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Abstract

This paper presents a comparative analysis of the settlement of the Kobilja Glava tunnel structure, using three-dimensional numerical 

modeling and geodetic monitoring during construction. The numerical model, developed in the Plaxis 3D software package, included 

all excavation and support phases, with rock mass parameters defined based on RMR classification and conversion of Hoek-Brown 

parameters into the Mohr-Coulomb form. The primary lining was modeled using plate elements, while anchors were represented as 

embedded elements with equivalent elastic modulus.

Geodetic measurements were carried out continuously, with measurement points positioned at the tunnel crown, sidewalls, and the 

bench, providing actual convergence values. Comparison between the numerical model results and geodetic measurements revealed 

discrepancies ranging from 18% to 24%, with the largest deviations recorded at a distance of 24 m from the excavation face. Statistical 

data analysis (RMSE ≈ 3.71 mm; σ ≈ 1.21 mm) confirmed the presence of a systematic prediction error, but also the stability of 

deviations across the analyzed points.

The results confirm the technical validity of the applied model and the designed support system, while emphasizing the need for 

dynamic updating of numerical models in accordance with field data. This further reinforces the implementation of the observational 

method as a reliable approach under real tunneling conditions.
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1 Introduction
The rapid development of urban areas in recent decades 
has contributed to the growing need for the utilization of 
underground space. Tunnels are considered an efficient 
solution for overcoming congestion problems and reduc-
ing traffic pressure [1,  2]. Tunnel excavation represents 
an extremely demanding and comprehensive engineer-
ing activity [3,  4], primarily based on geotechnical and 
geophysical investigations that are closely linked to the 
planned excavation methods and support systems. In this 
context, the application of seismic refraction for deter-
mining geomechanical parameters [5], as well as the 
multichannel analysis of surface waves (MASW) within 
shallow geophysical investigations [6], has proven to be 
a reliable approach for rock mass characterization in the 
excavation zone. The selection of an appropriate tunnel-
ing procedure for large-span tunnels in soft ground is 

a key factor for successful construction [7–9]. The Kobilja 
Glava tunnel forms part of the main project connecting 
Vogošća with Sarajevo, providing a link between the city 
center of Sarajevo and the A1 motorway on Corridor Vc.

The project design specifies a twin-tube tunnel, with 
each individual tube designated for one direction of traf-
fic. The axial distance between the tunnel tubes is 25 m. 
The Kobilja Glava tunnel was excavated beneath the 
hill of the same name in the city of Sarajevo Fig. 1 [10]. 
Approximately 500 residential units are located above the 
tunnel, and in order to prevent potential damage to these 
structures, it was necessary to carefully monitor tunnel 
convergence during excavation.

The New Austrian Tunneling Method (NATM) was 
applied in the construction of the Kobilja Glava tunnel. 
For the purpose of timely monitoring of convergence, 
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two  independent methods were implemented. The first 
involved the development of a numerical model (3D model) 
capable of simulating soil and rock mass behavior using 
various constitutive models. The numerical model cov-
ered all stages of tunnel construction, thus simulating the 
actual construction process [11]. The Plaxis 3D software 
package  [12] was used for model development, enabling 
the estimation of expected convergence values.

The second method consisted of continuous geodetic 
monitoring during excavation, providing actual conver-
gence values. Based on the collected data, it was possible 
to make the necessary corrections both in the construction 
methodology and in the support system itself.

The total length of the right tunnel tube is 635.10 m, 
of which 587.10 m is underground excavation. The tem-
porary entrance portal of the right tube is located at sta-
tion 3 + 550.15, while the temporary exit portal is at station 
4 + 137.15 (stations measured along the right tunnel axis). 
The left tunnel tube has a total length of 638.885 m, with 
an excavation length of 590.885 m. The temporary entrance 
portal of the left tunnel tube is located at station 3 + 546.952, 
and the temporary exit portal is at 4 + 128.09 (along the left 
tunnel axis). Due to the significant longitudinal gradient of 
the tunnel, the main design defined two cross-passages con-
necting the left and right tunnel tubes [13].

