3.08 MPa, and the elastic modulus is lower than 0.40 GPa. These strata belong to typical 267 

weak fractured rock masses with poor resistance to tensile failure and compressive deformation, prone to crack propa- 268 

gation and large deformation instability under mining disturbance. 269 

In contrast, the mechanical performance of rock strata within 1–4 m of the return airway roof is greatly improved, 270 

with an average uniaxial tensile strength of 3.00 MPa, an average uniaxial compressive strength of 38.11 MPa and 271 

elastic modulus up to 11.14 GPa. This zone contains intact hard rock strata with strong bearing capacity and overall 272 

stability. Nevertheless, the rock strength decreases again in the 5–8 m range of the return airway roof, with tensile 273 

strength of only 0.244 MPa and compressive strength reduced to 5.25 MPa, indicating weak interlayers or weathered 274 

fractured zones above the hard rock stratum, which easily form weak interlayer planes. The mechanical properties of 275 

rock strata within 1–4 m of the return airway floor fall between the above two cases, possessing moderate bearing 276 

capacity but still classified as medium-low strength rock masses as a whole. Comprehensive analysis demonstrates that 277 

the surrounding rock of the 110803 working face presents an alternating "soft-hard-soft" distribution pattern. The roof 278 

of the transportation roadway and deep roof strata generally have low strength, serving as weak zones for roadway 279 
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stability control; while the shallow roof of the return airway forms a relatively stable key bearing stratum. Such remark- 280 

ably heterogeneous mechanical structures lead to non-uniform surrounding rock deformation and stress distribution, 281 

which constitute critical inducements for roof separation, crack propagation and local instability. Therefore, differenti- 282 

ated zonal and layered support strategies should be adopted in roadway support design considering discrepancies in 283 

mechanical parameters of rock strata at different depths, to improve the overall bearing capacity and long-term stability 284 

of surrounding rock. 285 

Table 3 Statistical mechanical parameters of surrounding rock in the 110803 working face 286 

Location Depth range /m 

Average uniaxial 

tensile strength 

/MPa 

Average uniaxial 

compressive 

strength/MPa 

Average elastic 

modulus/GPa 

Average Pois-

son’s ratio 

Transportation 

roadway roof 

(Naturally hy-

drated)） 

1～3 0.27 3.08 0.39 0.33 

Transportation 

roadway roof 

(Naturally hy-

drated) 

4～8 0.19 2.72 0.278 0.363 

Return airway 

roof (dry) 
1～4 3 38.11 11.14 0.13 

Return airway 

roof 

(Naturally hy-

drated) 

5～8 0.244 5.25 0.67 0.34 

4 Deformation and failure mechanism of water-rich soft rock road- 287 

ways   288 

4.1  Numerical analysis 289 

To clarify the deformation and failure characteristics of the 110803 transportation roadway under the original sup- 290 

port scheme and reveal the corresponding failure mechanism of the soft rock roadway surrounding rock, a numerical 291 

calculation model was established based on the original support design and geological data of the 110803 transportation 292 

roadway. The model dimension is 75 m × 75 m × 10 m; the upper boundary is free, and the lower boundary is fully 293 

fixed. Uniform vertical stress of 4.6 MPa is applied on the upper boundary. The numerical model of the roadway is 294 

shown in Fig. 9(a). Combined with field measurements and geomechanical parameters of adjacent coal mines, the max- 295 

imum horizontal in-situ stress σH = 8.07 MPa, vertical in-situ stress σv = 4.60 MPa, and lateral pressure coefficient λ = 296 

1.75. With reference to the national standard GB50218-94 for engineering rock mass classification, physical and me- 297 

chanical parameters for numerical simulation were back-calculated and listed in Table 4 based on field conditions. 298 

Table 4 Stratum mechanical parameters for numerical simulation 299 

No. 
Internal 
friction 

angle φ/° 

Cohe-
sion 
c/MPa 

Compressive 
strength/MPa 

Elastic 
modulus 
E/GPa 

Density 
g/cm3  

Pois-
son's 
ratio 

Tensile 
strength 

/MPa 

Dila-
tion 

angle 
/° 

Siltstone 26 1.7 24 10.5 2.49 0.13 2.5 8 

Coarse-
grained 

sandstone 

30 1.2 22 12.6 2.05 0.22 1.8 10 

Mudstone 20 0.6 14 3.7 2.03 0.33 0.27 3 

No.8 Coal 20 1.1 11 4.8 1.96 0.25 0.20 2 
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seam 

