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Abstract: This study investigates the mechanical properties and stability classification of surrounding rock masses in deep 

coal mine roadways using the Guojiawan Coal Mine in Shanxi Province, China, as a case study. This study synthesized multiple 

parameters from laboratory testing, in situ stress measurements, and the Stability Index (SI) method to quantify stability by 

lithology type in a heterogeneous deep mining system. The study developed a procedure that involved collecting rock samples 

from the 51206 and 51207 return ventilation roadways that represented silty mudstone, fine sandstone, coarse sandstone, and 

coal, and utilizing the GB/T 23561.1-2009 specifications, the samples were tested using uniaxial compressive, Brazilian splitting, 

and triaxial compressive testing. Statistical analysis (n ≥ 3 for each test type) of the rock samples showed that coarse sandstone 

had the highest uniaxial compressive strength (UCS) (52.86 ± 1.85 MPa) and elastic modulus (13.11 ± 0.75 GPa), and coal had 

the lowest (UCS: 20.43 ± 2.15 MPa; E: 2.36 ± 0.22 GPa). In situ stress conditions were low to moderate (σH = 9.99 MPa at 270 

m); however, localized stress concentrations were present next to lithologies. The SI classified coarse sandstone as stable (e = 

0.30-0.44), silty mudstone as stable to moderately stable (e = 0.47-0.73), and coal seams as moderately stable (e = 0.31-0.46). 

The Guojiawan Coal Mine case study illustrates how using laboratory-derived parameters together with site-specific stress 

conditions can provide results to optimize roadway support design in deep and geologically heterogeneous mining environments, 

offering a transferable framework for similar underground excavations. 

Keywords: Rock Mechanics, Tunnel Stability, Uniaxial Compressive Strength, Stability Index, Deep Coal Mining, In-Situ 

Stress 

 

1. Introduction: 

As shallow resources are depleted, the mining industry is 

faced with increasingly deeper and deeper underground coal 

mining projects. The in-situ stress-related issues, ground 

pressure, are also related to rock burst, and the stability of 

surrounding rock in greater depth tunneling becomes more 

difficult [1], [2], [3], [4], [5]. As the depth associated with the 

mining operation increases, the complexity of the mechanical 

behavior of rock mass and the redistribution of stress around 

the excavation increases[6], [7], [8], [9], [10], [11]. The 

stability of the surrounding rock associated with the tunnels 

is a crucial aspect of mining operations pertaining to health 

and safety and productivity [12], [13], [14]. Rock instability 

can cause mine downtime, damage to mine infrastructure, and 

a significant safety risk [15], [16], [17]. Therefore, 

determining and quantifying the mechanical parameters 

associated with rock mass, such as uniaxial compressive 

strength, tensile strength, cohesion, friction angle, and 

Young's modulus, is useful when designing and optimizing 

roadway supports as well as the roadway excavation scheme 

[6], [18], [19], [20]. More work has been done on the 

mechanical behavior of the surrounding rock that is 

associated with deep roadways and the failure mechanisms. 

Cai et al.[21] investigated high-stress concentration zones 

near excavation boundaries, and Shi& Zhang.  

[22]ddiscussed the characterization of failure zones to 

describe some of the rock deformation behavior. The Stability 

Index method, first developed by Barton[23] and built upon 

by others, offers a systematic methodology to numerically 

rank the rock mass quality and obtain some estimates of the 

support provided at depth. In this paper, we evaluate the deep 

mining tunnel at the Guojiawan Coal Mine Second Panel, 

which is noted for its geological and stress states and is 

representative of the challenges related to deep mining 

conditions. Laboratory testing of the intact and distressed 

rock samples removed from the site provided the opportunity 

to study the mechanical behavior of the surrounding rock 

under simulated field conditions[24]. The objective of this 

research analysis is to examine the mechanical responses, 

define the mechanical parameters, and assess the stability of 

the tunnel by using the Stability Index method[18]. This paper 

uniquely merges in situ stress measurements, laboratory 

mechanical testing, and Stability Index classification into one 

study of site stability for the Guojiawan Coal Mine-the first 

such dataset for this site. An unusual discover has also 

emerged: the low friction angle of the high-strength coarse 

sandstones, implying latent shear weaknesses. The derived 

results furnish lithology-level stability thresholds that can be 

directly used in the roadway support design of environments 

in deep coal mining. 

