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Abstract

This paper presents a comprehensive study of the stability conditions of a rock mass
surrounding a tunnel, using numerical modelling analysis of displacements induced by
tunnel construction. The case study focuses on the Boukhadra iron ore mine in Algeria. This
research employs empirical equations from literature based on geomechanical classifications
to provide the most appropriate geotechnical input data for simulation. In addition to
those equations, a novel correlation equation relating the rock mass ratio (RMR) and the
rock quality index (Q) was developed. This equation gives a high regression coefficient,
revealing a strong correlation (R*) of 0.878. It provides a better estimation of the rock mass
characteristics: Young’s moduli (E), Poisson’s ratio (v), cohesion (¢), and friction angle (¢),
compared to the existing literature-based correlation equations. The estimated parameters
were used to pass from a discontinuous medium to a continuous equivalent, making
numerical modelling using finite element method easier. Compared with intact rock and
direct equations, the numerical simulation results based on the new equation fit well with
the in-situ observations, with predicted displacements remaining within the same order of
magnitude as observed deformations, providing more reliable understanding of rock mass
behaviour. The new equation proposed in this paper provides a substantial evaluation of
the rock mass parameters required for the design process of underground structures when

used within their respect acceptable ranges.

1. Introduction

Tunnel construction in discontinuous rock masses
poses significant geotechnical challenges due to complex
geological conditions, which often lead to instability. Accurate
numerical modelling is essential for assessing hazards and
ensuring the safety of underground structures. While traditional
geotechnical analysis relied on empirical methods, recent
technological advancements have made numerical methods
more accessible (Stille & Palmstrom, 2008). However, the
safety of underground openings remains closely tied to the
design process (Bieniawski, 1984; Palmstrom & Stille,
2007; Hudson, 2012; Xing et al., 2017; Abdellah et al., 2018;
Hezaimia et al., 2019; Chaoui et al., 2025).

Numerical methods like the Finite Element Method,
Boundary Element Method, and Discrete Element Method
are central to simulating rock mass behaviour (Bieniawski,
1973; Barton et al., 1974; Wang et al., 2023). Discontinuities
in rock masses impact the choice of modelling approaches,
which may treat the rock mass as either a continuous or

discontinuous medium (Scheldt, 2002; Ferrero et al., 2004;
Maazallahi & Majdi, 2021; Boukarm et al., 2024). Continuous
models, such as the Finite Element Method, are often preferred
for hard rock analysis due to the challenges of modelling
jointed rock masses (Brown, 1987).

Accurate geotechnical characterisation is critical,
and requires reliable strength and deformability parameters
(Driouch et al., 2021; Benghazi et al., 2025), which can be
time-consuming, costly, and sometimes un reliable (Rahman
& Sarkar, 2021). Therefore, these parameters are often
estimated using empirical relationships based on classification
systems (Hoek & Diederichs, 2006; Salimi et al., 2016;
Oliveira & Lima, 2020). Classification systems like the
rock mass ratio (RMR) and the Geological Strength Index
(GSI) provide essential input data for estimating rock mass
properties (Hoek, 1994; Hoek & Brown, 1997; Hoek et al.,
1998, 2000; Marinos & Carter, 2018; Somodi et al., 2021;
Benghazi et al., 2025). Combining these systems enhances
reliability in rock engineering, as demonstrated by Palmstrom
(1995) and Bieniawski (1989).
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Several correlations between the Rock Mass Rating
(RMR) and the rock quality index (Q) have been proposed,
notably by Bieniawski (1976) and Jethwa et al. (1982).
However, these relationships were derived from heterogeneous
international datasets and may be less reliable for site-specific
geological conditions.

This study provides two significant contributions to the
fields of rock mass characterization and tunnel engineering.
It uses intact rock parameters to estimate the rock mass
properties, employing Hoek-Brown equations and RMR values
to assess the failure strength of the rock mass surrounding
an underground opening.

A total of 53 geomechanical observations were collected
along the tunnel alignment. Observation points were selected
to cover the different lithological units. The sampling strategy
combined systematic spacing along the alignment with targeted
measurements at zones of geological interest, such as contacts
between lithologies or areas showing visible structural features.
At each location, measurements were taken from the tunnel walls
where accessible. This approach ensures that the dataset captures
both the spatial variability and the key structural features of the
rock mass, providing a representative basis for calculating RMR
and Q parameters from field discontinuity mapping.

