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PREFACE 

 

Dear Participants, 

 

Istanbul, one of the most important cities in the world, is in a geography where major 
earthquakes have occurred throughout history. Istanbul has been exposed to 
earthquakes many times. These earthquakes caused great damage to the city. This 
region, where earthquakes have occurred, but which cannot be abandoned, has been 
a residential area many times. Since it is not abandoned, it is necessary to look for 
ways to prevent earthquakes from being a disaster by taking precautions. The studies 
are carried on by considering them from multiple perspectives. It can be grouped 
under two main headings as structural and non-structural measures. In this 
conference, valuable participants presented their papers on structural measures. The 
only address for structural measures against earthquakes; building security. After the 
structures are strong, earthquakes will remain a natural phenomenon. In this 
conference, where different studies were presented, different analyzes from a wide 
variety of countries were discussed. When these international studies are combined, 
it will lead to better results. It is one of our greatest wishes that the "Istanbul and 
Earthquake" conferences will contribute to the world city of Istanbul. Thank you for 
giving us strength with your participation. We look forward to the conferences 
planned to be held in the coming years. I wish you success in your work. 

 

                                                                   Prof. Dr. Mehmet Fatih Altan 
                                                                                                                          Editor 
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ANALYSIS OF SELECTED ASPECTS OF THE LIFE CYCLE FOR 
FLEXIBLE JOINTS BETWEEN REINFORCED CONCRETE FRAMES 
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Krzysztof Zima1, Damian Wieczorek2, Arkadiusz Kwiecień3 
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ABSTRACT  
 
The study presents innovative anti-seismic protection systems using PolyUrethane 
Flexible Joints (PUFJ) at the frame-infill interface and bonding of glass fiber meshes 
to the weak masonry substrate to form Fiber Reinforced PU (FRPU) as an emergency 
repair intervention. Due to the possibility of using the systems in existing and newly 
built structures in areas of increased risk of seismic excitations, the authors made an 
attempt to define the life cycle scenarios of these systems in terms of the possibility 
of extending the service life of these structures. The definition of the construction 
life cycle scenarios and the estimation of the corresponding investment costs and 
costs related to the operation and decommissioning of a given system were based on 
the approach presented in the ISO 15686 standard package “Buildings and 
constructed assets”, part 2 – Service life prediction procedures and part 5 – Life cycle 
costing. The simulations covered a total of five variants of the systems application: 
(i) prefabricated PUFJ at 4 interfaces (in newly constructed buildings), (ii) injected 
PUFJ at 3 interfaces (improvement of existing buildings) and application of FRPU 
as a quick emergency or strengthening system (for buildings damaged by 
earthquakes) in variants (iii) at infill diagonals, (iv) at infill edges, and (v) as 
combination of the systems presented above (according to requirements). The cost 
analysis also took into account the potential impact of changes in the value of money 
over time and an increase in the production costs of building materials. 

 
 
KEYWORDS: repair costs, earthquakes, LCC, PolyUrethane Flexible Joints 
(PUFJ), Fiber Reinforced PolyUrethane (FRPU) 
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1. EARTHQUAKES AND REPAIR COSTS OF BUILDING ELEMENTS 
 

Earthquakes are very serious threats in many regions of the world. Very important 
preventive elements are methods of preventing building cracks and collapsing, which 
causes both financial losses and often a threat to the life of people staying in the 
buildings. Securing buildings is of course associated with a large financial outlay, 
but when considering the protection of life and the costs of securing buildings and 
reconstruction costs, the former should be considered more often. Generally to start 
a discussion of life protection opportunities and security costs, the cost of security 
throughout the life cycle of buildings should be considered. Life cycle costs also 
have their normative approach in the form of ISO 15686-5:2017. “Buildings and 
constructed assets – Service-life planning – Part 5: Life-cycle costing” (ISO, 2017). 
The ISO standard includes, among others life cycle definitions and the so-called 
“whole life cycle”. The life cycle cost analysis may be performed with the use of 
simple or complex methods. Simple methods are applied only in cases of 
uncomplicated comparisons. Their basic limitation is to involve calculations but 
excluding the effect of changes in the time value of money and changes in energy 
prices. On the other hand, complex methods are based on mathematical economic 
models, which consider changes in the time value of money (discounting) – 
Wieczorek et al. (2019). In the article, the authors used complex methods to evaluate 
the effectiveness of the application of selected methods. 

Makra et al (2021) described the M7.0 earthquake that occurred on October 30, 2020 
in the Aegean Sea near the island of Samos (Greece) and the west coast of Turkey, 
which had a major impact on the city of Izmir, approximately 70 km from the 
epicenter earthquake. The greatest damage caused by the Samos (Aegean Sea) 
earthquake was observed in the Bayarkli (a metropolitan district of Izmir) area, with 
7-10-story reinforced concrete buildings with solid masonry walls, erected between 
1990 and 2000. Combined with the fact that the long-term (0.5-1.5 s) recorded 
spectral accelerations in the sediments were noticeably high due to the pool effects 
in terms of the maximum ground acceleration (~ 0.1 g), the authors of the study note 
that the observed long-term movement triggered, and due to double resonance, major 
damage and collapse of many buildings occured. The preliminary assessment of the 
seismic risk with the use of recorded ground movements showed that despite the fact 
that the observed damage was to be expected, the relationship between spectral 
accelerations and design loads does not justify such an intensity of damage. 
According to the authors, other additional parameters, such as compliance with 
regulations, construction quality and modification of the structural system, have an 
impact on the size of the observed damage. 
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damage and collapse of many buildings occured. The preliminary assessment of the 
seismic risk with the use of recorded ground movements showed that despite the fact 
that the observed damage was to be expected, the relationship between spectral 
accelerations and design loads does not justify such an intensity of damage. 
According to the authors, other additional parameters, such as compliance with 
regulations, construction quality and modification of the structural system, have an 
impact on the size of the observed damage. 

According Atmaca et al. (2020) it is observed in Turkey that a large part of the 
housing stock consist of RC and masonry structural system in urban and rural areas, 
respectively. The authors analyzed the technical condition and damage to reinforced 
concrete and brick buildings during six major earthquakes that took place in 1992-
2020 in various regions of Turkey. The conclusions presented in the article 
emphasize, inter alia, that reinforced concrete buildings were designed and 
constructed without meeting the requirements of earthquake regulations and 
insufficient control mechanism, errors were made in both design and workmanship. 
In addition, a large number of brick buildings are made by local craftsmen without 
any engineering knowledge (mainly in rural areas), which often does not cause 
damage under vertical loads, but generates serious damage to buildings caused by 
horizontal loads during earthquakes. An analysis of earthquakes and their effects led 
the authors to conclude that poor construction quality, inadequate material 
properties, heavy earth roofs and weak gable walls are the general causes of 
insufficient dynamic performance of masonry buildings. 

In turn, the authors in (Günaydin et al, 2020) analyzed a major earthquake of 
moment magnitude Mw = 6.8, which took place on January 24, 2020, that struck the 
Sivrice district of Elazığ, located in the southwest of the Eastern Anatolia region of 
Turkey. Many brick buildings were then seriously damaged or completely 
collapsed, especially in the rural areas of cities Elazığ and Malatya. The authors 
concluded that the main causes of damage or collapse of brick buildings were poor 
quality of workmanship and structure, inadequate material properties of masonry 
walls, weak load-bearing walls, heavy earth roofs and free or high gable walls. The 
damage or collapse mechanisms appeared in the form of diagonal or incline tension 
cracks, outward bulking of walls, out-of-plane failure of walls and separation cracks 
between the perpendicular walls or masonry units (Günaydin et al, 2020). It should 
be added that many brick buildings were partially damaged or completely collapsed, 
which highlighted the problem that brick buildings built in rural Turkey are very 
susceptible to even relatively small earthquakes. 

In the article, (Yon et al, 2020) listed the main significant reasons of damages and 
collapse of structural stock for masonry dwellings such: heavy earthen roofs, 
insufficient corner connection, and therefore propagation of out-of-plane 
mechanism, weak in-plane bearing capacity, soil–structure interaction, minor local 
damages. The causes of the non-planar failure mechanism can be found in such 
reasons as: incorrect connections between two perpendicular elements, large 
unsupported wall lengths and the absence of tied beams. This type of failure 
mechanism occurs when all or a significant part of the wall collapses during an 
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earthquake. This problem can be eliminated for existing masonry walls enclosed 
with a girder by corner-to-corner polymer tapes reinforcement. Moreover, 
decreasing the useless dimensions of openings or closing the extra openings by 
bonding is another alternative solution to increase in-plane bearing capacity and 
prevent out-of-plane failure (Yon et al, 2020). 

Next research (Ramirez et al, 2012) shows the expected cost of repairing earthquake 
damage in a set of 30 archetype reinforced concrete moment frame buildings with 
varying in height from 1 to 20 stories and special RC moment frames, designed 
according to modern seismic codes. As part of the research, the authors found that 
in the case of the basic set of projects compliant with the loss standards Design Basis 
Earthquake, intensity constitute a significant percentage of the value, ranging from 
16% to 50%. The corresponding annual losses range from 0.5% to about 1.3% of 
the reconstruction value of the facility. Present value of annual losses in the assumed 
50-year time horizon, with a 3% discount rate, ranged from approximately 12% to 
34% of the facility replacement cost. 

In the article (Bostenaru Dan, 2018) an analysis of costs of preventive retrofit and 
costs of repair after earthquake hazards was made. A comparison of preventive 
upgrades and post-earthquake repairs shows the importance of planning measures 
to prevent the effects of an earthquake. If the retrofit measure is applied at the right 
time between successive earthquakes, or before the first earthquake, and in the right 
proportions, substantial savings are to be expected in repair costs (Bostenaru Dan, 
2018). In addition, one should remember about the great benefits for building users, 
i.e. significantly less damage caused by the earthquake, and thus subsequent 
remedial actions. It also seems important to protect the national heritage, protected 
by controlled conservation measures, compared to the repair of the most important 
elements that may be damaged in an earthquake. In this case, also the cash outlays 
do not seem to be the most important. In line with the latest trends in disaster 
management, cost-benefit analyzes include, among others, social sciences and 
humanities, cultural heritage, economics and sociology of architecture. So there are 
hard-to-measure benefits that determine what modernization system and strategy 
should be applied and balanced with costs, based on multi-criteria analyzes. As 
research has shown, the total costs of repair and retrofit are about 30% of the 
potential cost of rebuilding and the cost for repair, in contrast, vary from between 3 
to 8 times more than the preventive retrofit. 

De Martino et al (2017) discusses data related to the 2009 L’Aquila earthquake in 
the Abruzzi region of central Italy, focusing on empirical damage and the real cost 

of repairing damaged residential buildings. The collected data concerns 2,500 
residential buildings of both reinforced concrete and masonry structures. The repair 
intervention consists of: repair of damaged non-structural parts and relevant 
finishing works; local repair of damaged structural components; demolition and 
reconstruction of fully damaged or unsafe non-structural or secondary structural 
elements (i.e. interior or exterior infills, outdoor curtain wall, heavy plasters, 
fireplaces and chimneypots, porches, eaves, repair of damaged facilities, etc.). 
Repair costs in the present case include, among others costs related to demolition 
and debris removal (including costs of transport and storage in landfills), costs of 
repairs and additions, costs of repair and finishing works related to reinforcement 
(only for buildings with severe structural damage), testing of facilities, technical 
work to improve health and safety, design and support fees; moving furniture. For 
both types of buildings: reinforced concrete and masonry buildings the most 
populated class of cost was that between 100 and 200 EUR/m2, but somethimes even 
more than 700 EUR/m2. 

2. INNOVATIVE ANTI-SEISMIC PROTECTION SYSTEMS VARIANTS 
 

In this chapter, the use of innovative material solutions of anti-seismic protection 
systems is presented such as PoliUrethane Flexible Joints – PUFJ, that is deformable 
structural conectors transferring high loads and high deformations and Fiber 
Reinforced PoliUrethanes – FRPU, deformable adhesives and composite matrices, 
which have the ability of dissipating energy. 

Five variants of innovative anti-seismic protection systems application were choosen 
for life cycle costs analysis (LCCA) – Figure 1: 

(i) prefabricated PUFJ at 4 interfaces – variant V1, 

(ii) injected PUFJ at 3 interfaces without application of FRPU – V2, 

(iii) injected PUFJ at 3 interfaces and application of FRPU only at infill 
diagonals – V3, 

(iv) injected PUFJ at 3 interfaces and application of FRPU only at infill edges – 
V4, 

(v) injected PUFJ at 3 interfaces and application of FRPU as a combination of 
the systems V3 and V4 – V5. 
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De Martino et al (2017) discusses data related to the 2009 L’Aquila earthquake in 
the Abruzzi region of central Italy, focusing on empirical damage and the real cost 

of repairing damaged residential buildings. The collected data concerns 2,500 
residential buildings of both reinforced concrete and masonry structures. The repair 
intervention consists of: repair of damaged non-structural parts and relevant 
finishing works; local repair of damaged structural components; demolition and 
reconstruction of fully damaged or unsafe non-structural or secondary structural 
elements (i.e. interior or exterior infills, outdoor curtain wall, heavy plasters, 
fireplaces and chimneypots, porches, eaves, repair of damaged facilities, etc.). 
Repair costs in the present case include, among others costs related to demolition 
and debris removal (including costs of transport and storage in landfills), costs of 
repairs and additions, costs of repair and finishing works related to reinforcement 
(only for buildings with severe structural damage), testing of facilities, technical 
work to improve health and safety, design and support fees; moving furniture. For 
both types of buildings: reinforced concrete and masonry buildings the most 
populated class of cost was that between 100 and 200 EUR/m2, but somethimes even 
more than 700 EUR/m2. 

2. INNOVATIVE ANTI-SEISMIC PROTECTION SYSTEMS VARIANTS 
 

In this chapter, the use of innovative material solutions of anti-seismic protection 
systems is presented such as PoliUrethane Flexible Joints – PUFJ, that is deformable 
structural conectors transferring high loads and high deformations and Fiber 
Reinforced PoliUrethanes – FRPU, deformable adhesives and composite matrices, 
which have the ability of dissipating energy. 

Five variants of innovative anti-seismic protection systems application were choosen 
for life cycle costs analysis (LCCA) – Figure 1: 

(i) prefabricated PUFJ at 4 interfaces – variant V1, 

(ii) injected PUFJ at 3 interfaces without application of FRPU – V2, 

(iii) injected PUFJ at 3 interfaces and application of FRPU only at infill 
diagonals – V3, 

(iv) injected PUFJ at 3 interfaces and application of FRPU only at infill edges – 
V4, 

(v) injected PUFJ at 3 interfaces and application of FRPU as a combination of 
the systems V3 and V4 – V5. 
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The conducted research shows that the behavior of reinforced concrete (RC) frames 
with infills made of masonry walls is significantly influenced by the difference in 
stiffness and strength between the frame and the infill. This can result in relatively 
early damage formation to infills or even concrete columns. 

The use of innovative technologies can protect buildings against such situations. In 
the presented variants, a system of elastic protection was used, using PolyUrethane 
Flexible Joints (PUFJ) made of polyurethane Sika PM, used at the frame-filling 
interface (Rousakis et al, 2020). As shown in Figure 1, two solutions were applied 
using PUFJ on 3 or 4 wall-column and wall-ceiling contacts. The V3, V4 and V5 
variants differ in the way of using FRPU – in the case of V3, a diagonal wall 
reinforcement was used, in V4, the reinforcement was applied along the perimeter 
of the wall along the joints of the wall with columns and ceilings, and in the case of 
V5, both diagonal and perimeter reinforcements were used. Polyurethane adhesive 
(Sika PS) was used in the variants V3, V4 and V5 to bond glass fiber meshes to a 
weak masonry substrate to produce Fiber Reinforced PolyUrethanes (FRPU). This 
allows for the use of a specific emergency repair intervention on seriously  damaged 
infills. The test results presented in (Rousakis et al, 2020) showed an improvement 
in in-plane and out-of-plane filling performance under the influence of seismic 
excitations. The results confirmed the remarkable delay of significant damage to the 
filling with very high inter-story RC frame drifts due to the use of PUFJ. 

