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Abstract: 

In the context of globalization, cultural heritage has an exceptional value that must be preserved 

through measures of public interest. The restoration of the immovable cultural and historical 

values is a result of the need to improve the condition of the existing cultural heritage buildings 

in accordance with the requirements of the new conditions for sustainable development, as well 

as to preserve them for future generations. 

The need for constructive renovation of cultural and historical sites is justified by the goal of 

achieving one or more of the following circumstances: the presence of visible defects in the 

building; damage or destruction after an event that affects the stability and load-bearing 

capacity of the structure of the building (such as earthquakes and other natural disasters and 

accidents); the change of the functional purpose of the building; and application of the 

requirements of modern norms and standards regarding the stability and load-bearing capacity 

of structures (Eurocode, modern norms for design of seismic impacts). 

This article briefly presents reinforced concrete shells as a common element of the construction 

of buildings with cultural heritage status, as well as the research on the appropriate and modern 

methods and systems for their strengthening and / or restoration, to improve their load-bearing 

capacity and as overall, their sustainability of the seismic impact. The topic is the subject of the 

dissertation investigation of Eng. Stanislava Miteva, PhD student at UACEG, Sofia, Bulgaria. 
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1. INTRODUCTION 

“Heritage is our legacy from the past, what we live with today, and what we pass on to 

future generations. Our cultural and natural heritages are both irreplaceable sources of life and 

inspiration. What makes the concept of World Heritage exceptional is its universal application. 

World Heritage sites belong to all the peoples of the world, irrespective of the territory on which 

they are located.” UNESCO 

One of Bulgaria's greatest treasures is its cultural heritage, including structural and 

architectural values. Nowadays, the cultural heritage of every nation is perceived as a common 

human wealth. The world community stands for common principles to respect the cultural 

variety and traditions of various nations. [1][2][3][4][5] 

Renovation of architectural and structural values is a topic of great importance 

worldwide, especially in the most developed societies. It comes because of the necessity to 

improve the condition of existing buildings of high importance in compliance with the 

requirements for sustainable development, as well as preserve the immovable cultural heritage 

for future generations. One of the main aspects of the renovation of architectural and structural 

values is the restoration and reinforcement of their structure, which ensures their preservation 

and safety. Structural sustainability and safety evaluation of existing values is a complex task to 

be performed, as the applied methods in that case substantially differ from the methods for 

design of new buildings. On the other side, such structural strengthening could possibly end up 

in conflict with the cultural identification and value of an architectural monument. Therefore, the 

choice of method to restore and reinforce the existing architectural and structural value depends 

on its cultural value, ranging from basic maintenance where no cultural value of the building is 

sought to be changed, to a complex restoration and renovation, in the case of need to improve its 

operational state. 

The need for structural renovation of cultural and historical monuments is justified by the 

objective of achieving one or more of the following circumstances: the presence of visible 

damages in the building; damage or destruction occurred after an event that affects the stability 

and load-bearing capacity of the building structure (as earthquakes and other natural disasters, 

and accidents); change of the function of the building; and implementation of the requirements 

of modern norms and standards in terms of stability and the load-bearing capacity of the 

structure (Eurocodes, modern design standards for seismic). 

In the framework of the presented project, main object of the studies is immovable 

cultural heritage in Bulgaria as a bright symbol of national identity with relevance to the values 

of European and global scale, coming from the era of Antiquity, Middle Ages, after the 

Liberation and Architecture of XXth and XXIst century. This raises the interest to develop and 

define the methods of examination and strengthening of reinforced concrete shells as a common 

element of the construction of buildings with cultural heritage status, to improve their load-

bearing capacity and as overall, their sustainability of the seismic impact.[8][9][10][11] 

2. THE SPATIAL STRUCTURES 

2.1. The History 

Made of various materials, the spatial thin-walled structures have a long history dating 

back to prehistoric times. In the form of arches, vaults, and domes spatial thin-walled structures 

make cover relatively large openings, which is why they are traditionally widely used in the 

construction of public buildings from antiquity to the present day. Many spatial thin-walled 

structures are built to provide roofs for temples, cathedrals, monuments, or other buildings. 
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Thin-walled spatial structural elements have been identified in the ancient Middle East as 

an element of the construction of small buildings and tombs. The construction of the first typical 

thin-walled spatial structures in Europe, from a technical point of view, began during the Roman 

