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 The stratified-sedimentary rock mass, as the typical host ground of coal mine tunnels, 
is characterized by highly non-isotropic deformation due to the very persistent 
discontinuity of bedding planes. This study evaluates the effect of tunnel location relative 
to the host ground strata on the excavation-induced displacements around a coal mine 
tunnel driven along the inclined coal seam. To achieve this goal, a calibrated finite 
element method (FEM) numerical model based on field monitoring displacements was 
developed for the coal mine tunnel at a depth of 300 m. This calibrated numerical model 
was then utilized to investigate the effect of the horizontal location of the tunnel on the 
induced displacement field through sensitivity analysis. Finally, the sensitivity analysis 
results were compared in terms of displacement components around the tunnel. The 
results of this study demonstrate a reasonable level of accuracy (for practical demands) 
of the calibrated numerical model, with an average error of about 8% for maximum 
displacements at measured points. The numerical models show an asymmetric spatial 
distribution of displacements around the tunnel due to the anisotropy of the rock mass, 
especially in the case of inclined layers. The arrangement of weak-strength coal and 
intercalary stone layers relative to the excavation line of the tunnel plays a key role in 
this issue. The critical state of displacements (maximum displacement in sensitivity 
analysis) occurs where the intersection line of the coal-intercalary stone is tangent to the 
tunnel excavation line. Additionally, the excavation-induced displacement decreases as 
the distance between the coal-intercalary stone interface and the tunnel increases, with a 
distance of about 1.5 m suggested for practical applications. 
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1. Introduction 

Stratified rock mass is a common host medium in 
mining and civil engineering, where excavation in 
sedimentary rock is attempted. The most relevant 
feature of stratified rocks is the occurrence of very 
persistent discontinuities, or bedding planes, which 
make the rock mass highly non-isotropic. The 
anisotropy of the mechanical characteristics of 
stratified rocks mainly consists of rock strength, 
failure mode, and deformation, which are 
associated with the dip angle between the axial 
loading direction and the normal of the weak plane 
[1]. These characteristics control the interaction 
between the host ground and underground 

excavations. Therefore, the characterization of 
such behavior is very important for the economic 
design and safe construction of underground 
excavations. 

The structure of a stratified rock mass plays a 
vital role in the mechanical behavior of an 
underground opening during excavation and 
operation [2]. When a tunnel is excavated in 
stratified ground, especially in lithologically varied 
sedimentary rock masses, the stress and 
deformation characteristics of the surrounding rock 
mass are very different from those in normal rock 
masses [3]. Therefore, designing a tunnel through 
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stratified host rock requires the consideration of a 
variety of different mechanisms, since the rock 
mass exhibits a wide spectrum of behavior 
depending on intact rock and rock mass properties, 
in-situ stresses, and the relative direction of 
stratification with respect to the tunnel section [4]. 
Obviously, the assessment of excavation stability 
in such a host medium is much more complex, as it 
is often associated with factors that lead to highly 
anisotropic behavior of the rock mass [3,5]. To 
achieve proper design and construction in this 
situation, it is necessary to properly analyze the 
effects of heterogeneity and anisotropy. Many 
researchers have focused on the behavior of 
stratified rock masses, either to recognize the pure 
overall mechanical behavior of the medium or to 
study its response to excavation. The investigation 
approaches of these studies mainly consist of 
experimental methods, theoretical analysis, field 
experiments, physical model testing, and numerical 
simulation. Most of the experimental studies [6-8] 
have focused on the mechanical behavior of 
stratified media in the absence of excavation. 
However, these types of studies cannot be directly 
applied to properly evaluate the interaction of the 
rock mass and underground excavation. 
Theoretical models [9-14] can reflect the main 
principles of rock mass behavior, but are limited to 
very simple geometries of underground 
excavations. Furthermore, it is impossible to 
explore all mechanical characteristics by 
implementing a theoretical model. Field 
experiments [15-17] and physical model testing 
[18-22] can be introduced as alternative methods to 
overcome the limitations of theoretical models. 
However, these methods can be expensive and 
time-consuming, and may encounter scale effect 
problems. In fact, full-scale physical modeling 
experiments are very expensive and difficult to 
operate. On the other hand, small-scale tests are 
limited by the size of the model and may be 
inefficient in realistically simulating in-situ 
stresses. Considering the limitations involved in 
using the above methods, numerical techniques 
have proven to be essential and powerful tools in 
modeling stratified rock masses [23-33]. The finite 
element method (FEM) is one of the most common 
methods in the continuum modeling approach, 
which assumes the rock mass as a continuous 
material and analyzes the mechanical performance 
of intact rock and rock properties [34]. Numerical 
methods have been considered more suitable for 
simulating the rock mass response in different geo-
mechanical fields, especially for stratified 
surrounding rock around tunnels. However, few 

studies have focused on the effect of inclined 
stratification on the stability of non-circular 
excavations with respect to the location of rock 
layers. To the best of the authors' knowledge, most 
previous research has either focused on 
investigating the behavior of circular tunnels 
considering the influence of inclined stratification 
[4, 26] or the behavior of non-circular tunnels 
excavated in horizontal stratification [35]. So far, 
with the exception of one case [25], which studied 
the effect of bedding dip angle on non-circular 
excavation stability, the role of the horizontal 
location of excavation surrounded by inclined 
bedding on the induced displacement field has not 
been investigated. This issue forms the main 
contribution of this study.  

