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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 Vogošća with 
Sarajevo and at the same time the connection of the narrowest city center of Sarajevo 
with the A1 motorway on the Vc 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 Vogošće, 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 attack 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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Figure 1. Geographical location of the Kobilja Glava tunnel on the route of the Sarajevo-

Vogošća 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].  

 
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 Koševo 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 "Kobilja 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. 

 
Figure 3. Geological mapping of the initial step of excavation of the left tunnel tube – 

....km. 3+546.20 

In the lithological zone I, 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 I is the vertical and lateral alternation of the mentioned lithological 
members without any regularity. The lithological structure of zone II 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. 

 
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 
U 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). 

 
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: 

𝑆𝑆𝑉𝑉 = 𝑆𝑆𝑚𝑚𝑚𝑚𝑚𝑚exp �− 𝑥𝑥2

2𝑖𝑖2
�     (1) 

Where: 
• Sv - settlement value, 
• Smax - theoretical maximum settlement on the center line of the tunnel, 
• x - lateral distance from the center line of the tunnel,  
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• i - 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 
[17]. 

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 (Ø51mm), 530 kN in following distrubition: 

a) top heading l=6,0m 6/4; 
b) bench l=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 (Ø32mm) 

l=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 (Ø114mm, 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): 
• The maximum distance between the top heading and primary invert is 2 m ; 
• The maximum distance between the top heading and bench is 10 m; 
• The maximum distance between the bench and primary invert is 4 m. 

 
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). 

 
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).  

 
Figure 8. Situation view of the excavation of the left tunnel tube from the cross 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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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 
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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. 

 
Figure 10. Longitudinal geological profile from the entrance to the stop of excavation on 

the entrance side 
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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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SOME DEEP FREEZE STORAGE HEAT TRANSFER 
PROBLEMS  

 Aleksandar Rajčić1   

Abstract  
The paper discusses the specific problems that occur with deep freeze storages, from 

the aspect of building physics. A special review is given of the phenomenon of soil 
stability, i.e. soil bearing capacity, in the context of soil freezing, deformations of the floor 
structure, and functional disorders in the interior of deep freeze stores.  

A case from practice was presented, in which serious problems occurred in the 
process of exploitation, which led to the fact that the existing floor structure with all layers 
had to be completely demolished, a new one constructed with newly designed layers, as 
well as to improve the connection with existing facade construction. 

An analysis of the causes and a proposal for a solution for that building are presented. 
The focus of the work is on the design concept of the relevant wall and floor structures, 
the calculation of the temperature in the ground under the building, considering conditions 
of operation that are specific and include a very low interior temperature of -27°C, a low 
winter design temperature of the external air -15°C, with an emphasis on the necessity of 
application of an adequate heat system of under-slab structure. The paper provides 
recommendations that engineers can use in similar cases. 

Key words: Deep freeze storage, Heat transfer, Soil freezing, Under slab heating 
 
  

 
1 PhD, Assosiate Professor,University in Belgrade, Faculty of Architecture, architect, Serbia, 
rajcic@arh.bg.ac.rs, ORCID 0000-0003-0156-0061 

submitted: 14.12.2024. 
 

Scientific research paper  
corrected: 15.01.2025. 

 
 UDC 725.355 

accepted: 16.01.2025. https://doi.org/10.62683/ZRGAF40.4 
 

49



Some Deep Freeze Storage Heat Transfer Problems 

 
 

1. INTRODUCTION 
Building physics of high-rise buildings is an area that we apply in our daily work 

and which is regulated by domestic and foreign regulations. It can be said that 
there are no major unknowns, because the projects are such that they mostly 
resemble each other: 

- In winter, there is a need to heat the interior, because the internal design 
air temperature is higher than the external design air temperature; 

- In summer, the situation is reversed, and it is necessary to cool the interior, 
because the external design air temperature is higher than the internal 
design air temperature. 

However, with buildings that have different needs in terms of maintaining the 
interior temperature, things become more complicated. 