First, a new empirical correlation between RMR and Q
is developed using data collected from the various lithological
units of the Boukhadra iron mine (north east Algeria). The
proposed equation is calibrated on site-specific lithological
units, providing a more refined and accurate estimate of rock
mass properties (R1-1).

The second contribution lies in the application and
validation of this new correlation within numerical models
for tunnel stability analysis. The predicted geomechanical
parameters obtained from the new equation are compared
with those derived from intact rock properties and from
conventional empirical relations.

Furthermore, three modelling approaches were compared
using intact rock parameters, empirical equations, and the
proposed RMR-Q correlation to evaluate the geomechanical
behaviour of the Boukhadra mine tunnel using finite element
analysis in Plaxis 2D. The finite element simulations reveal
that the new equation yields displacement patterns that are
not only consistent with theoretical expectations but also
better reflect the degrading influence of discontinuities on
the rock mass behaviour. This enhances its relevance for
practical engineering design in similar geological contexts.

Integrating intact rock parameters with empirical
equations and classification systems provides a comprehensive
and robust approach to estimating rock mass properties,
which is crucial for ensuring the stability and safety of
underground openings.

2. Site description

The study area is located in the Boukhadra iron ore mine
in eastern Algeria, about 45 km north of Tebessa (Figure 1).

The site lies between longitudes 8°01°30”-8°03°18” and
latitudes 35°45°547-35°44°42”. Previous investigations of the
Boukhadra mining district have highlighted the complexity
of the structural framework and its influence on rock mass
behaviour (Benyoucef et al., 2022, 2023). The central
geological structure consists mainly of Triassic marls, dolomite,
limestone, and sandstone; Aptian sandstone and limestone; and
Tertiary polygenic conglomerates with a carbonate matrix and
interbedded sandstone (Kerbati et al., 2020).

The study tunnel (situated at an altitude of 1105 m) is
above the groundwater level, with a section area of 13 m? and an
approximate length of 250 m. This underground opening passes
through several sub-vertical sedimentary formations, including
limestone, iron ore, sandstone, conglomerate, mineralised marl,
multicoloured marl, and yellow marl (Gadri et al., 2012).

3. Methodology

3.1 Characterisation of the different formations

The geotechnical characterisation of appropriate ground
parameters of the mine’s rock mass was performed from field
observations and laboratory tests (Table 1). Based on Young’s
moduli and unconfined compressive strength values, it can be
observed that the stiffness of the iron ore, limestone, sandstone,
and the mineralised marl ranges from stiff to extremely stiff,
and the strength ranges from medium to very high. In contrast,
the stiffness of the yellow marl, the conglomerate, and the
multicoloured marl ranges from poorly to moderately stiff. Their
strength ranges from very low to low, according to the French
Tunnelling and Underground Space Association (AFTES, 2003).

3.2 Failure strength of the rock mass surrounding the
tunnel

The GSI is used to demonstrate the mechanical
behaviour of the rock masses and their engineering qualities
(Somodi et al., 2018). Engineers use the GSI/Hoek-Brown
criterion extensively as a basis for modelling different
structures in rock masses (Marinos & Carter, 2018).

3.3 Geomechanical classification

Different classification methods were applied to estimate
the geotechnical quality of rock formations, including the
RMR system (Bieniawski, 1989), the Q-system (Barton et al.,
1974), and RMi (Palmstrom, 1995). The RMR system and
the Q-system are the most widely used in tunnel studies
worldwide. The Q-system can often be determined faster
during tunnelling or drilling investigations, because it relies
mainly on geological observations and core logging.

Based on Table 2, the results of the Q-system fit more
with those of the rock mass index (RMji) system than those of
the RMR system. However, in general, the three systems are in
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Figure 1. Situation and Geological map of Bokhadra iron mine, after Bakelli et al. (2022).

Table 1. Geotechnical characteristics and description of the different formations (intact rocks) according to the AFTES (2003).