Floor coal 
streak 

21 0.8 16 2.6 2.02 0.36 0.33 2 

 300 

It should be noted that the numerical model in this study is a static, purely mechanical model. The seepage field, 301 

pore-water pressure, and hydro-mechanical coupling are not explicitly simulated; instead, the weakening effect of long- 302 

term water seepage is reflected by assigning the water-affected strata the reduced mechanical parameters obtained from 303 

the laboratory water-induced degradation tests (Table 3). Accordingly, the water-induced deterioration mechanism is 304 

interpreted from the integrated field observations and laboratory results, while the numerical simulation focuses on the 305 

static mechanical response of the surrounding rock under the original support scheme with these degraded parameters. 306 

The numerical model was built using FLAC3D (version 6.0, Itasca Consulting Group). An elastic–plastic consti- 307 

tutive model with the Mohr–Coulomb yield criterion was adopted for the rock mass. The model is discretized into 308 

hexahedral elements with a size of approximately 0.5 - 1.0 m around the roadway and 2 - 3 m in the far field. The mesh 309 

of the roadway key area was refined to a size of approximately 0.5 m, and that of the far-field rock mass was 2.0 m, 310 

consistent with the mesh schemes adopted in previous FLAC3D simulations of similar weakly cemented soft-rock road- 311 

ways[31]. The roadway was excavated in one stage, and the support structures were installed immediately after excava- 312 

tion. Rock bolts and cable bolts were modeled using built-in cable structural elements, the bearing plates using shell 313 

elements, and the shotcrete layer using solid elements. The grout annulus between the reinforcement and the borehole 314 

wall was described by the bond–slip model of the cable element. The main parameters of the support elements are 315 

listed in Table 5. 316 

Table 5 Parameters of support elements in the numerical model 317 

 318 

As shown in Fig. 9(b), the pre-tightening force of rock bolts under the original support scheme is only 20 kN. Under 319 

this condition, sidewall bolts fail to form continuous vertical compressive stress zones in the horizontal direction of both 320 

ribs, and no obvious compressive stress concentration appears near the right arch crown; these regions are weak support 321 

zones in the horizontal direction. Cable bolts can only form interlaced compressive stress zones above the left arch 322 

crown, with a maximum stress value of merely 0.04 MPa. The compressive stress zones generated by rock bolts at the 323 

arch crown are narrow and disconnected, leading to poor control of the roof. 324 

Fig. 9 (c) illustrates that the vertical support stress field formed by rock bolts at the arch crown is extremely limited 325 

and distributed discretely, with a negligible squeezing control stress of only 0.02 MPa on surrounding rock. With a pre- 326 

Support 

element 

Element 

type 

Elastic 

modulus 

/GPa 

Poisson’s 

ratio 

Preten-

sion /kN 

Tensile 

strength 

/MPa 

Grout co-

hesion 

/MPa 

Grout 

friction 

angle /° 

Grout 

stiffness 

/GPa 

Rock bolt 
Cable ele-

ment 
210 -- 20 360 5.0 33 1000 

Cable 

bolt 

Cable ele-

ment 
210 -- 70 360 5.0 33 1000 

Bearing 

plate 

Shell ele-

ment 
210 0.30 -- -- -- -- -- 

Metal 

mesh + 

shotcrete 

Shell ele-

ment 
28 0.25 -- -- -- -- -- 
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tightening force of 70 kN, cable bolts can form a compressive stress zone with a width of approximately 1.0 m within 327 

the cable anchorage range, and the average stress inside the zone is around 0.046 MPa. It can be concluded that both the 328 

range and magnitude of support stress fields induced by rock bolts and cables under the original support scheme are 329 

insufficient to restrain large deformation of soft rock, inevitably resulting in surrounding rock deformation and failure 330 

in the later stage. 331 

 
数值模拟支护方案 现场实际支护方案

 332 

(a) Roadway model and simulated support scheme 333 

 334 

(b)Horizontal support stress field       (c)Vertical support stress field 335 

Fig.9 Numerical calculation model of the roadway 336 

 An explicit iterative solution was performed for the model, and the simulated deformation and failure morphology 337 

of the roadway surrounding rock are presented in Fig.10. Comparative analysis of Fig. 10 (a) and Fig. 10(b) reveals 338 

severe deformation and failure of the 110803 transportation roadway under the original support scheme, with overall 339 