Therefore, attention should be paid to the durability of such innovative solutions, 
assuming their long-term use, both in newly constructed and existing buildings. The 
tests of accelerated aging and thermal stability showed the mechanical stability of 
PS-polyurethane at temperatures up to 200 °C and small degradation of the surface 
under the influence of UV radiation. The paper (Kwiecień et al, 2020) presents the 
results of PS polyurethane tensile tests, which show low sensitivity of PS 
polyurethane to atmospheric conditions with exposure to UV radiation, certain 
reactivity to water environments of various chemical nature and resistance to soil 
and freezing in both air and water. Thus, the research results show that the presented 
solutions can be used quite commonly in practice. 
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Flexible Joints (PUFJ) made of polyurethane Sika PM, used at the frame-filling 
interface (Rousakis et al, 2020). As shown in Figure 1, two solutions were applied 
using PUFJ on 3 or 4 wall-column and wall-ceiling contacts. The V3, V4 and V5 
variants differ in the way of using FRPU – in the case of V3, a diagonal wall 
reinforcement was used, in V4, the reinforcement was applied along the perimeter 
of the wall along the joints of the wall with columns and ceilings, and in the case of 
V5, both diagonal and perimeter reinforcements were used. Polyurethane adhesive 
(Sika PS) was used in the variants V3, V4 and V5 to bond glass fiber meshes to a 
weak masonry substrate to produce Fiber Reinforced PolyUrethanes (FRPU). This 
allows for the use of a specific emergency repair intervention on seriously  damaged 
infills. The test results presented in (Rousakis et al, 2020) showed an improvement 
in in-plane and out-of-plane filling performance under the influence of seismic 
excitations. The results confirmed the remarkable delay of significant damage to the 
filling with very high inter-story RC frame drifts due to the use of PUFJ. 

Therefore, attention should be paid to the durability of such innovative solutions, 
assuming their long-term use, both in newly constructed and existing buildings. The 
tests of accelerated aging and thermal stability showed the mechanical stability of 
PS-polyurethane at temperatures up to 200 °C and small degradation of the surface 
under the influence of UV radiation. The paper (Kwiecień et al, 2020) presents the 
results of PS polyurethane tensile tests, which show low sensitivity of PS 
polyurethane to atmospheric conditions with exposure to UV radiation, certain 
reactivity to water environments of various chemical nature and resistance to soil 
and freezing in both air and water. Thus, the research results show that the presented 
solutions can be used quite commonly in practice. 

All variants are shown in Figure 1. 

Figure 1. Innovative anti-seismic protection systems: V1 – 
prefabricated PUFJ at 4 interfaces; V2 – injected PUFJ at 3 interfaces without 
application of FRPU; V3 – injected PUFJ at 3 interfaces and application of FRPU 
at infill diagonals; V4 – injected PUFJ at 3 interfaces and application of FRPU at 
infill edges; V5 – injected PUFJ at 3 interfaces and application of FRPU at infill 
diagonals and edges both. 

 
In the next chapter, calculations on the cost-effectiveness of such solutions will be 
presented, taking into account possible scenarios of the life cycle of buildings. 

3. DEFINITION OF LIFE CYCLE SCENARIOS FOR INNOVATIVE ANTI-
SEISMIC PROTECTION SYSTEMS 

 
A life cycle scenario is a set of defined functions and processes that are arranged in 
a certain logical sequence, and the effects of which lead to the achievement of the 
goal of a given project, defined in the adopted product management strategy during 
its life cycle (Plebankiewicz et al, 2018). The ISO 15686-5:2017 (ISO, 2017) 
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identifies the concept of life cycle scenario with maintenance activities. The 
following three types of maintenance activities are distinguished in the ISO standard: 

(i) preventive in intention – including condition-based or predictive and 
scheduled, 

(ii) corrective in intention – including allowances for emergency and unforeseen 
events or reactive corrections to failures, 

(iii) deferred – a decision about timing and urgency, which can have cost 
consequences. 

For the purposes of the definition of life cycle scenarios, for all variants of the 
innovative anti-seismic protection systems application, it was assumed that all 
maintenance activities would be planned for the location of a building in the most 
seismically exposed area, composed of reinforced concrete frames with masonry 
infills. The estimated service life of a building value is at least 50 years of use, in 
accordance with the Eurocode standards approach. It was also found that in the most 
disadvantaged situation, the frequency of earthquakes causing significant material 
and social losses can be as high as 9 to 12 years. Therefore, 10 years was assumed 
as the average time of necessity to carry out activities and bear repair costs.  

All life cycle scenarios have been defined for three sets (states) of works that can be 
done on a wall filled with brick material. In “set A” it was assumed that in the initial 
time a masonry wall with a thickness of 10 cm, a height of 3.2 m and a length of 4.8 
m will be made as infill of reinforced concrete frames. In addition, internal and 
external cladding on the wall as respectively cement-lime and cement plasters with 
a layer thickness of up to 1.5 cm was considered. In “set B” the elements of electric 
and central heating installation were added to the set of works analogous to those in 
“set A”. It was assumed that the cables of both types of installation would be laid on 
the analyzed wall, with two electrical sockets and one heater mounted thereon. The 
“set C” also takes into account the necessity to repair the concrete edges, which may 
break in the area of the cover at the corner reinforcement bars in the edge zone. Thus, 
“set C” consists of the common elements of the works of “set A” and “set B”.  

As for the characteristics of the individual life cycle scenarios to the successive 
variants presented in Figure 1 and for the reference scenario, the following 
assumptions have been made: 

• in the reference scenario (variant V0), a maintenance corrective activities in 
intention strategy was adopted, according to which, earthquake may occur 

after every 10 years of use,  in extreme cases causing up to 100% damage to 
the masonry wall; therefore in this variant, it is also necessary to take into 
account up to 100% of the cost of removal of debris after each damage to 
the wall and up to 100% of the cost of rebuilding the installation and making 
up to 100% of the scope of concrete edge repair; variant V0 does not assume 
the use of any anti-seismic protection system and the building’s lifetime is 
forecasted at 50 years, 

• variant V1 assumes the simultaneous execution of the prefabricated PUFJ at 
4 interfaces as an anti-seismic protection system before proceeding with the 
execution of the infill masonry wall; therefore at the beginning of the 
building’s life cycle, there is a large initial cost for this variant which, 
however, reduces the costs that may arise after each earthquake occurrence; 
the effect of using this anti-seismic protection system is the limitation to no 
more than 25% of material losses related to damage to the masonry wall and 
the cost of removal of debris after each damage to the wall, including the 
scope of concrete edge repair, as well as limitation up to no more than 10% 
of the cost of rebuilding the installation; V1 is dedicated especially to newly 
constructed buildings and corresponds to the strategy of maintenance 
preventive activities in intention and due to the use of an efficient anti-
seismic protection system the building’s lifetime is forecasted at 60 years, 

• V2-V5 variants assume execution of the injected PUFJ at 3 interfaces anti-
seismic protection system in an existing building as an protection 
intervention before an earthquake ; however in the V2 variant the application 
of FRPU is not used, in V3 there is an additional application of FRPU only 
at infill diagonals, in V4 – additional application of FRPU only at infill edges 
and in V5 – additional application of FRPU as a combination of the systems 
V3 and V4; the scale of material damage is therefore limited, but only after 
10 years of use; damage related to the masonry wall and the cost of removal 
of debris after each damage to the wall, including the scope of concrete edge 
repair is reduced to no more than 25% for the variant V2, no more than 15% 
for V3-V4 and no more than 10% for V5; the costs of rebuilding the 
installation are in turn no more than 10% for the variant V2 and no more 
than 5% for the V3-V5 due to the use of very efficient anti-seismic 
protection systems; all above-mentioned variants are dedicated especially to 
existing buildings and correspond to both strategies of maintenance, i.e. 
corrective (up to 10 years of use) and preventive in intention (after 10 years 
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building’s life cycle, there is a large initial cost for this variant which, 
however, reduces the costs that may arise after each earthquake occurrence; 
the effect of using this anti-seismic protection system is the limitation to no 
more than 25% of material losses related to damage to the masonry wall and 
the cost of removal of debris after each damage to the wall, including the 
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of FRPU is not used, in V3 there is an additional application of FRPU only 
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and in V5 – additional application of FRPU as a combination of the systems 
V3 and V4; the scale of material damage is therefore limited, but only after 
10 years of use; damage related to the masonry wall and the cost of removal 
of debris after each damage to the wall, including the scope of concrete edge 
repair is reduced to no more than 25% for the variant V2, no more than 15% 
for V3-V4 and no more than 10% for V5; the costs of rebuilding the 
installation are in turn no more than 10% for the variant V2 and no more 
than 5% for the V3-V5 due to the use of very efficient anti-seismic 
protection systems; all above-mentioned variants are dedicated especially to 
existing buildings and correspond to both strategies of maintenance, i.e. 
corrective (up to 10 years of use) and preventive in intention (after 10 years 
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of use), and the building’s lifetime is forecasted at 50 years for variants V2-
V4 and 60 years for V5. 

In all of the life cycle scenarios described above, a withdrawal type called “from 
cradle to grave” was assumed. According to this approach, the phase of 
decommissioning the building from use is finished with its demolition, followed by 
the utilization and management of demolition materials.  

4. LIFE CYCLE COSTS ANALYSIS METHOD AND RESULTS 
 

4.1. Description of the methods for the LCCA 
 
To calculate the value of the life cycle costs for all variants (V1-V5) of the 
innovative anti-seismic protection systems, application presented in Figure 1 and 
the variant corresponding to the reference scenario (V0), the Net Present Value 
(NPV) method recommended by ISO 15686-5:2017 (ISO, 2017), was applied. 
According to the method, the net present value (NPV) may be described as the sum 
of the discounted benefit of a given variant of the investment project (or construction 
system implementation) less the sum of the discounted costs. In the case of where 
costs only are taken into account, the NPV may be called the net present cost (NPC). 
The NPV or NPC is calculated using the following formula: 
 
                 𝑋𝑋!"#(!"%) = ∑(𝐶𝐶' ∙ 𝑞𝑞) = ∑ %!
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+
',-             Equation 1 

 
where: 
Cn  – cash flow (the difference between benefit and cost) or cost in year, n 
q  – discount factor 
d  – expected real discount rate per annum 
n  – number of years between the base date and the occurrence of the cost 
p  – period of analysis (lifetime) 
 
Due to the attempt to compare the obtained results of life cycle costs analysis with 
the reference scenario with application of traditional wall system without anti-
seismic protection and the fact that the lifetimes of some variants of anti-seismic 
protection systems are 60 years and not 50 years, the annual cost indicator (AC) was 
also applied. The annual cost (AC) or annual equivalent value (AEV) is an uniform 
annual amount equivalent to the investment project costs, taking into account 
changing the value of money over time throughout the period of analysis when 
lifetimes of a given variant of the investment project (or construction system 
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the reference scenario with application of traditional wall system without anti-
seismic protection and the fact that the lifetimes of some variants of anti-seismic 
protection systems are 60 years and not 50 years, the annual cost indicator (AC) was 
also applied. The annual cost (AC) or annual equivalent value (AEV) is an uniform 
annual amount equivalent to the investment project costs, taking into account 
changing the value of money over time throughout the period of analysis when 
lifetimes of a given variant of the investment project (or construction system 

implementation) are different. The AC or AEV is calculated using the following 
formula: 
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where: 
XNPC – net present cost 
d  – expected real discount rate per annum 
n  – number of years between the base date and the occurrence of the cost 
 
4.2. Detailed assumptions adopted for the LCCA 
 
In order to be able to carry out life cycle costs analysis (LCCA) using the methods 
and economic indicators recommended by ISO 15686-5:2017 (ISO, 2017), it is 
necessary to adopt the following time and cost parameters: 

• length of the life cycle (lifetime) of a given building variant (or construction 
system implementation) in years as a period of analysis (p), after which 
costs of decommissioning the building from use and the utilization and 
management of demolition materials are calculated, 

• times of calculating subsequent operating costs taken as n-values (numbers 
of years between the base date and the occurrence of the cost), 

• initial costs incurred in the building implementation phase immediately 
before the start of its use phase (Cn in the so-called zero year), 

• periodic operation costs (Cn) corresponding to the values of costs incurred 
during the use of the building after n-years, 

• withdrawal costs (Cn) charged after building’s lifetime (p), 
• expected real discount rate per annum (d). 

The time and cost data adopted for the calculations for “set A” of works are 
presented in Table 1 for all six variants (V0 and V1-V5). 
The input data sets for the remaining sets of works (“set A” and “set B”) were 
prepared in the same way. 
All cost data (Cn,0, Cn,n and Cn,p) included in Table 1 and for other sets of works 
include the sum of the costs: labor, purchase of building materials (including 
transport costs), equipment work and general construction costs along with the 
calculation profit taking into account the risk of construction companies that can 
perform specific ranges of construction and installation works. For the 
implementation of the innovative anti-seismic protection system application, 
solutions were adopted based on systems using materials produced by SIKA, i.e. 
Sika PM – flexible, high elasticity two-component adhesive material based on 
polyurathane resins (for the implementation of prefabricated PUFJ and injected 

Equation 2	
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PUFJ anti-seismic systems) and Sika PS – solvent-free flexible two-component 
adhesive material based on polyurathane resins for the implementation of FRPU 
repairs. In the case of prefabricated PUFJ, the costs of prefabricating a joint with a 
cross-section of approx. 2 × 15 cm were added, and in the case of injected PUFJ – 
the costs of making cuts and injections around the perimeter of the wall at three 
edges of contact with a reinforced concrete frame with a cross-section of approx. 2 
× 10 cm.  
 

Table 1. Data assumed for life cycle costs analysis (own study). 

Periodic operation costs (Cn,n) are calculated with a time interval of 10 years, which 
corresponds to the assumption described in chapter 3 according to which the 
frequency of earthquakes causing significant material and social losses can be as 
high as 9 to 12 years (that is, on average, 10 years). 

Withdrawal costs (Cn,p), as well as part of periodic operation costs (Cn,n) related to 
removal of debris after each damage to the wall and installation, include the costs 
of construction waste disposal, including environmental charges. 

It is worth also emphasizing that the discount rate (d) allows to take into account the 
impact of economic phenomena such as inflation or deflation if the nominal costs 
instead of the real costs are used. However, inflation (or deflation) is not the only 
factor that can affect the real cost value of a building element or technology. 
Therefore, it is natural to forecast the value of future costs based on i.e. valorization 
indicators. In this analysis, a “hybrid approach” was used, according to which it was 
assumed that: the discount rate (d) is 8%, and the forecast increase in the prices of 

building elements or their technology amounts to an average of 5% for each of the 
following 10 years (1,05[1, 2, …, p/10]).  

In accordance with the provisions of ISO 15686-5: 2017 (ISO, 2017), life cycle costs 
analysis (LCCA) should also include elements of maintenance management, i.e. the 
costs of all activities necessary to organize, prioritize, resources or control 
maintenance, such as: periodic inspections (including condition inspections, 
detailed inspections, condition monitoring), maintenance planning (including 
planning, resources, procurement) and design, and management of major 
replacements. Since in this article, LCCA is only a simulation of cost-effectiveness 
and efficiency of the presented solutions in seismic areas compared to the traditional 
system without anti-seismic protection, the authors did not take into account the 
above-mentioned cost elements. 

 

4.3. Discussion of the results 

 

For each of the defined variants of innovative anti-seismic protection systems (V1-
V5) and the reference scenario with application of traditional system without anti-
seismic protection (V0), a life cycle costs analysis (LCCA) was carried out to 
determine: 

(i) net present cost (XNPC) in EUR, 

(ii) annual cost (XAC) in EUR, 

(iii) payback period (PP) in years, after which the cumulative net present cost 
(XNPC) for the reference scenario (V0) exceeds the XNPC for the innovative 
anti-seismic protection system (V1-V5), which proves the profitability of a 
given innovative anti-seismic protection system in relation to the reference 
scenario (if applicable). 

Table 2 presents the results of the analysis in terms of the values calculated for the 
XNPC and XAC comparative criteria for each set of works. 
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Table 2. Results of life cycle costs analysis (own study). 

 
The life cycle costs analysis conducted shows that for “set A” of works: 

• the lowest XNPC value was obtained for the variant V2 – 2,169 EUR (95.97% 
in relation to reference scenario – V0) and the highest – 2,505 EUR for V5 
(110.84% in relation to V0), 

• the lowest XAC value was calculated for the variant V2 – 177.30 EUR 
(95.97% in relation to V0) and the highest – 202.40 EUR for V5 (109.56% 
in relation to V0), 

for “set B” of works: 
• the lowest XNPC value was obtained for the variant V1 – 2,651 EUR (89.77% 

in relation to V0) and the highest – 3,057 EUR for V5 (103.52% in relation 
to V0), 

• the lowest XAC value was calculated for the variant V1 – 214.20 EUR 
(88.74% in relation to V0) and the highest – 247.00 EUR for V5 (102.33% 
in relation to V0), 

for “set C” of works: 
• the lowest XNPC value was obtained for the variant V1 – 2,704 EUR (85.60% 

in relation to V0) and the highest – 3,179 EUR for V5 (100.63% in relation 
to V0), 

• the lowest XAC value was calculated for the variant V1 – 218.48 EUR 
(84.61% in relation to V0) and the highest – 256.86 EUR for V5 (99.47% 
in relation to V0). 

