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Abstract

Excavation of tunnels with a small overburden inevitably implies surface settlements,
especially when they are carried out in soft soil or weak rock masses. Subsidence
becomes a critical aspect when the construction of tunnels is realized in narrower urban
areas, directly below occupied residential buildings. Taking as an example the Kobilja
Glava tunnel, which will represent part of the main project connecting Vogosca with
Sarajevo and at the same time the connection of the narrowest city center of Sarajevo
with the A1 motorway on the Ve corridor, surface deformations were monitored during the
excavation and installation of the primary support of the left tunnel tube. Special attention
was dedicated to excavation from the entrance side on a certain section of the tunnel
where the height of the overburden was less than 2D. During the excavation of the left
tunnel tube of the Kobilja Glava tunnel, which was carried out from the entrance portal at
chainage km 3+543,202 in the direction of Vogosce, multiple surface settlements were
measured from the very entrance to the place where the excavation was stopped
(chainage km 3+615,56) compared to the predicted values obtained by assessment. The
main reason for stopping the further progress of the excavation of the left tunnel tube
from the chainage km 3+615.56 lies in the fact that the direction of the geological layers
coincided with the direction of the progress of the excavation, which had a significant
negative impact on the movement of the soil itself, and therefore on the increase surface
deformations. After a comprehensive analysis of the above, as well as consideration of
optional possibilities, it was decided to approach the excavation of the left tunnel tube
from another aftack point, i.e. to start the excavation from cross passage No. 1 in the
direction towards the entrance. In this way, it was possible that the direction of the
geological layers under these cirrcustamces positively contributes to the reduction of
surface subsidence caused by the progress of the tunnel excavation by over 50%.
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Surface Deformations during Excavation of a Small Overburden Tunnel

1. INTRODUCTION

The rapid development of urban areas in recent decades contributes to the
increasing need to use underground space [1]. Tunnels are considered an efficient
choice for overcoming congestion problems and reducing traffic pressure. Tunnels
are often built in urban areas, where a small overburden is not uncommon, which
further increases the complexity of the construction itself [2].

During the construction of tunnels in urban areas, soil deformations on the
surface cannot be ignored under any circumstances, because they inevitably lead
to damage to a large number of infrastructure and residential buildings, which
implies significant material and financial damage, and ultimately can lead to the
loss of human life. In other words, the construction of tunnels in urban areas is
many times more complex than in areas where there are no infrastructure
buildings [3]. Choosing a suitable procedure for the excavation of a long-span
tunnel in soft soil is a key factor for its successful construction [4].

The height of the overburden represents the height from the upper edge of the
primary support to the elevation of the terrain and is most often marked with H. The
classification of the tunnel in terms of the thickness of this layer is closely related to
the diameter (D) of the tunnel. If we are talking about a tunnel with a small (low)
overburden, the New Austrian Tunnel Method (NATM) defines those tunnels
where the limit value is given by the expression H=2D, so this represents a
generally accepted approach in construction practice. Excavation of tunnels where
the height of the overburden is less than 2D represents a special challenge and
requires special attention, including the selection and application of different
technologies, based on previous experiences [2].

Surface deformations caused by tunneling primarily depend on: the properties
of the soil or rock mass through which the tunnel is constructed, the geometry of
the tunnel, as well as the method of excavation and application of the primary
support [5, 6]. Taking the Kobilja Glava tunnel, which will be part of the main
project connecting Vogosée with Sarajevo and at the same time the connection of
the narrowest city center of the city of Sarajevo with the A1 motorway on the Vc
corridor, surface deformations were monitored during the excavation and
installation of the primary support the left tunnel tube from the entrance side on a
certain section of the tunnel where the height of the overburden was less than 2D.

The Kobilja Glava tunnel is a two-tube tunnel that passes through the hill of the
same name, on which there are approximately 500 residential buildings. The total
length of the right tunnel tube is 635.10 m, of which 587.10 m is the length of the
underground excavation. The temporary entrance portal of the right tunnel tube is
located at chainage 3+550.15, while the temporary exit portal is located at
chainage 4+137.15 (chainage along the axis of the right tunnel tube).

The total length of the left tunnel tube is 638,885 m, while the excavation length
is 590,885 m. The temporary entrance portal of the left tunnel tube is located at
chainage 3+546,952, while the temporary exit portal is located at chainage
4+128,09 (chainage along the axis of the left tunnel tube). The position of the
tunnel is presented in Figure 1.