section shrinkage exceeding 40%. Rock strata within 5.0 m depth of the floor experience varying degrees of damage, 340 

and the failure depth of surrounding rock on both sidewalls reaches 2.0 m. Displacement cloud contours indicate that 341 

the most intensive deformation occurs at the floor with floor heave over 0.8 m; the maximum roof subsidence at the 342 

central crown exceeds 0.26 m, the inward convergence of the left rib exceeds 0.35 m, and the inward convergence of 343 

the right rib exceeds 0.45 m. 344 

Fig. 10 (c) shows that the plastic zone of surrounding rock in the 110803 transportation roadway has a wide range 345 

and irregular shape, corresponding to differential deformation and failure in various roadway parts. The maximum plas- 346 

tic zone boundary extends 5.3 m into the floor, 2.5 m into the left rib, 2.0 m into the right rib and 4.0 m into the roof. 347 

Shear and tensile failure coexist in the floor and sidewalls, while shear failure dominates the roof, demonstrating the 348 

low bearing capacity of surrounding rock masses. 349 
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     350 

(a) Vertical displacement (b) Horizontal displacement 351 

 352 

(b) Plastic zone distribution 353 

Fig.10 Deformation and failure morphology of roadway surrounding rock 354 

4.2  Mechanism analysis 355 

(1) Inducements of Deformation and Failure 356 

Combined with field investigation, in-situ measurement and deformation-failure characteristics of roadway sur- 357 

rounding rock, primary factors triggering deformation and failure of soft rock roadways under weak aquifer conditions 358 

are summarized as follows: 359 

Low strength and weak bearing capacity of surrounding rock. The average rock strength of the roof in the 110207 360 

transportation roadway is 15 MPa, and the average strength of coal-rock mass on sidewalls is 11 MPa. Structural frac- 361 

tures are well-developed within 5.5 m of the roof surrounding rock. Such rock masses possess low intrinsic strength and 362 

poor integrity without sufficient bearing capacity. 363 

High content of clay minerals and roof water seepage. X-ray diffraction tests verify that clay mineral content in 364 

surrounding rock exceeds 30%, including expansive minerals such as kaolinite and montmorillonite. These high-pro- 365 

portion clay minerals easily swell and disintegrate once exposed to roof dripping water. 366 

Weak anchoring foundation of rock bolts and cables, resulting in unstable bonding between anchor components 367 

and surrounding rock. Fractures are widely developed in roadway surrounding rock, leading to poor borehole wall in- 368 

tegrity and loose bonding between anchoring agent and rock mass. Coupled with water-rock interaction in mudstone, 369 

the shear bonding strength between anchoring agent and borehole wall is drastically reduced. Field pull-out tests show 370 

that the anchoring force of more than 30% of bolts and cables in water seepage zones is less than 80 kN. 371 

Unreasonable design of the original support scheme incompatible with large deformation of soft rock roadways. 372 

The original support system fails to achieve full coupling with surrounding rock, equipped with small-area and low- 373 
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strength surface protection components, leading to limited overall control capacity for roadway surrounding rock. Field 374 

measurement indicates that the pre-tightening force applied on partial rock bolts and cables is merely 20 kN and 70 kN 375 

respectively, unable to realize active support effect. In particular, the neglect of floor support easily induces severe floor 376 

heave. 377 

(2) Mechanism of deformation and failure in roadways 378 

To intuitively analyze the deformation and failure evolution process of soft rock roadway surrounding rock, super- 379 

ficial surrounding rock deformation data were sorted into deformation curves, as shown in Fig.11. 380 

 381 

Fig.11 Simulated deformation curve of roadway surrounding rock 382 

Fig.11 indicates that the deformation characteristics of roadway surrounding rock are consistent with the field- 383 

measured curves in Fig.4, and the whole deformation-failure process can be divided into three stages: initial rapid 384 

growth, medium-rate growth and slow growth. A conceptual model was established to elaborate the deformation and 385 

failure mechanism, as shown in Fig.12. Analysis of Fig.12 shows that after excavation of soft rock roadway a under 386 

weak aquifer conditions, the original stress equilibrium σ of surrounding rock is broken and secondary stress redistribu- 387 

tion occurs. If low pre-tightening force P of rock bolts cannot actively restrain superficial rock deformation in a timely 388 

manner, deformation and failure inevitably emerge in shallow low-strength surrounding rock. 389 