It should be noted that the variant V0 (the reference scenario) did not generate the 
lowest XNPC and XAC values in any case. However, for the “set C” of works, the XNPC 
value for V5 is very close to the XNPC value for the variant V0 (it is only 20.00 EUR 
higher, i.e. +0.63%), but the XAC value for V5 is lower only 1.37 EUR lower (-
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Figure 2. Cumulative cost of XNPC for “set A” of works (own study). 
 

 
 

Figure 3. Cumulative cost of XNPC for “set B” of works (own study). 
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Figure 4. Cumulative cost of XNPC for “set C” of works (own study). 
 
Table 3 shows the results of linear interpolation for the value of payback periods 
(PP) in years, after which the cumulative net present cost (XNPC) for the reference 
scenario (V0) exceeds the XNPC for the innovative anti-seismic protection system 
(V1-V5), which proves the profitability of a given innovative anti-seismic protection 
system in relation to the reference scenario. The calculations were made on the 
basis of the charts presented above (Figure 2, Figure 3 and Figure 4). 

 
Table 3. Linear interpolation for the value of payback periods (PP) (own study). 

 
Set of 

works V1 V2 V3 V4 V5 

A 38.4 
yrs. 

26.8 
yrs. – – – 

B 17.5 
yrs. 

20.0 
yrs. 

29.0 
yrs. 

36.0 
yrs. – 

C 14.3 
yrs. 

18.8 
yrs. 

25.6 
yrs. 

29.0 
yrs. – 

 
The lowest value of payback period (PP) of only 14.3 years was obtained for variant 
V1 (prefabricated PUFJ at 4 interfaces) with “set C” of works. In the case of “set B” 
and “set C” of works, the V1-V4 of innovative anti-seismic protection system 
variants turn out to be favorable in relation to the reference scenario (maximum PP 
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The lowest value of payback period (PP) of only 14.3 years was obtained for variant 
V1 (prefabricated PUFJ at 4 interfaces) with “set C” of works. In the case of “set B” 
and “set C” of works, the V1-V4 of innovative anti-seismic protection system 
variants turn out to be favorable in relation to the reference scenario (maximum PP 

value is 36.0 years). Only in the case of the variant V5 (injected PUFJ at 3 interfaces 
and application of FRPU as a combination of the systems V3 and V4), the value of 
payback period (PP) was not obtained. On the other hand, as shown above, for the 
“set C” of works, the XNPC value for V5 is very close to the XNPC value for the variant 
V0 (the XNPC value for V5 is 100.63% in relation to V0) and the XAC value for V5 
is slightly lower than for V0 (the XAC value for V5 is 99.47% in relation to V0). It 
should be also noted that as the value of the cost of works on an earthquake wall 
element increases, the value of payback period (PP) decreases. Thus, even those 
anti-seismic protection systems that require the use of more material intended for 
the implementation of PUFJ and FRPU (i.e. V4 and V5) turn out to be profitable in 
relation to the reference scenario (V0).  

5. CONCLUSIONS 

 

Taking into account the results of life cycle costs analysis described in Chapter 4 
(comparison of XNPC, XAC and PP values to the application of traditional wall system 
without anti-seismic protection), it can be concluded that in the perspective of the 
long-term life cycle of a building exposed to severe effects of earthquakes, the 
application of of innovative anti-seismic protection systems using PolyUrethane 
Flexible Joints (PUFJ) at the frame-infill interface and for bonding of glass fiber 
meshes to the weak masonry substrate to form Fiber Reinforced PU (FRPU) is cost 
effective from an economic point of view.  

As shown in Table 2, even the highest net present cost (XNPC) value – 2,505 EUR 
for variant V5 (injected PUFJ at 3 interfaces and application of FRPU as a 
combination of the systems V3 and V4) for the smallest scope of works (“set A” ), 
i.e. 110.84% in relation to V0 (2,260 EUR), is a value slightly exceeding (by about 
10%) the sum of the costs incurred in the life cycle of a building exposed to the 
destructive force of repeated earthquakes. 

If, on the other hand, the scope of works related to RC frames with infills increases 
in terms of costs, it turns out that the potentially most expensive solutions will 
generate savings. 

In addition, the most advanced anti-seismic protection systems allow to extend the 
lifetime of masonry walls filling reinforced concrete frames, and at the same time 
reduce the amount of debris from the demolition of parts or entire buildings 
damaged or destroyed as a result of earthquakes. 
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Economical aspects aside, an important element associated with earthquakes is the 
prevention of major damage and collapse of buildings or their components. It is 
difficult to underestimate the meaning of human life, which can be saved if the 
structure withstands the shaking of earth, and this is the case with the presented 
innovative solutions. In this case, there are also often damages to external elements, 
i.e. cars or external infrastructure, damaged as a result of i.e. falling out of external 
infill walls. 

Another important element worth considering is the protection of monuments. The 
collapse of a part or the entire historic building may be an irreparable loss from the 
historical point of view. 

All the above-mentioned basic arguments decide that, according to the authors, the 
cost-effectiveness and efficiency of the presented solutions in seismic areas, both in 
the case of a low-intensity earthquake and with relatively high vibration amplitudes. 
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ABSTRACT  

Earthquakes affect buildings in variety of ways. Among those, infill wall failures 
constitute a high proportion of the total visible damages in multi-story constructions, 
which can be easily observed even under low or moderate intensity earthquakes. The 
failures occur as a result of the interaction forces emerging at the interfaces of 
surrounding frame and walls, and mainly attributed to the brittle intrinsic 
characteristics of the materials. In order to overcome this challenge, an innovative 
solution aiming to mitigate damages on the structural components of the infilled RC 
buildings from the hazardous effects of seismic motions is investigated. The solution 
proposes to use a material called Polyurethane PM as the flexible joint between 
different structural members i.e., infill walls and concrete frames, in reinforced-
concrete (RC) buildings. The material has high ductility features that allow 
deformability capacity to reach remarkable levels. Thus, earthquake induced lateral 
displacement demands on the structural systems can be satisfied by means of 
dissipating the seismic energy up to the high drift levels, which is a crucial point 
from the earthquake engineering perspective. In this study, performance of the 
aforementioned PolyUrethane Flexible Joint (PUFJ) is examined in single-bay and 
single-story RC frames with different width-height infill wall aspect ratios. Three 
dimensional models are created numerically in the finite elements method (FEM) 
environment and gradually increasing monotonic horizontal loads are imposed on 
the top-beam level of the frames. For the comparison purposes, Stiff (STF) type of 
frames are also created which represent the traditional mortar joint implementation 
between the frame and infill walls. Moreover, as a reference, analyses on the Bare-
Frame (BF) systems are conducted, too. The results are evaluated in terms of the 
stiffness and strength status of the frames as a whole system and besides, 
performances of the different materials are discussed on the individual component 
level. 

 

KEYWORDS: Polymer flexible joints, infill walls, earthquake damage, seismic 
protection, RC buildings, wall aspect ratio 

 

1. INTRODUCTION 

 

Masonry as a construction technique is being used across the globe for many years, 
perhaps since the very first periods of the human civilization. Common reasons of 
preferring this method can be stated as; easy accessibility, different formation and 
configuration options, fireproof and thermal insulation features. Following the 
technological developments throughout the ages, masonry utilization areas have also 
been evolved and this ancient method has started to be adopted for various structural 
solutions. Among those, arranging blocks for creating infill walls in multi-story 
frames is one of the most popular options. Such infilled systems are preferred 
particularly for creating dwellings as well as for the architectural purposes. Although 
there are variety of advantages of using this technique, today it is a known fact that 
infill walls are vulnerable against earthquakes especially if the brittle materials such 
as clay bricks are used for constituting the masonries. Structural engineers most often 
consider these walls as non-structural components with their additional mass effects 
on the buildings only, hence designing phase primarily focus on the other structural 
parts [1]. This approach might be appropriate in many circumstances if the vertical 
loads are the only concern, yet strong lateral loads such as earthquakes trigger 
additional mechanisms on the structural systems which cannot be neglected. 
Because, high inertial characteristics of the walls lead to receive seismic effects more 
severely on buildings compared to the bare-framed systems. Under such conditions, 
the infill walls which are initially assumed to provide an auxiliary load carrying 
source might reveal substantial risks for the building stability, since relatively low 
ductile capacities of the walls cannot withstand the earthquake induced displacement 
demands. In this case, negative effects outweigh the positive ones, especially if the 
infills are severely damaged and eventually lose their load carrying capacities [2]. 
Past earthquakes showed us the fatal consequences of this drawback that infill wall 
related failures caused either partial or total collapse of the multi-story buildings. 
The failure mechanisms could be categorized under different types including but not 
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demands. In this case, negative effects outweigh the positive ones, especially if the 
infills are severely damaged and eventually lose their load carrying capacities [2]. 
Past earthquakes showed us the fatal consequences of this drawback that infill wall 
related failures caused either partial or total collapse of the multi-story buildings. 
The failure mechanisms could be categorized under different types including but not 

limited to in-plane and out-of-plane damages, soft-story effects and short-column 
shear damages on columns, see Figure 1 [3-5]. 

 

Figure 1. Infill wall related failures after earthquakes; in-plane and out-of-plane 
damages (left) [3], corner crushing of the wall and shear damage on column (middle) 
[4], and soft-story mechanism (right) [5]. 

 

Multi-story reinforced concrete (RC) buildings comprise of various materials, such 
as concrete, reinforcing steel and infill wall – which is also a heterogenous 
component itself. Naturally, each material has different ductility features, though it 
is desired that structural elements constructed by those to exhibit similar 
displacement behaviors under the earthquake loads. However, this expectation 
cannot be actualized easily in real-life scenarios unless an appropriate solution is 
utilized which can prevent the negative interaction effects occurring as a result of the 
aforementioned ductility variations. That being said, it can be stated that infill wall 
related damages are the outcomes of those interaction forces arising between the 
frames and masonries. A crucial aspect at this point is the bonding efficiency 
between the surrounding frame and infill wall. In this way, it can be possible to 
sustaining the wall stability thanks to the sufficient connection. On the other hand, 
such joint detail should also satisfy the frame protection needs, particularly when 
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strong bricks are preferred in the wall. In Figure 2, typical infilled system damages 
are illustrated. 

 

Figure 2. Common infill wall related failure mechanisms; (a) frame damage, (b) 
horizontal shear, (c) diagonal crack, (d) mid-height diagonal compression, (e) corner 
crushing. 

 

Aforementioned concerns about the infill masonries lead engineers to develop 
preventative solutions in order to mitigate such damages. Among those; carbon fiber 
reinforced polymer (CFRP) wrapping sheets on the walls [6-8], special connection 
detailing for separating masonries from the frames [9] or enhancing the sliding 
capacity of infills with special joints [10] are some of the popular methods. 
Accordingly, this paper also focuses on another alternative solution in this regard. 
PolyUrethane Flexible Joints (PUFJ) – made by the Polyurethane PM, a product of 
Sika Company – are designed for replacing the traditional mortar placed between the 
frame and infill walls. In this way, ductility level of the frames is aimed to be 
enhanced while sustaining the load carrying capacity. Simultaneously, concrete and 
brick elements are also protected by means of distributing the stress concentrations 
around the masonry boundaries. Previous experimental [11-12] and numerical [13-
14] studies on this specific material revealed promising results. Hyper-elastic 
features of the material ensure to resisting against the large deformations. Details of 
the material properties can be found elsewhere [15-17]. 

This study presents the numerical results of single-bay and single-story frames which 
had real-size dimensions and constructed with the joint type of traditional stiff (STF) 
mortar and PUFJ. Frames and masonry details were identical for both frame types, 
though frame-to-masonry connection detailing constituted the only difference. In 
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order to investigate the efficiency of the proposed solution with various 
configurations, three different wall width-to-height aspect ratios were considered for 
each joint type of frames. Accordingly, rectangular shaped walls were categorized 
as follows; the masonry wall with the edge lengths of vertical 1950mm and 
horizontal 2000mm was labeled as the wall with the aspect ratio of 1.0, since it 
almost represents the exact square shape. On the other hand, the height of the wall 
was kept constant whereas the width dimension was modified for designing the other 
aspect ratios. In this way, the width of the square shaped wall was reduced to the half 
– from 2000mm to 1000mm, thus the frame with the wall aspect ratio of 0.5 was 
obtained. Similarly, the width of the wall was modified once again, but this time the 
length was increased from 2000mm to 3000mm; hence, the aspect ratio of 1.5 was 
achieved. The wall was created by forming brick units with dimensions of 65mm x 
120mm x 250mm in single wythe vertically, thus the wall thickness was 120 mm. 
Beam and column elements had the same dimensions and 250mm x 250mm section 
area was provided for each. However, reinforcement detailing was different for 
those. Reinforcement ratio for the frames was intentionally left relatively deficient, 
thus the effect of masonries could be more visible. Joint thickness between the frame 
and infill wall was determined as 20 mm, for both traditional mortar and PUFJ. 
Details of the dimensions of frames are shown in Figure 3. 

 

 

 

 

 

 

 

 

 

Figure 3. Details of the frames; red-dotted, black-line and black-dotted for the aspect 
ratios of 0.5, 1.0 and 1.5, respectively [mm]. 
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2. NUMERICAL MODELS 

 

The analyses were performed by ABAQUS [18] software, which is a commercially 
available Finite Elements Method (FEM) based program. Although the analyses 
were run for a single direction only – in-plane of the masonry – 3D numerical 
elements were used throughout the simulations. In this way, the stress distributions 
as well as the material distortions could be captured more accurately compared to 
the 2D modeling strategy, though it led to higher computational efforts. Hexahedral 
solid elements with reduced integration (C3D8R) were utilized while creating the 
concrete, brick units and joint parts. Moreover, reinforcement bars were modeled by 
using the 2-node 3D truss elements (T3D2) embedded in the concrete matrix which 
are also available in the element library of the program and designed to carry merely 
the axial loads. Non-linearity on the material level as well as geometrically (second 
order effects) were considered during all analyses.  

In order to achieve reliable results from the numerical models, particularly the 
composite systems such as masonries, calibration with the experimental tests is 
essential. Therefore; the results from the previous researches [13, 19] were derived 
and adapted to this study while determining the material constitutive properties for 
the numerical modeling. Further details can be found in these references. Concrete 
class of C35/45 was used for the frames. Various sizes of reinforcement steel bars 
had the type of B500B, which is commonly preferred in the construction sector. 
Moreover, polyurethane PM properties for the PUFJ were derived from another work 
[20]. Stress-strain relations of these materials are given in Figure 4 and Figure 5. 
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Figure 4. Concrete, brick and mortar mechanical properties; (a) compressive, (b) 
tensile. 

 

 

Figure 5. Polyurethane PM mechanical properties. 

 

Additionally to the individual material constitutive properties, interactions among 
the different materials are also need to be defined for obtaining accurate results. 
Accordingly, simplified micro modeling technique was followed for the infill walls. 
In this way, brick units were modeled separately; however, interaction between the 
units were actualized by the contact pairs assuming mortars had zero thickness. 
Exterior boundary of the infill walls was assigned to the same contact pair approach, 
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which was in contact with the surrounding frame. Traction-separation law, which is 
largely used for defining the cohesive surfaces was enforced on those parts. In terms 
of the PUFJ interaction with the other parts, perfect bonding assumption was 
determined which is in line with the experimental results [20]. Therefore, the joints 
were assumed to be tied to the rest of system. 

Frames were restrained at the bottom beam level and the rest of system was able to 
move freely in any direction. First, all frames were exposed to the vertical loads 
affecting on the columns. Total amount of 60kN loading was distributed equally on 
those, for representing upper stories in a building. Following that, while the vertical 
loads were still effective, the frames were loaded with the identical monotonically 
increasing horizontal loading procedure in a single direction. This was done by 
means of forcing the frames on top-beam level with gradually increasing 
displacement targets. The ultimate displacement was determined relatively very high 
for such systems – as 150mm, which corresponds to a drift ratio slightly greater than 
the 6.8%. Hence, an extreme condition could be examined. 