2. Experimental Method 
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Figure 2-1 Workflow Diagram 

 

2.1. Rock Sample Collection and Preparation 

Samples were obtained from the roadway sections of the 

Guojiawan Coal Mine. Fine to medium-coarse grained 

sandstone, silty mudstone, and various coal samples were 

analyzed in the paper. Sampling complied with the Chinese 

national standard GB/T 23561.1-2009,  

Cylindrical samples with diameters of Φ50 mm × 100 mm 

for tensile strength test disc-shaped specimens with a 

diameter of Φ 50 mm × 25 mm 

To retain the natural structure and integrity of the rock mass 

as well as properly characterize the mechanical properties, the 

samples were retrieved in the field directly from the tunnel. 

Detailed records were kept for each sample with exhaustive 

information, including the sample identification number, 

lithology, stratigraphic unit, and stratum thickness. 

Comprehensive records were maintained throughout the 

process. 

2.2. Testing Equipment and Grouping. 

All the mechanical tests were made using the RMT-150B 

electro-hydraulic servo rock testing machine. This machine 

can deliver an axial force of 2000 kN, and confining pressures 

of up to 60 MPa can be applied. Digital displacement meters, 

as well as high-precision load cells, were installed in the 

testing machine, allowing for the precise determination of the 

stress–strain behavior. 

Rock samples retrieved in the tunnel ceiling from 51206 

and 51207 return air roadway were converted into normalized 

cylinders, henceforth grouped into groups A to I. The return 

air roadway drill core roof rock samples were divided into 

four groups, and the 51206-return air roadway drill core roof 

rock samples were divided into five groups. At least three 

specimens were applied in the uniaxial compression tests, 

while at least five were used in the Brazilian splitting and 

triaxial compression tests to improve the accuracy of the 

findings. 
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Figure 2-2 Mining Faces in the Second Panel Area 
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Figure 2-3 Prepared rock samples for testing from 51206 

and 51207 return air roadway 

2.3. Determination of Mechanical Parameters 

The mechanical behavior of the surrounding rock was 

assessed using standard laboratory tests. As for calculate the 

stability Index of for the Stability Index Classifications use 

this following equation: 

Stability Index. 
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=maximum stress around the tunnel 

=long-term resistance strength 

=compressive strength (UCS) of the specific rock type. 

< 0.5 → Stable 

 0.5 – 1.2 → Moderately Stable 

 1.2 – 2.5 → Unstable 

 > 2.5 → Extremely Unstable (Strong Rheology) 

These parameters collectively describe the strength, 

deformation characteristics, and stability of the surrounding 

rock formations." 

3. Results and Analysis 

3.1. Results 

 
Figure 3-1 Coal Samples after the mechanical parameter 

tests from 51207 

  

 
Figure 3-2: Results of Uniaxial compression failure test of 

roof rock samples from 51207 return airway 

  

 

 
Figure 3-3: Roof rock samples after Uniaxial compression 

failure test from 51206 return airway 

  

 
Figure 3-4: After the Brazilian splitting test of roof rock 

samples from 51207 return airway 

 

 
Figure 3-5: After the Brazilian splitting test of roof rock 

samples from 51206 return airway 
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Figure 3-6: Roof rocks condition after Triaxial compression 

test from 51207 return airway 

 
Figure 3-7: Roof rocks condition after Triaxial compression 

test from 51206 return airway 

 

Table 3-1: Physical and mechanical parameters of roof rocks in 51207 return airway 

Rock Type ρ-g/cm³ UCS(MPa) TS(MPa) E(GPa) Ed(GPa) S-UC(MPa) V C(MPa) φ (°) 