In deep freeze storages it is necessary to maintain a constant temperature both 
in the winter and in the summer, which must not depend on fluctuations in the 
outside temperature. 

The internal design temperatures in the deep freeze storages depend on the 
technological process, that is, the level of freezing that should be achieved on the 
product (material) stored in the interior. The lower the temperature that needs to be 
achieved and maintained, the greater the temperature difference that HVAC 
systems need to compensate for, and the building's thermal envelope needs to 
overcome. 

Deep freeze storages/warehouses are buildings that are not studied in 
architecture studies (in Belgrade), and this text aims to publish some experiences 
from practice, in order to help designers in overcoming perceived problems. 

2. METHODOLOGY 
This paper discusses an existing deep freeze storage, relatively recently 

constructed, which operates in deep freezing mode at Ti= -27°C. Building is 
constantly lying on the ground. The location is flat, with pronounced gusts of wind 
and the external design temperature in winter is Te= -15°C. 

In the interior, racks were designed and built for storing goods. The racks can 
be moved electrically via a rail system built into the floor structure. 

2.1. Problem 
During operation, it was observed that the racks could not be moved, because 

the floor structure had been deformed in certain areas of the building (the floor is 
no longer completely horizontal), therefore the rail system for movement was 
deformed. 

The investigation revealed that there are multiple reasons for this: 
- There was a significant penetration of atmospheric water from the roof, 

whose flooding of the underfloor and foundation structure was not planned; 
- The heaters in the floor structure had an unexpectedly long interruption in 

operation; 
- The architectural-construction details of the connection between the floor 

and wall structures in the foundation area are not designed and executed 
well enough. 
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These problems resulted in the freezing of the ground in critical zones, which 

consequently led to the expansion (lifting) of the floor structure due to the force 
created by the action of the ice. 

What is quite specific for buildings of this type is the need to keep the soil 
temperature above the freezing point, despite the influence of the external air 
temperature (which is -15°C), and especially the influence of the design 
temperature in the interior (which is -27°C). 

Therefore, the boundary conditions for the design of the structure, i.e. 
architectural construction details, are very unusual. 

The conditions of structural stability cannot be met without the additional heating 
energy of the layers that are oriented towards the ground, in order to reduce the 
effect of cooling that takes place in the interior, as well as in the exterior. 

In this sense, the system for heating the subfloor structure must be designed 
and implemented in order to achieve the desired energy balance between cooling 
and heating. In the existing state, the pipe distribution of floor heating was carried 
out, with projected temperatures of the heating fluid ranging from +12°C to +30°C. 
A problem of discontinuity in the operation of that system was observed, due to a 
failure, and since there was no backup system, the period of time in which the 
system did not function contributed to the freezing of the ground under parts of the 
floor structure, which led to the deformation of the structure. 

2.2. The task 
The task of reconstruction in relation to the observed problems consisted of the 

following: 
- To solve the problem of draining atmospheric water, so that it does not 

flood the subfloor and foundation structure; 
- Design the heating system of the subfloor structure so that there is a 

backup system. Change the system, so that instead of pipe distribution and 
heating fluid, electric heaters are provided. The potential price difference 
was not a consideration in the decision-making process, as the existing 
fluid distribution pipeline proved unreliable; 

- Design the architectural construction details of the joint of the floor and wall 
structures in such a way that calculations from the aspect of building 
physics prove that considering the defined conditions of use, the ground 
does not freeze in the area under the building. 

2.3 Architectural detail – concept 
Existing structure and designed structure for intervention are shown in the 

following table. 
Considering problems on the site, it was decided to demolish the complete floor 

and subfloor structures, including RFC slab, all layers, up to soil, and to form a 
completely new floor structure. 