 

3. RESULTS OF THE ANALYSES 

 

Outcomes were evaluated on the global level by means of comparing between the 
horizontal load carrying capacities of the frames as well as on the individual level 
in terms of overviewing the damage status of the different units that constitute the 
frames.  

For the case of load capacities; peak values of the curves were considered for 
identifying the maximum load levels. In addition, initial stiffness values of the 
frames were determined by calculating the slopes of tangent lines correspond to the 
10% of maximum load values of those curves [21]. Secant stiffness values were also 
determined in a similar way; yet this time, the loads at the ultimate horizontal 
displacements were utilized. These curves are presented in Figures 6-7. 
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Figure 6. Load – displacement curves of the frames based on the aspect ratio 
variations; (a) BF, (b) PUFJ and (c) STF. 

 

Figure 7. Load – displacement curves of the frames based on the joint connection 
types; (a) aspect ratio: 0.5, (b) aspect ratio: 1.0 and (c) aspect ratio: 1.5. 

 

According to the results; it was seen that aspect ratio practically did not make any 
differences for the frame type of BF. This was an expected outcome, since the 
columns were the only horizontal load carrying members in the absence of infill 
walls and they had the identical length and section dimensions for the case of each 
aspect ratio, hence the overall shear capacities of the frames were similar. Peak loads 
were reached to values slightly higher than 130kN. On the other hand, variations of 
the aspect ratios led to obtain different results for the frames PUFJ and STF. In both 
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frame types, greater aspect ratios increased the horizontal load carrying capacities 
due to the fact that shear area of the infill walls in the direction of loading was also 
enhanced. This trend was smoother for the PUFJ frame, whereas for the case of STF 
type, difference between the aspect ratios of 1.0 and 1.5 was marginal until the load 
drop started to occur for the frame with the aspect ratio of 1.0 just after 3.5% drift 
ratio.  

Although STF frame exhibited higher initial stiffness at the beginning of analyses 
compared to the other frames, relative stiffness drop at the ultimate point was mostly 
accounted for this type and it is represented here as the secant stiffness. Accordingly, 
in the extreme case, STF frame experienced the declining of the initial stiffness value 
from the levels of 50kN/mm to 1.1kN/mm which corresponds to 2.2% of the initial 
value. The other frame types, BF and PUFJ, showed rather ductile behavior since the 
beginning of loading, thus smaller stiffness drops were observed. The greatest 
decreases were seen for the case of frames with the aspect ratio of 1.5, as the secant 
stiffness values were 13.0% and 9.0% of the initial ones for the BF and PUFJ frames, 
respectively.    

Unlike the trend of initial stiffness values, PUFJ type which initially prone to behave 
ductile compared to STF frame, exhibited greater peak load performance for the case 
of each aspect ratio. The difference was rather marginal for the aspect ratios of 0.5 
and 1.0; however, it was reached to around 7% when the aspect ratio was 1.5%. On 
the other hand, BF type which performed the lowest initial stiffness values in each 
aspect ratio, also could withstand relatively lower loads. In terms of the peak loads, 
those values were less than the other frames in a range of approximately 10% to 
30%, depends on the wall aspect ratio.  

Details of the load – displacement results are given in tabular format too, see Table 
1. 
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Table 1. Load – displacement results of the frames. 

 

Frame Aspect  
Ratio 

Max. 
Load  
[kN] 

Relative  
Max. 
Load  
[%] 

Initial  
Stiffness  
[kN/mm] 

Secant  
Stiffness  
[kN/mm] 

Secant / 
Initial 

Stiffness 
[%] 

BF 

0.5 

130.7 87.5 6.65 0.87 13.1 

PUFJ 149.4 100.0 6.86 0.98 14.3 

STF 148.1 99.1 20.66 0.90 4.4 

BF 

1.0 

131.8 80.1 6.70 0.88 13.1 

PUFJ 164.6 100.0 9.78 1.04 10.6 

STF 162.1 98.5 34.37 0.99 2.9 

BF 

1.5 

133.5 71.2 6.83 0.89 13.0 

PUFJ 187.5 100.0 11.74 1.06 9.0 

STF 174.8 93.2 50.16 1.12 2.2 

 

Furthermore, damage status of the frames was evaluated in terms of the cracking 
occurrence on the structural units. Accordingly, influence of the flexible joints was 
visible regardless of the wall aspect ratio, though the damage patterns were slightly 
different for those. The damages were distributed rather evenly across the infill walls 
for the case of PUFJ type of frames. The failures were not accumulated on a specific 
zone, and particularly the brick units in the vicinity of the wall perimeters were able 
to sustain their strength thanks to the effectiveness of flexible joints while mitigating 
the stress concentrations. This potentially prevents the out-of-plane failures in a real-
life scenario. On the other hand, damages were more intense for the case of STF 
type, and different failure patterns could be stated. Regarding the frame with the 
aspect ratio of 0.5, the damages on the brick units were mostly concentrated on the 
central zone of the wall in a similar manner of typical diagonal compression failure. 
For the STF type of frames with the other aspect ratios; it was seen that damages 
were accumulated in different parts of the walls. Those were formed in a double-
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strut shape for the aspect ratio of 1.0, and an irregular mix of sliding-shear and 
diagonal compression could be stated as the failure of the frame with the aspect ratio 
of 1.5. It is also worth to mention that the connection loss between the frame and 
wall was encountered in these frames as a result of the implementation of stiff joints 
which were not able to resist the larger displacement demands and could not 
distribute the stresses. Moreover, in both PUFJ and STF frames, the columns were 
severely damaged due to the plastic hinges occurred starting the column ends, and 
later spreading along these vertical members, though the beams were in good 
condition at the end of analyses. These damages are presented in Figures 8-9. 

 

 

Figure 8. Cracking damage status of the PUFJ frames at the end of analyses; aspect 
ratio: 0.5 (left), aspect ratio: 1.0 (middle) and aspect ratio: 1.5 (right). 

 

Figure 9. Cracking damage status of the STF frames at the end of analyses; aspect 
ratio: 0.5 (left), aspect ratio: 1.0 (middle) and aspect ratio: 1.5 (right). 
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4. CONCLUSIONS 

 

In this study, polymer based flexible joint approach (PUFJ) which is developed for 
providing an alternative solution for protecting buildings against the earthquakes was 
tested through monotonically increasing horizontal loads. For this purpose, 
numerical models were created while adhering to the real-size dimensions and actual 
material properties. In order to compare this innovate solution with the existing 
construction techniques, traditionally constructed stiff mortar (STF) and bare-frame 
(BF) options were also analyzed. Findings are summarized as below: 

- Infill walls increased the lateral load carrying capacity thus BF exhibited 
lower peak loads, which is a well-known phenomenon. On the other hand, this study 
shows that PUFJ effectiveness in terms of load carrying capacity is around the 
similar levels or even higher compared to the traditionally constructed STF frame.  

- Ductility is a key element in terms of earthquake engineering. Because, 
enormous amount of energy is spread around during a ground shake and reliable 
energy absorption mechanisms are required while resisting such forces. Therefore, 
force-based design (FBD) approach has lost its popularity in the recent years while 
the importance of the displacement-based design (DBD) method has started to be 
better comprehended [22-24]. In this regard, PUFJ implementation exhibits 
promising results that ductility is possible to be enhanced close to the BF levels 
without compromising the structural load carrying capacity.    

- Aspect ratio variation was not effective on the results of the BF type, since 
the columns were the only horizontal load carrying members and their dimensions 
were identical regardless of the aspect ratio. On the other hand, effect of this 
difference was clearly visible for the PUFJ and STF frames. Both types exhibited 
higher lateral load resistance for the greater aspect ratios, since the shear area of the 
walls were enhanced, too.  

- Positive effects of flexible joints were also encountered in terms of 
mitigating local damages occurring on the individual masonry parts; i.e., brick units. 
High displacement demands could be successfully achieved thanks to the hyper-
elastic features of the joints. In this way, the wall stability could also be sustained 
regardless of the aspect ratio, which traditional stiff joint method failed. 
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ABSTRACT  

Infill structures consisting of reinforce concrete (RC) frame and masonry infill walls 
are very popular structures, especially in seismic areas. In such structures, RC 
skeleton plays load-bearing role and infill walls play significant role as secondary 
elements stiffening the entire building during earthquakes, when they are in good 
shape and structural condition. Their damages lead to reducing of stiffness and thus 
to reducing of seismic resistance of RC frame structures with infills. They should 
also be resistant to cyclically repeating earthquakes to reduce economic losses. In 
this paper, innovative solutions protecting infill structures are presented with results 
of their examination on a shake table, and especially damage and stiffness parameters 
changing with repeating seismic excitations are discussed. Their analysis confirmed 
that these introduced anti-seismic solutions based on flexible bonding are able to 
protect infill structures against serious damage and failure (in-plane or out-of-plane) 
and protect RC columns against damages under repeating strong seismic action, 
assuring safe level of load bearing capacity. Obtained results indicate that these anti-
seismic solutions can be used efficiently in damaged or newly constructed infill 
structures in seismic areas. 

 

KEYWORDS: infill walls, seismic protection, flexible joints, global stiffness ratio, 
damage indicator, shake table  
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1. INTRODUCTION 

 

Infill structures consisting of reinforce concrete (RC) frame and masonry infill walls 
are very popular structures, especially in seismic areas. In such structures, RC 
skeleton plays load-bearing role and infill wall is treated as a non-structural element. 
Inspections of damaged structures in post-earthquake areas show that the damage 
pattern of infill walls is usually characterized by oblique fractures from in-plane 
shear or out-of-plane collapse, slippage of joints at the joint with a reinforced 
concrete frame or a combination of the above [1,2]. These damages lead to infills 
falling out of the frames. Non-structural infill walls are more prone to damage and 
fail faster compared to reinforced concrete load-bearing elements. The insufficient 
ability of the rigid elements to transmit forces due to the relatively large displacement 
(imposed by the RC columns) is the main cause of failure of infills. Stress 
concentrations at the contact of reinforced concrete elements with filling walls cause 
damage even at very small horizontal drifts, below 0.5% [3].When the fillings are 
strong and stiff enough, they can cause harmful destruction of reinforced concrete 
columns (due to local stress concentration), and even the collapse of the building 
(the so-called soft-story). The cost of repairing fillings is very high, even in the case 
of moderate earthquakes, which leads to an urgent need to consider the impact of 
non-structural filler walls on the overall behavior of the structure and to use 
innovative solutions to protect them from damage during repeated strong 
earthquakes [4]. Infill walls play significant role as secondary elements stiffening 
the entire building [5] during earthquakes, when they are in good shape and structural 
condition. Their damages lead to reducing of stiffness and thus to reducing of seismic 
resistance of RC frame structures with infills. In this paper, innovative solutions 
protecting infill structures are presented with results of their examination on a shake 
table, and especially damage and stiffness parameters changing with repeating 
seismic excitations are discussed.  

 

2. INNOVATIVE SOLUTION PROTECTING INFILL STRUCTURES 

 

In the last decade, a new innovative solution was developed, creating bonding 
structural connectors, able to withstand large deformation. In the past, connectors of 
brittle structural members were belonging to opposite areas: stiff joints (capable to 
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2. INNOVATIVE SOLUTION PROTECTING INFILL STRUCTURES 

 

In the last decade, a new innovative solution was developed, creating bonding 
structural connectors, able to withstand large deformation. In the past, connectors of 
brittle structural members were belonging to opposite areas: stiff joints (capable to 

carry high loads but unable to carry high deformations) and sealants (capable to carry 
high deformations but unable to carry high loads). The gap between them was empty 
in the case of construction industry, whereas in motor and marine industries this gap 
was fulfilled by flexible connectors. Following those branches, a new sort of 
structural joints was introduced in construction industry, named Polymer Flexible 
Joints – PFJ (Fig. 1a). They are capable to carry high loads and large deformations 
simultaneously. They also allow for reducing of stress concentrations and 
redistributing them over large bonding area (Fig. 1b). 

 

a) 

 

b) 

 

 

Figure 1. Polymer Flexible Joints (PFJ) transferring loads and large deformations 
simultaneously (a), schematically presented idea of reduction of stress 
concentrations and even redistribution of stress by highly deformable flexible 
polyurethanes (b).  
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2.1. PUFJ and FRPU systems 

 

Polymer Flexible Joints (PFJ) and is dedicated to structural and non-structural 
bonding of elements constructing civil engineering structures, made of various 
materials (concrete, masonry, wood, metal). The specially designed connectors are 
able carry static, dynamic and cyclic loads and simultaneously transfer large 
deformations. They are resistant to elevated temperatures and reduce stress 
concentrations by redistributing them for large bonding area. These connectors made 
of special polyurethanes distributed by SIKA Poland occur in three forms: 
PolyUrethane Flexible Joints (PUFJ) – injected (Fig. 2a) and prefabricated (Fig. 2b) 
and Fiber Reinforced PolyUrethanes (FRPU) – composite (Fig. 2c). These three 
innovative products of FlexAndRobust Systems are also examined by Cracow 
University of Technology and other research and development partners in frame of 
H2020 project MEZeroE, as proper solutions for nearly zero energy buildings 
(nZEB) in seismic areas.  

 

a)  b)   c)  

 

Figure 2. Injected PUFJ (a), prefabricated PUFJ (b) and FRPU composite (c).  

 

Injected PUFJ (Fig. 2a) is liquid inject able material of fast curing time, suitable for 
filling gaps and bonding of structural and non-structural elements, as well as for 
repair of damaged (cracked) elements. It can fill cracks or gaps between structural 
elements (e.g. RC skeleton and infill) and can be used for seismic improvement of 
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Injected PUFJ (Fig. 2a) is liquid inject able material of fast curing time, suitable for 
filling gaps and bonding of structural and non-structural elements, as well as for 
repair of damaged (cracked) elements. It can fill cracks or gaps between structural 
elements (e.g. RC skeleton and infill) and can be used for seismic improvement of 

existing infill structures. Application of this system at 3 interfaces (top and two side) 
between RC elements and a masonry infill is visible in Fig. 3a (at right hand site). 
Cracks of a damaged structure can be filled by injected PUFJ and can protect it 
efficiently against strong dynamic loads (Fig. 4). 

Prefabricated PUFJ (Fig. 2b) is a flexible layer constructed on site or in a factory, 
which connects structural and non-structural elements with special adhesives and 
can be adjusted to any bonding surface shapes and thicknesses. It can be installed on 
all RC frame elements’ surfaces and then the space can be filled with masonry (Fig. 
3a). It is dedicated for seismic improvement of existing RC frame structures (new or 
old after an earthquake), before an infill installation.  

 

a)   b)  

 

Figure 3. Installation of: injected and prefabricated PUFJ (a), FRPU composite (b).  
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Figure 4. Seriously cracked masonry building repaired by injected PUFJ and 
efficiently protected against dynamic loading caused by a caterpillar [6].  

 

FRPU composite (Fig. 2c) is prefabricated or constructed on site composite material, 
consisted of strengthening fibers and flexible polyurethane matrix, fastened to 
structural and non-structural elements by flexible adhesives. It can be installed on 
infill walls’ surfaces in various pattern (Fig. 3b). FRPU is dedicated for seismic 
improvement of existing infill walls (even seriously cracked) and for protection of 
them against out-of-plane failure. 

 

 

   

       

 

polymer bonded area 
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2.2. Shake table tests of PUFJ and FRPU systems on real scale specimen 

 

 Dynamic tests on natural 3D specimen consisting of a RC frame with infill walls 
protected by PUFJ and FRPU systems were carried out in the laboratory of IZIIS 
Skopje in North Macedonia in frame of the H2020 SERA project. A symmetrical 
building with B and C type infill walls was tested in 4 PHASES (Fig. 5) on an one-
direction shake table using acceleration of a scaled 77% Kefallonia 2014 Earthquake 
(77%KEF) [7]. The infill of type B was created by cutting 3 furrows 2 cm wide on 
the top and side edges of the wall, which were then filled with injected PUFJ 
(simulation of wall protection in an existing building). In the infill of type C, the 
inside of the frame was first lined with prefabricated PUFJ laminates of  
2 cm thickness and then the wall was built (simulation of wall protection in a newly 
constructed building). More details of the specimen construction, materials’ 
parameters and testing procedure can be found in [7,8]. 