With continuous deformation of roadway surrounding rock, fractures gradually propagate, and joints, fissures and 390 

anchor cable boreholes interpenetrate to form complex water-conducting networks connected with weak aquifers. Water 391 

reacts with high-content clay minerals in surrounding rock, not only triggering rock swelling and disintegration, but also 392 

weakening the shear bonding strength τ between anchoring agent and borehole wall. As stress balance transfers toward 393 

deep rock mass, roadway surrounding rock deformation enters the rapid growth stage. After intense deformation of 394 

shallow surrounding rock releases partial rock stress, the deformation rate slows down and stress transfers deeper into 395 
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rock mass, entering the slow growth stage. During this stage, continuous fracture propagation, water-clay mineral reac- 396 

tion or other factors cause debonding among anchoring agent, anchor rod/cable and borehole wall, leading to failure of 397 

bolt-cable support and subsequent severe mine pressure manifestations such as large surrounding rock deformation or 398 

roof collapse. 399 

 400 

Fig.12 Schematic diagram of deformation and failure mechanism of roadway surrounding rock 401 

5  Engineering application 402 

5.1  Control principles 403 

As analyzed above, four dominant factors induce deformation and failure of soft rock roadway surrounding rock 404 

under weak aquifer conditions, namely high-content water-sensitive clay minerals, weak anchoring foundation of 405 

bolts/cables, poor transmission effect of bolt/cable pre-stress, and low bearing capacity of surrounding rock, which are 406 

summarized as the "one water and three weaknesses" coupling characteristic. Beyond conventional support technolo- 407 

gies, a "one isolation and three strengthening" control principle is proposed for soft rock roadways under weak aquifer 408 

conditions (Fig.13), detailed as follows: 409 

(1) Isolation of water-rock contact: For newly excavated roadways, deep-hole grouting is implemented at the driv- 410 

ing face before excavation to repel aquifers away from the roadway. Immediately after excavation, shotcrete is sprayed 411 

to seal exposed rock strata and maintain smooth excavation surfaces. For roadways requiring repair, quick-setting grout- 412 

ing materials with good fluidity are adopted for combined deep-shallow hole grouting to block water seepage channels 413 

and improve rock mass integrity. Meanwhile, water dripping on support components is drained via centralized pipelines. 414 

In short, "isolation" aims to prevent contact between seepage water and clay-bearing surrounding rock. 415 

(2) Three strengthening measures after grouting: High-prestress full-length anchorage support is adopted. First, 416 

special waterproof expansion anchoring agents are used for one-time end anchorage to form firm bonding; then pre- 417 

tightening force equivalent to 30%–60% of the yield strength of anchor rods is applied; finally, full-hole grouting is 418 

conducted to realize full-length anchorage, and secondary high-strength material grouting is carried out on full-section 419 

surrounding rock to improve overall rock mass strength. 420 

τ
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Fissure channel

Circumferential stress

Roadway
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(3) Surface sealing after support completion: Additional shotcrete is applied to fully cover the tails of bolts/cables 421 

and all support components. The collaborative control principle of "one isolation and three strengthening" for soft rock 422 

roadway surrounding rock under weak aquifer conditions is illustrated in Fig. 13. 423 

Water-rock isolation for soft rock roadways under weak aquifers: Surrounding rock with high clay mineral content 424 

contains abundant kaolinite, montmorillonite and illite, all belonging to lamellar aluminosilicate microcrystals. In water- 425 

bearing environments, water can enter and interact with clay minerals, with the degree of interlayer hydration and swell- 426 

ing varying with mineral type. Montmorillonite exhibits pronounced interlayer hydration and swelling, whereas kaolin- 427 

ite and illite generally show comparatively limited swelling. These water–mineral interactions can induce softening, 428 

dispersion, and disintegration of clay-rich rock, resulting in pronounced volume deformation and strength deterioration. 429 

Macroscopically, this phenomenon manifests in the 110207 transportation roadway as mudstone swelling, fragmenta- 430 

tion, dispersive disintegration, or flocculent fluidization, accompanied by sharp strength loss. To avoid direct contact 431 

between water and soft rock, combined surrounding-rock grouting and surface shotcrete coating technologies are uti- 432 

lized to block groundwater infiltration and seal seepage channels, reducing water–rock interaction and maintaining sur- 433 

rounding-rock stability. 434 

 435 

Fig.13 Control principle schematic diagram of "one isolation and three strengthening" for roadway surrounding rock 436 