Fine Sandstone 2.468 33.401 1.828 12.318 9.097 6.655 0.271 18.85 39.9 

Fine-Grained 

Sandstone 

2.513 35.448 1.490 9.242 7.66 10.305 0.103 22.056 22.4 

Coarse-Grained 

Sandstone 

2.53 51.487 3.377 16.018 10.251 16.318 0.17 25.362 17.7 

Fine Sandstone 2.431 39.377 3.303 10.966 6.693 8.123 0.159 17.559 28.3 

 

Table 3-2: Physical and Mechanical Parameters of Roof Rock in the 51206 Return Air Roadway 

Rock Type ρ-g/cm³ UCS(MPa) TS(MPa) E(GPa) Ed(GPa) S-UCS(MPa) V C(MPa) φ (°) 

Silty Mudstone 2.496 32.272  2.947  9.527 8.781  6.792 0.048 11.961 30.5 

Fine-Grained 

Sandstone 

2.474 41.345 1.829 11.035 10.275 2.407 0.213 17.059 25.5 

2.487 41.253 1.134 9.912 8.906  9.558 0.222 21.624 19.2 

2.454 37.896  2.1 10.236  7.869 25.786 0.070 4.885 44.2 

Coarse-Grained 

Sandstone 

2.432 52.862  2.157 13.105  10.831 27.726 0.225 16.558 23.7 

Coal 1.293  20.43 0.188  2.36 2.017 12.220 0.312 11 27.2 

ρ (g/cm³) → Apparent Density, UCS (MPa) → Uniaxial Compressive Strength, TS (MPa) → Tensile Strength, (GPa) → 

Elastic Modulus, Ed (GPa) → Deformation Modulus, S-UCS (MPa) → Saturated Uniaxial Compressive Strength, ν → 

Poisson’s Ratio, C (MPa) → Cohesion φ (°) → Friction Angle 

 

3.1.1. Characteristics of the Geostress Distribution 

According to existing geostress test results from 

hydrofracturing, the test results from three measurement 

points in the 51207-machine head chamber of the Guojiawan 

Coal Mine, and the geostress testing results from the return 

air roadway, presented in Table 3-3, the structural stress 

coefficient is 1.48, which indicates that this sample belongs 

to a regional modern low-level stress field. 

 

 

Table 3-3: In-situ stress measurement results at monitoring point 51204 

Point Depth(m) Σv(MPa) σH(MPa) Σh(MPa) Azimuth σH 

1 120 3.24 4.85 3.66 N11.2E 

2 120 3.24 4.85 3.53 N9.8E 

3 120 3.24 4.53 3.45 N9.9E 

 

Utilizing the contour map of the floor of the 5-1 coal seam 

in the Erpan area as well as the surface elevation, we 

determine that the maximum burial depth of the Erpan area is 

270 m. The vertical stress is 6.75 MPa, whereas the maximum 

horizontal stress is 9.99 MPa. 

3.1.2. Tunnel Surrounding Rock Stability Analysis 

The surrounding rock stability index method is used to 

assess the overall stability of the mining roadway. This 

method utilized the ratio of the maximum surrounding rock 

stress to the long-term strength of the surrounding rock as the 

stability index and then the stability degree of the surrounding 

rock was determined based on the stability index. 

 

Table 3-4: Fundamental mechanical parameters of coal and rock masses 

Type ρ(kg/m³) UCS (MPa) TS (MPa) Cohesion (MPa) φ (°) 

Coal 1.29 20.43 0.19 2.63 27.2 

Immediate Roof - Silty Mudstone 2.49 32.30 2.95 5.68 30.5 

Immediate Roof – Fine Sandstone 2.47 33.40 1.83 18.85 39.9 

Coarse Grained Sandstone 2.53 51.50 3.38 25.36 17.7 

  

Therefore, the stability index is as follows: 

Silty mudstone (direct roof): e = 0.44-0.66, stable to 

moderately stable 

Coal seam (direct roof): e = 0.70-1.05, moderately stable to 
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moderately stable 

Coarse sandstone (basic roof): e = 0.28-0.42, stable 

Fine Sandstone (direct roof) e= 0.43-0.64 (Stable to 

moderately stable) 