In PHASE 1 (10 gradually increasing seismic excitations up to 77%KEF), the infill 
walls of type B were tested in-plane and the infill walls of type C were tested out-of-
plane. In PHASE 2 (3 gradually increasing seismic excitations up to 18%KEF), the 
heavily damaged B-type walls (Fig. 6a) were reinforced with FRPU on both sides 
(B_FRPU – Fig. 6b) and the 3D specimen was excited again, but to a level that was 
safe for the building specimen. After rotating the building by 90 degrees, the type C 
walls were tested in-plane until the moment when bonds in the mortar joints between 
the wall blocks were opened (Fig. 6c) - PHASE 3  
(3 gradually increasing seismic excitations up to 16%KEF). In the same phase, 
B_FRPU specimens were tested out-of-plane. After the FRPU reinforcement of the 
type C walls (C_FRPU – Fig. 6d), the tests were continued in PHASE 4 (7 gradually 
increasing seismic excitations up to 45%KEF) up to the maximum load capacity of 
the seismic table (limitation caused by the failure of an actuator). Maximum values 
recorded during the dynamic tests on the shake table in four phases are presented in 
Table 1. 
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a).    

b)  

 

Figure 5. View of the RC building with infill walls protected by PUFJ and FRPU on 
the shake table in IZIIS: PHASE 1 - B (in-plane) and C (out-of-plane) (a), PHASE 
4 - B_FRPU (out-of-plane) and C_FRPU (in-plane) (b). 

Table 1. Maximum values recorded during tests on the shake table. 

PHASE 
Infill type 
(excitation 
direction) 

Shake table 
acceleration 

[g] 

RC slab 
acceleration 

[g] 

RC slab 
displacement 

[mm] 

RC 
frame 
drift 
[%] 

1 B (in-plane) 
C (out-of-plane) 1.64 1.52 88.9 3.7 

2 B_FRPU (in-plane) 
C (out-of-plane) 0.39 0.89 38.9 1.6 
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PHASE 
Infill type 
(excitation 
direction) 

Shake table 
acceleration 

[g] 

RC slab 
acceleration 

[g] 

RC slab 
displacement 

[mm] 

RC 
frame 
drift 
[%] 

1 B (in-plane) 
C (out-of-plane) 1.64 1.52 88.9 3.7 

2 B_FRPU (in-plane) 
C (out-of-plane) 0.39 0.89 38.9 1.6 

3 
B_FRPU (out-of-

plane) 
C (in-plane) 

0.35 0.48 16.0 0.7 

4 
B_FRPU (out-of-

plane) 
C_FRPU (in-plane) 

0.95 1.25 21.0 0.9 

 
The presented maximum values indicate that the PUFJ kept a very badly 
damaged B-type infill in the plane of the frame, even for accelerations above 
1.5 g and the building deflection of 3.7%, and the C-type infill withstood the 
same excitation in out-of-plane mode. 

 

a)    

b)  
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c)    

d)  
 
Figure 6. Views of in-plane tested faces of the 3D specimen: in PHASE 1 – seriously 
damaged infill B (a), in PHASE 2 – damaged infill B protected by FRPU (b), in 
PHASE 3 –infill C with opened mortar joints (c), in PHASE 4 - cracked infill C 
protected by FRPU (d). 
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c)    

d)  
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3. MODIFICATION OF STIFFNESS AND DAMAGE CHARACTERISTICS 

3.1. Global stiffness ratio and damage indicator 

 

Useful measure of building condition in seismic areas are two factors: a global 
stiffness ratio EIn/EI0 (defined by Equation 1) and a damage indicator dn (defined by 
Equation 2).  

 

/3!
/3&
= 4!'

4&'
    Equation 1 

 

𝑑𝑑' = 1 −
4!
4&

    Equation 2 

 

Both factors are dependent on an initial first natural frequency f0 and a current first 
natural frequency fn of the analyzed structure, which can be determined by dynamic 
diagnostic methods (e.g. ambient vibrations). These factors were used in analysis of 
stiffness changes and correlated with them changes of damage intensity, determined 
in two perpendicular X and Y directions of the 3D specimen, after different levels of 
excitation on the shake table.  

 

3.2. Analysis of changes in stiffness and damage of the 3D specimen in testing 
phases 

 

Analysis was carried out for four phases separately, taking into consideration 
changes of global stiffness of the tested 3D specimen. Damages occurred in the 
specimen structure (in infill walls and in RC columns) after series of shake table 
excitations with various KEF levels caused changes in global stiffness measure.  
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a) b)  c)  

 

Figure 7. Setup of the full scale specimen on a shake table in PHASE 1: Position of 
the type B and type C infills in relation to load direction (a); infill type B excited in-
plane (b); infill type C excited out-of-plane (c). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8. Change of global stiffness ratio of the full scale specimen on a shake table 
in PHASE 1: EIY - infill type B excited in-plane (left); EIX - infill type C excited 
out-of-plane (right).  
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a) b)  c)  

 

Figure 7. Setup of the full scale specimen on a shake table in PHASE 1: Position of 
the type B and type C infills in relation to load direction (a); infill type B excited in-
plane (b); infill type C excited out-of-plane (c). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8. Change of global stiffness ratio of the full scale specimen on a shake table 
in PHASE 1: EIY - infill type B excited in-plane (left); EIX - infill type C excited 
out-of-plane (right).  
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Figure 9. Change of damage indicator of the full scale specimen on a shake table in 
PHASE 1: dnY - infill type B excited in-plane (left); dnX - infill type C excited out-
of-plane (right).  
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excitation). Analyzing each testing phase separately, location of infill walls of types 
B and C related to excitation direction is presented in Figures 7a, 10a, 13a and 16a 
for phases 1, 2, 3 and 4, respectively.  
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a)  c)  

 

 

 

 

 

Figure 10. Setup of the full scale specimen on a shake table in PHASE 2: Position of 
the type B and type C infills in relation to load direction (a); infill type B protected 
by FRPU excited in-plane (b); infill type C excited out-of-plane (c). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 11. Change of global stiffness ratio of the full scale specimen on a shake table 
in PHASE 2: EIY - infill type B protected by FRPU excited in-plane (left); EIX - infill 
type C excited out-of-plane (right). Red dot indicates final global stiffness ratio from 
previous phase. 
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a)  c)  

 

 

 

 

 

Figure 10. Setup of the full scale specimen on a shake table in PHASE 2: Position of 
the type B and type C infills in relation to load direction (a); infill type B protected 
by FRPU excited in-plane (b); infill type C excited out-of-plane (c). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 11. Change of global stiffness ratio of the full scale specimen on a shake table 
in PHASE 2: EIY - infill type B protected by FRPU excited in-plane (left); EIX - infill 
type C excited out-of-plane (right). Red dot indicates final global stiffness ratio from 
previous phase. 
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Figure 12. Change of damage indicator of the full scale specimen on a shake table in 
PHASE 2: dnY - infill type B protected by FRPU excited in-plane (left); dnX - infill 
type C excited out-of-plane (right). Red dot indicates final damage indicator from 
previous phase. 

 

Positions in tests of infill walls of type B and C, with FRPU protection or without, 
in relation to in-plane and out-of-plane modes, are presented in Figures 7bc, 10bc, 
13bc and 16bc.  
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a)   

 

 

 

 

 

 

Figure 13. Setup of the full scale specimen on a shake table in PHASE 3: Position of 
the type B and type C infills in relation to load direction (a); infill type C excited in-
plane (b); infill type B protected by FRPU excited out-of-plane (c). 

 

 

 

  

 

 

 

 

 

 

 

 

Figure 14. Change of global stiffness ratio of the full scale specimen on a shake table 
in PHASE 3: EIY - infill type C excited in-plane (left); EIX - infill type B protected 
by FRPU excited out-of-plane (right). Red dot indicates final global stiffness ratio 
from previous phase. 
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a)   

 

 

 

 

 

 

Figure 13. Setup of the full scale specimen on a shake table in PHASE 3: Position of 
the type B and type C infills in relation to load direction (a); infill type C excited in-
plane (b); infill type B protected by FRPU excited out-of-plane (c). 

 

 

 

  

 

 

 

 

 

 

 

 

Figure 14. Change of global stiffness ratio of the full scale specimen on a shake table 
in PHASE 3: EIY - infill type C excited in-plane (left); EIX - infill type B protected 
by FRPU excited out-of-plane (right). Red dot indicates final global stiffness ratio 
from previous phase. 
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 Figure 15. Change of damage indicator of the full scale specimen on a shake table 
in PHASE 3: dnY - infill type C excited in-plane (left); dnX - infill type B protected 
by FRPU excited out-of-plane (right). Red dot indicates final damage indicator from 
previous phase. 
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a)  

 

Figure 16. Setup of the full scale specimen on a shake table in PHASE 4: Position of 
the type B and type C infills in relation to load direction (a); infill type C protected 
by FRPU excited in-plane (b); infill type B protected by FRPU excited out-of-plane 
(c). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 17. Change of global stiffness ratio of the full scale specimen on a shake table 
in PHASE 4: EIY - infill type C protected by FRPU excited in-plane (left); EIX - infill 
type B protected by FRPU excited out-of-plane (right). Red dot indicates final global 
stiffness ratio from previous phase. 
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a)  

 

Figure 16. Setup of the full scale specimen on a shake table in PHASE 4: Position of 
the type B and type C infills in relation to load direction (a); infill type C protected 
by FRPU excited in-plane (b); infill type B protected by FRPU excited out-of-plane 
(c). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 17. Change of global stiffness ratio of the full scale specimen on a shake table 
in PHASE 4: EIY - infill type C protected by FRPU excited in-plane (left); EIX - infill 
type B protected by FRPU excited out-of-plane (right). Red dot indicates final global 
stiffness ratio from previous phase. 
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Figure 18. Change of damage indicator of the full scale specimen on a shake table in 
PHASE 4: dnY - infill type C protected by FRPU excited in-plane (left); dnX - infill 
type B protected by FRPU excited out-of-plane (right). Red dot indicates final 
damage indicator from previous phase. 
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to 18%KEF, the global stiffness ratio reduced from 0.25 to 0.13 in Y direction and 
changed from 0.37 to 0.39 in X direction (Fig. 12). 

Accordingly, the damage indicator increased from 0.50 to 0.64 in Y direction and 
changed from 0.39 to 0.38 in X direction (Fig. 12).  

The test was stopped to avoid irreversible destruction and to allow for further testing. 
The specimen was next rotated by 90 degree, thus infills B_FRPU were tested out-
of-plane and infills C in-plane (Fig. 13). This process changed a little initial 
parameters after rotation. The global stiffness ratio decreased from 0.39 to 0.30 in Y 
direction (for infills C) and surpricely increased from 0.13 to 0.26 in X direction (for 
infills B_FRPU) - Fig. 14. The damage indicator increased from 0.38 to 0.45 in Y 
direction and decreased from 0.64 to 0.49 in X direction, respectively (Fig. 15) – see 
[7] for details. 

In PHASE 3 (Fig. 13), after 3 series of shaking up to 16%KEF, the global stiffness 
ratio reduced from 0.30 to 0.21 in Y direction and from 0.26 to 0.21 in X direction 
(Fig. 17). Accordingly, the damage indicator increased from 0.45 to 0.55 in Y 
direction and from 0.49 to 0.54 in X direction (Fig. 18). The test was stopped due to 
visible plastic hinges at tops and bottoms of columns, bed mortar joints opening (Fig. 
6c) and low global stiffness of the specimen, which was in danger of collapsing. In 
this phase, infills C were decided to be strengthened with FRPU solution (Fig. 5b 
and 6d).  

In PHASE 4 (Fig. 16), moderate cracked infills C were strengthened by FRPU 
intervention in smaller amount than applied in B_FRPU (Fig. 5b). This action caused 
significant increase of the global stiffness ratio from 0.21 to 0.77 in Y direction and 
from 0.21 to 0.84 in X direction (Fig. 17), because of application of FRPU 
strengthening also to columns with plastic hinges. The damage indicator decreased 
significantly from 0.55 to 0.13 in Y direction and changed from 0.54 to even 0.08 in 
X direction (Fig. 18). Such big changes in stiffness and damage parameters indicates 
very high efficiency of applied FRPU in recovery of structural safety. 

After 7 series of shaking up to 45%KEF in PHASE 4, the global stiffness ratio 
reduced from 0.77 to 0.52 in Y direction and from 0.84 to 0.52 in X direction (Fig. 
17). Accordingly, the damage indicator increased from 0.13 to 0.28 in Y direction 
and from 0.08 to 0.28 in X direction (Fig. 18). The experimental campaign was 
stopped due to actuator failure of the shake table and impossibility of testing 
continuation. The remained parameters of the 3D specimen in both directions X and 
Y (EIYn/EIY0= EIXn/EIX0=0.52 and dnX=dnY=0.28) indicates that the RC frame 
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to 18%KEF, the global stiffness ratio reduced from 0.25 to 0.13 in Y direction and 
changed from 0.37 to 0.39 in X direction (Fig. 12). 

Accordingly, the damage indicator increased from 0.50 to 0.64 in Y direction and 
changed from 0.39 to 0.38 in X direction (Fig. 12).  

The test was stopped to avoid irreversible destruction and to allow for further testing. 
The specimen was next rotated by 90 degree, thus infills B_FRPU were tested out-
of-plane and infills C in-plane (Fig. 13). This process changed a little initial 
parameters after rotation. The global stiffness ratio decreased from 0.39 to 0.30 in Y 
direction (for infills C) and surpricely increased from 0.13 to 0.26 in X direction (for 
infills B_FRPU) - Fig. 14. The damage indicator increased from 0.38 to 0.45 in Y 
direction and decreased from 0.64 to 0.49 in X direction, respectively (Fig. 15) – see 
[7] for details. 

In PHASE 3 (Fig. 13), after 3 series of shaking up to 16%KEF, the global stiffness 
ratio reduced from 0.30 to 0.21 in Y direction and from 0.26 to 0.21 in X direction 
(Fig. 17). Accordingly, the damage indicator increased from 0.45 to 0.55 in Y 
direction and from 0.49 to 0.54 in X direction (Fig. 18). The test was stopped due to 
visible plastic hinges at tops and bottoms of columns, bed mortar joints opening (Fig. 
6c) and low global stiffness of the specimen, which was in danger of collapsing. In 
this phase, infills C were decided to be strengthened with FRPU solution (Fig. 5b 
and 6d).  

In PHASE 4 (Fig. 16), moderate cracked infills C were strengthened by FRPU 
intervention in smaller amount than applied in B_FRPU (Fig. 5b). This action caused 
significant increase of the global stiffness ratio from 0.21 to 0.77 in Y direction and 
from 0.21 to 0.84 in X direction (Fig. 17), because of application of FRPU 
strengthening also to columns with plastic hinges. The damage indicator decreased 
significantly from 0.55 to 0.13 in Y direction and changed from 0.54 to even 0.08 in 
X direction (Fig. 18). Such big changes in stiffness and damage parameters indicates 
very high efficiency of applied FRPU in recovery of structural safety. 

After 7 series of shaking up to 45%KEF in PHASE 4, the global stiffness ratio 
reduced from 0.77 to 0.52 in Y direction and from 0.84 to 0.52 in X direction (Fig. 
17). Accordingly, the damage indicator increased from 0.13 to 0.28 in Y direction 
and from 0.08 to 0.28 in X direction (Fig. 18). The experimental campaign was 
stopped due to actuator failure of the shake table and impossibility of testing 
continuation. The remained parameters of the 3D specimen in both directions X and 
Y (EIYn/EIY0= EIXn/EIX0=0.52 and dnX=dnY=0.28) indicates that the RC frame 

structure with infill walls protected by PUFJ and FRPU is able to withstand further 
serious dynamic loading. This was confirmed by further testing campaign carried out 
on this not collapsed specimen using forced harmonic vibration tests in resonance 
(excitations for the total period of over 2 hours). The tested structure survived 
without collapse withstanding: max. acc. = 0.77g, max. disp. = 30.15mm and max. 
drift = 1.3% [3].  

4. CONCLUSIONS 

Infill walls play significant and efficient role in seismic protection of RC structures 
when are protected against serious damage and failure (in-plane or out-of-plane) and 
do not cause damages to RC columns assuring load bearing capacity. They should 
also be resistant to cyclically repeating earthquakes to reduce economic losses. 
Presented innovative seismic protection of infill structures by PUFJ and FRPU 
solutions manifested their high efficiency in tests on the shake table and discussed 
damage and stiffness parameters lead to conclusions: 

• PUFJ effectively protects infills against in-plane and out-of-plane failure 
even when high accelerations (over 1.5g) and large drifts (over 3.5%) occur. 

• FRPU composites are able to protect even seriously damaged infills against 
failure excited by repeating strong seismic loads and partially recover initial 
object stiffness. 

• Presented parameters: global stiffness ratio and damage indicator are useful 
tools in evaluation of changes in structural condition of seismically excited 
infill structures. 