By comparing the results obtained from the numerical 
model in Plaxis 3D [12] with those obtained from contin-
uous geodetic monitoring, the aim was to demonstrate the 
importance of the observational method, i.e., combining 
these two approaches to obtain an accurate representation 
of tunnel convergence during construction.

2 Numerical modeling
In the tunnel design phase, the accurate development 
of a  computational model is of great importance, with 
the objective of predicting the behavior of a complex 

system consisting of the tunnel structure and the sur-
rounding ground/rock mass [14–16]. Considering this, 
it is essential that numerical modeling realistically rep-
resents the processes occurring within the tunnel struc-
ture and its surrounding medium as a complex interactive 
system during construction.

When analyzing the interaction between the tunnel 
lining and the surrounding medium, it is important to 
emphasize that, at the time the lining is formed, it is not 
influenced by the stress–strain changes that have already 
occurred in the surrounding rock mass. This means that 
the shotcrete lining is exposed only to the displacements of 
the excavation contour that occur after its installation [17]. 
As a result, for reliable analysis of the stress–strain state 
within the rock mass and tunnel structure, it is crucial to 
consider the partial relaxation of the surrounding medium, 
i.e., the deformations of the excavation contour that occur 
before lining placement.

In this context, seismic methods for determining the 
depth of the rock mass damage zone [18,  19] can also 
be applied in cases without blasting, serving as an addi-
tional tool for accurate characterization of the deformabil-
ity of the surrounding material and for validation of input 
parameters in numerical analyses. Therefore, a three-di-
mensional analysis is required to simulate the progress of 
excavation, stress changes, and deformations around the 
temporary excavation face.

In practice, however, the finite element method (FEM) 
in three-dimensional analysis is not commonly applied 
due to limited computational resources and design con-
straints. The use of 3D software is restricted by high costs 
and long analysis times, which is why it is often limited 
to complex, high-budget projects or research studies [20].

In engineering practice, 2D numerical models are pre-
dominantly used for practical reasons – they significantly 
reduce computational complexity and analysis time, 

Fig. 1 Layout of the Kobilja Glava Tunnel [10]
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allowing for faster decision-making while maintaining 
sufficient accuracy for many typical tasks and projects.

2.1 Details of the numerical model
2.1.1 Rock mass modeling
Modeling of the rock mass was carried out in three clearly 
defined steps:

1.	 Geological mapping and rock mass classification:
Based on field investigations, geological mapping 
was conducted for the relevant tunnel section [21]. 
The RMR classification was used to define the basic 
parameters of the rock mass:
•	 Cohesion (c) = 78 kPa;
•	 Internal friction angle (φ) = 32°;
•	 Elastic modulus (E) = 107,000 kPa.
The analyzed section refers to the left tunnel tube 
between stations km 3 + 744.00 and km 3 + 824.00.

2.	Parameterization in RocLab [22]:
The obtained geological data were used to deter-
mine the input parameters of the rock mass using 
the RocLab software package [22–24]. Based on the 
Hoek-Brown model, the parameters were converted 
into Mohr-Coulomb form as follows: Implementation 
in Plaxis 3D [12].

The parameters derived in RocLab [22] were entered 
into Plaxis 3D [12] for the development of the three-dimen-
sional numerical model. The model covered a 60 m-long 
segment, with a 23 m overburden above the tunnel crown. 
Boundary conditions were defined automatically in accor-
dance with the software's standard rules.

The adopted terrain profile, shown in Fig. 2, consists 
of a  5 m thick layer of weathered overburden, under-
lain by a substrate of gray marl with a layered structure. 
The modeled section corresponds to a standard tunnel 

cross-section, 60 m in length. The overburden above the 
upper edge of the tunnel tube to the ground surface is 
23 m. Regarding boundary conditions, Plaxis 3D [12] 
automatically generates a set of standard boundary con-
straints at the edges of the geometric model. These are 
defined according to the following rules:

•	 The vertical boundaries of the model with normals 
along the x-axis (parallel to the y–z plane) are fixed 
but free to move in the y and z directions.