This study aims to investigate the effect of 
inclined beddings and the location of excavation 
with respect to different ground strata on the 
displacement field developed around a non-circular 
tunnel by applying a calibrated numerical model. 
To achieve this goal, a reference numerical model 
was adopted based on the back analysis results of 
field monitoring measurements. The calibrated 
model was then used to investigate the appropriate 
horizontal location of the tunnel through sensitivity 
analysis. In this analysis, the induced displacement 
components around the tunnel were evaluated for 
different locations. Finally, the results from 
different numerical models were compared to find 
the most suitable location for the tunnel. 

2. Theory and Background 

While the demand for minerals and metals 
continues to grow rapidly, underground mining 
operations are progressing into deeper and 
increasingly complex deposits associated with 
more challenging geological conditions. Coal 
resources are typical reservoirs found in 
sedimentary strata sequences. Extraction of these 
resources requires the majority of mining tunnels 
to be driven in these strata, where the mechanical 
behavior often varies from one layer to another, 
even within a closely related geological sequence. 
Generally, tunneling may induce significantly 
different magnitudes of deformation in the 
surrounding ground. In terms of layered strata, 
excavation of a tunnel removes the confinement on 
the surface of the profile and induces a stress 
concentration zone around the tunnel, disturbing 
and destroying the original equilibrium condition. 
The disequilibrium in the stress field triggers 
deformation and closure of the tunnel. 
Furthermore, the thickness and material of the 
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variable rock layers may affect the stability of the 
excavated tunnel/adit, which arises from the 
layered nature of the coal resource. This is why in 
engineering practice, it has been proven that rock 
anisotropy and heterogeneity are important factors 
in stabilizing underground excavations in layered 
rock masses such as coal [4, 36]. 

Generally speaking, the structure of a stratified 
rock mass plays a vital role in the mechanical 
response of an underground opening during 
excavation and operation. Therefore, the reference 
stratified rock mass can be considered as the 
qualitative sum of the internal rock mass and the 
dominant discontinuities. However, there are often 
significant differences between the mechanical 
parameters of the reference stratified rock and the 
actual rock mass, so it is recommended to adjust 
the rock mass properties accordingly [37-39]. 
Assuming that the rock mass is a combination of 
intact rock and discontinuities, the deformability 
properties of these elements can be calculated 
using the following equations [40, 41]: 

1
퐸 ,  

=
1

퐸 ,
+

1
푠 푘

 (1) 

1
퐺 ,

=
1

퐺 ,
+

1
푠 푘

 (2) 

where 퐸 ,  and 퐺 ,  are the reference rock 
mass deformation and shear modulus, 퐸 ,  and 
퐺 ,  the deformation and shear modulus of the 
internal rock mass between discontinuities, 푠  is 
the spacing of discontinuities (or bedding 
thickness), 푘  and 푘  the normal and shear 
stiffness of the discontinuities, respectively. The 
deformation modulus of the internal rock mass 
(퐸 , ) is calculated based on the following 
relationship [39]: 

퐸 , = 퐸 0.02 +
1 − 퐷

2
1 + 푒( )∕  (3) 

where D is the disturbance factor and 퐸  is the 
deformation modulus of initial rock, which is 
determined by the formula [39]: 

퐸 = 푀푅휎  (4) 
The shear modulus of and internal rock mass 

(퐸 , ) and initial rock (퐺 ) can be estimated by 
formulas: 

퐺 =
퐸

2(1 + 휇)  (5) 

퐺 =
퐸

2(1 + 휇) (6) 

where 휇 is Poisson’s ratio of the rock mass. 

3. Case Study and Model Setup 
3.1. Case description  

This paper investigates the stress and 
displacement field around a non-circular 
excavation that was driven along a coal seam. The 
study is based on the N-6-8 tunnel in the Duonghuy 
coal mine, Quang Ninh, Vietnam [25]. The tunnel 
was excavated along a coal seam (Fig. 1) in order 
to exploit the coal and transport it to the outside. As 
illustrated in Fig. 1, the excavation cross-section is 
assumed to be a modified-horseshoe with vertical 
sidewall dimensions of 4 m wide and 3.25 m 
height, located at a depth of 300 m below the 
ground surface. To reduce the complexity of the 
numerical modeling analysis and make it 
computationally feasible, the conditions of pore-
water pressure in the rock and rock mass are 
assumed to be "dry" or undrained.  

The stratified rock mass in the Quang Ninh coal 
mine consists of conglomerates, quartz siltstone, 
and sandstone interbedded with thin layers of 
intercalary stone and coal seams. A range of 
Geological Strength Index (GSI) values that range 
from 10 to 80 has been adopted to cover rock mass 
conditions that vary from very poor to very good. 
The GSI values, deformability, and strength 
parameters of the rock masses (calculated based on 
the theoretical and empirical equations in the 
previous section) are presented in Table 1. The 
uniaxial compressive strength of intact rock (휎 ) 
ranges from 20 MPa to 86 MPa, with a modulus 
ratio (MR) of 500 and a geomaterial constant (푚 ) 
of 7. The strength parameters of the discontinuities 
(interfaces between rock layers) are based on the 
surface quality of the reference rock mass. The 
Joint Roughness Coefficient (JRC) values range 
from 2 (very poor) to 18 (very good), and the Joint 
Compressive Strength (JCS), calculated as a 
fraction of the intact rock uniaxial compressive 
strength (휎 ), varies from 0.10휎  (very poor) to 
0.60휎  (good). The interface properties of the 
internal rock masses are also summarized in Table 
2. 



