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Evaluating slope stability in tropical open-pit mining environments remains
a technical challenge due to the complex geological formations and the
influence of dynamic climatic conditions, particularly intense rainfall and
high humidity. This study aims to assess the effectiveness of integrating the
Rock Mass Rating (RMR) system and the Geological Strength Index (GSI)
for classifying rock mass quality and predicting slope stability in such
settings. Field data were collected from interbedded claystone and
sandstone formations through systematic mapping of RMR parameters,
including Rock Quality Designation (RQD), spacing and condition of
discontinuities, groundwater presence, and uniaxial compressive strength.
Complementary evaluations using GSI focused on block structure, joint
surface conditions, and weathering characteristics. The RMR analysis
classified the rock mass as Class III (Fair Rock), indicating moderate
stability. However, the system’s static framework and limited
responsiveness to rapid hydrogeological changes posed constraints in
capturing the actual slope behavior. In contrast, GSI, with values ranging
between 40 and 50, offered enhanced interpretive depth by incorporating
qualitative assessments of lithological heterogeneity and structural
anisotropy. The adaptability of GSI proved critical in environments where
visual and textural indicators of degradation fluctuate spatially and
temporally. The combined application of RMR and GSI enabled a more
accurate, context-sensitive geotechnical evaluation, bridging the gap
between empirical rigidity and field-based complexity. This integrated
methodology supports more reliable engineering decisions and enhances
the predictive capacity for slope failures in tropical geological settings,
emphasizing the necessity for multidimensional classification tools in
geotechnical practice.
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1. INTRODUCTION

Open-pit mining operations heavily rely on slope stability to ensure the sustainability and safety
of mining activities. Steep slope designs may enhance production efficiency but entail a high risk
of landslides, particularly when the rock mass quality is poor. In this context, rock mass
classification systems serve as vital instruments for evaluating and designing slope stabilities. One
widely adopted system is the Rock Mass Rating (RMR), which incorporates parameters such as
uniaxial compressive strength, Rock Quality Designation (RQD), spacing and condition of
discontinuities, groundwater conditions, and orientation of discontinuities. Collectively, these

Copyright © 2025 The Authors. Published by Department of Earth Science and Technology, Universitas Negeri Gorontalo
This work is licensed under a Creative Commons Attribution (CC-BY) 4.0 International License.

147


mailto:donasabila86@gmail.com

doi: 10.37905/jgeosrev.v7i2.32492 \ _’ ejurnal.ung.ac.id/index.php/jgeosrev

JAMBURAO®

parameters provide a technical basis for slope angle design, reinforcement requirements, and
potential failure mode analysis (Narimani et al., 2023; Zhang et al., 2022).

However, in tropical regions such as Indonesia, the RMR system faces significant challenges
owing to geological complexity, including lithological heterogeneity and intensive weathering.
High rainfall conditions in such areas also affect the pore water pressure, influencing slope stability,
which is not always adequately accounted for in the static RMR approach (Chen et al., 2023).
Thus, complementary methods such as the Geological Strength Index (GSI) are becoming
increasingly necessary. The GSI evaluates rock mass quality based on the structural characteristics
and surface conditions of discontinuities in a qualitative manner, making it more adaptive to
geological variability (Marotti et al., 2023).

Although the application of rock mass classification systems, such as RMR, has long been
foundational in slope engineering, their limitations in addressing dynamic environmental
conditions and complex geology remain critical constraints. Factors such as intense weathering,
groundwater presence, and stress changes due to active mining operations are often insufficiently
represented in RMR assessments (Chen et al., 2023). Therefore, new approaches must be integrated
to attain a more comprehensive understanding of rock mass conditions.