• Analyzed comparison of these parameters (in four phases of testing on the 
shake table) confirmed that proposed PUFJ and FRPU solutions can 
efficiently protect damaged or newly constructed infill structures against 
repeating strong earthquakes. 
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ABSTRACT  

 

Existing reinforced concrete buildings designed either considering gravity-only 
loads or following provisions of the outdated design codes are deemed seismically 
deficient, especially if they are located in a highly seismic region. Consequently, 
many researchers have studied the possibility of strengthening these seismically 
weak structures to enhance their performance and mitigate losses in an intense 
seismic event. However, most of the available retrofitting techniques in practice 
hinder the functionality of the building and interrupt their daily usage during the 
upgrading process. Therefore, this research was conducted to propose an efficient 
non-destructive seismic retrofitting technique to externally strengthen seismically 
deficient reinforced concrete moment frame buildings. The primary goal of this 
research was to develop a strategy where the entire retrofitting process is 
accomplished outside the building, so that the activities inside the building can be 
continued with minimum interruption. The proposed technique which can be called 
‘building encasement’ is based on adding a stiff peripheral framing system that 
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confines the existing structure to reduce the inter-story drift values, and enhance the 
global seismic behavior of the building. To show the efficiency of the proposed 
retrofit technique it was applied to a set of RC buildings, having 3, 5 and 7 stories, 
designed by an old version of seismic design code. For seismic evaluation of the 
buildings in both non-retrofitted and retrofitted states a series of nonlinear time 
history analysis (NLTHA) was conducted by using three-dimensional accelerograms 
of a set of selected earthquakes, compatible with the considered site of the buildings. 
The performance-based assessment, by using the results of NLTHA, showed the 
capability of the proposed retrofit technique for strengthening of the weak RC 
buildings. It was shown that by appropriate design of the encasing frames the seismic 
performance of the retrofitted buildings can be kept mostly in IO performance level, 
particularly for low-rise buildings. 

 

KEYWORDS: Vulnerable RC buildings, Peripheral frames, Nonlinear time 
history analysis, Performance-based seismic evaluation  

 

1. INTRODUCTION 
 

1.1 Statement of the problem 

Existing moment frame reinforced concrete (MFRC) buildings, built in the era prior 
to the enactment of modern seismic codes are mostly considered seismically 
vulnerable due to their limited ductility or strength. In the event of strong ground 
motions, these buildings pose a significant risk to the life safety and economic 
wellbeing of societies since the buildings prone to damage include residential, 
commercial, and other critical facilities such as hospitals. The creation of such 
structural weaknesses could be attributed to several factors, with the most concerning 
being the prescriptive code design approach where the simpler linear static method 
is often adopted in seismic design. However, the inadequacies in this elastic design 
approach led to the development of a more viable and comprehensive Performance-
Based Design (PBD) methods to design and assess the response of buildings, 
particularly in seismogenic areas. This method is based on the premise that the 
structure’s ability to survive an earthquake is essentially a function of its inherent 
inelasticity (nonlinear behavior) and deformation capacity rather than the initial yield 
strength (linear elastic behavior). In other words, ductile design and detailing 
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approach led to the development of a more viable and comprehensive Performance-
Based Design (PBD) methods to design and assess the response of buildings, 
particularly in seismogenic areas. This method is based on the premise that the 
structure’s ability to survive an earthquake is essentially a function of its inherent 
inelasticity (nonlinear behavior) and deformation capacity rather than the initial yield 
strength (linear elastic behavior). In other words, ductile design and detailing 

requirements are the major focus in the newer codes to better mitigate seismic 
demands and reduce vulnerabilities. As a result, the rehabilitation of older reinforced 
concrete (RC) structures has been a topic of concern for civil engineers worldwide, 
and over the last few decades a lot of work has been put into developing retrofitting 
techniques and strategies as a means to control lateral deformations, and improve 
seismic capacity of these existing structures. An effective seismic risk mitigation 
begins with vulnerability assessment so that seismic retrofit techniques can be 
implemented appropriately.  

The addition of RC elements, or sometimes steel elements, to increase the overall 
strength and stiffness of the structure is one of the retrofit techniques implemented 
to upgrade the seismic behavior of weak existing multi-story buildings. However, 
these additions need destruction of some parts of the existing building (Pincheira & 
Jirsa, 1995; Tena-Colunga et al., 1996), which in practice hamper the functionality 
of the building and interrupt its regular operations during the upgrading process, 
which may take several months. Obviously, this interruption is troublesome for the 
buildings’ owners and users, since finding a substitute buildings is difficult, and 
evacuation of the building and transferring the contents and/or facilities to the 
substitute building is very costly. In the case of some essential buildings like 
hospitals, it is actually impossible to find the substitute building, and as a result the 
users of the building lose their staying or working place for a relatively long time. 
Therefore, a retrofit technique, which does not necessitate the evacuation of the 
building is quite desired. This research was conducted to propose an efficient non-
destructive seismic retrofitting technique to externally strengthen seismically 
deficient reinforced concrete moment frame buildings. The primary goal of this 
research was to develop a strategy where the entire retrofitting process is 
accomplished outside the building, so that the activities inside the building can be 
continued with minimum interruption. The proposed technique which can be called 
‘building encasement’ is based on adding a stiff peripheral framing system that 
confines the existing structure to reduce the inter-story drift values, and enhance the 
global seismic behavior of the building. Fortunately, many of the existing essential 
buildings, which need retrofitting, are located in open areas, and therefore, the 
proposed encasement technique is quite applicable to them.  
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1.2 Background 

Since the 1970s, researchers worldwide have studied the possibility of externally 
upgrading the seismically weak structure to mitigate the structural response and 
enhance the performance of the structure as a whole. The primary goal of those 
studies was to develop retrofitting strategies that do not require interrupting the inner 
workings with the entire upgrading process being completed outside the building. 
To date, external strengthening techniques have concentrated on system-based 
structural retrofitting, featuring distinctive forms such as external shear walls 
(Kaplan et al., 2011), external bracing (Elbahy et al., 2019) and external moment 
frames or braced frames (Cao et al., 2020) and. With the considerable increase in 
lateral stiffness and the ease of connection to the existing building, RC braced 
frames, as shown in Figure 1, have been the most commonly used in practice (Cao 
et al., 2020).  

 

 

Figure 1. External retrofitting by RC braced frames (Cao et al., 2020) 
 

Nonetheless, many studies have indicated that the primary failure mechanism of the 
external braced frames due to ground shaking is the out-of-plane buckling of braces. 
This received widespread attention and led to the development of Assembled 
Buckling-Restrained Braces (ABRB) as an alternative to the steel bracing typically 
used. ABRB delivered superior mechanical properties under compressive stresses 
and provided the choice of replacing the damaged plates after failure (Iwata & Murai, 
2006; Usami et al., 2012). Despite the studies that proved the immaculate energy-
dissipation capacities of such elements, the applications of this type of braced frames 
in seismic retrofitting might yield immense residual deformations, demanding costly 
repairs following a seismic event. Moreover, most of the aforementioned 
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and provided the choice of replacing the damaged plates after failure (Iwata & Murai, 
2006; Usami et al., 2012). Despite the studies that proved the immaculate energy-
dissipation capacities of such elements, the applications of this type of braced frames 
in seismic retrofitting might yield immense residual deformations, demanding costly 
repairs following a seismic event. Moreover, most of the aforementioned 

experimental studies were conducted in comparison to bare frames without infills 
and facades; however, in real cases, these components cannot be overlooked, which 
may leave no room for the addition of braces (Xie, 2005). 

 

Cao et al. (2019) proposed an innovative external retrofitting method that employs 
self-centering precast bolt-connected steel-plate reinforced concrete buckling-
restrained-brace-frame (PBSPC BRBF) (Figure 2). 

 

Figure 2. Schematic diagram of the retrofitting mechanism of the SC-PBSPC 
braced frame (Cao et al., 2019) 

 

This method combines the energy dissipation capacity of the ABRB with the ample 
displacement control of the prestressed tendons and precast assembly to acquire the 
ideal lateral force resisting capacity. The combination of these technologies together 
with the existing MFRC boosts the overall structural performance of the integrated 
system as a global or system-based retrofit in terms of residual deformations and 
stiffness characteristics. 

 

It can be understood from Figures 1 and 2 that to use those proposed external frames 
for retrofitting they should to be connected firmly to the main structure of the 
building, and this in turn needs some specific connections with high strength. 
Creation of such connections is a major challenge.  This is while in encasement 
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technique, proposed in this paper, no connection is required, and it is enough to only 
remove the external cover/façade of the building partially, so that the added external 
frames can be tightly in touch with the existing frames.   

 

1.3. Research strategy  

The application of the proposed encasement technique to the vulnerable buildings 
was carried out through a computer-based finite element simulation. The considered 
buildings, having 3, 5 and 7 stories, and designed based on the provision of an old 
version of seismic design code, were modeled using CSI-ETABS V19.0 software. 
The equivalent lateral force method was used for design of buildings, and nonlinear 
time history analysis (NLTHA) was used for evaluating the seismic behavior of the 
original as well as retrofitted buildings, by the proposed encasement technique, and 
the efficiency of this technique was shown by comparison of the performances of 
original and retrofitted buildings through a performance-based approach. Details of 
design and analyses are presented briefly in the next section. 

 

2. THE CONSIDERED BUILDINGS AND THEIR DESIGN AND 
ANALYSIS 

 

2.1. Conventional design of the considered buildings  

The general plan and beam and columns layout of the considered RC buildings, 
having 3, 5 and 7 stories, and moment frames structures, is illustrated in Figure 3.  
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Figure 3. General plan, and beam and columns layout of the considered buildings 
 

As shown in Figure 3, the moment frames spanning three bays in both perpendicular 
directions, with 5 m spans. All stories’ height were assumed to be 3 m. Details of the 
applied dead and live, as well as seismic loads are not presented here for the sake of 
brevity, and can be found in the main report of the study (Alabeidy, 2022). In order 
to design the conventional building the equivalent linear procedure according to EC8 
was used. All the buildings’ frames were designed as regular moment frames 
classified as Medium Ductile Structures, according to ACI Standard 318-02 (2002), 
with an importance factor of 1. 

 

2.2. Ground motion selection for NLTHA 

For conducting the NLTHA of the original and retrofitted buildings a suite of seven 
earthquake records, acquired from the Pacific Earthquake Engineering Research 
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(PEER) Center database, was selected to cover a wide range of frequencies and 
accelerations. Measures were taken to select include near-fault, far-fault, as well as 
records that possess pulse-like frequencies in the selected suite of actual earthquake 
data. Specifications of the selected records are given in Table 1, while their spectral 
acceleration response curves after scaling are presented in Figure 3.  

Table1. General information for the chosen ground motion records 

Event Name Date Rrup 
(km) 

Vs30 
(m/sec) 

Magnitude 
Mw 

Record 
type 

Imperial 
Valley 1940 6.09 213.44 

6.95 
Near-fault 

Imperial 
Valley 1979 7.29 242.05 

6.53 
Near-fault 

Superstition 
Hills 1987 18.48 266.01 

6.54 
Pulse-like 

Spitak 
Armenia 1988 23.99 343.53 

6.77 
Near-fault 

Cape 
Mendocino 1992 41.97 337.46 

7.01 
Far-fault 

Northridge 1994 6.5 282.25 6.69 Pulse-like 
Taiwan 
SMART1 1986 55.55 306.38 

7.3 
Far-fault 

 
Figure 3. Mean spectral acceleration spectrum for the scaled ground motion records 
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The selected records were scaled to match the elastic target spectrum of the EC8 
code by using the approach of minimizing the mean-square error (Michaud & Léger, 
2014). This method results in a more convenient scaling where it matches the target 
response without affecting the frequency of the ground motion records. The scaling 
was carried out for the periods between 0.10 and 2.5 sec, covering the fundamental 
periods for all three buildings under evaluation, including the retrofitted ones.  

2.3. Modeling the nonlinear behavior of materials and elements 

There were two cases of nonlinearity in the analyzed buildings of this study. The 
first case was the elastic-plastic behavior of materials, and the other case was related 
to behavior of gap elements between the encasing and original frames in retrofitted 
buildings. To model the nonlinear behavior of the RC structural elements the 
idealized concentrated inelasticity technique was adopted according to ATC 70 
(2010). This technique utilizes uniaxial fiber hinges that can explicitly capture some 
features of the nonlinear behavior according to the nonlinear stress-strain curves of 
materials, while other effects are considered by integrating the flexural stresses 
developed over the cross-section of the element and along the fiber’s length. In this 
modeling approach, a single cross-section consisting of discretized fibers is used 
along a fraction of the member’s length, mainly where the inelastic action is 
anticipated, which is typically located at the ends of the elements in RC moment 
frames. For reinforced concrete beams and columns, a fiber segment may be 
composed of several discrete concrete and steel reinforcement fibers, given their 
respective stress-strain relationships. The number of fibers used in each cross-section 
heavily influences the accuracy of the analysis; however, based on previous data 
available on NIST guidelines (2017), an optimal number of 56 for the beams and 28 
fibers for the columns is used to ensure accurate results with a minimal 
computational burden as depicted in Figure 4. 
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Figure 4. Discretization of fibers in beams and columns of the analyzed buildings 
 

The other nonlinear behavior was related to the connection interface between the 
existing structure and the retrofitting peripheral encasement, which was modeled 
using nonlinear link elements of gap type. Gap elements simulate the contact 
between the outer elements of the existing building and elements of the encasing 
frames by creating restoring forces when the elements are in contact and releasing 
them when the elements move away from each other. Therefore, the gap should 
inherently have a large stiffness when the surfaces are in touch and zero when they 
are separate as depicted in Figure 5. 
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using nonlinear link elements of gap type. Gap elements simulate the contact 
between the outer elements of the existing building and elements of the encasing 
frames by creating restoring forces when the elements are in contact and releasing 
them when the elements move away from each other. Therefore, the gap should 
inherently have a large stiffness when the surfaces are in touch and zero when they 
are separate as depicted in Figure 5. 

 

 

Figure 5. The force-deformation relationship in the gap element 
 

The nonlinear gap stiffness is a key parameter in the analysis as it often controls the 
solution of the entire equation of motion. It is often tempting to define a very large 
stiffness value as recommended in many published research; however, too large 
stiffness may lead to numerical difficulties in the analysis due to a phenomenon 
called bouncing in which the state of the gap interchanges back and forth 
(closed/open) with each iteration of the solution (Rizzo, 1991). As such, calibration 
has been done to select the most appropriate stiffness value for the gap elements to 
deliver accurate results without sacrificing much time. This was achieved by creating 
a retrofitted building model and subjecting it to arbitrary lateral loading. By 
gradually increasing the stiffness of the gap elements and monitoring the forces 
generated and displacement encountered at one of the nodes, it was clear that 
choosing a stiffness 100 times (two orders of magnitude) greater than the 
corresponding stiffness of any connected elements is sufficient to obtain reasonably 
accurate results as quickly as possible. It should be noted that this value was also one 
of the recommended stiffness values highlighted by CSI ETABS analysis reference 
(2019). 
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3. RESULTS AND DISCUSSIONS 
 

Within this section, the results obtained from the finite element simulations by means 
of linear and nonlinear analyses are presented together with a brief comprehensive 
explanation regarding the observed seismic performance of the original and 
retrofitted buildings. The considered seismic responses and performance indices 
include roof relative displacement, roof absolute acceleration, drift ratios and finally 
plastic hinges’ states. It is worth mentioning that for the sake of brevity, in each case 
only one sample of the numerical results is presented, however, the complete results 
can be bound in the main report of the study (Alabeidy, 2022).    

 
3.1 Seismic vulnerability of the original buildings 

 

As mentioned in the previous section, the first stage in the study was to conduct a 
preliminary economic design for the selected buildings in line with the Eurocodes 
standards. After that, the structures were intentionally weakened by reducing the 
materials’ strength, and then linear analysis employing was used to investigate the 
vulnerability of the structure under seismic actions. Figure 6 shows the 
demand/capacity (D/C) ratios based on PMM interaction in frames elements for the 
weakened 5-story building as a sample. 

 

 

 
 
 
 
 
 
 
 
 
 

Figure 6. Deficiencies identified by the linear analysis of the 5-story bare structure 
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Figure 6. Deficiencies identified by the linear analysis of the 5-story bare structure 

It can be seen in Figure 6 that many element of the building, particularly peripheral 
columns of the lowest story, are seismically weak, and therefore, the building needs 
to be retrofitted. The same is true for 3- and 7-story buildings, but the results are now 
shown here.  