Unconfined

InFemal Ur.nte Cohesion Compressive Stiffness Young's Strength Poisson’s
friction weight -y modulus e .
o 5 (MPa) Strength description description ratio
©) (KN/m?) (GPa)
(MPa)
Limestone 37.76 26 3.65 60 extremely stiff 42 very high strength 0.22
Iron ore 49.59 27 8.56 71 very stiff 63.9 high strength 0.25
Sandstone 44.37 23 4.53 50 stiff 13.75  medium strength 0.35
Conglomerate 11.90 22 0.56 5 stiff 1.75 medium strength 0.35
Mineralised marl 29.14 24 2.19 30 moderately stiff 6.00 low strength 0.30
Multicoloured marl ~ 8.02 19.5 0.40 5 moderately stiff 0.75  very low strength 0.38
Yellow marl 17.86 22 1.11 9 poorly stiff 1.80  very low strength 0.33
Table 2. Results of the classification systems applied to the different geological formations.
. RMR 0 RMi
Formations - : -
Value quality Value quality Value quality

Limestone 50 Fair 15.05 Good 1.56 high

Iron ore 70 Good 21 Good 2.34 high

Sandstone 59 Fair 19.6 Good 1.55 high

Conglomerate 19 Very Poor 35 Poor 0.09 low
Mineralised marl 44 Fair 14 Good 0.75 Moderate
Multicolored marl 29 Poor 9.85 Fair 0.11 Moderate
Yellow marl 39 Poor 12.95 Good 0.21 Moderate
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good agreement concerning the rocks’ qualities. The obtained
qualities confirm the findings of the previous results (yellow
marl, the conglomerate, and the multicoloured marl are the
least resistant and constitute an imminent geotechnical risk).

3.4 Correlation analysis

To overcome this difficulty, a correlation equation
specific to the Boukhadra mine condition linking the O value
to the RMR value would be very advantageous. To achieve
this objective, a correlation study based on data collected
from different geological formations was conducted.

The selected correlation model is logarithmic. This
choice is justified because the O-index spans several orders
of magnitude (=0.001-1000), as it is defined as the product
of several discontinuity-related factors, resulting in a highly
skewed distribution. Applying the natural logarithm to O
reduces skewness and yields a relationship more compatible
with the roughly linear scale of RMR (Laderian & Abaspoor,
2012). Consequently, many empirical RMR-Q correlations
reported in the literature adopt a logarithmic form, as it
better represents the non-linear relationship between the
two indices and typically provides an improved statistical
fit (higher R? and better residual behaviour). Therefore, the
use of logarithmic regression for the RMR-Q correlation is
both methodologically justified and consistent with common
practice in rock mass classification studies (Ghimire et al.,
2025).

The resulting correlation illustrates a logarithmic
relationship between RMR and Q values, with a very good
coefficient of determination R?> = 0.878 (McNeill, 2001). It
shows a clear tendency for RMR to increase with QO (Figure 2).

The high regression coefficient indicates a strong
correlation between RMR and Q, allowing the estimation of

RMR =6.284In(Q) +42.71

0+ R2=0.878

20

10

0 : ! . Q
0 10 20 30 40

Figure 2. Logarithmic correlation between RMR and Q.

one value from the other. The obtained Equation 1 defines
this relationship:

RMR =6.248InQ +42.71+¢ 1)

The statistical robustness of the proposed correlation
was evaluated using residual analysis and significance testing
(Table 3). Residuals were computed as the difference between
observed and predicted RMR values and showed a mean
close to zero with no systematic trend across the Q range,
indicating the absence of bias. The regression yielded a root
mean square error (RMSE) of approximately 2.25 RMR units.
The estimated coefficients were statistically significant, with
p-values lower than 0.001. The 95% confidence intervals
(CI) were 5.41-7.09 for the slope and 41.00-44.42 for the
intercept, confirming the reliability of the proposed RMR-Q
relationship.

3.5 Validation of the developed equation

Many users apply this proposal to determine the output
of one classification system from another using correlation
equations. The commonly used equation correlating the RMR
system to the Q-system is shown in Figure 3.