Original Hoek-Brown Criterion is a method for estimating the strength of jointed rock mass.
The criteria developed are from the strength of intact rock and factors are introduced to reduce rock
strength based on the characteristics of the discontinuity plane (joint) in the rock mass. This
criterion includes the concept of GSI (Geological Strength Index) which provides an estimate of
the reduction in rock mass strength due to differences in geological conditions. In the GSI method,
rock mass classification is combined with two main parameters, namely Structure Rating (SR) and
Surface Condition Rating (SCR). Structure Rating (SR) or structure is seen from the nature of the
block and shape, block size and shape that indicate the overall geometry of the rock mass and the
proportion of rock volume occupied by discontinuities, while Surface Condition Rating (SCR) or
surface conditions are based on observations of the structure (block size and shape) and surface
conditions of discontinuities (weathering, alteration, and degree of roughness) (Marinos et al.,
2005).

The GSI offers a more flexible framework for depicting the geotechnical properties of rock
masses, particularly in heterogeneous geological settings. By evaluating the block structure and
surface conditions of discontinuities, the GSI provides a more realistic portrayal of the rock mass
condition. The integration of the RMR and GSI is believed to enhance the accuracy and reliability
of slope stability assessments, as both systems complement each other in terms of quantitative and
qualitative geotechnical evaluations (Narimani et al., 2023; Singh et al., 2023).

In coal mining environments, such as Tanjung Enim, geological and hydrological variability
necessitates adaptive rock mass classification systems. Studies have indicated that the stress
distribution and geomechanical behavior in mining zones are significantly influenced by faults and
surrounding rock conditions (Zhou et al., 2023). In such contexts, the RMR is used to evaluate
rock strength and cohesion based on field data and laboratory tests, whereas the GSI reinforces the
analysis through direct observations of structural and surface rock conditions. This integrated
approach has been further strengthened by modern monitoring technologies, such as
photogrammetry and GIS, which help identify fracture density and surface conditions, thus
enhancing the accuracy of GSI assessments (Shao et al., 2022).

Numerical models have been developed to support slope stability analyses by simulating failure
mechanisms and identifying critical slip surfaces. Tools such as the Finite Element Method (FEM)
and Strength Reduction Method (SRM) are often used in conjunction with RMR and GSI
parameters to achieve this aim (Deliveris et al., 2022). Moreover, under steep and unstable slope
conditions, this approach has proven effective for designing support systems, such as rock bolts and
retaining walls, based on probabilistic slope stability predictions (Shu et al., 2023). Therefore, the
integration of the RMR and GSI not only provides more accurate assessments but also facilitates
more responsive engineering decisions to on-site challenges.

Although the integration of RMR and GSI has been effective in various studies, most research
remains limited to homogeneous geological settings or areas with high data accessibility. A
significant research gap exists due to the lack of empirical studies directly applying this combined
approach under tropical conditions characterized by high weathering and extreme lithological
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variability. Previous research has largely focused on conceptual aspects or numerical simulations
without robust validation from actual field data in areas with high rainfall and dynamic
groundwater pressure (Chen et al., 2023; Johari et al., 2022).

Few studies have examined the relationship between the RMR-GSI classification results and
the slope design parameters. This warrants research testing this approach under tropical conditions
at the PT Bukit Asam coal mine in Tanjung Enim. This study assessed the rock mass classification
and slope stability at PT Bukit Asam Tbk. open-pit mine in Tanjung Enim using the integrated
Rock Mass Rating (RMR) and Geological Strength Index (GSI) systems. The novelty of this study
lies in the application of combined RMR and GSI under tropical geological conditions, with field
data from the rainy season. This research encompassed primary field data collection and laboratory
tests. The results aim to develop an accurate model for rock mass classification to support safe
mine-slope design in tropical regions.

2. METHOD

2.1. Materials

This research was conducted at the open-pit mine of PT Bukit Asam Tbk., Tanjung Enim, South
Sumatra. The lithology at the research site comprised claystone and silty sandstone with varying
fracture characteristics. The tools used included a geological hammer, compass, GPS, digital
camera, and measuring tape. The research materials consisted of primary data from field
observations and secondary data from laboratory tests on the uniaxial compressive strength (UCS)
of intact rocks.