Strengthened anchorage foundation, stress transmission layer and bearing capacity for soft rock roadways under 437 

weak aquifers: After rock mass grouting, special anchoring agents and resistance-increasing anchoring section bolts/ca- 438 

bles are adopted to reinforce the anchoring foundation. Large-area high-stiffness surface protection components and 439 

shotcrete layers on rock surfaces are used to strengthen the pre-stress transmission layer. High-strength anchor rods, 440 

secondary grouting, full-length anchorage and high pre-tightening force are integrated to reinforce the anchorage bearing 441 

layer. The collaborative grouting-anchoring support system with "three strengthening" measures can effectively restrain 442 

large deformation of surrounding rock. The total deformation of soft rock roadway surrounding rock under weak aqui- 443 

fers can be expressed by Eq. (1): 444 

e p w q b     = + + + +         (1)  445 

Where μe, μp, μw, μq, μb represent elastic deformation, plastic deformation, water-induced swelling deformation, 446 

gravity-induced deformation and fragmentation dilatation deformation of surrounding rock, respectively. Elastic defor- 447 

mation μe is inevitable after roadway excavation; μw can be eliminated or reduced by isolating water from mudstone; μq 448 

is induced by natural self-stabilization of rock strata after excavation and exerts negligible influence on roadway stabil- 449 

ity. 450 
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Existing research demonstrates that μp and μb develop during plastic zone expansion of surrounding rock. Larger 451 

plastic zone radius R0 corresponds to wider fractured zones and greater fragmentation dilatation deformation μb. Both 452 

deformations are closely correlated with the plastic zone radius R0, which can be calculated via Eq. (2): 453 

1 sin

2sin

0

( cot )(1 sin )

coti

v c
R a

p c


 



−

 + −
=  + 

      (2)  454 

Eq. (2) indicates that the plastic zone radius R0 is positively correlated with rock mechanical parameters c and φ, 455 

roadway radius a and insitu stress σv, while negatively correlated with support resistance Pi and support strength. 456 

Grouting can increase the cohesion c and internal friction angle φ of the roadway surrounding rock. Applying 457 

sufficient pre-tightening force can enhance the support resistance Pi. Therefore, grouting combined with support can 458 

effectively restrain the expansion of the plastic zone radius R0, thereby reducing μp and μb and bringing the large defor- 459 

mation of the roadway surrounding rock under control. Temporal and spatial relationship of the "one isolation and three 460 

strengthening" strategy for soft-rock roadways under a weak aquifer: The general principle is that isolating water from 461 

soft rock should precede the "three strengthening" support operations. Specifically, measures should be taken to divert 462 

water sources before roadway excavation. After excavation, grouting is applied to seal surrounding rock fractures or to 463 

cap or drain potential leakage points. Subsequently, the "three strengthening" operations—strengthening the foundation, 464 

surface, and bearing capacity are performed in sequence, ultimately realizing the collaborative control of "one isolation 465 

and three strengthening" for soft-rock roadways under a weak aquifer. 466 

5.2  Optimized support design 467 

Aiming at the characteristics of weak roof and sidewall rock mass with easily developed fractures in the 110803 468 

working face transportation roadway, combined long and short cable bolt support is adopted. Short cable bolts provide 469 

timely active support to limit initial surrounding rock deformation, while long cable bolts realize coupled deep rein- 470 

forcement to improve rock mass bearing capacity. Considering the argillaceous cemented floor prone to softening when 471 

exposed to water, short cable bolts are applied to primary floor support to enhance floor bearing capacity. Full-section 472 

shotcrete is adopted to resist weathering and water-induced argillization of roadway floor rock mass. The transportation 473 

roadway of the 110803 working face has an excavation width of 5500 mm and an excavation height of 3650 mm, 474 

excavated along the coal seam. The overall support layout is shown in Fig. 14. Eleven cable bolts are arranged on the 475 

roof, four cable bolts on each sidewall, and six cable bolts on the floor. 476 
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 477 

Fig.14 Overall support scheme for the transportation roadway of 110803 working face 478 