Javadi et al. Journal of Mining & Environment, Vol. 15, No. 1, 2024 
 

206 

 
Figure 1. Cross-section of tunnel in inclined stratification ground and detail of monitoring extensometers 

installed in the tunnel (modified based on the [25]). 

Table 1. Initial and calibrated geo-mechanical parameters of rock layers surrounding the tunnel. 

)°(흋  )MPa (풄  )Mpa (흈풄풊  퐆퐒퐈 
)Mpa (푬  )품/풄풎ퟑ( Density  Layer  

Calibrated  Initial   
40.59  1.33  86.62  60  8024  11585  2.65  Sandstone  
31.95  0.69 46.48  50  2470  4772  2.65  Siltstone  
14.23  0.19 20  20  490  556  1.4  Coal  
27.34  0.39 25  45  2186  2624  2  Intercalary Stone  

Table 2. Interface properties of the internal rock mass surrounding the tunnel [25].   
JRC JCS (MPa) Rock in contact 
10 23.24 Sandstone-Siltstone 
6 7.5 Siltstone-Intercalary Stone 
2 2 Intercalary Stone-Coal 
2 2 Coal-Siltstone 

 
To obtain the deformation characteristics of the 

induced displacements in the rock mass after 
excavation, three extensometers were installed in 
the rock mass from the tunnel wall. Two shoulders 
of the arch and the roof were selected for installing 
four-rod extensometers with different lengths of 1 
m, 1.5 m, 2 m, and 2.5 m. The layout of the 
monitoring points is shown in Figure 1. The 
displacements induced in the rock mass were 

frequently monitored for six months until the 
tunnel boundary reached a stable state. During 
construction, the tunnel was supported by steel ribs 
to ensure the equilibrium and stability of the tunnel. 
The structural properties of the steel ribs used for 
tunnel support are summarized in Table 3. It should 
be noted that the steel ribs were installed at a 
maximum distance of 0.7 m from the tunnel face 
immediately after each excavation. 

Table 3. Structural properties of steel ribs used for tunnel support [25]. 

Poisson’s ratio Young’s 
modulus (GPa) 

Inertia moment 
(풎ퟒ) 

Cross-sectional 
area (풎ퟐ ) 

Height of section 
(m) 

0.25 180 2.43× 10  0.002173 0.171 
 
3.2. Numerical model setup 

Numerical analyses in plane strain were 
conducted using the finite element code Phase2. 

This software uses an implicit finite element 
method for plasticity analysis, employing Newton-
Raphson solution schemes, which are iterative 

1.0 m 
1.5 m 
2.0 m 
2.5 m 

P2 
P3 

Sandstone 

P1 
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procedures that have been shown to be the most 
robust and economical scheme in terms of 
computing time [42]. Different numerical models 
including the initial model, back-calibrated model, 
and sensitivity analysis models were used for 
investigation purposes. The initial model was used 
to evaluate the numerical model and compare the 
results with monitoring data. Based on this 
comparison, the initial model was calibrated for the 
next analysis. After calibrating the geo-mechanical 
properties of the rock strata and interfaces, a 
sensitivity analysis was performed by horizontally 
shifting the tunnel relative to the coal seam to find 
the most stable configuration.  

In all of the numerical models, the horseshoe 
tunnel section was simulated in a numerical model 
measuring 25 m x 25 m (approximately six times 
the tunnel dimension) to avoid the effects of 
boundaries. This numerical domain represents the 
tunneling-affected domain with artificial 
boundaries, and the effect of in-situ stress was 
numerically applied to the models. The 
arrangement of rock strata was adopted based on 
geological explorations conducted in the 
monitoring section, as shown in Figure 2. This 
relative location of the tunnel and rock strata, 
referred to as the geological-tunnel configuration, 
was considered the reference section or original 
model (hereafter named “OM”). The rock mass 
was quantified using the Hoek–Brown failure 
criterion [43], the discontinuity strength was 
evaluated using the Barton-Bandis failure criterion 
[44], and the rock mass deformation modulus was 
calculated based on the relationship proposed by 
Hoek and Diederichs (2006) [39]. The internal rock 
mass and discontinuity parameters for the initial 
model are presented in Tables 1 and 2 (calculated 

based on the procedure described in the previous 
section). The parameters were assigned to the 
various strata in the numerical models. The normal 
fixed boundary condition was applied to the 
numerical model boundaries, as is typically 
suggested for artificial domain boundaries. In fact, 
the boundary condition for the numerical models is 
fixed in all directions on the parallel and normal 
directions of the boundary sides. Graded six-noded 
triangular elements with a gradation factor of 0.1 
were utilized to mesh the numerical domain. The 
boundary condition, tunnel size, domain size, and 
mesh details of the numerical model for the 
reference section (OM) are shown in Figure 2. For 
all numerical models, a dense mesh was used in and 
around the tunnel, whereas a coarser mesh was 
used for the areas farther away from the tunnel. The 
first step in the numerical modeling process 
consisted of setting up the initial stress state, 
considering the vertical stress under the effect of 
the gravity field. Since the numerical domain 
represents a limited area surrounding the tunnel, 
the effect of the overburden stress (associated with 
a tunnel depth of 300 m) was indirectly applied 
through vertical and horizontal extra stresses on the 
model boundaries. In all the numerical models, the 
ratio between lateral and vertical stresses (K0) was 
assumed to be 0.5, based on the back-analysis 
results from a previous study.  