2.2. Sample Preparation

Data collection was carried out using the scanline method over a length of 2.7 m to record the
number of fractures, fracture spacing, physical conditions of the fractures, and surrounding
environmental conditions of the slope. Rock samples were collected from the research site for UCS
laboratory testing, in accordance with standard uniaxial compressive strength testing procedures.

2.3. Research Design

Rock mass classification was performed using the Rock Mass Rating (RMR) and Geological
Strength Index (GSI) methods. The RMR parameters include the uniaxial compressive strength of
intact rock (UCS), Rock Quality Designation (RQD), fracture spacing, fracture conditions
(persistence, separation, roughness, weathering, and infilling), and groundwater conditions. RQD
was calculated using the following formula (Tabel 1):

RQD = 100 e~ %14 (0,11 + 1) (1)

where e is a constant or Euler number (= 2.7182818284) and A is the average brittle frequency
per meter. The fracture index (A) = (defined as fractures)/(scanline length). The assessment
followed the block scheme and weathering levels shown in Figure 1. The criteria for rock mass
quality classification based on the RMR values are presented in Table 2.

Table 2. Rock Mass Quality Classification Based on RMR Values

Class Rock Mass Quality RMR Score
I Very Poor 0-20

I Poor 21-40

III Fair 41-60

v Good 61-80

\Y Very Good 81-100
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Figure 1. Geological Strength Index (GSI) assessment.

Table 1. Classification analysis on fracture data using the RMR (Rock Mass Rating)

Parameter Range of values

w

Strength of

intact rock

material

Point Load >10 MPa 4-10 MPa  2-4 MPa 1-2 MPa -

Strength Index

Uniaxial >250 MPa 100-250 50-100 25-50 MPa 5-25 MPa <5
Compressive MPa MPa Mpa
Strength

RQD (%) 90-100% 75-90% 50-75% 25-50% <25%

Spacing of 200-600 60-200

. o >2m 0,6-2m <60 mm
Discontinuities mm mm
Length /
Persistence
Separation None <0,1mm 0,1-1,0mm  1-5mm >5mm

Slightly . .
Roughness Very rough Rough Rough Smooth Slickensided
Infilling Hard Hard Soft Filling Soft Filling
None Filling Filling
(Gouge) >5 mm >5 mm
<5 mm <5 mm

Slightly Moderately Highly

Weathering Unweathered weathered  weathered  weathered Decomposed
Groundwater gr(;mpletely Damp Wet Dripping flowing.
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3. RESULTS AND DISCUSSION

3.1. Results

The rock mass quality in the study area was analyzed using the Rock Mass Rating (RMR)
method, based on the weighted scores of various parameters collected from field observations and
laboratory testing. At the observation site, the lithology was dominated by mudstone with 13 visible
fractures over a 2.7-meter scanline. The uniaxial compressive strength (UCS) was recorded as
below 1 MPa, which corresponds to a score of 0. The Rock Quality Designation (RQD) yielded a
value of 92.7%, resulting in a maximum score of 20.

The spacing of the discontinuities was measured to be 1.66 m, corresponding to a rating of 15.
The persistence of the fractures averaged 0.44 m (score: 6), separation was 0.36 mm (score: 4), and
the roughness was categorized as smooth (score: 1). No infilling was observed in the fractures, and
weathering was classified as moderate (score: 3). Groundwater conditions were noted to be damp
because of the rainy season at the time of data collection, giving a score of 10. The combined score
from these parameters resulted in a total RMR value of 59, categorizing the rock mass as Fair Rock
(Class III).