It can be noted that the range of inaccuracy is about
+ 50% or more, which may consequently lead to incorrect
decisions. Also, the two systems have different limitations,
and the Q-system applies a logarithmic scale, which may
impose additional errors (Palmstrom, 2009).

The obtained correlation equation shows a good
agreement with the common correlation. It represents a low
level of inaccuracy (Figure 3), especially when RMR > 30.

To further evaluate the predictive performance of the
proposed equation, it was compared with classical correlations
developed by Bieniawski (1989) and Palmstrom (2009)
using statistical error metrics. The comparison was carried
out using Root Mean Square Error (RMSE), Mean Absolute
Error (MAE), and Mean Absolute Percentage Error (MAPE)
indicators based on the collected dataset. The results are
summarised in Table 4. The proposed equation exhibits
significantly lower prediction errors (RMSE =2.43; MAE =
1.80; MAPE = 3.50%) compared with the Bieniawski and
Palmstrom correlations, which show RMSE values of 8.01
and 7.64, respectively.

These results indicate that the proposed correlation
provides a substantially improved prediction of RMR for the

Table 3. Regression results for statistical validation of the proposed correlation.

Parameter Estimate Std. Error t-value p-value 95% CI
intercept 42.71 0.85 50.2 <0.001 41.00-44.42
In(Q) coefficient 6.248 0.42 14.9 <0.001 5.41-7.09
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Figure 4. Observed versus predicted values of RMR.

Table 4. Statistical comparison of RMR-Q correlations.

Correlation RMSE MAE MAPE

The new developed equation 2.43 1.80 3.50
Bieniawski (1989) 8.01 7.29 12.68
Palmstrom (2009) 7.64 7.27 13.62

Boukhadra rock mass conditions, likely due to its calibration
using local geological and geomechanical data.

3.6 Determination of mechanical characteristics using
the developed equation

For each geological formation, both the directly determined
RMR values and the corresponding QO values derived from the

correlation were used to estimate the mechanical parameters
required for numerical modelling. The obtained parameters,
based on the new equation, show a good agreement between
the quality of the massif (based on the RMR) given by this
equation and with the direct application of the RMR system for
the first three formations (Limestone, Iron ore, and sandstone),
in addition to mineralised marl (Figure 4). The geotechnical
characteristics of the built models are presented in Table 5.
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3.7 Stability analysis by numerical simulation

Table 6 presents the commonly used direct relations
of rock mass classifications and the most needed rock
mass parameters. However, the results obtained from these
equations are highly divergent, with differences exceeding
100% for the same geological formation. This divergence
indicates that the numerical simulation results obtained
using these values as input could be inconsistent and do not
represent the behaviour of the rock mass. To address this
issue, a selection of the data to be used must be made based

Table 5. Geotechnical characteristics used in numerical modelling.

on the non-contradiction with the values of the intact rock
parameters, as presented previously in Table 1.

3.8 Numerical modelling

To validate the proposed approach, the numerical
results obtained using the newly developed equation were
compared with those derived from intact rock parameters
and from empirical relations reported in the literature.
Accordingly, three numerical models were established for
each formation using PLAXIS 2D to assess the effect of the

Formations Modt:el.ling Internal friction Unite width Cohesion Young’s modulus Poisson’s ratio
conditions (©) (KN/m?) (MPa) (GPa)
Limestone Intact rocks 37.76 26 3.65 42.00 0.22
Direct relations 29.40 26 0.96 10.00 0.33
Equation 1 49.82 26 0.86 17.43 0.32
Iron ore Intact rocks 49.59 27 8.56 63.90 0.25
Direct relations 36.92 27 1.83 31.62 0.26
Equation 1 50.86 27 2.03 19.64 0.32
Sandstone Intact rocks 44.37 23 4.53 13.75 0.35
Direct relations 31.69 23 1.16 16.79 0.30
Equation 1 50.65 23 1.15 19.16 0.32
Mineralised marl Intact rocks 29.14 24 2.19 6.00 0.30
Direct relations 23.36 24 0.41 7.08 0.41
Equation 1 49.60 24 0.34 16.98 0.32
Table 6. Direct relations of rock mass classifications and rock mass parameters (Aydan et al., 2014).
Property of the rock mass Empirical relation Proposed by
Deformation modulus, £, (GPa) (RMR—IO) Serafim & Pereira (1983)
E, =100