Based on surrounding rock deformation characteristics and failure mechanisms, support parameters are optimized 479 

on the basis of the original scheme to address fractured surrounding rock, severe water seepage softening and coordi- 480 

nated deformation of roof, sidewalls and floor. An optimized support scheme centered on "collaborative support of long 481 

and short cable bolts with high pre-tightening force, combined control of shallow and deep bearing structures, integrated 482 

grouting reinforcement and shotcrete sealing" is proposed. 483 

Combined support of 4300 mm short cables and 6300 mm long cables is adopted for the roof. Short 4300 mm 484 

cables construct a shallow bearing structure during primary support, and long 6300 mm cables anchor into deep stable 485 

rock strata in secondary support. The "1-2-1" layout improves roof integrity and deep bearing capacity. Sidewalls adopt 486 

the same graded long-short cable bolt support mode as the roof, with deep cables arranged in "2-2" layout to strengthen 487 

constraint and shear bearing capacity of sidewall rock mass and restrain sidewall bulging and spalling. Full-length 488 

grouted 4300 mm cable bolts are applied for floor support, integrating resin anchorage and grouting reinforcement 489 

technology to improve floor integrity and overall bearing capacity and effectively control floor heave. 490 

High-strength steel strand cable bolts are used for all roadway sections with anchoring force no less than 280 kN 491 

and pre-tightening force no less than 250 kN. Reinforcement mesh and metal mesh are matched with shotcrete to form 492 

a surface sealing structure. The shotcrete thickness for roof and sidewalls is no less than 100 mm, and floor shotcrete 493 

thickness is no less than 250 mm. A multi-level collaborative support system of "shallow reinforcement – deep anchor- 494 

age – surface sealing" is constructed to realize coordinated control of roof, sidewall and floor surrounding rock and 495 

guarantee long-term roadway stability. 496 

When water seepage occurs in roof cable boreholes, the seepage water will induce floor argillization and softening. 497 

Therefore, 6300 mm roof cable bolts are replaced with grouting cable bolts of identical length, or pre-grouting is imple- 498 

mented on roof rock strata to block water seepage channels. Grouting cable bolt specification: diameter 22 mm, structure 499 
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1 central hollow tube + 9 fine steel strands; grouting material consists of cement and additives, with typical grouting 500 

pressure of approximately 3 MPa. 501 

5.3 Analysis of field application effect 502 

(1) Monitoring results of station at 150 m 503 

Field pressure monitoring data including surrounding rock displacement, roof separation, bolt and cable bolt stress 504 

are sorted and analyzed as follows. Fig. 15 reveals a prominent stability difference of surrounding rock at the 50 m 505 

station of the 110803 transportation roadway before and after reinforcement. Severe surrounding rock deformation was 506 

observed before maintenance, while deformation was almost eliminated after the optimized support scheme was applied, 507 

maintaining long-term roadway stability. Before reinforcement, the roof-to-floor convergence reached 458.8 mm within 508 

40 days of monitoring, and the rib-to-rib convergence continued to develop over more than 100 days and stabilized at 509 

approximately 115 mm, indicating severe and sustained deformation of the surrounding rock under the original support. 510 

After reinforcement, within an 80-day monitoring period, the roof-to-floor convergence was less than 50 mm and the 511 

rib-to-rib convergence was approximately 30 mm, with the surrounding rock deformation gradually converging in the 512 

later stage. Compared with the unreinforced conditions, the roof-to-floor convergence was reduced by approximately 513 

89% and the rib-to-rib convergence by approximately 74%, demonstrating that the optimized support scheme effectively 514 

controlled the deformation of the water-rich soft rock roadway. 515 
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 516 

(a)Rib-to-rib convergence before and after reinforcement (b)Roof-to-floor convergence before and after reinforcement 517 

Fig. 15 Surrounding rock displacement curves at the 50 m station of the 110803 transportation roadway 518 

Fig. 16 shows the roof separation curve near the 50 m station of the 110803 transportation roadway.Dur- 519 

ing monitoring, shallow roof separation displacement increased stepwise and finally stabilized at approximately 520 

38 mm; deep roof displacement remained nearly zero without obvious variation. The roof separation value 521 

was consistently maintained at an extremely low level (< 2 mm) with minor fluctuation, and the curves flat- 522 

tened in the later monitoring period, indicating that surrounding rock deformation had basically converged. 523 

The support system effectively restrained roof separation and rock mass instability with favorable overall 524 

stability. 525 
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Fig. 16 Roof separation curve near the 50 m station of the 110803 transportation roadway 527 

Fig. 17 presents the stress curve of rock bolts at the lower part of the working-face sidewall at the 50 m station. 528 