Due to the large longitudinal slope in the tunnel, the Main Project defined two
cross passages between the left and right tunnel tubes. The designed method for
construction is the New Austrian Tunneling Method [7].
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Figure 1. Geographical location of the Kobilja Glava tunnel on the route of the Sarajevo-
Vogosca road

Most theoretical studies on the excavation of small overburden tunnels have
focused on excavation in urban areas using tunnel boring machines (TBM).
However, when excavating shorter tunnels, the application of TBM is still
significantly more expensive than excavation with standard NATM, which is why
this method is used in practice.

The greatest risk of excavation in weak rock masses with small overburden is
associated with large surface deformations, because the consequences can
sometimes be very dangerous (Figure 2), even catastrophic, causing human
casualties [8].

London (2002.) Mudnchen (1994.)
Figure 2. Consequences of large ground settlements during tunnel excavation in urban
areas [8]

2. WORKING METHODOLOGY

For a successful analysis of surface deformations when excavating a small
overburden tunnel in weak rock masses, it is necessary to study carefully all the
parameters of the environment in which the construction of the tunnel is planned,
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which can affect the total height of the surface settlements, and take them into
account when assessing the settlement and defining the excavation methodology.

2.1. Engineering-geological characteristics of the rock mass in the
"Kobilja Glava" tunnel excavation zone

The geological basis of the wider area of the "Kobilja Glava" tunnel is built by
clasts of the Neogene, i.e. Upper Miocene and Quaternary formations (Q)
represented by eluvial-deluvial sediments. As part of the Miocene complex, that is,
the so-called the KoSevo series of geological substrate consists mainly of marls,
marly clays, siltstones, weakly bound clayey sandstones, gravels, weakly bound
conglomerates and very rarely carbonaceous clays with thin carbonaceous
interlayers. Miocene clasts have pelitic-psamitic structures and thin-layered to
laminated texture.

As a whole, the rock complex of the geological base of the terrain is "covered"
with a Quaternary eluvial-deluvial cover. The eluvial-deluvial cover is isolated on
the slope part of the terrain. The structure of this cover includes yellow-brown
clays, difficult to putty with the presence of small particles of different diameters.

In the surface zone, there are humus-dusty-sandy clays with the presence of
dark brown organic matter. Excavation of the left tunnel tube from the entrance
portal of the "Kobila Glava" tunnel was completely carried out within upper
Miocene clastites, i.e. within marl and fine-grained sandstones. During the
engineering geological mapping of the initial step of the left tunnel tube, two zones
were distinguished that differ in lithological composition, physical-mechanical
characteristics and color.
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Figure 3. Geological mapping of the initial step of excavation of the left tunnel tube —
km. 3+546.20

In the lithological zone |, which was positioned in the upper part of the top
heading, there were marly clays with a transition to clayey marl and degraded
yellow-brown clayey marls. The feature of the mentioned lithological complex
within zone | is the vertical and lateral alternation of the mentioned lithological
members without any regularity. The lithological structure of zone Il was
represented by clayey marls - gray marls. The mentioned materials are
characterized by highly variable and uneven physical-mechanical properties that
are very prone to change under the influence of tunneling works. Figure 3 shows
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the appearance of the open face with geological characteristics at the very
beginning of the left tunnel tube excavation from the entrance side.

Dip amount of layers measured at the temporary entrance portal of the left
tunnel tube were 160/220 (left wing of the anticline); 357/510 (right wing of the
anticline) and 195/710 (fall elements in the right side of the top heading).

Regarding the above, a wide range of measured values of the spatial
orientation of the layering is visible, which is a consequence of the tectonic activity
of a plicative character. Therefore, by measuring the spatial orientation of the
deposit, it was established that there was a slanted asymmetrical anticline at the
head of the temporary entrance portal of the left tube.

On the analyzed section during the excavation of the tunnel, more or less
uniform engineering-geological conditions were established, which can be seen on
the longitudinal geological profile, Figure 4.
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Figure 4. Longitudinal geological profile from the entrance into the left tunnel tube to the
first cross passage

2.2. Methods of predicting surface deformations

In the past period, many studies have been dedicated to better predicting the
response of the soil to stress changes resulting from the construction of tunnels
and defining demanding solutions for these problems [9]. Due to the nature of the
tunnel excavation process, the excavated shape of the tunnel will always be larger
than the designed shape resulting in a real series of displacements towards the
cavity.