Regading the adequte wall structure (insulated industrial panels), the focus was 
on the RFC foundation component (plinth wall), which was not insulated at all, and 
to add some thermal insulation on the external face of this position, which has a 
contact with the external air.  
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Table 1 – Architectural details of floor-wall connection (existing and intervention) 

Existing Intervention 

  
Floor layers: Floor layers: 
Top / RFC slab 
Hydroinsulation 
Thermal insulation, XPS 20cm 
Foil 
Concrete / heat system 
Aggregate, 1 layer 
Soil 

Top / RFC slab, acocording calculation 
Concrete, anchors 
Foil 
Thermal insulation, XPS 25cm 
Concrete / heat system 
Hydroinsulation 
Concrete 
Aggregate, 2 layers 
Soil 

Wall layers: Wall layers: 
Inside 
Panel (industrial, 20cm) 
RFC (foundation wall/beam) 
Outside 
 

Inside 
Panel (industrial, 20cm) 
RFC (foundation wall/beam) 
Added facade thermal insulation, 20cm 
External covering 

 

The assumption was that it is necessary to add a layer of perimeter thermal 
insulation in a width of 1m under the first concrete slab, in a contact with the RFC 
construction of the plinth wall (an element of the foundation construction). 

3. RESULTS AND DISCUSSION 
The following general parameters applies in the calculations: 
- Design temperatures in the deep freeze Ti= -27°C 
- External design temperature Te= -15°C 
- The thermal conductivity of the material is in accordance with the data from 

the Rulebook on Energy Efficiency of Buildings [6]. 
- Heating of the floor slab is planned with electric heaters, which are placed 

with distance of 40 cm. The external temperature of the heater is adopted 
at +20°C. 

The goal of this analysis is to establish what the temperatures are at the control 
nodes, which are at intervals of 1 m in the base and 1 m vertically. They cover the 
depth from the ground level to 4m below the ground level. Basically, they are 
arranged from the foundation wall, up to 2m into the building field. 
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With added under slab perimeter insulation 
– detail D1 

Without added under slab perimeter 
insulation – detail D2 

  
Figure 1 – Illustration 2 of 2D model of intervention, source: Author 

Ideally, the analyzed temperatures below the contour of the object should be 
positive, in order to reduce the risk of freezing and consequent destruction. 

The following details were analyzed: 
- D1, detail with higher plinth and perimeter insulation under the slab; 
- D2, detail with a higher plinth without perimeter insulation under the slab. 

The calculation was carried out in accordance with EN ISO 10211-1 [5], using  
T-Studio software [7]. 
Graphic illustration of temperature fields, and numeric results of temperatures in 

soil nodes are shown in Figure 2 and Table 2 (for Detail D1), and in Figure 3 and  
Table 3 (for Detail D2). 

 
 
 
 
 
 
 
 
 
 
 

 
2 External air is given with the red line, and internal air is given with the blue line, and those colors does not 
correspond with the following temperature scale graduation. 
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Table 2 – Calculated temperatures in the nodes in the soil for detail D1 

D1, Te = -15°C (very low temperature of external air in winter) 

Node Temp 
[°C] Node Temp 

[°C] Node Temp 
[°C] Node Temp 

[°C] 
  001 1.2 002 9.0 003 11.1 
100 -5.8 101 -0.7 102 3.8 103 5.7 
200 -3.7 201 -1.0 202 1.4 203 2.4 
300 -2.7 301 -1.1 302 0.3 303 1.0 
400 -2.5 401 -1.1 402 0 403 0.6 

 

D1 Temperature field  
 

  
Figure 2 – Illustration of the temperature field for detail D1, source: Author 
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Table 3 - Calculated temperatures in the nodes in the soil for detail D2 

D2, Te = -15°C (very low temperature of external air in winter) 
Node Temp 

[°C] 
Node Temp 

[°C] 
Node Temp 

[°C] 
Node Temp 

[°C] 
  001 3.7 002 9.7 003 11.4 
100 -5.1 101 0.6 102 4.9 103 6.3 
200 -3.1 201 -0.3 202 2.0 203 3.0 
300 -2.3 301 -0.7 302 0.8 303 1.4 
400 -2.1 401 -0.7 402 0.5 403 1.0 

 
D2 Temperature field  
 

  
Figure 3 - Illustration of the temperature field for detail D2, source: Author 
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Variations 
Several variations for external air temperatures were conducted, in order to 

calculate temperatures in relevant nodes in the soil. In the Figure 4, an illustrations 
of temperature fields are shown, for the temperatures of -10°C, -5°C, and 0°C, and 
in Table 4, results of temperatures in the soil nodes are presented, all for details 
D1 and D2. 