Architectural Revolution, when they were often used by the Romans to design large interior 

spaces of Roman temples and public buildings. This tradition continued after the adoption of 

Christianity in Byzantine religious and secular architecture. The thin-walled spatial structures 

(more often domes) in Western Europe became popular again during the Renaissance, reaching 

its zenith in popularity in the early eighteenth century in Baroque architecture. During the 19th 

century, they became a distinctive feature of architecture. [1][2][3][4][5][8][9][10][11] 

It is believed that the transition to round thin-walled spatial structures probably took 

place in the ancient Persians. The Sassanid kingdom began the construction of the first large-

scale domes in Persia in royal buildings, such as the Palace of Ardashir, Sarvestan and Galeh 

Dohtar. With the Muslim conquest of the Sassanid Empire, the Persian architectural style had a 

great influence on Muslim societies. The construction of thin-walled spatial structures in the 

Muslim world reached its apogee in the sixteenth and eighteenth centuries, when the Ottoman, 

Safavid, and Mughal empires used lofty domes of their churches to create a sense of heavenly 

transcendence.  

The use of many thin-walled spatial structures (domes) as an original tradition was 

developed in church architecture in Russia, which adopted Christianity from Byzantium. Russian 

domes usually have an inner and outer shell made of wood or metal and are often gilded or 

painted in bright colours. The dome in the shape of an "onion" also became a distinctive feature 

of Russian architecture, often in combination with the "tent" roof. 

2.2. Definition of a spatial structure 

 The spatial structure geometry commonly suggest a surface that passes through the 

middle of any section of the shell. The problem of spatial structures definition is shown on the 

figure bellow (Figure 1.) [23][24][25]: 

    

a—the structure’s thickness (1)                                                  b—convex structure (3) and its thrust force (4)  
     and the middle surface (2)  
 

               
c—concave structure (5) and its “negative”                   d—a saddle with “positive” and “negative” thrust forces;  

     thrust force (6)                                                       H - thrust force                                             
 

Figure 1. Spatial structures [23][24][25] 

245



 

I Youth Scientific Conference with international participation  

„ Design and Construction of Buildings and Facilities “, November 4-5, 2021, Sofia, Bulgaria 

 

In order to obtain the spatial behavior of a structure subjected to external loads (vertical 

loads), the structure must meet the following special requirements [23][24][25]: 

 The structure must be continuous to allow internal forces to move smoothly from 

point to point in all directions, not just external loads. The structure may have 

openings, in which case there are certain design requirements. The ribs or the 

local increase in the thickness of the spatial structure do not disturb the continuity 

of the structure, although they lead to local stresses in the connections between 

the structure and the ribs and/or in areas of different thickness, as local stresses 

decrease very quickly [23][24][25]; 

 Thrust forces always appear in spatial structures. Their direction depends on the 

structure’s curvature, or in other words, on the fact if the structure is concave or 

convex. If the structure is convex, the compressive forces act on the structure and 

lead to tension in the elements that absorb them, ie. connections or edge elements 

(b); conversely, if the structure is concave, the thrust forces act in the internal 

direction ("negative" thrust) and lead to compression in the elements that absorb 

them (c). Such behavior corresponds to spatial structures with positive or zero 

Gaussian curvature (e.g., domes or cylindrical shells, respectively). In structures 

with a negative Gaussian curvature (K <0), the thrust forces give both tension and 

compression (for example a saddle-shaped shell - d). The problem of traction is 

one of the main problems for spatial structures, because in order to absorb the 

forces arising from the effect of traction, the structure must have appropriate 

elements that are able to absorb these forces through tension or compression. It 

should be noted that traction forces also appear in folders [23][24][25]; 

 Spatial structures (with the exception folders with flat plates) have a certain 

Gaussian curvature. The curvature can be single (as in cylindrical shells) or 

double (as in domes or saddles (hippies)). In the first case the structure has zero 

Gaussian curvature (K = 0), and in the second the curvature can be positive (K> 

0) or negative (K <0) [23][24][25]. 