This phenomenon is described by the term "soil loss" or, more commonly used,
"volume loss" (Peck, 1969). Peck (1969) defines surface settlement as radial in the
direction of the cross-section and longitudinal deformation on the axis of the tunnel
(Figure 5).

These two settlements proved difficult to separate, and therefore, estimates of
volume loss were determined by considering plane strain. In other words, tunneling
is a three-dimensional problem. For purposes of analysis, some studies have split
this into two, two-dimensional problems (Figure 5). These are transverse
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settlements (plane x-z, which is called the stress plane) and longitudinal
settlements (plane y-z).

settlement trough
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Figure 5. Settlement above the advancing tunnel direction [10]

There are various methodologies for accurate prediction and management of
maximum surface settlement, including empirical, analytical, numerical and artificial
intelligence methods [11].

Traditional approaches often rely on empirical or analytical equations, which are
developed through engineering experience and theoretical assumptions. Empirical
methods for estimating surface settlement caused by tunneling are generally
consistent with engineering practice and measured field data. They provide a
rough estimate of soil settlement with permissible precision. In other words,
empirical methods are proposed simple mathematical equations based on
measurements collected in the field. These formulas can be used to approximately
determine the surface subsidence and calculate the ground displacement at any
point in a certain area. The first form of surface settlement above the underground
tunnel construction was analyzed by Martos (1958) [3]. Morts suggested that a
normal distribution curve can well represent the shape of the surface settlement as
shown in Figure 5. Peck (1969) extended the research and showed that the
Gaussian curve is suitable for fitting tunneling-induced ground settlement. He
analyzed settlement data from many tunnels as well as mining projects and found
that the settlement curve was roughly symmetrical above the tunnel's vertical axis.
A semi-empirical approach is adopted to calculate soil deformation based on Eq;:

2
Sy = Smax€Xp (_ ;?) (1)
Where:
e S, - settlement value,

e Sax - theoretical maximum settlement on the center line of the tunnel,
e X - lateral distance from the center line of the tunnel,
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e - lateral distance from the center line of the tunnel to the point of inflection

in the Gaussian distribution curve.

Empirical formulas in predicting tunneling-induced surface settlement can still
be used for preliminary estimation [12]. However, in a more complex situation, it is
suggested to perform a finite element analysis and soil structure interaction study
[13]. Numerical simulations such as the finite element method (FEM) and the finite
difference method (FDM) provide a more sophisticated approach. These
simulation techniques can be adapted to a wide range of soil parameters and
capture the complex interaction between soil layers and tunnel walls.

Tunnel construction is three-dimensional in nature and time-dependent.
Compared with 3D analysis, the application of 2D simulation can simplify the
constitutive model and save calculation time. However, 2D analysis requires that
the effect of 3D tunneling as a result of volume loss be taken into account [14].

Numerical methods are widely used in geotechnical engineering. It is a
theoretically more realistic and rigorous method for estimating surface subsidence
[15].

With the possibility of considering various relevant parameters, such as
nonlinear soil behavior, soil heterogeneity, groundwater level, and soil-tunnel
interaction, the numerical method has proven to be an effective approach to tunnel
analysis. However, the numerical method has been criticized for its effectiveness
because the simulation models are time-consuming and sensitive to boundary
conditions [16].

The accuracy of numerical methods depends on the grid size and the choice of
failure criteria model. In addition, the excavation process is difficult to simulate, and
the results obtained sometimes differ from those obtained by field measurement
[171.

2.3. Excavation of the left tunnel tube from the entrance in the low
overburden zone

Before the start of the excavation of the left tunnel tube, the right tunnel tube
was excavated with an embedded primary support over 300 meters, and based on
the measurement of total deformations in the right tunnel tube, its stability was
confirmed, which established that the right tunnel tube could not affect the
excavation of the left tunnel tube.