Table 3. Rock Mass Rating (RMR) Scoring Results

Parameter Rating Description
Uniaxial Compressive Strength (UCS) 0 <1 Mpa
Rock Quality Designation (RQD) 20 92,7
Spacing of dicontinuities 15 1,66
Length, persistence 6 0,44 m
Separation 4 0,36 mm
Roughness 1 Smooth
Infiling (gouge) - -
Weathered 3 Moderately weathered
Ground water 10 damp
RMR Value 59 fair rock

Table 3 presents a detailed breakdown of the RMR score based on eight critical parameters that
influence the classification of rock mass quality. The uniaxial compressive strength (UCS) was the
lowest-rated component, contributing zero to the total owing to values below 1 MPa, indicating
very weak rock material. In contrast, the Rock Quality Designation (RQD) achieved a maximum
score of 20, reflecting high rock integrity based on core recovery. The spacing of discontinuities,
which influences the mechanical stability of the rock, contributed significantly, with a rating of 15.
Other moderate contributors included persistence (6), separation (4), weathering (3), and
groundwater (10), each representing the physical and hydrological states of the observed fractures.
Roughness scored lowest among these at 1, signifying smoother joint surfaces. Altogether, the
cumulative score of 59 places the rock mass in Class III, categorized as Fair Rock, which implies
moderate stability and potentially necessitates localized support interventions in geotechnical
applications. Figure 2 presents a visual documentation of the fracture system observed at the site.
This image includes a long-range and close-up view of the fracture pattern aligned with an azimuth
of N 194° E.

B . ;

Figure 2. a) distant view with azimuth N 194° E; b) close view with azimuth N 194° E
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The Geology Strength Index (GSI) is evaluated through qualitative observation of surface
structure and rock mass discontinuity conditions found in the field. Interburden layer D-E1 shows
two dominant lithologies: mudstone and silty sandstone. The mudstone exhibits fresh gray to dark
gray color, clay grain size (<1/256 mm) with moderate weathering and massive and compact
structure, while the silty sandstone appears brownish gray, very sand grain size (0.0625 — 0.125
mm), and soft coarseness.

The GSI assessment uses the standard Hoek-Brown GSI chart to interpret the surface
characteristics, where both lithologies are placed in the “very blocky” zone. This categorization is
supported by field evidence, including visible joints and moderate discontinuity features such as
discontinuity spacing and surface roughness. GSI values range between 40 and 50, which
correspond to fair to good rock mass conditions. These observations were confirmed visually and
documented in Figure 4, which depicts the GSI assessment chart along with photographic evidence
of blocky structures observed at the site. This correlation underlines the moderate structural
integrity of the interloaded rock mass and its mechanical behavior under geotechnical stress.

GEOLOGICAL STRENGTH INDEX FOR
JOINTED ROCKS (Hoek and Marinos, 2000)
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conditions of the discontinuities, estimate
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be too precise. Quoling a range from 33
ta 37 is more realistic than siating that
GB5l=135. Note that the table does nol
apply to structurally controlled failures.
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of changes in moisture content will be
reduced if water is present. When work-
ing with rocks in the fair to very poer
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made for wet conditions. Water pressure
is dealt with by effective stress analysis.
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Figure 3. Results Geological Strength Index (GSI) assessment.

i"rigure 4. a) Close proxiinity of laystone with azimuth N 194° E; b) Close proximity of
siltstone with azimuth N 098° E.
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3.2. Discussion

The results of the RMR analysis must be interpreted considering the geological and climatic
complexities inherent to tropical regions. The study site, characterized by high rainfall and humid
conditions, presents challenges that are not fully captured by the static nature of the RMR system.
Tropical terrains often exhibit dynamic changes in groundwater and pore pressure owing to intense
precipitation, potentially undermining slope stability even when the RMR values suggest moderate
stability (Chen et al., 2023). The RMR classification at the site yielded a value of 59, categorizing
it as Fair Rock (Class III); however, this classification does not dynamically adjust for sudden
hydrogeological fluctuations. Such environmental effects may contribute to the overestimation of
slope stability, thereby necessitating the incorporation of adaptive or complementary methods
(Narimani et al., 2023).

Additionally, the complex lithological variability typical of tropical geological formations,
including alternations of claystone and silty sandstone, can introduce discontinuity characteristics
that deviate from the RMR parameter assumptions. The RMR often lacks the resolution to account
for heterogeneous weathering profiles and variable joint patterns that evolve over time owing to
both mechanical and chemical processes in tropical climates (Chen et al., 2023). Thus, while the
RMR framework remains essential for preliminary assessments, its effectiveness in such settings
can be limited without supplementary methods that consider environmental dynamics and
lithological heterogeneity (Muarif et al., 2022).