This study involved different numerical analyses 
that were performed based on specific 
requirements. These analyses can be categorized as 
follows: 

a) Establishing the initial model based on the 
empirical assumed properties of the tunnel and 
surrounding reference rock mass and comparing 
results with monitoring measurements; 

 
Figure 2. Numerical model for reference section (OM) with the arrangement of rock strata, boundary conditions, 

and numerical mesh. 
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b) Calibrating the initial model through back 
analysis on the geo-mechanical parameters of the 
surrounding rock mass to adjust the numerical 
model results with monitoring measurements; 

c) Implementing the calibrated model to analyze the 
effect of tunnel horizontal location on induced 
deformation and stress field around the tunnel to 
select the appropriate location of the tunnel as a 
demand of design optimization. 

In order to validate the simulation results, the 
reference numerical model has been established 
based on the geo-mechanical parameters obtained 
from empirical approximations. Then the geo-
mechanical parameters of the reference model 
were calibrated based on the results of monitoring 
measurements to increase the accuracy of the 
numerical simulation. These analyses were 

performed on the OM reference section. Finally, 
the calibrated model has been used to determine the 
appropriate location of the tunnel relative to the 
coal layer as a design optimization demand. For 
this purpose, numerical modeling of tunnel-
induced displacements has been carried on for 
eight different locations relative to the initial tunnel 
location. A schematic view of the tunnel location 
transition relative to the initial location is 
illustrated in Fig.3. The location of the tunnel is 
shifted with intervals of 50 cm horizontally to the 
left and right (resulting in decreasing and 
increasing the distance from the coal layer, 
respectively) that resulted to eight different study 
cases for sensitivity analysis. Each model was 
numerically analyzed individually.  

 
Figure 3. Schematic view of the horizontal transition of tunnel location relative to the initial location (dislocation 

at distances of every 50 cm to the right and left).  

4. Results and Discussion 

The initial analysis of the interaction between the 
rock strata and tunnel was performed based on a 
numerical model with geo-mechanical parameters 
derived from the empirical equation presented in 
Table 1. The total net displacement induced by the 
tunnel excavation (as measured by the monitoring 
system) is shown in Figs. 4-a and 4-b, with the 
displacement at the installed extensometer points 
marked in Fig. 4-b. These results indicate that a net 

total deformation in the range of 0 to 100 mm arises 
around the tunnel after excavation and support 
installation. Based on the initial numerical model 
results, the net total deformations at the 
extensometer points are estimated to range from 10 
mm to 20 mm, 10 mm to 20 mm, and 0 to 5 mm for 
P1, P2, and P3 extensometers, respectively. 
However, the measured deformations at these 
points range from 15 mm to 95 mm, indicating 
inadequate precision of the initial model 
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corresponding to the measured values obtained by 
the monitoring system. Therefore, calibration of 

the numerical model is necessary to increase its 
accuracy, especially for sensitivity design analysis. 

 
a) Full scale the tunnel excavation 

 
b) Total net displacement-monitoring system 

Figure 4. Total net displacement after tunnel excavation and support for initial numerical model: Full scale the 
tunnel excavation (a), and Total net displacement-monitoring system (b) (for the OM reference section). 

In To increase the accuracy of the analysis, the 
numerical model for the OM reference section was 
calibrated by minimizing the discrepancy between 
the measured displacement (derived from 
monitoring results) and the corresponding 
numerically evaluated quantities using the multi-
variable direct method for back analysis. The 
displacement values at the corresponding 

extensometer points, estimated by the back-
calibrated numerical model, as well as the 
measured values obtained from the monitoring 
instruments, are summarized in Table 4. To better 
evaluate the validity of the estimates, the results of 
a previous study conducted on this tunnel case (Do 
et al., 2019 [25]) are also presented in Table 4. 
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Table 4. Comparison between displacements in corresponding points of extensometers estimated by the back-
calibrated numerical model and measured values by the monitoring instruments. 

Displacement in rock mass (m)   
This study Previous Study [25] Measured data [25]   

P3 P2 P1 P3 P2 P1 P3 P2 P1 Extensometer ID 

0.014 0.093 0.067 0.012 0.088 0.06 0.015 0.095 0.08 1 
Distance from 
the tunnel wall 

(m) 

0.008 0.067 0.042 0.008 0.066 0.047 0.015 0.09 0.045 1.5 
0.008 0.039 0.03 0.008 0.045 0.033 0.015 0.04 - 2 
0.008 0.029 0.02 0.008 0.028 0.027 0.015 0.04 0.02 2.5 
0.014 0.093 0.067 0.012 0.088 0.06 0.015 0.095 0.08 Maximum displacement (푫풎풂풙) 
0.93 0.98 0.84 0.8 0.93 0.75 - - - 푫풓풂풕풊풐* 

* The displacement ratio (퐷 ) is obtained by dividing the maximum displacement of the model by the maximum displacement 
measured as 퐷 = 퐷 /퐷 . 
 