On the basis of all available data collected by geodetic monitoring of movement
during the excavation of the right tunnel tube and the results of geological mapping
of the frontal slope, the following supporting measures were proposed for the start
of the excavation of the left tunnel tube on the entrance side of the Kobilja Glava
tunnel [18], namely:

1) Step of excavation 0,5 m;
2) Anchors IBO R51-630 (d51mm), 530 kN in following distrubition:
a) top heading 1=6,0m 6/4;
b) bench I=6,0m 4/6;
3) Thickness of shotcrete layer (C25/30) is 5 cm for excavation face;
4) One layer of the wire mesh of type Q257 for excavation face (if necessary);
5) Protection of the excavation face with 8 pieces of IBO anchors (232mm)
[=12.0 m and lap length of 4m, 250 kN.
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6) The thickness of the shotcrete in the top heading, bench and primary invert
(C25/30) is 30 cm;

7) Two layer of the wire mesh of type Q257;

8) Lattice girder PS 95/20/30;

9) The thickness of the shotcrete (C25/30) for the primary invert in the top
heading is 25 cm;

10) Two layer of the wire mesh of type Q257 for the primary invert;

11) For the protection of the excavation face installation of one row of steel
pipes (F114mm, L=12,0m, e=40cm, with 4,0 m overlap, 29 pieces).

12) Installation of the elephant's foot at the connection of the top heading and
the bench for the first 8 meters of the excavation, and further installation
will be defined as necessary.

In order to reduce deformations of the surrounding material and the primary
support, the following technological sequences must be respected (Figure 6):
e The maximum distance between the top heading and primary invertis 2 m;
e The maximum distance between the top heading and bench is 10 m;
e The maximum distance between the bench and primary invert is 4 m.
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Figure 6; Longitudinal section - excavation scheme

Before the start of the excavation, a profile was installed to monitor the
settlement on the surface above the left tunnel tube at distances of approx. 10 m
(Figure 7). Three marks were installed on each profile (one along the axis of the
tunnel, and the other two at a distance of 10 m from the axis, left and right).
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Figure 7. Arrangement of geodetic marks on the surface above the left tunnel tube
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Excavation of the left tunnel tube on the entrance side starts from km:
3+543,202 where the height of the overburden was 3.87 m (Figure 3). During the
excavation and installation of the primary support, there were no deviations in
observing the technological sequences prescribed by the geotechnical mission
(Figure 6).

During the excavation, geodetic measurements (observation) of deformations
on the surface and in the tunnel were carried out daily. On the entrance side, the
excavation was stopped at km: 3+615.56 due to the appearance of large
deformations on the surface of the ground above the excavated part of the tunnel,
which exceeded the forecasted values several times.

The main reason for stopping the excavation is reflected in the appearance of
inevitable deformations on the surface of the ground in front of the excavation face,
which can cause damage to residential buildings located at km: 3+630.00 and km
3+660.00. In order to reduce the impact of the tunnel on the surface of the field, it
was proposed to excavate out the left tunnel tube from the cross passage number
one towards the entrance to the km. 3+615.56 (Figure 8).

Right tunnel tube o ==
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Figure 8. Situation view of the excavation of the left tunnel tube from the c}oss passage
no. 1 to km. 3+615,56

Excavation of the left tunnel tube was carried out technologically after the
excavation of cross passage no. 1 and the creation of a curve towards the exit
while maintaining the same (smaller) profile as in cross passage no. 1. After
reaching the full excavation profile of the left tunnel tube, the excavation was
stopped towards the exit.

Given that a technological curve was made when entering the left tube from
cross passage no. 1, the curve was reprofiled and the excavation of the left tunnel
tube from cross passage no. 1 to km. 3+516.56 (Figure 8) in the length of 84.80 m.
During the excavation, geodetic measurements and observation of deformations
on the surface above the excavation were carried out daily.

3. THE RESULTS

Before the start of the excavation, an assessment of the surface settlement
above the axis of the left tunnel tube was made for the given geological conditions
and assumed support elements using the finite element method in the PLAXIS
program (2D analysis that takes into account the 3D effects of tunnel excavation)
[18]. The obtained results showed that maximum displacements on the surface
above the axis of the left tunnel pipe are expected up to 3.2 cm (Figure 9).
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Maximum value = -0.02950 m

Total displacements u, (scaled up 200 times) I 0m

Minimum value = -0.03172 m

Figure 9. Presentation of the results of the settlement assessment expected above the
left tunnel tube from the entrance, using the program PLAXIS [18]

Optical methods were used to observe daily surface settlements during the
excavation of the left tunnel tube from the entrance to the stop of the excavation
(chainage km: 3+615.56), as well as during the excavation from cross passage no.
1 to the chainage km: 3+615.56. Table 1 shows the total surface settlement
recorded by geodetic measurement above the excavated part of the left tunnel
tube from the beginning of excavation on the entrance side to the moment when
excavation was stopped (chainage 3+615,56).