The spatial structure is usually a roof structure and therefore the live load is relatively 

small. The dominant load acting on the spatial structure is its own weight. If a spatial structure 

has a convex shell (K> 0), then from the point of view of statics most of it (about 80% of the 

area) is in compression. This is one of the main reasons to use reinforced concrete to build such 

structures. It is therefore logical to use thin-walled shells to reduce their own weight. Because the 

mass of spatial structures is quite small, their resistance to dynamic loads, such as earthquakes, is 

high. Following shell theory, the spatial structure is thin - walled if the ratio between its 

thickness, h, and short range, lmin (for rectangular base) or diameter (for round base) does not 

exceed 1/100 [23][24]:  

     Most existing shells are even thinner [23][24][25]:  

At the same time, from a technological point of view, all RC spatial structures, h must be 

at least 5 cm. [23] 

 

2.3. Types of spatial structures and their structural elements 

The following types of spatial structures are known in construction practice [23][24][25]: 
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 Translational shells with positive Gaussian curvature (K ≥ 0) per square or a 

rectangular base (Figure 2a); 

 Long cylindrical shells (K = 0) on a rectangular base (Figure 2b); 

 Domes - revolutionary shells (Figure 2c) (Beehive dome, Braced dome, Cloister 

vault, Compound dome, Crossed-arch dome, Ellipsoidal dome, Geodesic dome, 

Hemispherical dome, Onion dome, Oval dome, Paraboloid dome, Sail dome, 

Saucer dome, Umbrella dome); 

 Hyper-shells with a linear surface (negative Gaussian curvature, K <0) on a 

square or rectangular base (Figure 2d); 

 Rectangular folders (Figure 2e). 

 

 

Figure 2. Types of shells and folders [23][24][25] 

a—translation shell with double curvature K > 0; b—cylindrical shell with single curvature K = 0; c—dome; d—

hyper with double curvature K < 0; e—folder;  

1—the shell (dome) itself; 2—diaphragm; 3—column; 4—edge element; 5—dome’s ring; 6—the folder’s plates; 7—

tensile tie for taking thrust. 

The main structural elements of spatial structures are [23][24][25]: 

 The shell, dome or folder itself; 

 Diaphragm to absorb thrust forces from the shell or folder; 
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 An edge element that takes together with the shell or folder the bending moments 

in long direction; 

 A ring that absorbs the thrust forces from the dome. 

The types of diaphragms are shown in figure below (Figure 3). The diaphragms can be in 

the form of a truss (Figure 3a) or an arc with a tensile tie (Figure 3b). It is possible to transfer the 

thrust forces from the shell to the frame (Figure 3c), or even to the base (Figure 3d). Sometimes 

the load is overload-bearing walls can be used for this purpose (Figure 3e). In this case of the 

reaction from the shell is transmitted along the entire length of the final load load-bearing walls 

(no traction). [23][24][25] 

 

Figure 3. Types of diaphragms [23][24][25] 

a—truss; b—arc with a tie; c—frame; d—basis; e—end load carrying wall (1) 

 

Concrete thin-walled spatial structures (thin shell structures) [Source: Internet] 
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  2.4. Materials of the spatial thin-walled structures  

The earliest thin-walled spatial structures in the Middle East were built of mud bricks, and 

later of stone and baked ceramic bricks. Wood, as a material for the implementation of thin-

walled spatial structures (domes) allows the coverage of wide sections due to the relatively light 

and flexible nature of the wood. Wood became the main material for the construction of the 

domes of churches in the 7th century. 

A little later masonry - brick, stone. The development of brick arches and domes in the 

Middle Ages gave impetus to the development of spatial structures with more complex shapes 

and large openings made of different materials.  