According to Table 4, there are slight 
discrepancies between the estimated results of the 
calibrated model and the field-measured 
displacements, but there is still an acceptable level 
of consistency between the results. To highlight 
this consistency, a factor used for comparing the 
calibrated model and measured values is 
introduced as 퐷 . This parameter represents the 
ratio of the maximum displacements at a specific 
point in the calibrated model to the same point 
measured by monitoring in the tunnel. As 퐷  
approaches one, it indicates a proper estimate of the 
numerical model. According to Table 4, the 퐷  
values at P1, P2, and P3 are 0.84, 0.98, and 0.93, 
respectively. The estimate error for P1 is the 
highest at about 16%, whereas the errors for P2 and 
P3 are only 2% and 7%, respectively. This 
comparison indicates the overall accuracy of the 
calibrated numerical model.  

The distribution of stress and deformation around 
the tunnel is one of the most important outputs of 
the numerical model, which can be used to inform 
design decisions and planning alternatives. The 
output results of the calibrated numerical model for 
the OM reference section are shown in Fig. 5, in 
terms of principal stresses and deformation around 
the tunnel. The contour plot and trajectory of 
principal stresses (Figs. 5-a and 5-b) reveal a 
complete asymmetrical state around the tunnel. 
The trajectory of principal stresses indicates that 
the excavation-induced stresses are mainly 
deviated from the internal boundary control state. 
This behavior becomes more evident at the crown 
of the tunnel, where it is usually expected that the 
axis of major and minor principal stresses will be 
parallel and perpendicular to the excavation line of 
the tunnel, respectively. In fact, the direction of 
principal stresses around the tunnel is mainly 
controlled by the inclination of the rock strata 
rather than the shape of the tunnel boundary. The 

deviation of the principal stress direction from 
symmetry can be clearly observed in the upper-
right side area around the tunnel (in the coal and 
intercalary stone strata). Furthermore, the values of 
both major and minor principal stresses in this area 
are lower than those in other areas around the 
tunnel due to the weaker strength of the coal and 
intercalary stone strata. Similarly, the displacement 
induced by tunnel excavation shows an asymmetric 
distribution around the tunnel. The horizontal 
displacements are mainly concentrated on the left 
side of the tunnel (Fig. 5-c). In addition, intense 
vertical deformation can be seen on the left side of 
the tunnel crown area (Fig. 5-d). The spatial 
distribution of excavation-induced deformation is 
clearly controlled by the location of the weak 
strength coal and intercalary stone strata. The 
presence of inclined weak layers around the tunnel 
is the main reason for the asymmetric deformation 
distribution that reflects the anisotropy of the rock 
mass behavior. Under such conditions, the location 
of weak strata relative to the tunnel plays a crucial 
role in the induced stress and deformation around 
the tunnel. This issue will be further discussed in 
the rest of the study.  

Sensitivity analysis was conducted to investigate 
the effect of the horizontal location of the tunnel 
relative to the host ground layers on induced 
deformations around the underground excavation. 
In this regard, eight horizontal locations were 
considered by transitioning the tunnel's initial 
location (OM) to the left (toward the coal layer) 
and to the right (away from the coal layer), based 
on the schematic view shown in Fig. 3. The results 
of the sensitivity analysis are presented in Figs. 6 
to 8, in terms of the absolute horizontal, absolute 
vertical, and total displacements induced by tunnel 
excavation and support, respectively. These figures 
show the corresponding transmitted locations to 
the left, which are marked as L50, L100, L150, and 
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L200, and to the right, which are marked as R50, 
R100, R150, and R200. Additionally, the reference 
section is marked as OM. It is important to note 
that, for each shifted tunnel location, numerical 

modeling was performed while keeping the 
geomechanical parameters, geological 
configuration, numerical setup, and boundary 
conditions constant.  

  
a) Major principal stress (σ1) b) Minor principal stress (σ3) 

c) Horizontal displacement d) Vertical displacement 

Figure 5. Output results of calibrated numerical model: contour plot plus trajectory of principal stress (a, b), 
and contour plot plus the displacement vectors (c, d).   

The contour plots of absolute horizontal 
displacement around the tunnel for the sensitivity 
analysis of tunnel horizontal location are shown in 
Fig. 6. This figure illustrates the effect of the 
tunnel's horizontal location on the induced 
horizontal displacements. The horizontal 
displacement induced by tunnel excavation shows 
an asymmetric spatial distribution around the 
tunnel. It is evident that the arrangement of weak 
strength coal and intercalary stone strata relative to 

the tunnel excavation line plays a key role in the 
asymmetric spatial distribution of excavation-
induced horizontal deformation. In fact, the 
anisotropy of rock mass behavior due to the 
inclined weak layers is associated with the 
asymmetric spatial deformation distribution. For 
most cases, the majority of horizontal displacement 
occurs at the intersection area of the coal-
intercalary stone interface with the excavation line 
of the tunnel.  
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Figure 6. Contour-plot of absolute horizontal displacements around tunnel induced by excavation for different 
tunnel horizontal locations relative to OM reference section. 

As shown in Fig. 6, the horizontal displacement 
gradually increases as the horizontal distance 
decreases from left to right (from L200 to OM). For 
these horizontal locations of the tunnel, most of the 
horizontal displacements occur at the left sidewall 
of the tunnel. The concentration area of 
displacements moves upward from the left sidewall 
to the crown of the tunnel by shifting the horizontal 
distance from L200 to OM. Abrupt changes in the 
spatial distribution and value of horizontal 
displacement can be found at the tunnel horizontal 
location of R50. At this location, the induced 
horizontal displacements extend to a larger area 

around the left sidewall and crown of the tunnel, 
and the value of horizontal displacement reaches its 
maximum. A distinguished reduction in horizontal 
displacement is observed when the tunnel 
transitions from R50 to R100. The horizontal 
displacement slowly decreases as the tunnel shifts 
to the right from R100 to R200. In this situation, the 
cases of R150 and R200 show the minimum 
horizontal displacement induced by tunnel 
excavation.  