The GSI evaluation, with values ranging from 40 to 50, reinforced the intermediate
classification suggested by the RMR but offered additional insights into the structural quality of the
interburden. The combination of a blocky structure and moderate joint development aligns with
fair-to-good rock mass behavior. This classification reflects conditions in which the rock mass,
although not entirely intact, exhibits a degree of structural coherence conducive to moderate
stability (Hasan et al., 2023). Notably, the adaptability of the GSI to visual and qualitative
descriptors makes it particularly suited for heterogeneous and visually variable lithologies, such as
those observed in this study, including interbedded claystone and sandstone units with variable
weathering and joint characteristics (Barton et al., 2023). The visual classification process in the
GSI allows for the direct accommodation of such surface indicators, enabling geotechnical
evaluations that better align with the reality of tropical, heterogeneous formations, where joint
orientation, weathering state, and structural anisotropy vary significantly over short distances
(Johari et al., 2022).

Furthermore, the GSI system incorporates parameters related to weathering, joint surface
conditions, and structural orientation that are not explicitly weighted in the RMR scoring. These
parameters allow a more holistic assessment of rock mass integrity, especially in environments
characterized by high climatic variability and complex geological evolution (Dong et al., 2022).
This makes the GSI more responsive to the tropical weathering phenomena and geomorphological
complexity commonly encountered in the study area (Singh et al., 2023; Yang et al., 2023). By
capturing features such as surface roughness, degree of weathering, and joint interconnectivity, the
GSI provides added interpretive value that complements the more rigid numerical structure of the
RMR. Consequently, the combined use of RMR and GSI provides a more comprehensive
geotechnical characterization, allowing for a nuanced interpretation of slope stability that considers
both empirical ratings and field-based qualitative assessments, particularly in settings where
lithological heterogeneity and climatic factors exert significant influence(Uno et al., 2025).

This integrative approach not only enhances the reliability of design decisions but also addresses
the gap identified by previous researchers who advocated for the blending of empirical and
probabilistic models to manage uncertainties in slope stability prediction ((Shu et al., 2023; Zhang
et al.,, 2022). The concurrent application of RMR and GSI in this study exemplifies such
integration, demonstrating improved alignment with the geological and environmental realities of
tropical mining sites. By considering both quantitative parameters and qualitative field-based
observations, this method enables a more adaptive and context-sensitive evaluation of the slope
conditions. This allows for a better understanding of the influence of joint orientation, material
variability, and hydrological response under dynamic climatic influences. The inclusion of visual
and structural inputs from the GSI, alongside the established empirical metrics from the RMR,
results in a multidimensional analysis that is better equipped to anticipate instability triggers. This
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is particularly critical in tropical regions, where conventional models may underrepresent the speed
and severity of the environmental changes affecting slope integrity (Johari et al., 2022).

4. CONCLUSIONS

This study demonstrated that the integration of the Rock Mass Rating (RMR) and Geological
Strength Index (GSI) offers a more comprehensive framework for slope stability assessment in
tropical mining environments. The RMR classification identified the rock mass as Fair Rock (Class
III), while the GSI provided complementary insights into structural coherence and weathering
conditions, particularly relevant to heterogeneous lithologies such as interbedded sandstone and
claystone. The limitations of the RMR in capturing dynamic hydrogeological changes and
lithological variability were effectively mitigated by the adaptability of the GSI, which incorporates
qualitative parameters such as surface conditions and structural anisotropy.

The combined use of RMR and GSI not only enhanced the reliability of geotechnical
interpretations but also aligned the analysis with the environmental and geological complexities
inherent to tropical regions. This integrative approach contributes to more informed design
decisions and offers practical advantages for mine safety and planning. Future studies should
expand the dataset across multiple climatic periods and incorporate real-time monitoring to further
refine the predictive capabilities of the classification framework.