Rock bolt stress at the lower sidewall increased obviously from approximately 38 kN to 42 kN before reinforcement, 529 

and remained stable at about 42 kN after reinforcement without obvious fluctuation, proving progressive roadway sta- 530 

bilization after support renovation. Fig. 10-17 shows the stress curve of rock bolts at the lower working-face sidewall 531 

of the 50 m station: bolt stress rose from approximately 73 kN to 79 kN before reinforcement and stabilized at around 532 

80 kN after renovation, indicating gradual roadway stability. 533 
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Fig. 17 Stress curve of rock bolts at the lower working-face sidewall of the 50 m station 535 
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As shown in Fig. 18, synchronous displacement of shallow and deep monitoring points indicates no roof separation, 536 

and the measured data represent roof subsidence. Within 30 days before reinforcement, deep and shallow roof displace- 537 

ment jumped sharply to 18 mm; after renovation, the displacement increased slowly along an arc curve and stabilized 538 

at a total increment of 20 mm after 80 days. 539 

 540 

Fig. 18 On-site photo near the 50 m station of the 110803 transportation roadway 541 

(2)Monitoring results of station at 1500 m 542 

Fig. 19(a) demonstrates that roof separation follows the same variation law as roof-to-floor convergence: roof 543 

separation increased obviously within 0–100 days after roadway excavation and stabilized after 100 days, indicating 544 

gradual stabilization of surrounding rock in newly excavated roadways. Fig. 19(b) shows slight surrounding rock de- 545 

formation within 100 days after excavation of the roadway at the 1550 m station of the 110803 transportation roadway, 546 

followed by long-term stable surrounding rock. The final roof-to-floor convergence was 85 mm and rib-to-rib conver- 547 

gence was 55 mm. Compared with the original support section with roof-to-floor convergence of 500 mm and rib-to-rib 548 

convergence of 400 mm, roof-to-floor convergence decreased by 83% and rib-to-rib convergence decreased by 86.25%, 549 

with a clear roadway section contour as shown in Fig. 19(c). 550 
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(b)         (c) 554 

Fig. 19  Deformation characteristics of the surrounding rock in the 110803 transportation roadway (a) Sur- 555 

rounding rock displacement curve at the 1550 m station  (b) Roof separation curve near the 1500 m station  556 

(c) Field photograph of surrounding rock damage near the 1500 m station 557 

6 Conclusions 558 

Field investigations indicate that the surrounding rock of the mining roadways in the 110803 working face consists 559 

predominantly of argillaceous weakly cemented soft rock affected by long-term water seepage. Continuous water–rock 560 

interaction progressively weakens the surrounding rock, whereas the existing low-prestress bolt–cable support system 561 

has limited capacity to restrain long-term deformation. Theoretical analysis, numerical simulations and field measure- 562 

ments show that the deformation evolution of the roadway surrounding rock comprises three stages: rapid growth, mod- 563 

erate growth and slow growth. Based on these findings, the main conclusions of this study are as follows: 564 
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(1) The progressive failure mechanism of interconnected weak zones in argillaceous weakly cemented soft rock is 565 

revealed. Roadway surrounding rock is characterized by coexistence of water-bearing high-clay strata, weak anchoring 566 

foundation, weak pre-stress transmission layer and low surrounding rock bearing capacity, summarized as the "one 567 

water and three weaknesses" coupling feature. Water-induced softening and swelling of roof rock mass is the primary 568 

inducement of severe roadway deformation and failure. Deformation and failure initiate at local weak zones and con- 569 

tinuously expand to trigger overall surrounding rock instability, following the evolution law from local to global and 570 

from shallow to deep rock mass. 571 

(2) A "one isolation and three strengthening" control mechanism targeting large-deformation argillaceous weakly 572 

cemented soft-rock roadways is proposed. The core concept is to iso-late water-rock contact via engineering technolo- 573 

gies and to simultaneously strengthen the anchoring foundation, prestress transmission layer, and surrounding rock 574 

bearing capacity. On this basis, a full-enclosed pressure-bearing support theory of "roof control, sidewall reinforcement, 575 

and floor strengthening" is established. 576 

(3) Several types of novel materials and equipment adapted to soft rock roadway support are developed: cable bolt 577 

resistance-increasing technology, optimizing anchorage section geometry to improve anchoring resistance; grouting 578 

locking devices; grouting sealing rubber plugs for bearing plates; waterproof expansion anchoring agents. A complete 579 

set of supporting technologies for argillaceous weakly cemented soft rock roadways is formed on this basis. 580 
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