3.2. Analysis 
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Figure 3-8: Mechanical Performance graph of roof rock 

samples from 51206 and 51207 return air roadway by 

lithology 

 

The test results show that the lithology of the site clearly 

controlled the mechanical properties of the surrounding rocks 

in the Guojiawan Coal Mine. The properties of the coarse 

sandstone were consistently higher, with the highest values 

for uniaxial compressive strength (UCS: 52.86 MPa in 51206; 

51.49 MPa in 51207) and tensile strength (up to 3.38 MPa), 

as well as high stiffness (E≈ 13-16 GPa) and average 

Poisson’s ratios (0.17 - 0.23). The higher UCS and tensile 

strength values indicate that coarse sandstone, under stress, 

has a load-bearing capacity and deformation that the other 

lithologies could not compare with. Coarse sandstone was 

also the most stable rock lithology for tunnel roofs; however, 

it did present lower friction angles (17.7°), which indicates a 

lower resistance to shear deformation and displacement path 

when subjected to complex stress paths. This is relevant for 

cases where seismic or dynamic loads may be experienced. 

Fine-grained sandstone provided moderate UCS (35.45-41.35 

MPa) and variable tensile strength (1.13-3.30 MPa), and 

stiffness values were generally (9-12 GPa); it had greater 

Poisson’s ratios about (v≈0.225) and, compared to coarse 

sandstone, a greater tendency for lateral expansion under load. 

The moderately stable performance of fine-grained 

sandstones also suggested that it could be sensitive to 

particular structural conditions, and as such, supplemental 

support may be necessary at some sites. Find-Sandstone have 

a similar stiff property of Fine-grained sandstone (E = 11.04 

GPa, Ed = 10.28 GPa, ν = 0.213) each have moderate 

Poisson's ratio which may indicate a desirable moderate 

deformation profile for stable excavation 

Silty mudstone attained unconfined compressive strength 

(UCS) values of about 32 MPa and tensile strength of up to 

2.95 MPa, and has moderate stiffness (E ≈ 9.5 GPa) with a 

very low Poisson’s ratio (0.048). A low Poisson’s ratio 

indicates that this is a brittle material, where fracture occurs 

without forewarning. However, with a high friction angle 

(30.5–44.2°), there are considerable shear resistive properties 

which are useful for layered formations in terms of shear 

stability.  

Coal was the weakest material (UCS: 20.43 MPa; TS: 0.19 

MPa; E ≈ 2.36 GPa) and most deformable (ν = 0.312). The 

cohesion was low (2.63–11 MPa) with a moderate friction 

angle (27.2°), so it exhibited a ductile response under load, 

albeit displaying poor overall stability, and was the most 

vulnerable lithology in the tunnel system. 
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Figure 3- 9: Graph of Stability Index parameters of roof 

rock samples from 51206 and 51207 return air roadways 

 

Stability Index (SI) classification results support these 

claims: coarse sandstone is stable (e = 0.28–0.42), silty 

mudstone is stable to moderately stable (e = 0.44–0.66), coal 

is moderately stable (e = 0.70–1.05) and, Fine Sandstone is 

stable to moderately stable (e=0.43-0.64). These 

classifications align with observed mechanical performance 

and field observations, providing a quantitative framework 

for targeted support design. 

4. Discussion 

The results of this study highlight that lithology is the most 

significant factor influencing the stability of tunnels 

surrounding rocks in a deep coal mining setting. Among the 

tested lithologies, the most significant lithology tested was 

coarse-grained sandstone with the greatest uniaxial 

compressive strength (UCS) of up to 52.86 MPa and elastic 

moduli of 13 and 16 GPa. These results indicate both a great 

ability to bear loads and high stiffness. The results of this 

study align with the previous experiments conducted by Kang 

et al.[1] and Chang et al. [6]; both studies confirmed that 

coarse sandstone is a dependable self-supporting roof at low-

to-moderate stresses, however, the low friction angle (17.6°) 

urge that, although the sandstone is excellent at bearing 

compressive loads, it is more susceptible to experiencing 

shear displacement along weakness planes. It supports 

Barton's [23] suggestion that high-cohesion, low-friction 

materials are more likely to undergo shear displacement along 

weakness planes. 