5. ACKNOWLEDGMENTS
The author would like to thank PT. Bukit Asam Tbk for allowing and providing maximum
facility support for this research.

6. REFERENCES

Barton, N., Wang, C., & Yong, R. (2023). Advances in joint roughness coefficient (JRC) and its
engineering applications. Journal of Rock Mechanics and Geotechnical Engineering, 15(12), 3352—
3379. https://doi.org/10.1016/J.JRMGE.2023.02.002

Bieniawski, Z.T. (1989). Engineering Rock Mass Classification: A Complete Manual for Engineers
and Geologists in Mining, Civil, and Petroleum Engineering. Canada: John Wiley and Sons.

Chen, T., Shu, J., Han, L., Tovele, G. S. V., & Li, B. (2023). Landslide mechanism and stability
of an open-pit slope: The Manglai open-pit coal mine. Frontiers in Earth Science, 10, 1038499.
https://doi.org/10.3389/FEART.2022.1038499

Deliveris, A. V., Theocharis, A. 1., Koukouzas, N. C., & Zevgolis, I. E. (2022). Numerical Slope
Stability Analysis of Deep Excavations Under Rainfall Infiltration. Geotechnical and Geological
Engineering, 40(8), 4023—-4039. https://doi.org/10.1007/S10706-022-02135-4

Dong, S., Zhang, H., Peng, Y., Lu, Z., & Hou, W. (2022). Method of calculating shear strength of
rock mass joint surface considering cyclic shear degradation. Scientific Reports, 12(1), 1-14.
https://doi.org/10.1038/S41598-022-13505-6

Hasan, M., Shang, Y., Yi, X., Shao, P., & He, M. (2023). Determination of rock mass integrity
coefficient using a non-invasive geophysical approach. Journal of Rock Mechanics and
Geotechnical Engineering, 15(6), 1426—1440. https://doi.org/10.1016/J.JRMGE.2022.07.008

Muarif, I. F., Maryati, S., Hutagalung, R., Kunci, K., Lereng, K., & Massa Batuan, K. (2022).
Analisis Kelas Massa Batuan Terhadap kestabilan Lereng Bendungan Lolak Menggunakan
Metode Rock Mass Rating. Journal of Applied Geoscience and Engineering, 1(2), 61-75.
https://doi.org/10.34312/JAGE.V111.15507

Johari, M. A. F., Mazlan, S. A., Ubaidillah, U., Nordin, N. A., Ahmad Khairi, M. H., Abdul
Aziz, S. A., Sedlacik, M., & Nikmat Leong, S. A. (2022). Natural Weathering Effects on the

Copyright © 2025 The Authors. Published by Department of Earth Science and Technology, Universitas Negeri Gorontalo
This work is licensed under a Creative Commons Attribution (CC-BY) 4.0 International License.

154


https://doi.org/10.1016/J.JRMGE.2023.02.002
https://doi.org/10.3389/FEART.2022.1038499
https://doi.org/10.1007/S10706-022-02135-4
https://doi.org/10.1038/S41598-022-13505-6
https://doi.org/10.1016/J.JRMGE.2022.07.008
https://doi.org/10.34312/JAGE.V1I1.15507

doi: 10.37905/jgeosrev.v7i2.32492 \__» ejurnal.ung.ac.id/index.php/jgeosrev

Mechanical, Rheological, and Morphological Properties of Magnetorheological Elastomer
(MRE) in Tropical Climate. International Journal of Molecular Sciences 2022, Vol. 23, Page 9929,
23(17), 9929. https://doi.org/10.3390/1JMS23179929

Marinos, V., Marinos, P. and Hoek, E. (2005). Geological Strength Index: Applications and
Limitations. Bulletin of Engineering and Environmental Geology, 64, 55-65.
https://doi.org/10.1007/s10064-004-0270-5