A stone aggregate with a powerful mortar was used in Roman concrete. The aggregate 

passed through the centuries in pieces of baked clay, then in Roman bricks. Until the sixth 

century, bricks with large amounts of mortar were the main material for arches. Pozzolana 

appears to have been used only in central Italy. [19] Brick domes were the preferred choice for 

monumental pavements with a large space until the industrial age, due to their convenience and 

reliability. [20] Ties and chains of iron or wood have been used for stress resistance. [21] 

The advent of new building materials in the 19th century, and a better understanding of the 

impacts on the structures of the 20th-century, opened up new possibilities for architectural and 

civil engineering practices. Most of the thin-walled structures that still exist today are made from 

concrete, and at a later stage - of reinforced concrete, incl. prestressed reinforced concrete. Steel 

cables and prestressed reinforced concrete, iron and steel beams eliminate the need for external 

support of spatial structures, which in turn is a prerequisite for their thinner design. While earlier 
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masonry domes may have had a radius to thickness ratio of 50, the ratio for modern domes may 

be over 800. The lower weight of these domes not only allowed much greater distances, but also 

allowed the creation of large movable domes over modern sports halls and stadiums. [22] 

2.5. Concrete heritage structures  

Reinforced concrete heritage are those structures that were built in the late 19th century 

and early 20th century. These structures were designed and constructed by various architects and 

designers around the world in the 19th and 20th centuries. Some are designed to commemorate a 

person or event in the past, others to show the technology and modernization of the era, and 

others for other services and causes. Today they are classified as heritage due to their special 

nature in relation to other similar structures. Their classification into heritage structures is carried 

out by organizations such as UNESCO.[26][27] 

Reinforced concrete is a new building material, once considered an eternal structure 

material. But as time has shown, she faces major problems in her strength durability, as the 

structures have been / are exposed to various external or internal aggressions, which would lead 

to deterioration of the concrete structure, which in turn requires one of the two their maintenance 

or even sometimes replacement of existing structural concrete. 

But there is still a paradox in the difference between modern and heritage reinforced 

concrete cultural structures. In general, it can be said that since reinforced concrete is a relatively 

new building material (about 100 years old), it is reasonable to say that most of the problems of 

modern reinforced concrete structures also exist in historic reinforced concrete structures. This 

further demonstrates the possibility of using test methods, repair, and reinforcement methods, 

etc. of modern concrete to be used for heritage reinforced concrete heritage with certain 

restrictions until further development. [26][27][28][29] 

There are various techniques available for physical and chemical rehabilitation for 

rehabilitation corrosion-damaged reinforced concrete structures to extend the service life and 

safety of structures. Before rehabilitation begins, the causes of the injury must be identified 

through on-site tests or Nondestructive Testing to avoid unnecessary or costly rehabilitation 

costs and to choose the appropriate method of repair. Appropriate repair and rehabilitation 

systems must be in place selected for each structure according to its type, condition, and future 

use. [26][27][28][29] 

3. ORGANIZATIONAL AND CONSTRUCTIONAL SOLUTIONS IN RESTORATION 

AND STRENGTHENING OF REINFORCED CONCRETE HERITAGES 

(STRUCTURES REPAIR, RESTORATION AND PRESERVATION) 

The need for structural renovation of cultural and historical sites is justified by the 

objective of achieving one or more of the following circumstances: the existence of visible 

defects in the building; damage or destruction occurred after an event that affects the stability 

and load-bearing capacity of the structure (as earthquakes and other natural disasters, and 

accidents); change of the function of the building; and implementing the requirements of modern 

norms and standards in terms of sustainability and the bearing capacity of the structure 

(Eurocode, modern design standards for seismic loads). [32][34][35][36][37] 

The reinforced concrete shells are a common and basic element of the construction of 

buildings with cultural heritage status. The research on the appropriate and modern methods and 

systems for their strengthening and/or restoration, to improve their load-bearing capacity and as 

overall, their sustainability of the seismic impact is of particular importance. Before deciding on 

any intervention regarding strengthening and/or restoration of heritage structures, the following 

steps should be followed [32][34][35][36][37]: Assessment of the condition of the concrete in 

the structure; Connecting the existing condition of the concrete with the possible reasons; 
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Selection of appropriate repair material and method to mitigate the problem; Preparation of plans 

and specifications; Implementation of work on plans and specifications, or appropriate 

application of the repair material and methods on the considered structure. It is essential to have 

a comprehensive understanding of the causes of the specific problem meaningful assessments 

and successful repairs.  

Within the project, concrete shell test specimens have been prepared, and will be subjected 

to dynamic loads and then appropriately strengthened with the application of advanced carbon 

FRP systems. 
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