Fig. 7 shows the contour plots of vertical 
displacement induced by excavation. This figure 
illustrates the effect of the tunnel's horizontal 
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location on the induced vertical displacement as a 
result of sensitivity analysis. For all horizontal 
locations, most of the vertical displacements 
around the tunnel are concentrated in the left half 
of the tunnel area, creating an asymmetric vertical 
displacement field. The asymmetrical intensity of 
the spatial distribution of vertical displacements is 
much more noticeable for the R50 and OM cases. 
The magnitude and spatial spread of the induced 
vertical displacement increase gradually as the 
tunnel horizontal location is shifted from L200 to 
R50. For the other cases of R100, R150, and R200, the 
magnitude and spatial spread of the induced 
vertical displacement decrease as the tunnel is 
shifted to the right. Hence, the magnitude and 
spatial spread of the induced vertical displacement 
reach their maximum for the R50 case. 
Additionally, the minimum magnitude and spatial 
spread of the induced vertical displacement occur 
in the case of R200. 

The numerical analysis results also show a 
particular type of vertical displacement at the 
tunnel floor. The numerical model for all 
horizontal locations of the tunnel displays uplift 
vertical displacement or heave of the tunnel floor, 
as shown in Fig. 7. The magnitude of floor heave 
for tunnel locations on the left side (L50, L100, L150, 
and L200) is much higher than those on the right side 
(R50, R100, R150, and R200). In addition, the 
magnitude of floor heave for both left and right side 
tunnel locations shows very low dependency on the 
horizontal movement of the tunnel. The change in 
the magnitude of floor heave only occurs in the 
area of the floor where there is a change in the 
strata type. This change in floor strata type occurs 
at the OM section, where the tunnel floor of the left 
side horizontal location consists of two types of 
strata, including siltstone and intercalary stone, 
while the tunnel floor of the right side models is 
located on the siltstone layer. Since the intercalary 
stone has weak mechanical properties, a greater 
magnitude of floor heave is anticipated for the left 
side location of the tunnel (L50, L100, L150, and L200), 
as predicted by the numerical models.  

The contour plots of total displacement, shown in 
Fig. 8, illustrate the effect of tunnel horizontal 
location on the induced deformation caused by 
tunnel excavation. Total displacement around the 
tunnel is the sum of individual displacement 
components. As such, it can serve as a suitable 
measure for interpreting sensitivity analysis 
results. Based on the results of Fig. 8, the effect of 
horizontal movement of the tunnel location on 
induced deformations can be spatially interpreted. 
The spatial spread of the affected area by total 

displacement increases as the horizontal distance 
decreases from left to right for these cases. At the 
tunnel horizontal location of R50, sudden increases 
of total displacement occur, indicating the 
maximum magnitude and spread of total 
displacement induced by tunnel excavation. The 
magnitude and spatial spread of induced total 
displacement decrease, especially with an increase 
in right-side movement of tunnel horizontal 
location for cases of R100, R150, and R200. Therefore, 
the case of R200 exhibits the minimum magnitude 
and spatial spread of induced total displacement. 

Similar to the vertical and horizontal 
displacement components, the total displacement 
field around the tunnel in inclined stratified strata 
exhibits an asymmetric spatial distribution. As 
shown in Fig. 8, the induced total displacements 
are concentrated in the area where the coal-
intercalary stone interface intersects with the 
tunnel excavation line. The magnitude, shape, and 
spatial distribution of induced total displacements 
around the tunnel are controlled by the spatial 
location of these weak rock strata relative to the 
tunnel boundary. Therefore, decreasing the 
proximity of the coal and intercalary stone layers 
to the tunnel boundary or reducing the excavation 
area of these weak layers (coal and intercalary 
stone) can decrease both the magnitude and spatial 
spread of induced total displacement. 

To precisely investigate the effect of tunnel 
location on induced deformations, we studied the 
variation of displacement components along 
different tunnel locations using quantitative 
graphs. In this regard, five observation points were 
considered at the tunnel boundary. The location of 
the observation points on the tunnel boundary and 
the resultant displacement components on these 
points are shown in Fig. 9. In this figure, the 
displacement components induced by excavation 
in terms of absolute horizontal, absolute vertical, 
and total displacements were derived from the 
results of numerical models and plotted as a 
function of tunnel horizontal distance of OM 
section. It should be noted that the horizontal axis 
(X-axis) of graphs in Fig. 9 shows the value of 
horizontal distances of tunnel relative OM section, 
where the left and right side transition of tunnel are 
indicated as negative and positive values, 
respectively. In other words, the values of L50, L100, 
L150, and L200 cases on the x-axis are -50, -100, -
150, and -200, respectively. Similarly, the values 
of R50, R100, R150, and R200 cases on the x-axis are 
+50, +100, +150, and +200, respectively. 
Moreover, the origin point on the X-axis denotes 
the tunnel initial location.
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Figure 7. Contour-plot of absolute vertical displacements around tunnel induced by excavation for different 