 

 Temperature of external air in winter  
 Te=-10°C 

(quite low temperature) 
Te=-5°C 

(average low 
temperature) 

Te=0°C 
(very optimistic 

scenario) 

 

D
et

ai
l D

1 

   

 

    

D
et

ai
l D

2 

   
Figure 4 - Ilustration of temperature fields for variated external air tempertures, source: 

Author  
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Table 4 - Calculated temperatures in the nodes in the soil for varied exter. temperatures 

Detail Air temper. 
Te [°C] 

Node Temp 
[°C] 

Node Temp 
[°C] 

Node Temp 
[°C] 

Node Temp 
[°C] 

De
ta

il 
D1

 

-10°C 
(quite low air 
temperature 
in winter) 

  001 4.0 002 10.6 003 12.4 
100 -2.0 101 2.5 102 6.3 103 7.9 
200 0.1 201 2.4 202 4.4 203 5.3 
300 1.1 301 2.5 302 3.7 303 4.2 
400 1.3 401 2.5 402 3.5 403 3.9 

-5°C 
(average air 
temperature 
in winter) 

  001 6.1 002 11.5 003 13.1 
100 1.2 101 4.7 102 7.8 103 9.2 
200 2.6 201 4.4 202 6.1 203 6.8 
300 3.2 301 4.3 302 5.3 303 5.7 
400 3.4 401 4.3 402 5.1 403 5.5 

0°C 
(very 
optimistic 
scenario) 

  001 7.9 002 12.3 003 13.6 
100 3.9 101 6.5 102 8.9 103 10.0 
200 4.5 201 5.8 202 7.1 203 7.6 
300 4.6 301 5.4 302 6.2 303 6.5 
400 4.6 401 5.3 402 5.9 403 6.2 

De
ta

il 
D2

 

-10°C 
(quite low air 
temperature 
in winter) 

  001 5.8 002 10.9 003 12.4 
100 -1.6 101 3.3 102 6.9 103 8.1 
200 0.1 201 2.5 202 4.5 203 5.3 
300 0.8 301 2.2 302 3.5 303 4.0 
400 1.0 401 2.2 402 3.2 403 3.6 

-5°C  
(average air 
temperature 
in winter) 

  001 7.8 002 12.1 003 13.4 
100 1.8 101 5.8 102 8.7 103 9.8 
200 3.2 201 5.1 202 6.8 203 7.4 
300 3.7 301 4.9 302 5.9 303 6.3 
400 3.8 401 4.8 402 5.6 403 6.0 

0°C 
(very 
optimistic 
scenario) 

  001 9.8 002 13.2 003 14.2 
100 4.9 101 8.0 102 10.3 103 11.1 
200 5.7 201 7.2 202 8.5 203 9.0 
300 6.0 301 6.9 302 7.7 303 8.0 
400 6.0 401 6.8 402 7.4 403 7.7 

From the previous shown data, it can be concluded, that in all analyzed cases, the 
temperature in the soil nodes is above 0°C, so there is no risk of soil freezing. Note 
that the temperatures which are below 0°C is in nodes which are outside building 
boundary. In practice, it can be expected that the real results relate to external air 
temperature between -10°C and -5°C. 

4.  CONCLUSION: 
General conclusions: 
• It is necessary to design continuous layers of thermal insulation in the floor 

construction, above the layer where the heaters are located. The required 
thickness of this thermal insulation is significantly greater than the 
thicknesses used in buildings with other, common functions, so a thickness 
of over 20cm is recommended (in this project it is 25cm). In this case, XPS 
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Figure 1. Application of the principle of sun protection in the ancient age - Socrates' 

house [7,8] 

Deep openings and overhangs, as measured by ancient civilizations like the 
Greeks, Egyptians, and Persians, were used to address solar exposure. In the 20th 
century, modernist architects such as Le Corbusier and Oscar Niemeyer 
popularized the brise-soleils as a blend of perfect functionality and aesthetics. 
However, these systems have become indispensable for EE building designs, 
which reduce mechanical cooling demands and improve visual appeal [8]. 