•	 The vertical boundaries of the model with normals 
along the y-axis (parallel to the x–z plane) are fixed 
but free to move in the x and z directions.

•	 The bottom boundary of the model is fixed in all 
directions.

2.1.2 Modeling of shotcrete
For modeling shotcrete, as one of the most important com-
ponents of the tunnel's primary lining, the software package 
uses predefined plate elements [25, 26]. To define these plate 
elements, it is necessary to input the following parameters:

•	 Elastic modulus;
•	 Element thickness;
•	 Unit weight (density);
•	 Poisson's ratio.

The values entered into the model are presented in 
Table 1.

The time-dependent stiffness of shotcrete, as the term 
itself suggests, depends on the passage of time from the 
moment of installation until the designed concrete strength 
is achieved. In the Plaxis 3D software [12], it is possible to 
incorporate these effects by means of a user-defined curve 
through a table that accounts for the time-dependent val-
ues of the elastic modulus as well as the strength gain over 
a defined time interval. However, due to the complexity of 
the numerical model and the extremely long computation 
time, this effect was not considered in the present study.

2.1.3 Modeling of anchors
During the construction of the Kobilja Glava Tunnel, 
IBO  anchors were predominantly used. The anchor 

Fig. 2 Representation of rock material layers

Table 1 Parameters used for modeling shotcrete

Characteristics Designation Value Unit

Elastic modulus E 15 GPa

Thickness d 25 cm

Unit weight g 25 kN/m3

Poisson's ratio u 0.2 –
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lengths varied, and on the analyzed section, anchors with 
a length of 4 m were installed. In Plaxis 3D [12], anchors 
are modeled as embedded beam elements. These elements 
are designed to carry the following stresses: axial force, 
shear force, and bending moment.

For accurate modeling of an embedded beam element, 
it is necessary to define the elastic modulus, which, due to 
the installation technology (involving a cement grout injec-
tion), can only be represented as an equivalent elastic mod-
ulus. This is because the modulus must account for both 
the properties of the hardened cement grout and the steel 
used for the anchor bar. After the cement grout hardens, 
the cross-section effectively behaves as a composite section.

The equivalent elastic modulus of the anchor is obtained 
using the following formula (Eq. (1)):

E E
A
A

E
A
Aeq b

b
s

s� � � � , 	 (1)

where:
•	  Eb : elastic modulus of concrete;
•	  Es : elastic modulus of steel;
•	  A: total cross-sectional area of the composite section;
•	  Ab : area of the concrete part of the composite section;
•	  As : area of the steel part of the composite section.

The given values in Eq. (1) can be seen in the following 
linsting:

•	  Eb = 3 × 107 kPa;
•	  Es = 2.1 × 108 kPa;
•	  A = 0.0020 m2;
•	  Ab = 0.0014 m2;
•	  As = 0.0005 m2.

By substituting these values into the above expression, 
the equivalent elastic modulus is obtained as:

Eeq � �73 5 10
6

. .kPa 	

Once all of the above parameters were defined, the con-
struction of the numerical model was initiated. The tunnel 
was positioned in accordance with the coordinate origin 
and the overburden thickness, as previously described.

Subsequently, the tunnel cross-section was defined. There 
are several ways to input the cross- section into the model:

•	 using the import option, which allows the cross-sec-
tion previously defined in AutoCAD [27] to be 
imported into Plaxis 3D [12], or

•	 by defining the geometric characteristics of the tun-
nel lining segments directly within Plaxis 3D [12].

For the purposes of this model, the second method was 
used – the tunnel lining elements were defined directly 
in Plaxis 3D [12]. The representation of the tunnel lining 
cross-section in Plaxis 3D [12] is shown in Fig. 3.

The model shows a cross-section of the tunnel, clearly 
illustrating its division into two parts. The upper part rep-
resents the tunnel's crown (calotte), while the lower part 
represents the bench with a permanent invert. The bound-
ary between these two parts actually represents a tem-
porary invert, which is removed once the excavation of 
the bench begins.