Table 1. Results of measurement of total surface settlements above the excavated part of
the left tunnel tube from the entrance to the km: 3+619,00

Chainage Tunnel axis (mm) Overburden height (m)
3+558,00 210,00 6,33

3+570,00 212,00 7,88

3+590,00 207,00 9,80

3+609,00 174,00 12,55

3+619,00 30,00 13,07

Table 2 shows the total surface setllements recorded by geodetic measurement
above the excavated part of the left tunnel tube from the cross passage to the
previously excavated part (chainage 3+615,56).

Table 2. Results of measurement of total surface settlements during the excavation of the
left tunnel tube from the cross passage to km.3+615.56 in the low overburden zone

Chainage Tunnel axis (mm) Overburden height (m)
3+673,00 50,00 20,07
3+660,00 55,00 18,46
3+651,00 58,00 17,28
3+640,00 60,00 15,23
3+630,00 62,00 14,62
3+619,00 70,00 13,07

The total settlement of the surface above the left tunnel tube at chainage
3+619.00 is 100.00 mm, of which the recorded settlement of 30.0 mm occurred
during the excavation from the entrance to the chainage 3+615.56 and the

44




Journal of the Faculty of Civil Engineering and Architecture - Vol. 40/2025

difference of 70.00 mm is the settlement during excavation from the cross passage
to the connection point.

4. DISCUSSION

During the construction of the tunnel, the natural state of stress in rock mass in
which the tunnel is being constructed is disturbed, which leads to potential
settlements of the surface. Therefore, an appropriate assessment of the surface
settlement above shallow tunnels is of great importance in the design of the tunnel,
regarding all the essential parameters of the rock mass through which the tunnel is
planned to be constructed.

The estimation of settlement that was performed using the finite element
method (Figure 9) is many times smaller compared to the values measured on the
surface above the left tunnel tube. Multiple measured displacements of surface
settlement from the entrance to the stop of excavation at the chainage km:
3+615.56 compared to forecast values is the result of relaxation caused by tunnel
excavation. The direction of the longitudinal movements occurring in front of the
tunnel excavation face coincides with the direction of the terrain, Figure 10.

At the same time, the layer of water-permeable cover on which the structures
are located rests on a layer of impermeable substrate - marl, which creates a
suitable environment for the occurrence of sliding, as a result of which the
settlements in front of the front were measured and over 50% of the total
settlements at individual chainages, Figure 11.

Due to the coincidence of the direction of movement and the terrain, there was
an increase in the influence of the excavation of the left tunnel tube on the surface
deformations from the entrance to the stop of the excavation at the chainage km:
3+615.56. Changing the direction of the excavation of the left tunnel tube from the
entrance side, and continuing the excavation from the cross passage no. 1
towards the entrance, canceled the influence of the deformation that occurs on the
surface of the ground because the direction of longitudinal movements
(longitudinal) is opposite to the extension of the ground. In this way, multiple
surface settlements were reduced (Table 2), which are inevitable on the surface of
the terrain due to tunnel excavation in the low overburden zones.
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Figure 11. Results of measurement of total settlements on the surface, chainage km:
3+609,00

5. CONCLUSION

In narrower urban areas where significant construction works have been carried
out during the construction of infrastructure and residential buildings, the soil is
usually characterized by extremely variable and uneven physical and mechanical
properties that are a direct consequence of the execution of these works, as well
as natural factors with unfavorable physical and mechanical characteristics.

Anyone who carries out underground constructions is faced with solving a
particularly complex problem, because compared to above-ground constructions, it
is extremely difficult to determine in advance the basic design data for
underground works, which is why the appropriate assessment of surface
settlements above shallow tunnels is of great importance when designing each
underground excavation.

The need for accurate assessment of surface settlements caused by tunnel
excavation and potential damage to structures on the surface has led to increased
interest in research into this problem.

However, when assessing soil settlement, it is not always easy to take into
account all the necessary parameters that can significantly affect the total
settlement on the surface above the tunnel excavation. The behavior of the soil
when tunneling in incoherent or multi-layered soil is still a big unknown.

Therefore, when choosing an excavation method, care must be taken to ensure
that the selected methods ensure a safe working environment and minimal surface
settlements that will be in function of the geological and geotechnical properties of
the rock mass, cross-section of the tunnel and applied excavation technologies.
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