Today's brise-soleils, equipped with advanced materials and intelligent 
technologies, provide flexible light and temperature control, making them 
indispensable in sustainable architecture. Different shading devices, from static 
systems to automated blinds, effectively balance natural light, ventilation, and 
energy savings. 

Recent research highlights the dual impact of brise-soleils on EE and occupant 
comfort, as Elzeyadi [2] demonstrated in solar radiation control and Meerbeek et 
al. [5] in occupant satisfaction. Additionally, Lai et al. [1] and Baghoolizadeh et al. 
[9] demonstrated the flexibility of shading devices for various climates and used 
such devices with photovoltaic technologies to improve performance. 

Self-shading façades have been further explicitly studied for their benefits in 
reducing cooling loads and improving energy performance [10, 11] and a growing 
body of literature has further emphasized the effectiveness of shading devices in 
warm climates. Dynamic shading and glazing technologies have also enhanced 
energy and visual performance and have placed adaptive shading solutions in a 
central role for contemporary buildings [12]. In addition, shading devices coupled 
with radiative cooling strategies are a focus of EE design in hot climates [13]. Our 
findings support using well-designed shading systems like brise-soleils to enable 
architecturally responsive climates. 

3. CONCEPTUAL ARCHITECTURAL AND URBAN DESIGN 
SOLUTION 

3.1. Climatic Parameters of the Location 
Herceg Novi has a Mediterranean climate with mild winters, warm summers, 

and an annual temperature of 15.8°C, with temperatures regularly over 20°C in 
summer. The clear skies prevail during summer and get 2,417 hours of sunshine 
annually. Rainfall averages 1,940 mm annually, mostly in winter, and temperatures 
seldom fall below 0°C. 
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The design features a highly sustainable approach, with a flat green roof with 
ten solar panels to generate renewable energy and improve insulation. The 
swimming pool is integrated with the outdoor area to provide residents with a 
comfortable and quality life through accessible recreational spaces. Taken 
together, the architectural and functional aspects of the complex result in a visually 
attractive, energy efficient, environmentally responsive living environment that 
meets the visual and environmental requirements of the modern age. (Figure 4.). 

 
Figure 4. 3D render of the designed objects 

Diagrams illustrating summer and winter conditions were analyzed to evaluate 
the buildings' response to solar movement (Figure 5). These diagrams visualize 
seasonal variations in solar exposure, emphasizing the importance of adaptive 
shading solutions in balancing energy efficiency and indoor comfort throughout the 
year. 

 
Figure 5. The impact of solar movement 
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3.6. Seasonal Performance  
Brise-soleils reduce heat gain during summer, blocking intense morning and 

evening sunlight on the eastern and western facades. Solar panels on the roof 
generate electricity, while the green roof absorbs excess heat, maintaining stable 
indoor temperatures and reducing cooling loads. 

At night, operable windows and vents enable cross ventilation, achieving airflow 
rates of up to 0.6 air changes per hour, which helps to refresh indoor air and 
reduce cooling loads by approximately 10% during summer months. 

In winter, brise-soleils retract to maximize solar heat gain, while the green roof 
retains warmth. Solar panels generate electricity even on cold days, and the heat 
pump adjusts indoor temperatures for comfort. 

This dynamic design approach combines passive and active strategies to year-
round enhance comfort, EE, and environmental sustainability. 

4. METHODOLOGY 
Energy simulations can provide valuable insights into a building's energy 

performance and optimize design and systems under different scenarios. 
Simulations are imperfect with simplified models and assumptions, but they 
provide tremendous cost and time savings in the design phase and a base for 
making informed decisions on EE. 