The purpose of this temporary invert is to ensure that, in 
sections of the tunnel excavated in poor ground conditions, 
the lining ring is closed as quickly as possible. This allows 
for a more uniform redistribution of stresses and reduces 
the convergence that occurs due to the disturbance of the 
stress state in the rock mass during tunnel excavation.

After defining the geometry of the tunnel cross-section, 
the next step is to define the total tunnel length. In this 
particular case, the tunnel length was set to 60 m. When 
defining the length, it is also necessary to take into account 
the advance step of the tunnel crown, which, according to 
the geotechnical conditions for this section of the Kobilja 
Glava tunnel, was 1.2 m. Accordingly, the tunnel was 
divided into 50 excavation steps.

Each geometry line was then assigned the previously 
defined properties of the plate elements. After this, it was 
necessary to activate the negative interface option, in order 
to densify the finite element mesh at the contact between 
the shotcrete lining and the rock mass, so that this inter-
face would exhibit the mechanical characteristics of the 
rock mass (Fig. 4).

Fig. 3 Cross-sectional view of the tunnel lining with anchors from 
Plaxis 3D [12]
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The arrangement and positioning of the anchors in the 
model were fully defined in accordance with their layout 
specified in the geotechnical design documents.

Figs. 5 and 6 show the adopted computational model 
(Fig. 5), as well as the finite element mesh used within the 
numerical model (Fig. 6).

2.2 Geodetic measurements
During the excavation of the tunnel crown, the position 
of the excavation boundaries was continuously monitored 
using precise geodetic instruments such as total stations, 
laser scanners, or GNSS systems (when applicable). Regular 
measurements were conducted to verify the compliance of 
the excavation with the designed tunnel profile geometry, 
while all deviations were recorded and analyzed [28–30].

The use of these instruments enabled high accuracy in 
collecting convergence data, which, under poor rock mass 
conditions – classified as complex working conditions – 
were gathered on a daily basis.

The typical positioning of measurement points (tar-
gets) within the tunnel profile involves placing one point 
at the highest position of the tunnel crown, and two addi-
tional points on the side walls of the crown section, sym-
metrically in relation to the first point. Additionally, one 
point is placed on the left and one on the right bench, 
respectively Fig. 7 [31].

3 Comparison of results – numerical model vs. geodetic 
measurements
Section 3 presents a comparative analysis of the results 
obtained using the numerical model developed in the 
Plaxis 3D software package [12] and the actual conver-
gence values measured geodetically during tunnel con-
struction [32–34].

For this purpose, a tunnel excavation length of 30 m 
was first defined, along with a reference point located at 

Fig. 4 Representation of a plate element with a negative interface

Fig. 5 Representation of the 3D numerical model of the tunnel

Fig. 6 Finite element mesh of the numerical model

Fig. 7 Measurement points for monitoring tunnel convergence [31]
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the crown of the tunnel cross-section, whose convergence 
was to be monitored. Subsequently, the tunnel excavation 
process was simulated, following the excavation and sup-
port installation sequences defined in the Geotechnical 
Design Mission. The excavation step length was set to 
1.2 m, and the support elements used for excavation stabili-
zation consisted of 25 cm of shotcrete, steel lattice girders, 
and Ø32 IBO anchors grouted with an injection mixture.

Furthermore, the distances between the excavation 
face and the observed point were defined for which the 
numerical model calculations were performed. Distances 
of 6 m, 12 m, and 24 m from the excavation face were ana-
lyzed, monitoring the deformation of the crown reference 
point. It is also important to emphasize that excavations 
were carried out for both the crown section and the bench 

with the permanent invert, thereby forming a closed ring 
around the excavation.

Figs. 8 to 10 show the settlement values of the crown 
point of the tunnel for the specified distances, as obtained 
from the numerical model. The closure of the excavation 
ring in the analyzed stages demonstrated a stabilizing 
effect on settlement, which is consistent with the expected 
behavior in weakly consolidated marl formations.

In order to validate the model itself, it was necessary 
to compare the obtained results with the theoretically 
established characteristic settlement values for marls, 
as reported in the literature. The diagram of Fig. 11 [35] 
shows the characteristic settlement values.