E,, =25logQ (GPa)

Friction angle, ¢ (°)

@, =20+0.5RMR

Cohesion, ¢, (MPa)

Cpy =
2

J

n

. :[RQD §

Poisson’s ratio, v,

v, =05-

@, = 2000

O,y 1-sing,,

v, =025(1+¢7)

Grimstad & Barton (1993)

Aydan et al. (1993)

Aydan & Kawamoto (2001)

Aydan & Kawamoto (2001)

cosQ,,
1 o, Barton (2002)
SRF 100

Aydan et al. (1993)

RMR Tokashiki & Aydan (2010)

0.2
" RMR +0.2(100 - RMR)

E  deformation modulus of rock mass, RMR rock mass rating, Q rock mass quality, o uniaxial compressive strength of intact rock, o, uniaxial compressive strength of rock

m

em

mass, ROD Rock Quality Designation, ¢, friction angle of rock mass, ¢, cohesion of rock mass, v Poisson’s ratio of rock mass, J, joint set rating, SRF' stress reduction factor.

Soil. Rocks, Sao Paulo, 2026 49(3):¢2026020325



Hamdane et al.

geotechnical characteristics determination method on the
obtained results. These models are numerical ones based
on rock mass characteristics obtained from direct relations,
and from Equation 1, respectively.

3.8.1 Geometry and boundary conditions

Figure 5 presents the geometry and boundary conditions
of the mine’s tunnel and the built models. The tunnel section
considered in this study has an average height 4 of 3.5 m and
an average width / of 4.0 m, leading to a typical cross-sectional
area S of about 12 to 13 m% The tunnel is set at varying
depths H depending on the geological formation: 150 m
in limestone, 135 m in iron-ore strata, 75 m in sandstone,
and 124 m in mineralised marl. For numerical modelling, a
model width L of 50 m was employed to represent the rock
mass surrounding the tunnel excavation. The adopted model
width-to-tunnel width ratio, L//=12.5, aims to achieve zero
displacement at the boundaries (Mestat, 2002).

The vertical stress (¢, ) was assumed to result from the
self-weight of the overlying rock mass. The horizontal stress
(0,) was automatically computed in PLAXIS 2D using the
at-rest earth pressure coefficient K , according to the relation
presented in Equation 2:

o, =K, %0, (2)

where the K values were determined based on the Poisson’s
ratio of the rock mass for each geological formation (v, ), as
follows in Equation 3:

Ky = (3)

150.00

100.00

8
8

Lo b bivaa by b I8

The finite element mesh was generated using a medium-
density triangular mesh for the global model geometry.
Local mesh refinement was applied around the excavation
in order to improve calculation accuracy while maintaining
reasonable computational time.

Displacements were extracted from the numerical
model along predefined profiles around the excavation.
Vertical displacements above the roof and below the floor
were obtained along horizontal profiles located at distances
0f0,0.5,1, 1.5, 2, and 2.5 m from the excavation boundary.
In contrast, horizontal displacements were obtained along
a vertical profile located at the same distances from the
excavation sidewall.

3.8.2 Constitutive law and behaviour analysis

Complex behaviour laws require the measurement of a
large number of parameters that only some projects will justify,
or the available technical means do not allow for obtaining
these data. Thus, in 90% of cases, the elastoplastic laws of
Mohr-Coulomb (five parameters) or Hoek and Brown (six
parameters) are used (Chalhoub & Pouya, 2006).