The detailed simulation capabilities of EnergyPlus were selected for their ability 
to simulate cooling demands and EC under varying conditions, including the 
presence or absence of brise-soleil systems, to evaluate their impact on cooling 
EC. Working with the SketchUp package means working with a perfectly matching 
geometry modeling workflow that enables accurate visualization and input of 
architectural details. EnergyPlus provides robust support for thermal & energy 
simulations, and SketchUp's user-friendly interface simplifies the creation of 
complex structures. Combining the two makes this an ideal setup for research that 
requires architectural precision and advanced performance analysis. (Figure 6.). 

 
Figure 6. Building performance simulation tools [14] 
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Cooling demands and electricity consumption were analyzed under seasonal 
and site-specific climatic conditions (weather data files for Herceg Novi, 
Montenegro). The role of brise-soleil was assessed to reduce cooling loads and 
enhance EE. 

The modeling process started with a geometric model in SketchUp created 
down to the detail and was then exported to EnergyPlus. All construction elements 
were defined carefully based on key material properties, including thickness, 
density, thermal conductivity, and specific heat. These layers' opaque and 
transparent surfaces were assigned correctly, so thermal performance 
representation was accurate. 

Each construction's physical and thermal properties are specified in text-based 
input files (.idf) EnergyPlus uses. All layers, from exterior facades to interior 
surfaces, were included in the simulation, reflecting real-world conditions. This 
study uses the 3D model shown in Figure 7, which shows the integration of 
material properties and shading devices necessary for simulating how the building 
interacts with its environment. 

 

 
Figure 7. Energy models created in the Open studio plugin in SketchUp 

Electricity consumption for cooling was analyzed, and a comparison between 
scenarios with and without brise-soleil was made using both percentage 
differences and absolute energy savings. This approach allowed for a clear 
understanding of the effectiveness of the brise-soleil in reducing cooling energy 
demand, with a specific focus on seasonal variations and peak months. 

5. RESULTS AND DISCUSSION 

5.1. Impact on Total Energy Consumption 
The results show that brise-soleil is key in reducing cooling EC by controlling 

solar exposure during the warmer months, with solar gains reduced by up to 25%, 
leading to a 31% decrease in cooling energy demand during peak summer 
months. 

Nevertheless, to limit beneficial solar heat gains, cooling EC was slightly 
increased by brise-soleil during cooler months (March to mid-June). This 
observation is in accord with Alhuwayil et al.'s findings that passive shading 
strategies may decrease thermal efficiency in climates or seasons with limited 
sunlight [15]. Their study highlighted how shading devices, while effective in 
reducing cooling loads in hot climates, can limit beneficial solar heat gains during 
cooler periods, similar to the slight increase in cooling energy consumption in May 
due to reduced beneficial solar gains, observed in our study. 
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However, despite this, brise-soleil was highly effective after July, when peak 
ambient temperatures occurred. July showed the highest monthly reduction, with 
energy savings of approximately 24.9%. In July, the configuration without brise-
soleil consumed nearly 200 kWh, compared to around 150 kWh with the system 
installed. These results agree with Koç and Maçka Kalfa [16], who found 
substantial cooling load reductions from shading devices in Mediterranean regions 
with high solar exposure. Cooling energy consumption between May and October 
totaled 639.59 kWh without brise-soleil and 462.21 kWh with it, reflecting a 27.7% 
reduction. A monthly comparison of cooling EC between configurations with and 
without brise-soleil is shown in Figure 7, with significant reductions during peak 
summer months (Figure 8). 

 
Figure 8. Comparison of monthly cooling energy consumption for brise-soleil and non-

brise-soleil configurations 

Furthermore, brise-soleil and other shading devices may contribute to 
sustainable design by decreasing peak cooling demand during heat-intensive 
periods. This reduces operational costs and conserves the environment by 
decreasing energy use and emissions, as Mohammed et al. [17] found in high-sun 
regions, which saw cooling load reductions via shading strategies. In climates with 
significant seasonal temperature variations, brise-soleil effectively reduces cooling 
energy needs and greenhouse gas emissions by improving energy performance. 