Independently of the numerical model, permanent geo-
detic surveys were carried out during the excavation of the 

Fig. 8 Settlement of the tunnel crown point at 6 m from the excavation face: (a) longitudinal section along the tunnel axis; (b) 3D view of the tunnel 
face excavation with ring closure

Fig. 9 Settlement of the tunnel crown point at 12 m from the excavation face: (a) longitudinal section along the tunnel axis; (b) 3D view of the tunnel 
face excavation with ring closure
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observed section of the tunnel. As a result, the diagram of 
Fig. 12 shows four curves constructed based on the col-
lected convergence data obtained both from the numerical 
model and from the geodetic measurements.

The curves labeled as phases 1 and 2 respectively rep-
resent the settlement of the crown point of the tunnel after 
the excavation of the tunnel crown and the bench. These 
values were obtained from numerical models. The other 
two curves, labeled as phases 3 and 4, represent the set-
tlement after the excavation of the crown and the bench, 
derived from continuous geodetic measurements con-
ducted during the construction works.

In Table 2, the numerical values of the settlements at the 
crown points of the tunnel crown section are presented for 
different distances from the excavation face. Phases 1 and 2 
represent the settlements obtained from the numerical model 

calculations in the Plaxis 3D software [12], while phases 3 
and 4 represent the values obtained from geodetic monitoring.

4 Discussion
It can be stated that, in the case of adhering to the con-
struction technological sequences prescribed in the 
Geotechnical Mission, the shape of the settlement 
curve obtained corresponds approximately to the shape 
derived from the numerical models. Geodetic mea-
surements showed greater settlements compared to the 
numerical models, with deviations ranging from 18% 
to 24%  (Table  3). Nevertheless, the total displacements 
remained within the theoretically expected limits for 
marlstone. The magnitude of the settlements ranged 
between 10 and 30 mm. Furthermore, it can be observed 
that the smallest deviations were recorded at a distance 

Fig. 11 Typical longitudinal settlement profile for tunnel excavation in marl [35]

Fig. 10 Settlement of the tunnel crown point at 24 m from the excavation face: (a) longitudinal section along the tunnel axis; (b) 3D view of the tunnel 
face excavation with ring closure
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of 30 m between the excavation face and the monitored 
crown point of the tunnel. This finding is also consistent 
with the data presented in the characteristic settlement 
curve for marly materials, where settlement stabilization is 
observed after a certain distance from the excavation face, 
i.e., where the values asymptotically approach a constant 
level. In contrast, the largest deviations were recorded at 

a  distance of 24  m between the excavation face and the 
monitored crown point of the tunnel, amounting to 24.26%.

These deviations are certainly, at least partially, 
a  result of a number of simplifications made during the 
development of the numerical model, reflected in the ide-
alization of materials, three-dimensional simplifications, 
and limitations in mesh element size – all of which are, 

Table 2 Settlement of the crown point of the tunnel face section for different distances from the excavation face – numerical model vs. 
survey measurements

Distance from 
the excavation 
face (m)

Settlement values uz (mm)

Phase 1 (excavation 
of the tunnel crown 

section)

Phase 2 (excavation 
of the bench)

Relative difference
Phase 1 – Phase 3 (%)

Phase 3 (excavation 
of the tunnel crown 

section)

Phase 4 
(excavation 

of the bench)

Relative difference 
Phase 2 – Phase 4 (%)

Numerical model Geodetic measurements

0 0.00 0.00 0.00 0.00

6 −10.86 −10.95 17.50 −12.76 −12.90 17.81

12 −16.58 −16.88 22.03 −20.23 −20.78 23.14

24 −20.45 −20.90 25.04 −25.57 −25.97 24.26

30 −22.46 −23.02 18.21 −26.55 −27.05 17.51

Table 3 Deviations between numerical model and survey measurements

Distance from the 
excavation face (m) Phase 2 (excavation of the bench) Phase 4 (excavation of the bench) Difference between geodetic 

measurements and numerical model (%)

0 0.00 0.00 0.00

6 −10.95 −12.90 17.81

12 −16.88 −20.78 23.14

24 −20.90 −25.97 24.26

30 −23.02 −27.05 17.51

Fig. 12 Settlement of the crown point of the tunnel face section for different distances from the excavation face
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in turn, constrained by the configuration of the computer 
equipment available for conducting highly complex and 
time-consuming numerical analyses.