Although the Hoek-Brown criterion provides a more
realistic representation of rock mass failure, the Mohr-Coulomb
model was adopted for the numerical simulations due to its
simplicity, fewer required parameters, and widespread use in
practical engineering analyses (Labuz & Zang, 2012; Lietal.,
2024). The Hoek-Brown parameters obtained from RocLab
were converted into equivalent Mohr-Coulomb parameters
over the relevant stress range, allowing the nonlinear failure
envelope to be approximated by a linear criterion suitable for
PLAXIS simulations. In tunnel studies, the Mohr-Coulomb
law is highly reliable for analysing the surrounding rock
mass, typically in drained conditions (Mestat, 2002). The
two-dimensional (2D) model, calculated as a plane strain

0.00 5.00 10.00 15.00 20.00m

20.00m

&

17

15.00

10.00 I lI

l7 5.00 135 6
f
0.00 Jdf s Ll gl 0.00
5 jit 5 15 16
Limestone Iron ore Mineralized marl Sandstone The tunnel cross section

Figure 5. Numerical model geometries for the different rock formations and the tunnel cross-section.
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in the tunnel’s cross-section, accounts for 98% of the
numerical calculations performed at design offices (Mauldon
& Goodman, 1990).

4. Results and discussion

4.1 Strength analysis and geomechanical classification

The Hoek-Brown failure criterion was used to estimate
the rock mass strength parameters from intact rock properties.
The input parameters consisted of the uniaxial compressive
strength of the rock mass (o, ), the material constant m,
the Geological Strength Index (GSI), and the disturbance
factor D (Table 7). These parameters were processed using
RocLab 1.0 (RocScience, 2014) to determine the Hoek-
Brown rock mass constants. Since numerical modelling was
performed using the Mohr-Coulomb constitutive model, the
Hoek-Brown envelope was converted to equivalent Mohr-
Coulomb parameters (cohesion ¢ and friction angle ¢) by
fitting a linear approximation over the relevant confining
stress range (Figure 6).

The analysis identifies three strength groups: (1) iron
ore, the strongest; (2) sandstone, limestone, and mineralised
marl; and (3) yellow marl, conglomerate, and multicoloured
marl, the weakest. This last group represents a significant
geotechnical hazard, where the majority of on-site observed
instabilities occur, reflecting their high brittleness and low
cohesion and highlighting the importance of formation-
specific support measures (Zheng et al., 2023). These results
emphasise that relying solely on intact rock properties
would underestimate risks in weaker formations, whereas
converting to Mohr-Coulomb parameters enables practical
implementation in numerical simulations (Vuc¢emilovi¢, 2022).
The classification is consistent with the observed behaviour
of rock masses in stratified tunnel projects, reinforcing the
validity of combining Hoek-Brown estimates with empirical
classification (Hoek et al., 2000).

4.2 Numerical modelling results

The computed displacements in the vertical and horizontal
directions for selected nodes, using the finite element package
PLAXIS v.2012, for each geological formation of the studied
tunnel, are presented graphically in Figures 7 to 9.

A comparative analysis of the three modelling approaches:
intact rock parameters, empirical direct relations, and the proposed
RMR-Q correlation (Equation 1), highlights their influence on
the predicted tunnel response. The model based on intact rock
properties systematically produces the smallest displacement
values because it neglects the weakening effects of discontinuities
such as joints and bedding planes. However, the mechanical
behaviour of rock masses is strongly controlled by structural
anisotropy associated with these features (Saroglou et al.,
2018; Gong et al., 2024). For example, the maximum roof
displacements predicted using intact rock parameters range from
0.53%107* mm to 0.76x107* mm, depending on the formation.
In contrast, the numerical results from empirical direct relations
yield intermediate displacement values, increasing to between
1.08x1073 mm and 1.50x107* mm, corresponding to an increase
of approximately 97-104% compared with the intact rock model
and reflecting the reduced stiffness of the rock mass. However,
these displacements still exhibit noticeable variability, reflecting
the dispersion associated with empirical equations derived from
heterogeneous datasets. The model using Equation 1 consistently
predicts larger displacements around the excavation, reaching up
t02.67x107° mm in limestone and 2.51x 10 mm in mineralised
marl. In relative terms, the proposed correlation increases the
predicted displacements by approximately 214-256% compared
with intact rock parameters and by about 60-80% relative to
empirical direct relations. This behaviour can be explained by
the fact that the proposed correlation implicitly captures rock
mass anisotropy through parameters embedded in the Q and
RMR classification systems (such as joint orientation, spacing,
and condition) thereby providing more representative rock
mass properties for the numerical modelling of discontinuous
rock masses.

Table 7. Hoek-Brown criterion characteristics of the different geological formations.