6. CONCLUSION 
Brise-soleil systems are increasingly proving to be a practical solution for 

improving the EE of residential buildings in warm climate zones, where rising 
global temperatures pose a serious challenge. This study confirms their key role in 
reducing EC and improving the aesthetics of architectural solutions. The results 
showed that brise-soleil can reduce monthly cooling EC by up to 31% in the hottest 
periods while annual savings amount to 12%. This makes them an extremely 
effective tool for lowering EC and carbon dioxide emissions. 
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Abstract  
The significance of trade as a public function has strengthened alongside the progress 

of civilization. In contemporary cities, within the context of an expanding market economy, 
large-format shopping centers have assumed primacy. Their emergence is regarded as a 
culmination of human consumer behavior and one of the pivotal shifts in the organization 
of urban space. Shopping centers are evolving to incorporate a broader range of diverse 
functions, becoming gathering places and venues where spare time is spent. 
Consequently, they are no longer perceived solely as spaces for sales, but as places of 
consumption where trade and leisure intertwine. 

The primary objective of the research is to examine current tendencies and strategies 
in the field of architectural design of shopping centers, as well as to explore successful 
design methodologies. The research commences with an elaboration of the fundamental 
characteristics of the modern shopping center. In the next part of the research, various 
types of shopping centers are analyzed using relevant case studies drawn from both 
international and domestic architectural practices. Finally, the possibilities and directions 
for further expansion of the offers are discussed. 
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1.  INTRODUCTION  
A series of urban, social, economic, and technological opportunities in the first 

half of the 20th century led to the development of shopping centers. Their 
proliferation was driven by the following factors: 

• limited space for the expansion of the city cores,  
• population growth,  
• increased car ownership,  
• congestion in city centers due to traffic,  
• availability of large, accessible land areas, and  
• advances in ventilation, air conditioning, and lighting technologies [1]. 

Seeking a more peaceful environment, residents moved in large numbers to the 
suburbs, where access to the city's commercial areas was limited. This type of 
residential suburbanization gained particular momentum in the USA after World 
War II. 

The modern European shopping center originated in Sweden in the mid-1950s. 
During the 1960s and 1970s, shopping centers first appeared in Great Britain and 
France, followed by other Western European countries [2]. Their development 
mirrored the growth of personal incomes and greater consumer mobility, as well as 
the rise of larger retail chains. 

Architect Viktor Gruen, an Austrian who immigrated to the USA in 1938, had a 
significant influence on the modern form of shopping centers. He envisioned them 
as a contemporary version of the traditional town square [3], designed as 
pedestrian-friendly shopping areas. However, he believed that it was necessary to 
protect customers from external influences and to create enclosed, climate-
controlled spaces. As the designer of the first shopping centers, Victor Gruen, also 
wanted to redefine the modern city proposing that suburban shopping malls 
become the new urban cores. He saw shopping as part of a larger network of 
human activities, arguing that sales could be better if commercial activities were 
integrated with cultural and leisure activities [4]. Gruen saw the design of shopping 
malls as a way of producing new city centers, or as he called them "shopping 
cities". 

Designing shopping centers as indoor facilities capitalized on the psychological 
effect that customers would stay longer and spend more if they were comfortable 
[5,6]. Gruen further explored this effect, finding that people in air-conditioned malls 
were more willing to walk longer distances. Featuring opaque facades with no 
connection to the outside - a design resembling a "blind box" - shopping centers 
used glass roofs to admit natural light. Around central courtyards with fountains, 
potted trees, gardens, and other furnishings visible from upper levels, Gruen 
placed restaurants and cafes, which he envisioned as gathering spaces [7] for 
various social activities [8].  

Modern shopping centers have expanded in scale and function, incorporating 
diverse facilities such as department stores, supermarkets, banks, post offices, 
kindergartens, and more [9]. The diversity of additional activities from other 
spheres, unrelated to the primary activities of sales and hospitality, affects the 
multi-purpose character of shopping centers. 

The paper discusses this multipurpose aspect of shopping centers and poses 
the following research questions: (1) are there opportunities for further expansion 
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of scale and function in these already very complex buildings, and (2) do outdoor 
activities, as a new preference of visitors, shape the future of shopping centres? 