 

3.2. The retrofitted buildings by encasement technique 

 

Seismic behavior of the retrofitted building was evaluated by a series of NLTHA, as 
mentioned in the previous section, by using the scaled records of selected 
earthquakes, given there in Table 1.  To find the appropriate features of the elements 
of the RC encasing frames to enhance the seismic capacity of the vulnerable 
structures a cycle of trial and error was followed for each building. For all buildings 
the cycles started with a uniform dimension of 800×250 mm for the beams and 
columns, and by changing the dimensions and reinforcement details, and checking 
the performance level based on the results of NLTHA the final cross-sectional 
properties were finalized. Table 2 shows the final acquired geometry and detailing 
requirements for the retrofitting elements that satisfy Eurocode8 provisions and meet 
the performance objectives to minimize damage to structural members, and Figures 
7 to 9 show schematically the retrofitted buildings by encasement technique. It is 
worth mentioning that for 3-story building it was not necessary to cover the whole 
body of the building structure by the encasing frames, and it was enough to encase 
just two lower stories as shown in Figure 7, and it is also noticeable that in case of 
7-story building the cross-sectional dimensions of elements of the encasing frame at 
upper stories were smaller than lower stories, as shown in Table 2 and Figure 9.  
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Table 2. Optimized column cross-sections for the proposed retrofitting system 

 

 

Figure 7. 3D view and section of the retrofitted 3-story building by encasement 
technique 
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Table 2. Optimized column cross-sections for the proposed retrofitting system 

 

 

Figure 7. 3D view and section of the retrofitted 3-story building by encasement 
technique 

 

Figure 8. 3D view and section of the retrofitted 5-story building by encasement 
technique 

 

Figure 9. 3D view and section of the retrofitted 7-story building by encasement 
technique 
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The used gap elements between existing and encasing frames can be seen in Figures 
7 to 9. Retrofitted buildings were seismically evaluated and compared with the 
original vulnerable building as described in the next part of this section.  
3.3. Seismic evaluation of buildings’ structures 

Before conducting NLTHA for the original and retrofitted buildings, their 
fundamental periods were obtained to see the effect of encasement on the period 
values. Table 3 presents the period values before and after retrofitting. 

Table 3. Fundamental periods (in sec) of original and retrofitted buildings’ 
structures 

3-story buildings 
Original 0.706 

Retrofitted 0.512 

5-story buildings 
Original 1.238 

Retrofitted 0.727 

7-story buildings 
Original 1.602 

Retrofitted 0.883 
 

As shown in Table 3, the buildings' periods decreased after retrofitting, due to the 
increase of the lateral stiffness, as expected. Samples of seismic responses, obtained 
by NLTHA, are shown in Figures 10 and 11. 

 

   

 

 

 

 

 

 

Figure 10. Roof relative displacement (left) and roof absolute acceleration (right) 
time histories of 3-story buildings subjected to "Imperial Valley-06" earthquake 

record 
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Figure 10. Roof relative displacement (left) and roof absolute acceleration (right) 
time histories of 3-story buildings subjected to "Imperial Valley-06" earthquake 

record 

 

Figure 11. Inter-story drift ratios of the 3-story buildings in X and Y directions, 
subjected to three of the seven elected earthquakes 
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It can be seen in Figure 10 that the relative displacement response of the retrofitted 
building has drastically decreased. Obviously, this means less deformation in the 
body of the building structure and, therefore, less damage. However, it can also be 
seen in Figure 10 that the absolute acceleration response has not decreased, which is 
because of higher stiffness of the retrofitted buildings, as expected. Finally, it can be 
seen in Figure 11 that the inter-story drift values have generally decreased because 
of retrofitting, although is some cases a slight increase in drift values is also 
observed.  

The last set of seismic evaluation results are the plastic hinges (PHs) formed in the 
structural elements, which shows the performance level of the building. Figure 12 
shows the PHs formed in the original and retrofitted buildings subjected to 
Superstition Hills 02 earthquake as a sample of the seven selected earthquakes.   
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Figure 12. PHs formed in the buildings’ structures at the end of Superstition Hills 
02 earthquake record 

 

It is observed in Figure 12 that the PHs in the original vulnerable buildings are at 
collapse level, while in the retrofitted buildings number of formed PHs is much 
lower, and they are all at immediate occupancy performance level. This clearly 
shows the effectiveness of the proposed encasement technique for retrofit of the 
existing vulnerable RC buildings. 

 

4. CONCLUSIONS 
 

This research sought to evaluate the seismic performance of a non-destructive 
retrofitting technique as a method for strengthening seismically deficient multi-story 
reinforced concrete moment-frame structure buildings. The proposed technique 
relies on confining the whole vulnerable building with stiff an encasing structure. To 
make the study more comprehensive, 3-, 5- and 7-story buildings were first designed 
utilizing the linear static method of analysis per Eurocode8 provisions, and then were 
made intentionally weak, by decreasing the strengths of the used material in the 
analysis software. After that, the proposed encasement technique was applied to the 
weakened building, and at the last step, the vulnerable and retrofitted buildings were 
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investigated under a suite of diverse ground motion records, employing a series of 
NLTHA. The findings of the study can be summarized as follows: 

• In general, the retrofitted system immensely reduced the maximum roof 
displacement in both main orthogonal directions. However, in some scenarios, 
the retrofitted structures experienced an increase in roof displacement but without 
endangering the structural elements or causing permanent damage.  

• The roof accelerations were observed to be slightly higher in the retrofitted 
structures due to the global higher stiffness upon incorporating the encasing 
frames. However, this higher acceleration was not sustained for a long period of 
time, unlike vulnerable buildings.  

• The inter-story drift ratios of the vulnerable structures indeed exceeded the 
allowable limits of Eurocode8, particularly for the 5- and 7-story buildings, while 
the retrofitted structures remained below the allowable limits for most of the 
applied earthquakes. 

• The vulnerable bare structures developed many plastic hinges at Collapse limit 
states, while in the retrofitted hinges were dominantly at Immediate Occupancy 
performance level, although some Life Safety hinges were developed in 5- and 
7-story buildings.  

 

In brief, the proposed retrofitting technique proved its capability to rehabilitate 
existing seismically weak RC buildings, particularly low-rise ones. However, it 
should be noted that in this research some aspects were not covered, and can be 
suggested for future research work. These aspects are discus below. 

• Soil-structure interaction was not considered in this research, which might play a 
significant role in the overall behavior of the retrofitted system as two shallow 
foundations will be situated in vicinity.   

• The influence of plan and elevation irregularities was not within the study's scope, 
and this influence can severely impact the structure's seismic performance.  

• The numerical simulation findings of the proposed retrofitting technique should 
be verified with experimental work. 
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ABSTRACT  

 

For the first time comprehensive experimental research was performed on the fatigue 
behaviour of UHPC under cyclic reversal stress loading in tension-compression. 
During the research project the fatigue strength and the reduction of the uniaxial 
stiffness due to cyclic loading were examined in 195 force controlled fatigue tests 
on bone-shaped non-reinforced UHPC-specimens. Compared to similar previous 
examinations the fatigue tests were not restricted to 2 million load cycles. Testing an 
adequate number of tension-compression combinations in this first stage and an 
additional second stage the indication of approximately linearised limiting curves for 
defined number of load cycles in terms of Goodman diagrams is the long term 
objective of the research project. 

KEYWORDS: Ultra High Performance Concrete (UHPC), Fatigue Behaviour, 
Cyclic Stress Reversal Loading 

 

1. INTRODUCTION 

 

The high strength of Ultra High Performance Concrete enables the economical 
design of slender structures with reduced self-weight. Compared to structures made 
of normal strength concrete (NSC) structures made of UHPC show a deviant ratio of 
dead load to live load. An auspicious design principle for the utilization of the 
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specific material properties of UHPC is its application combined with prestressing. 
Economic design of prestressed members made of UHPC may cause cyclic stress 
reversal loading. 

It is well known that NSC shows reduced fatigue strength under cyclic reversal stress 
loading compared to threshold loading. Further the stiffness of structures is reduced 
gradually by the occurring damage progress under cyclic loading. 

Tensile fatigue of NSC has been investigated in the past by means of bending tests 
or splitting tests. In both types of test, it is not possible or difficult to determine the 
actual stresses in the specimens during the course of the experiment. 

For the first time comprehensive experimental research was performed on the fatigue 
behaviour of UHPC under cyclic reversal stress loading in tension- compression. In 
the first stage of the research project the fatigue strength and the reduction of the 
uniaxial stiffness due to cyclic loading were examined in load controlled fatigue tests 
on bone-shaped non-reinforced UHPC-specimens. The lower and upper stress levels 
were defined with respect to practical conditions and material properties such as the 
prestressed level and the assumed long term behaviour under tension loading. 
Compared to similar previous examinations the fatigue tests were not restricted to 2 
million load cycles. Testing an adequate number of tension-compression 
combinations in this first stage and an additional second stage the indication of 
approximately linearised limiting curves for defined number of load cycles in terms 
of Goodman diagrams is the long term objective of the research project. 

During the research project the effect of important parameters like stress range, fibre 
addition, fibre orientation and heat treatment on the fatigue behaviour have been 
investigated in different experimental series. 

 

2. MATERIAL 

CONCRETE COMPOSITION 

 

The bone-shaped UHPC-specimens were composed according to [1]. The 
ingredients for the fine-grained mixture M2Q (UHPC with and without fibre), the 
mixture M3Q (M2Q with different silica fume) and the coarse-grained mixture B5Q 
are listed below in table 1. At the end of the first research period it became known 
that the silica fume used up to now is not produced any more. Hence, a new silica 



93

PROOCEDINGS OF INTERNATIONAL CONFERENCE ON ISTANBUL AND EARTHQUAKE 2022

specific material properties of UHPC is its application combined with prestressing. 
Economic design of prestressed members made of UHPC may cause cyclic stress 
reversal loading. 

It is well known that NSC shows reduced fatigue strength under cyclic reversal stress 
loading compared to threshold loading. Further the stiffness of structures is reduced 
gradually by the occurring damage progress under cyclic loading. 

Tensile fatigue of NSC has been investigated in the past by means of bending tests 
or splitting tests. In both types of test, it is not possible or difficult to determine the 
actual stresses in the specimens during the course of the experiment. 

For the first time comprehensive experimental research was performed on the fatigue 
behaviour of UHPC under cyclic reversal stress loading in tension- compression. In 
the first stage of the research project the fatigue strength and the reduction of the 
uniaxial stiffness due to cyclic loading were examined in load controlled fatigue tests 
on bone-shaped non-reinforced UHPC-specimens. The lower and upper stress levels 
were defined with respect to practical conditions and material properties such as the 
prestressed level and the assumed long term behaviour under tension loading. 
Compared to similar previous examinations the fatigue tests were not restricted to 2 
million load cycles. Testing an adequate number of tension-compression 
combinations in this first stage and an additional second stage the indication of 
approximately linearised limiting curves for defined number of load cycles in terms 
of Goodman diagrams is the long term objective of the research project. 

During the research project the effect of important parameters like stress range, fibre 
addition, fibre orientation and heat treatment on the fatigue behaviour have been 
investigated in different experimental series. 

 

2. MATERIAL 

CONCRETE COMPOSITION 

 

The bone-shaped UHPC-specimens were composed according to [1]. The 
ingredients for the fine-grained mixture M2Q (UHPC with and without fibre), the 
mixture M3Q (M2Q with different silica fume) and the coarse-grained mixture B5Q 
are listed below in table 1. At the end of the first research period it became known 
that the silica fume used up to now is not produced any more. Hence, a new silica 

fume was defined within the priority program and when the new UHPC mixture 
M2Qnew respectively M3Q was taken up in the test program. Furthermore the 
mixture B5Q was investigated in the second research period to check the influence 
of the concrete composition on the fatigue behaviour. The mixture B5Q was 
developed during the first research period by other main participants from the 
mixture B3Q. 

Table 1: Composition of the mixtures M2Q, M3Q und B5Q (in kg/m³) 

 

material description 
M2Q M3Q B5Q 

without 
fibre with fibre with fibre with 

fibre 

cement CEM I 52,5 R - 
HS/NA 855,0 832,0 814,0 650,0 

water water 174,0 169,0 160,0 158,0 

additive 

silica fume Grade 983 139,0 135,0 - - 
silica fume Grade 971 

U - - 132,0 - 

silica fume Sika 
Silicol P - - - 177,0 

silica dust (QM1) 
W12 213,0 207,0 203,0 325,0 

silica dust (QM2) W3 - - - 131,0 
super 

plasticizer 
Glenium 51 25,0 24,0 32,6 - 

ViscoCrete 20 Gold - - - 30,4 
fine 

aggregate 
glass sand H33 1002,0 975,0 954,0 354,0 

Basalt 2/8 - - - 597,0 

steel fibre steel fibre Stratec 
9/0,15 - 192,0 196,0 192,0 
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CONCRETE PROPERTIES 

 

The consistency of fresh UHPC was determined by a slump flow test, executed 
immediately after mixing. The slump flow for UHPC with and without steel fibres 
was about 750 - 800 mm. The slump flow for the new mixtures M3Q and B5Q with 
steel fibres was about 600 - 700 mm. 

In addition, the fresh concrete density, the air void contents, the air- and water 
temperature and the temperature of the aggregates was determined with every 
casting. 

In figure 1 the development of the compressive strength of UHPC with steel fibres 
and heat treatment (wSF wHT) for M2Q, M3Q and B5Q, with steel fibres and 
without heat treatment (wSF oHT) and without steel fibres and with heat treatment 
(oSF wHT) for M2Q is shown. The compressive strength was determined on cubes 
with an edge length of 100 mm. As expected the addition of steel fibres and heat 
treatment led to an increase of the compressive strength. Even after 90 days of curing 
the compressive strength of UHPC without heat treatment is far below the 
compressive strength of UHPC with heat treatment. 

The testing load levels for cyclic testing were defined in relation to the static strength 
values. The static compressive and tensile strength were determined in tests on 
reference specimens manufactured of the same concrete batch as the bone-shaped 
UHPC-specimens for the cyclic tests.  
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CONCRETE PROPERTIES 
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Fig. 1:  Strength development of UHPC (mixture M2Q, M3Q and B5Q) 
 

3. TEST PROGRAM 

 

PRODUCTION OF TEST SPECİMENS 

 

The bone-shaped UHPC-specimens were cast in the concrete laboratory. The 
formwork for nine specimens consisted of plastic (polyoxymethylen). The 
dimensions of the bone-shaped UHPC-specimens are shown in figure 2. The 
concrete was poured into the mould and compacted with an external vibrator. 
Simultaneously the reference specimens (cylinder, small bone-shaped UHPC-
specimens and bending tensile prisms) were cast. One day after casting the 
specimens were stripped off and all cured under water till the 7th day (only for the 
series without heat treatment) or were subjected to a heat treatment for two days at 
90°C (for the other series). Then the bone-shaped UHPC-specimens and the 
reference specimens were moved into the testing laboratory and stored under 
laboratory conditions until testing. 
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TEST ARRANGEMENT 

 

The test rig for the main tests is shown in figure 2. The top and the bottom of the 
bone-shaped UHPC-specimens were bonded with the epoxy resin-based two-
component adhesive MC-DUR 1280 (MC-Bauchemie Müller GmbH & Co. KG, 
Bottrop, Germany) to the testing machines adapters. Between the adapter and the 
ends of the specimen the adhesive was applied to compensate the uneven concrete 
surface and for bonding. Under the upper crosshead, a load cell with reference to the 
testing machines maximum load was arranged. Three different testing machines 
were used depending on required stress range. 

 

After bonding the specimen to the adapter a curing period of 24 hours followed up. 
Then the gauges were prepared, the instrumentation applied and the first zero 
readings taken. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2: Dimensions of bone-shaped UHPC-specimens [mm] and test arrangement 
 

 



97

PROOCEDINGS OF INTERNATIONAL CONFERENCE ON ISTANBUL AND EARTHQUAKE 2022

TEST ARRANGEMENT 

 

The test rig for the main tests is shown in figure 2. The top and the bottom of the 
bone-shaped UHPC-specimens were bonded with the epoxy resin-based two-
component adhesive MC-DUR 1280 (MC-Bauchemie Müller GmbH & Co. KG, 
Bottrop, Germany) to the testing machines adapters. Between the adapter and the 
ends of the specimen the adhesive was applied to compensate the uneven concrete 
surface and for bonding. Under the upper crosshead, a load cell with reference to the 
testing machines maximum load was arranged. Three different testing machines 
were used depending on required stress range. 