tunnel horizontal locations relative to OM reference section. 
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Figure 8. Contour-plot of total displacements around tunnel induced by excavation for different tunnel 
horizontal locations relative to OM reference section. 
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Figure 9. Variation of components of excavation induced displacement on the observation points: a) absolute 

horizontal, b) absolute vertical, and c) total displacement.  
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dominant component is horizontal displacement, 
which accounts for the majority of the total 
displacement induced by tunnel excavation. At 
these points, the other displacement components 
have a negligible effect on the total displacement. 
At other observation points, the relationship 
between the induced displacement components 
varies. For example, at point 2, the horizontal 
displacement is lower than the vertical 
displacement for the L200, L150, L100, L50, and OM 
cases, while the opposite is true for the R50, R100, 
R150, and R200 cases. At point 4, the vertical 
displacement is nearly twice that of the horizontal 
displacement for most tunnel locations. At point 3 
(the crown of the tunnel), the vertical displacement 
induced by tunnel excavation is higher than the 
horizontal displacement. This difference becomes 
more pronounced for the R50 and R100 cases, where 
the vertical displacement becomes the dominant 
component.  

According to Fig. 9, the horizontal movement of 
the tunnel location to the left and right sides results 
in variable induced displacements at most of the 
observation points. The graphs of induced 
displacement components show a semi-undulating 
pattern with rising and falling fluctuations for all 
observation points except for point 1. The 
magnitude of horizontal and total displacements at 
point 1 continuously decreases as the horizontal 
shifting of the tunnel increases from L200 to R200. 
Point 1 is located at the intercalary stone layer for 
all the tunnel horizontal movement cases, and its 
horizontal distance to the coal layer (the weakest 
layer in the domain) increases linearly as the tunnel 
shifts from L200 to R200. This is the primary reason 
for the decreasing horizontal and total 
displacements at point 1. It is worth noting that the 
effect of increasing the horizontal thickness of this 
point to the coal layer gradually decreases, 
resulting in a further reduction of horizontal and 
total displacements at point 1. 

According to Fig. 9, the displacement 
components for point 2 exhibit an ascending-
descending variation, with a peak value at R50 and 
OM. Initially, this point is located in the coal layer 
for cases from L200 to OM, and moves to the 
intercalary stone layer with further rightward 
tunnel shifting. As the tunnel is shifted from L200 to 
OM, the thickness of the coal layer increases 
linearly in the direction normal to the tunnel 
boundary, causing an increase in the horizontal and 
vertical displacements induced by excavation. At 
R50, point 2 is situated on the interface of the coal-
intercalary layers, where the numerical modeling 
results indicate the maximum horizontal and total 

displacements. Upon further rightward tunnel 
shifting from R50 to R200, the distance between 
point 2 and the coal layer (i.e. the thickness of the 
intercalary layer between the point and coal layer) 
increases linearly, leading to decreasing 
displacements. 

According to Fig. 9, point 3 is located on the 
crown of the tunnel, where rightward horizontal 
shifting of the tunnel changes the host layer from 
coal to intercalary strata. The host strata for this 
point are coal and intercalary stone for Lxx and Rxx 
cases, respectively. Furthermore, this point is 
positioned on the interface of the coal-intercalary 
stone layers at OM. For all numerical models, the 
vertical displacement at this point is greater than 
the horizontal displacement. The induced 
displacement components exhibit a sudden change 
in rate of variation and magnitude for the R50 case. 
In this case, a singular zone forms above the tunnel 
crown, playing a special role in the distribution of 
displacement around the tunnel. The effect of this 
zone can also be observed in the contour plots of 
vertical and total displacement (Figs. 7 and 8). The 
zone is formed between the tunnel boundary and 
the coal-intercalary interface line. The effect of the 
zone disappears upon rightward tunnel shifting 
(R100, R150, and R200 cases) where the coal-
intercalary interface line does not intersect the 
tunnel boundary. 

Figure 9 illustrates that shifting the tunnel 
location to the left resulted in a variation of 
displacement components at most observational 
points. The rate of change in displacement 
components varies from point to point, depending 
on the placement of points in different layers. 
Points 2 and 3 initially located in the coal layer 
exhibit more variation in displacement rate than 
other points, as transmitting the tunnel to the left 
results in a decrease in the effective thickness of the 
coal layer above the tunnel. This leads to an intense 
decrease in total displacement at these points. In 
contrast, points 4 and 5 located in the sandstone and 
intercalary layers, respectively, do not exhibit 
tangible displacement rate changes with respect to 
shifting the tunnel location, as they remain in the 
same layers. The displacement pattern of point 1 is 
completely different from that of other points, due 
to its special location relative to the intercalary and 
coal layers. The variation in numerical model 
results at observational points indicates how the 
arrangement of strata with the tunnel boundary and 
the location of the intersection of weak strata with 
the tunnel control the distribution of induced 
displacements around the tunnel.  
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5. Conclusions 

This paper focused on the effect of inclined strata 
on the excavation-induced displacements around a 
typical mine development tunnel driven along a 
coal seam. The main objective of this study was to 
evaluate the impact of the tunnel's location relative 
to the host ground strata, particularly the coal and 
weak intercalary layers. 