2. METHODOLOGY AND MATERIALS 

2.1. Method 
The following methods were applied in this research: the descriptive method, 

the method of classification, and the methods of analysis and comparative 
analysis. 

The research focuses on current trends and tendencies in the reference 
architectural practice. The base of buildings on which the research was conducted 
consists of 20 shopping centers from Europe and Asia, built between 2010 to 
2024, when it comes to foreign experiences, and 8 buildings built in Serbia, in 
Belgrade, Niš, Novi Sad and Kragujevac. Three typical examples from these 
buildings' databases were selected for case studies. 

In the next stage, in order to perform more comprehensive summarization and 
systematization of the characteristics of the selected shopping centers, a system of 
criteria significant for determining the relationship between the expansion of the 
indoor and outdoor activities and the future development of these facilities was 
established.  

2.2. Characteristics of modern shopping centers 
 A whole team of experts from different fields is involved in the process of 

designing shopping centers. The location of the future building and its 
characteristics, both strategically and physically, significantly determine the size, 
type, and character of the shopping center [10]. 

There are many different types of shopping centers and there are many criteria 
by which they can be classified. Part of these criteria are the following: 

• location (regional, district, and local shopping centers),  
• number of people visiting the mall (city and suburban shopping centers), 
• constellation of activities  
• combining with other functions (shops with additional activities), 
• the character of the store (fashion centers, or “lifestyle” centers), 
• physical forms (open and closed shopping centers, within shopping parks, 

shopping resorts, business districts, and mixed-use environments within 
the city center), and 

• generation (measured by the level of changes that have occurred within a 
certain type [11]. 

According to the European standards [12], shopping centers are divided into 
traditional ones (very large, large, medium, and small) and specialized ones (sales 
parks, factory outlet centers, and themed centers). 

Spatial organization should ensure a natural flow of movement through the 
shopping center. There are two characteristic types of organization of closed 
shopping centers, namely linear and circular [10]. Linear type (Figure 1. left) is the 
simplest type of organization of the base of the shopping center. It is defined by 
two endpoints, in the form of "anchor" stores, which are interconnected. Within 
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them, you can also find "focus points", with the function of housing vertical 
communications, the hub of horizontal communications, the formation of an angle 
at the base, or recognizable zones in communication spaces. 

 
Figure 1. i) a unique sequence between two "anchors"; ii) string with nodes; iii) nodes 
used to change the direction of movement; iv) nodes receiving other paths; v) nodes 
that include vertical communications (left); circular organization with nodes anchored 

by stores (right); source: Beddington, 1982. 

In circular organizations (Figure 1, right), visitors can access all parts of the 
shopping center without retracing their steps, ultimately returning to the point from 
which they started moving through the center [13]. The form of the number "8" is 
also considered a form of circular motion. Also, the vertical movement can be part 
of the circular movement through the center. "Anchor" stores, strategically placed 
and clearly visible, play a role in motivating movement. 

The organization should be simple, easily recognizable, and it must not be 
monotonous. Points of interest or places of rest must be found every 200-250m 
because visitors lose interest after crossing those distances.  

2.3. Case studies from foreign architectural practice 
Among the reference foreign realizations, the following notable shopping center 

buildings were considered: the „Emporia“ shopping center (Malmö, Sweden), 
known for its distinctive architectural identity, „Mega Foodwalk“ (Thailand), which 
blends retail and public space innovatively, and „Parc Central“ (Guangzhou, 
China), renowned for its fluid design and integration of green spaces, all of which 
serve as the exemplary models of modern retail architecture. 

2.3.1. Emporia Shopping Center / Gert Wingårdh, Malmö, Sweden, 2012. 
"Emporia" shopping mall is located in the Hyllie district in the southern part of 

Malmö, Sweden. It is one of the largest Scandinavian shopping malls (Figure 2.). It 
has a mixed structure and, apart from about 200 shops, it contains administrative 
and business premises and certain accommodation capacities. 
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