To further quantify the differences between the numer-
ical model and the geodetic measurements, a basic statis-
tical analysis of the deviations presented in Table 3 was 
carried out. For this purpose, two standard metrics were 
calculated: the Root Mean Square Error (RMSE) [36] and 
the standard deviation of the differences.

The Root Mean Square Error (RMSE) is defined by the 
following expression (Eq. (2)):

RMSE � �� �
�
�1 2

1n
x yi i

i

n

, 	 (2)

where xi are the settlement values obtained from the 
numerical model, yi are the values from the geodetic mea-
surements, and n is the number of observed points. Based 
on the data presented in Table 3, the RMSE is:

RMSE ≈ 3 71. .mm 	

The standard deviation [37] of the differences is calcu-
lated according to the following expression (Eq. (3)):

� � �� �
�
�1 2

1n
d di

i

n

, 	 (3)

where di is the individual difference between the model 
and the measurements, and d is their mean value. The 
obtained standard deviation is: 

� �1 21. .mm 	

The obtained values indicate consistent deviations 
between the numerical predictions and the actual deforma-
tions, where the RMSE confirms the presence of a system-
atic error in the prediction, while the low standard deviation 
indicates the stability of deviations at the analyzed points. 
These results further confirm the need for dynamic updating 
of the numerical model in accordance with field data, thereby 
improving the reliability of deformation response predic-
tions for the rock mass under real tunneling conditions.

In addition to conventional numerical updating, vari-
ous advanced forecasting models have been proposed in 
the literature to improve defromation prediction accuracy.

Also, in literature different models for forecasting of 
deformations could be fined based on grey-stochastic sim-
ulation and autoregressive process [38], multivariate sin-
gular spectrum analysis [39], deep learning [40], grey the-
ory [41,  42], generalized regression neural network  [43], 

support vector machine [44]. Implementation of data 
obtained from field measurements in construction phase 
of the underground projects gathered with precise mea-
suring instruments can help with better organization of 
construction site as well as planning the maintenance of 
underground roadways more efficiently.

A similar need for dynamically updating the numerical 
model based on field deformations was also confirmed in 
the case of the Ibarac Tunnel, where numerical analysis 
was used to define remedial measures after a lining col-
lapse in a parking niche [45].

Regarding material idealization, it should be noted that 
soil, as a medium, is a heterogeneous material, which is 
simplified in the Plaxis 3D software [12] package by using 
average characteristic values. In this way, a certain degree 
of soil homogenization is achieved. Furthermore, as was 
the case in this model, a single effective value of the shot-
crete elastic modulus is often used, representing the aver-
age stiffness during the critical loading phase. In addition, 
during the construction process itself, deviations may 
occur due to various factors, which can ultimately lead to 
increased convergence values.

The results confirm the need for dynamic updating of 
numerical models in accordance with field measurements, 
thereby enhancing the application of the observational 
method under real tunneling conditions.

5 Conclusions
The analysis of the behavior of the Kobilja Glava tunnel 
structure was carried out by combining three-dimensional 
numerical modeling and geodetic monitoring under real 
construction conditions. The obtained results showed that 
the numerically calculated settlement pattern largely cor-
responds to the actually measured values, with deviations 
remaining within acceptable limits for marl rock mass. 
This confirms the technical validity of the applied model 
and the designed support system.

Geodetic measurements indicated systematically 
greater settlements compared to the numerical predic-
tions, with deviations ranging from 18% to 24%, the larg-
est difference being recorded at a distance of 24 m from 
the excavation face. Nevertheless, the total displacements 
remained within theoretically expected values, and the 
closure of the excavation ring demonstrated a stabilizing 
effect on deformations, consistent with the behavior of 
rock mass in weakly consolidated marls. These deviations 
point to model limitations related to material idealization, 
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