To achieve the research objective, the numerical 
modelling of tunnel and host strata was performed 
through finite element analysis. At the first step, 
the numerical model was calibrated based on the 
field monitoring results of displacement. Then the 
calibrated model was used to investigate the effect 
of the horizontal location of the tunnel on the 
induced displacement field through sensitivity 
analysis. Finally, the results of sensitivity analysis 
on the tunnel's horizontal location were compared 
in terms of displacement components around the 
tunnel. Based on the presented results, the 
following conclusions were obtained: 

 The calibrated numerical model demonstrates 
practical accuracy, with the maximum 
displacement ratio of the calibrated model to the 
measured values by monitoring being 0.84, 0.98, 
and 0.93 for three reference points. These values 
correspond to errors of 16%, 2%, and 7%, 
respectively, indicating the calibrated numerical 
model's accuracy for practical engineering 
purposes. 

 Both horizontal and vertical displacements 
induced by excavation show asymmetric spatial 
distribution around the tunnel. The anisotropy of 
rock mass due to the inclined layers reasons the 
asymmetric spatial distribution of excavation-
induced displacements. Additionally, the 
arrangement of weak-strength coal and 
intercalary stone strata relative to the tunnel 
excavation line plays a key role in the 
asymmetric spatial distribution of excavation-
induced horizontal, vertical, and total 
displacements. 

 The induced displacements are spatially 
concentrated in the intersection area of coal-
intercalary stone interface with the tunnel 
excavation line. The spatial location of these 
weak rock strata relative to the tunnel boundary 
controls the magnitude, shape, and spatial 
distribution of induced displacements around the 
tunnel. Therefore, the magnitude and spatial 
spread of the induced total displacement decrease 
when the effect of these weak strata decreases. 
Such conditions arise by increasing the distances 
of weak strata (coal and intercalary stone) from 
the tunnel boundary or by decreasing the cut area 
of weak layers by the tunnel's internal surfaces. 

 The critical state of stability or displacement 
around the tunnel is defined where displacement 
magnitude and spatial spread reach the maximum 
values. The critical state occurs when the 
intersection line of the coal-intercalary stone is 
tangent to the tunnel excavation line. The 
maximum displacement also occurs at the 
tangent point of the intersection line of coal-
intercalary and the tunnel boundary. The 
excavation-induced displacement decreases by 
disclosing the intersection line of coal-
intercalary stone from the tunnel.  

 Comparison between results of numerical 
models for different tunnel horizontal locations 
relative to host rock mass layers indicates that the 
arrangement of strata with the tunnel boundary, 
the distances of weak layers to the tunnel, and the 
location of the intersection of weak strata with 
the tunnel are the most important factors 
affecting the distribution of displacement around 
the tunnel. 
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  چکیده:

بوده که به دلیل وجود سطوح لایه بندي (سطوح ناپیوستگی با طول بسیار زیاد)  سنگ  زغال   یمعدن  يهاتونل   زبانیمی معمول ترین زمین  رسوب –  ياهیتوده سنگ لا
هاي مختلف سنگ میزبان  دنبال لایه نسبت به موقعیت لایه  مطالعه حاضر، تاثیر جانمایی یک تونلشوند. در  روپ در معدن کاري زغال شناخته میبا رفتار آنیزوت

)  FEMالمان محدود (هاي ناشی از حفر تونل مورد بررسی قرار گرفته است. براي رسیدن به این هدف، ابتدا یک مدل عددي  دار) بر روي جابجایییب هاي ش(لایه
  ی افق  ییاثر جانما  یبررستوسعه داده شد. در ادامه،  متر   300عمق   درسنگ  زغال  یتونل معدن کی  يبرا  يرفتارنگارحاصل از    يهاییبر جابجا  یشده مبتن  برهیکال

  ي هااز نظر مولفه  تی حساس  لیتحل  ج ینتا  ت،یدر نهایی با این مدل عددي کالیبره شده در قالب تحلیل حساسیت مورد ارزیابی قرار گرفت.  القا  ییجابجا  دانیتونل بر م
 يدرصد برا  8حدود    نی انگیم  يشده، با خطا  برهیکال  يکه مدل عدد  دهدیمطالعه نشان م  نیا  ج یقرار گرفت. نتا  سهیدر اطراف تونل مورد مقا  ییجابجامختلف  

توده سنگ    يناهمسانگرد  لیکه به دل  دهندی نشان مهاي عددي  تحلیل   است.  یعمل  کاربردهاي  يبرا  یدقت مناسب  يشده، دارا  يریگدر نقاط اندازه  ییجابجا  نهیشیب
  انیسنگ و مزغال   يهاهیلا  چیدمانهمچنین،  صورت نامتقارن است.    هاي اطراف تونل کاملا به جابجایی   ییفضا  عیتوز)  بداریش  يهاهیدر لا  ویژهبه  میزبان تونل (

  ل یدر تحل یی(حداکثر جابجا هایی جابجا یحالت بحرانهاي اطراف تونل دارد. عدم تقارن جابجاییدر  يدیتونل نقش کل ينسبت به خط حفار هاي بسیار ضعیفلایه
سطح مشترك  همچنین، با افزایش فاصله بین  .باشدتونل مماس  يبا خط حفار هاي ضعیف میان لایهسنگ و زغال  یکه خط تلاق دهدی رخ م حالتی) در تیحساس
متر براي این فاصله براي    5/1هاي القایی کاهش یافته که مقدار کمینه  و خط حفاري تونل، میزان جابجایی   (و میان لایه هاي ضعیف اطراف آن)  سنگزغاللایه  

  شود.یشنهاد می کاربردهاي عملی پ
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