Marotti, J. C., Gomes, G. J. C., Velloso, R. Q., Vargas Janior, E. A., Nunes, R. S., & Fernandes,
N. F. (2023). Exploring extreme rainfall-triggered landslides using 3D unsaturated flow,
antecedent moisture and spatially distributed soil depth. CATENA, 229, 107241.
https://doi.org/10.1016/J.CATENA.2023.107241

Narimani, S., Davarpanah, S. M., Bar, N., Torok, A., & Vasarhelyi, B. (2023). Geological Strength
Index Relationships with the Q-System and Q-Slope. Sustainability 2023, Vol. 15, Page 11233,
15(14), 11233. https://doi.org/10.3390/SU151411233

Shao, J., Zhang, W., Wu, X., Lei, Y., & Wu, X. (2022). Rock Damage Model Coupled Stress-
Seepage and Its Application in Water Inrush from Faults in Coal Mines. ACS Omega, 7(16),
13604-13614. https://doi.org/10.1021/acsomega.1c07087

Shu, S., Ge, B., Wu, Y., & Zhang, F. (2023). Probabilistic Assessment on 3D Stability and Failure
Mechanism of Undrained Slopes Based on the Kinematic Approach of Limit Analysis.
International Journal of Geomechanics, 23(1), 06022037.
https://doi.org/10.1061/(ASCE)GM.1943-5622.0002635

Singh, J., Pradhan, S. P., Vishal, V., & Singh, M. (2023). Characterization of a fractured rock mass
using geological strength index: A discrete fracture network approach. Transportation
Geotechnics, 40, 100984. https://doi.org/10.1016/J. TRGEQ.2023.100984

Uno, D. A. N,, Uno, L., Saputra, A., Arum, D. A., Mumin, R. P., & Alfaed, M. R. F. (2025).
Analysis Slope Stability Using RMR and SMR Method in Nupaomba Area Tanantovea
Donggala. Jambura Geoscience Review, A1), 60-67.
https://doi.org/10.37905/JGEOSREV.V711.30388

Yang, Y., Jiang, Q., Liu, J., Zheng, H., Xu, D., & Xiong, J. (2023). Equivalent Constitutive Model
for Jointed Rock Masses and Its Application in Large Underground Caverns. International
Journal of Geomechanics, 23(1), 04022259. https://doi.org/10.1061/(ASCE)GM.1943-
5622.0002633

Zhang, L., Chen, Z., Bao, M., Nian, G., Zhou, Z., & Zhu, T. (2022). Stability analysis and
movement process determination of rock masses under open-pit to underground mining
conditions. Geomechanics and Geophysics for Geo-Energy and Geo-Resources, 8(5), 1-19.
https://doi.org/10.1007/540948-022-00459-2

Zhou, J., Lou, J., Wei, J., Dai, F., Chen, J., & Zhang, M. (2023). A 3D microseismic data-driven
damage model for jointed rock mass under hydro-mechanical coupling conditions and its
application. Journal of Rock Mechanics and Geotechnical Engineering, 15(4), 911-925.
https://doi.org/10.1016/J.JRMGE.2022.10.002

Copyright © 2025 The Authors. Published by Department of Earth Science and Technology, Universitas Negeri Gorontalo
This work is licensed under a Creative Commons Attribution (CC-BY) 4.0 International License.

155


https://doi.org/10.3390/IJMS23179929
https://doi.org/10.1007/s10064-004-0270-5
https://doi.org/10.1016/J.CATENA.2023.107241
https://doi.org/10.3390/SU151411233
https://doi.org/10.1021/acsomega.1c07087
https://doi.org/10.1061/(ASCE)GM.1943-5622.0002635
https://doi.org/10.1016/J.TRGEO.2023.100984
https://doi.org/10.37905/JGEOSREV.V7I1.30388
https://doi.org/10.1061/(ASCE)GM.1943-5622.0002633
https://doi.org/10.1061/(ASCE)GM.1943-5622.0002633
https://doi.org/10.1007/S40948-022-00459-2
https://doi.org/10.1016/J.JRMGE.2022.10.002