Fine-grained sandstone exhibited moderate unconfined 

compressive strength (UCS) (35 - 41 MPa), and tensile 

strength values with significant variability likely attributed to 

differences in grain size, the quality of cementation and 

densities of microfracs. This variability replicates the findings 

of Ni et al. [25] on cyclic strength fluctuations exhibited by 
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sandstone rocks under cyclic loading. Poisson's ratio is 

accordingly higher for fine-grained sandstone than for the 

coarse one, thus reflecting higher lateral expansion under 

stress, which may favour spalling in unsupported sections. 

Silty mudstone had moderate compressive strength (≈32 

MPa) but had the highest friction angles of the lithologies 

measured (30.5 - 44.2°); this suggests strong shear resistance, 

increasing stability in layered formations. However, a very 

low Poisson's ratio (0.048) indicates brittle behaviour, and 

ultimately suggests failure will occur catastrophically when it 

exists under adverse redistribution. The findings from this 

research support Wang et al.[26]'s findings that classified 

brittle fracture as one key risk regarding working with silty 

mudstone in the context of tunnels and deep construction. 

The weakest of lithologies turns out to be coal, with low 

UCS (20.43 MPa), tensile strength (0.19 MPa), and stiffness 

(E ≈ 2.36 GPa), coupled with the highest Poisson ratio (ϑ = 

0.312). The low strength and high deformability caused 

mainly roof sagging and sidewall deformation when 

juxtaposed against stiffer lithologies such as sandstone, as 

also mentioned by Fan et al.[27]. Differential deformation and 

stress concentration arise from basinal coal layers adjacent to 

harder strata, accentuating the potential for localized failure. 
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Figure 4-1: Worst and Best rocks base on the experiment results of their mechanical performance 

 

In practical terms, the Stability Index (SI) method classifies 

coarse sandstone as stable (e = 0.28–0.42), silty mudstone as 

stable to moderately stable (e = 0.44-0.66), coal as moderately 

stable (e = 0.70–1.05) and Find Sandstone as stable to 

moderately stable (e=0.43-0.64). These classifications align 

the SI with laboratory-derived mechanical properties and 

field observations of deformation patterns. The integration of 

laboratory- and field-based SI assessment harmoniously 

contributes to a schematic for designing support 

configurations: slight reinforcement in the coarse sandstone 

zone, stiff and continuous support to the brittle silty mudstone 

layers, and rigid high-capacity systems (bolt–mesh–anchor or 

grouting) in coal-bearing zones. 

Surprisingly, a low friction angle of coarse sandstone, even 

with very high strength and cohesion, must be further 

explored. A plausible explanation might be mineral alignment 

or micro-crack networks that reduce shear resistance. 

Similarly, the fairly high variability in fine-grained sandstone 

strength values shows that localized variability matters more 

than initially thought. 

Limitations and Future Research: 

The study only contained data from a single location with 

a low to moderate in situ stress reign; so extra care should be 

taken when generalizing these results in geological settings 

with high stress. 

The aforementioned limitations may be addressed in the 

future, namely, by expanding the dataset to include more deep 

mining sites under different lithology and stress conditions. 

Numerical modelling approaches such as FLAC3D or UDEC 

could simulate time-dependent deformation, especially in 

heterogeneous portions containing coal–sandstone interfaces. 

Long-term monitoring procedures, such as acoustic emission 

and microseismic methods, may provide clues for early 

warnings of instability to validate the predictions made using 

the Stability Index through time. 

5. Conclusion 

Therefore, this paper confirms that the lithology dominates 

tunnel stability in deep coal mining conditions. It combines 

mechanical property testing with in situ stress measurement 

and SI classification to suggest a road support design 

decision-making tool that is of immediate engineering value 

and thus may facilitate more detailed predictive modelling 

later.  
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