Unconfined
Formations Geological Strength m Disturbance factor Deformation Compressive
Index (GSI) i D) modulus £ (GPa)  Strength of the rock
mass o, (MPa)

Limestone 46 09 0.8 3.00 4.67
Iron ore 64 12 0.8 13.76 11.61
Sandstone 51 17 0.8 1.34 6.30
Conglomerate 14 21 0.8 0.04 0.15
Mineralised marl 38 10 0.8 0.28 1.86
Multicolored marl 21 0.8 0.02 0.10
Yellow marl 33 0.8 0.07 0.44
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Notably, displacements decrease sharply beyond the
first meter from the excavation face, reflecting the varying
stiffness and strength of each formation. Strong formations
(iron ore, sandstone) exhibit self-supporting behaviour, while
weaker formations (yellow marl, conglomerate) undergo greater
deformations, confirming the geomechanical classification.

The predicted displacements are consistent with those
reported in similar tunnel excavation studies in jointed rock
masses, typically ranging from a few millimetres to several
centimetres depending on rock mass quality and tunnel depth
(e.g., Xingetal.,2017; Boukarm et al., 2024). This agreement
supports the realism of the modelling results.
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5. Conclusion

This work presents a significant contribution to the
numerical modelling analysis of displacements caused by
tunnel construction in rock masses using various methods.
The research findings affirm that the new developed equation
for rock mass characterisation is effective and provides
a mechanically consistent representation of the complex
geological conditions at the Boukhadra underground iron
mine, compared with existing methods.

The predictive equation’s correlation coefficient for RMR
is 87.80%, exceeding those of existing RMR-Q relationships
in the literature, which are known to produce large deviations,
often exceeding £50%, indicating the developed model’s
reliability for rock masses within the range of rock masses
represented in the dataset, corresponding approximately to
RMR values between 30 and 70 and to sedimentary lithologies
similar to those encountered in the Boukhadra mining district.

The proposed correlation shows a strong statistical
relationship (R? = 0.878). The regression analysis also
shows low prediction errors (RMSE =2.43, MAE =1.80, and
MAPE = 3.50%), demonstrating a significant improvement
compared with commonly used correlations reported in the
literature. These results confirm that calibrating empirical
relationships using site-specific geological data improves
the reliability of rock mass characterisation.

The proposed RMR-Q correlation consistently predicts
larger deformation values, increasing the estimated roof
displacement by approximately 60-80% relative to empirical
direct relations and by more than 200% compared with intact
rock models, depending on the geological formation. This
behaviour reflects the stronger influence of discontinuities
captured by the proposed correlation. It highlights the importance
of using appropriate rock mass characterisation methods for
realistic numerical modelling of underground excavations.

Avital partnership between these systems and numerical
methods, such as the finite element and finite difference
methods, is imperative to guarantee the most refined conception
of medium behaviour.

While this study provides a strong numerical framework
based on empirical rock mass characterization, the absence
of real-time displacement monitoring limits the immediate
calibration of the model. However, the consistency between
proposed numerical results and observed rock mass behavior
in the studied site and similar stratified formations supports
the model’s preliminary validity.
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List of symbols and abbreviations

c Cohesion

c, Cohesion of the rock mass

h Tunnel average height

/ Tunnel average width

m, Hoek-Brown material constant for intact rock

p-value Probability value
AFTES French Tunnelling and Underground Space Association
CI Confidence interval

D Disturbance factor
E Young’s modulus
E_ Deformation modulus of the rock mass
GSI Geological Strength Index
H Tunnel depth in each formation
f Joint set rating
K, At-rest earth pressure coefficient
L Model width
MAE  Mean Absolute Error

MAPE Mean Absolute Percentage Error
o Rock quality index

R? Coefficient of determination
RMi Rock mass index

RMR  Rock mass ratio

Root Mean Square Error
Rock Quality Designation
S Tunnel section

Stress Reduction Factor

€ Residual error

v Poisson’s ratio

v Poisson’s ratio of the rock mass

o, Horizontal stress

o, Unconfined Compressive Strength of the rock mass
o, Vertical stress

?, Friction angle of the rock mass
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