 

After bonding the specimen to the adapter a curing period of 24 hours followed up. 
Then the gauges were prepared, the instrumentation applied and the first zero 
readings taken. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2: Dimensions of bone-shaped UHPC-specimens [mm] and test arrangement 
 

 

TEST PROCEDURE FOR M2Q, M3Q AND B5Q 

 

With the background of the expected test duration and in combination with the 
necessary number of at least five specimens for a statistical analysis some parameters 
of influence have been examined during some of the tests. In figure 3 the researched 
load combinations are marked. The experimental tests included in the main series of 
the first research period 60 tests and the three additional test series each consisting 
of 20 tests. During the second research period 45 additional UHPC-specimens were 
tested (M3Q) and also 30 UHPC-specimens with the UHPC mixture B5Q. 
Altogether 195 fatigue tests were realized in both research periods. 

The six test series are divided as follows: 

Series 1 (A-T.H.): additional tests to check the influence of steel fibres (UHPC M2Q 
without fibres with heat treatment, cast horizontally) 

Series 2 (M-F.T.H.): main tests (UHPC M2Q with fibres, with heat treatment, cast 
horizontally) 

Series 3 (A-F.T.V.): additional tests to check the influence of fibre orientation 
(UHPC M2Q with fibres, with heat treatment, cast vertically) 

Series 4 (A-F.H.): additional tests to check the influence of heat treatment (UHPC 
M2Q with fibres without heat treatment, cast horizontally) 

Series 5 (M-M.F.T.H.): main tests second research period (UHPC M3Q with fibres, 
with heat treatment, cast horizontally) 

Series 6 (M-B.F.T.H.): main tests second research period (UHPC B5Q with fibres, 
with heat treatment, cast horizontally)   



98

İSTANBUL AYDIN ÜNİVERSİTESİ YAYINLARI / ISTANBUL AYDIN UNIVERSITY PUBLICATIONS

 

 
Fig. 3: Goodman diagram, researched combinations marked (M2Q, M3Q 
and B5Q) 
 

In addition to the load the elongation of some specimens at a basic length of 50 mm 
on selected tests (range of constant cross section) has been measured. To measure 
the strain, four inductive displacement transducers were used. The measurements 
were recorded with digital measurement amplifiers and a sampling rate of 200 Hz. 
The strain measurements were only performed at some specimens of each series. The 
frequency of the testing machines varied between 8 and 10 Hz. 
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4. TEST RESULTS 

SURVEY ON TEST RESULTS 

Due to the large number of fatigue tests, only a small insight will be given on the 
most important test results. The test results of the main tests of the first research 
period were already presented i. a. in [2]  and [3]. 

The linearised S-N-curves for the tests on specimens are represented in the semi 
logarithmic diagrams of figure 4 showing the number of load cycles to failure (logN) 
against the specific tensile strength (σc/fctm). Figure 4 shows the results of main tests 
of the second research period on specimens with steel fibres and with heat treatment 
for the mixture B5Q (M-B.F.T.H.). The S-N-curves are drawn as dashed lines and 
the mean values of five tests as filled symbols. Remarkable is the large scatter of the 
number of load cycles. As a reason for these scatter local faults which initiate and 
accelerate the failure progress can be assumed. 

Additionally in figure 4 the average number of load cycles to failure of normal 
strength concrete (NSC) is shown as black dashed line [4]. The number of load cycles 
found in the tests on UHPC exceeds the results of tests on NSC by far. 

The number of load cycles reached depends on the upper stress level as well as on 
the stress range. Remarkable is also that some tests failed under compression. A 
couple of tests have been stopped after 100 million load cycles without failure as the 
research program could not be realized in the scheduled period otherwise. 

 

 

 

 

 

 

 

 

Fig. 4: S-N-curves of UHPC (B5Q) wSF wHT (M-B.F.T.H.) 
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Furthermore the test results of the fine-grained mixtures M2Q respectively M3Q and 
the results of the fatigue tests of the coarse-grained mixture B5Q are shown in figure 
5 in a Goodman diagram. In addition the results for normal strength concrete (NSC) 
[4,5]  are shown. 

 

 

Fig. 5: Goodman diagram for NSC and UHPC under cyclic loading 
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RESULTS OF DEFORMATION MEASUREMENTS 

 

The measurement of deformation performed on selected specimens showed damage 
progress similar to normal strength concrete (NSC) and high-strength concrete 
(HSC) subjected to cyclic loading. As known for normal concrete and high strength 
concrete, the increase of deformation to be observed in tests on UHPC can also be 
divided into three phases referred to as crack formation (phase I), constant crack 
propagation (phase II) and instable crack growth (phase III). Exemplifying the 
damage progress figure 6 shows the increase of deformation of a bone-shaped 
UHPC-specimen subjected to tensile threshold loading. Especially phase III is 
shorter as known for normal concrete. Figure 6 also shows the failure behaviour of 
normal concrete and high strength concrete [6].  

 

  

Fig. 6: Damage progress for single-level fatigue tests (model) 
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5. CONCLUSIONS 

 

The tests carried out up to now already permit some conclusions which are 
examined, nevertheless, even more in detail. As expected the number of load cycles 
found in the tests on UHPC exceeds the results of tests on NSC by far (factor 100). 
Remarkable is also the large scatter of the number of load cycles. Local faults which 
initiate and accelerate the failure progress and the different kind of failure 
(compression or tension) can be assumed to be a reason for these large scatter.  

Due to the addition of fibres the damage progress may be slowed down and exhibit 
a less brittle behaviour. Considering these test results economic design of UHPC 
structures under cyclic loading is possible.  

The dependence known for normal strength concrete of the fatigue strength on the 
upper stress level as well as on the stress range could be confirmed. 

In the carried out single-level fatigue tests very high load cycles were partially 
reached or the tests were finished after 107 or 108 load cycles without fatigue failure. 
Furthermore a changeover in failure was observed. 

The validity of the well-known damage progress of concrete can also be divided in 
three phases for UHPC. Nevertheless, a relative shortening of the phases I and III of 
the crack formation and the instable crack growth could be observed respectively the 
phase II (the constant crack propagation) is clearly increased.  
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ABSTRACT  

 

The Ali Qapu building has undergone two major restoration works. The first and 
more comprehensive restoration was carried out in the 1960s and 1970s and focused 
on the main masonry building. The restoration work on the wooden columnar 
structure remained incomplete. The main purpose of the restoration work was to 
retrieve the integrity of the masonry part, which was in a dangerous condition. The 
second restoration of the Ali Qapu building was undergone from 2005 to 2017 and 
it was concentrated on the wooden columnar structure and its supporting veranda. 
The main purpose of the work was to repair the damaged wooden part as well as the 
structural rehabilitation of the wooden structure. It also included the insertion of a 
lateral load bearing system of steel cables. The interventions partly aimed at 
improving the seismic behaviour of the building. This paper explained the 
interventions implemented during restoration works. 

 

KEYWORDS: Ali Qapu building, Anti-earthquake, Measures, Restoration, Wood, 
Masonry 

 

1. INTRODUCTION 

 

The Naqsh-i-Jahan square in Isfahan, Central Iran, is a World Heritage Site 
registered in the UNESCO list in 1989. The square and its surrounding buildings 
were constructed in the earth sixteenth century. In addition to the bazaar around the 
square, four main buildings stand in the complex. 
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The palace of Ali Qapu (1597-1668 A.D.) with a high columnar talar (porch) at the 
middle of the western side looks over the square and used to be the main entrance to 
the royal palaces. Facing it on the east, is the mosque of Shaykh-Lutf-Allah (1601-
28 A.D.), an excellent building with its exquisite cafe au lait dome, ornamented with 
arabesques. On the southern side of the maydan is the Imam mosque (1612-38 A.D.) 
with its beautiful dome and twin minarets and its imposing portal flanked by another 
pair of minarets. At the northern end of the maydan, is the tiled gateway of the 
Qaysariyah, the handsome bazaar [1-4] (Figure 1). 

 

 

(a)                                                                      

 

                                     (b) 
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Figure 1. The World Heritage Site of the Naqsh-i-Jahan square: a) view from the 
south, b) plan, c) Ali Qapu building (1597-1668 A.D.). 

 

2. ANTI-EARTHQUAKE MEASURES FOR THE ALI QAPU BUILDING 

 

Two main restoration works have been carried out during the last six decades. The 
first and more comprehensive restoration on the whole building was done in the 
1960s and 1970s. The second restoration work that focused on the wooden structure 
and its talar was in the 2000s, as described in the following. 

 

2.1. Restoration Works in the 1960s and 1970s 

 

The most comprehensive maintenance of the building started in 1964 and continued 
for six years. It covered the whole masonry section but the work on the wooden 
structure remained incomplete. The detailed process is reported by Galdieri [5] 
whose team was responsible for the maintenance of the Ali Qapu. 
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2.1.1. Rehabilitation of the Masonry Section in the 1960s 

 

The load bearing masonry structure of the Ali Qapu is made of yellow-brown 
moderately fired bricks. They are 24 cm square and 5.5 cm thick. Gypsum mortar is 
used between bricks. 

The maintenance of the Ali Qapu was offered to Italian experts, Istituto Italiano per 
il Medio ed Estremo Oriente (IsMEO), in 1964. At that time the masonry section, 
including the base of 22×20×33 m3 and the part of 29×17×12 m3 under the wooden 
structure, was damaged in all parts and two exposed cracks were observed on the 
northern and southern sides. It was supposed that the cause was the demolition of 
the lower load bearing walls or the settlement of the foundations. 

The foundations of the Ali Qapu building rest on compacted clay soil. The thickness 
of the foundation varies from 1.2 m on the north-east part to 3.6 m on the south-east 
part. The foundations are made of lime. The system of foundations comprises of four 
cores placed on the four corners of the building. The four cores are inter-connected 
using thinner foundations. It was discovered by experimenting with the foundation 
that there was no possibility of settlement. However, the area of the foundation was 
still increased by 27%. 

Then the maintenance concentrated on the upper structure and this continued from 
1965 to 1970. The main aims in the programme were [5]: 

1. Supporting the damaged or cracked parts of the building. 

2. Repairing the worst damage in the building by using the same traditional materials. 

3. Lightening the roofs and elements under thrust from excess loads (Figure 2). 

4. Connecting the different parts of the building by using continuous spreaders in 
order to distribute the loads (Figure 3). 

5. Creating a horizontal circumferential frame in the whole building in order to 
prevent the external parts from detaching (Figure 4). 
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 Figure 2. Ali Qapu building, lightening the roofs at sixth floor, 1965-1970. 

 

 

 

  

 

 

 

Figure 3. Ali Qapu building, using continuous spreaders in order to distribute the 
loads, 1964-1970 (after Galdieri [5]). 
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Figure 4. Ali Qapu building, using horizontal circumferential frame in the whole 
building in order to prevent the external parts from detaching, 1964-1970 (after 

Galdieri [5]). 

 

2.1.2. Rehabilitation of the Wooden Columnar Structure in the 1970s 

2.1.2.1. Description of the Wooden Columnar Structure 

 
The wooden columnar structure covers the eastern veranda of the main building. It 
comprises columns, main beams, secondary beams on the top or between the main 
beams, and truss elements that transfer the load from the upper secondary beams to 
the lower main beams. A part of imposed load on the structure is supported by the 
side wall. A horizontal bracing system in the roof transfers the lateral load (Figure 5 
and 6) [2, 6]. 

Eighteen columns (columns a¢ to ιη¢, Figures 5 and 6(b)) along with the side wall 
(hatched section, Figures 5 and 6) carry the roof weight. Each column has a height 
of 10.5 m and an octagonal shape of cross-section with a diameter of 0.5 m at the 
base decreasing to 0.3 m at the top. Six columns (a¢ to V¢) were stiffened by cutting 
the wooden column into two parts, then emptying the central section of two parts 
and putting a □-shape steel profile between them, connecting the wooden and steel 
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beams, and truss elements that transfer the load from the upper secondary beams to 
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Eighteen columns (columns a¢ to ιη¢, Figures 5 and 6(b)) along with the side wall 
(hatched section, Figures 5 and 6) carry the roof weight. Each column has a height 
of 10.5 m and an octagonal shape of cross-section with a diameter of 0.5 m at the 
base decreasing to 0.3 m at the top. Six columns (a¢ to V¢) were stiffened by cutting 
the wooden column into two parts, then emptying the central section of two parts 
and putting a □-shape steel profile between them, connecting the wooden and steel 

parts using bolts, and re-erecting the wood/steel column. The columns stand on a 
wooden spreader (Figure 6(c)) that was stiffened by I-shape steel profiles during the 
rehabilitation of the building. 
There are two types of main beams. Perpendicular to the side wall, there are six 
beams of 17.5 m long of which 1.2 m are inside the side wall. The cross section of 
the beams is circular with a diameter of 0.4 m at the wall and 0.55 m at the other side 
(frames 1-6, beams  to , Figs. 5 and 7). Parallel to the side wall, there are 
three lines of beams with a length of 28 m, each beam comprising three parts of 10 
m, 8 m, 10 m long, and a diameter of 0.5 m (frames B-D, beams ,  and 

, Figure 5). 
Parallel to the main beams in lines 1 to 6 there are 10 lines of secondary beams with 
a cross-section of semi-circular shape and diameter 0.25 m (like beams , 

, , ,  and , Figure 5). Each secondary beam comprises of three 
parts and in frames 1 to 6 it lies at a distance of 0.2 m from the lower main beams 
near the wall and this distance gradually diminishes towards the other end (Figure 
7). 

There are 24 p-shape trusses which transfer the load from secondary beams to the 
main beams ( , ,  and …, Figures 5 and 7).  

All around the roof in the outer span there is a horizontal bracing for lateral loading. 
The rectangular cross section of the members is 0.1´0.15 m. The members form p 
or ´-shape trusses with beams (Figures 5 and 6(d)). As it is shown in Figure 6(d), a 
steel cable had previously been added to the structure to keep the f7f8 beam, which 
was cracked at one point, from moving outwards. 

All the elements of the structure are made from the wood of sycamore (platanus 
occidentalis). Sycamore used to be an abundant species in Isfahan, capable of 
reaching 30 m in height, with tough, dense and hard wood. The connections between 
the elements are made by using iron nails. The roof structure is covered by an upper 
sloped plate and the lower wooden decorated roof of the veranda making a closed 
pyramid shape space with a maximum height of about 2 m. 
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Figure 5. Ali Qapu building, the wooden columnar structure (after Hejazi [2, 6]). 

 

Figure 6. Ali Qapu building, wooden columnar structure: a) horizontal plan 
of the frames, b) horizontal plan of the columns, c) horizontal plan of the wooden 
spreaders under the columns, d) existing lateral bracing system before 2000 (after 

Hejazi [2, 6]). 
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                           (a)                                                           (b)                                                                                

 

 

                                           (c)                                                          (d)                                                                                 

                            (f)        

 

Figure 7. Ali Qapu building, wooden columnar structure: a) and b) wooden main 
and secondary beams in two directions (1990 and 2020), c) and d) a wooden truss 

(1990 and 2020), e) and f) wooden roof over the pond (1990 and 2020). 

 

(e) 
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2.1.2.2. Load Bearing System 

 

In the load bearing system of the wooden columnar structure, nine frames 1 to 6 and 
B to D participate (Figure 5 and 6(a)). The load on the upper sloped plate is 
transferred to the secondary beams, which in turn transfer the load to the lower main 
beams through p-shape trusses. Main beams also carry the weight of the lower 
wooden decorated roof of the veranda, which is connected to the main beams by iron 
connectors. Main beams are connected to the columns. The 18 columns of the 
structure along with the side wall support the load of the upper structure. 

 

2.1.2.3. Strengthening the Wooden Columns in the 1960s and 1970s 

 

During 1967 to 1968 and 1972 to 1975, six columns a¢ to V¢) were stiffened by 
cutting the wooden column into two parts, then emptying the central section of the 
two parts and putting a □-shape steel profile between them and re-erecting the 
wood/steel column (Figure 8). The spreader under the columns was also stiffened by 
I-shape steel profiles. 

 

 

 

                                                                    

 

 

 

 

 

(a) 
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(e)     

Figure 8. Ali Qapu building, method of strengthening of wooden columns: a) 
schematics of the method (after Hejazi [2]), b) to e) the method (1960s and 1970s) 

(from the archives of the World Heritage Site of the Imam square). 

2.2. Restoration Works in the 2000s 

 

The last period of restoration of the building started in 2005 and completed in 2017. 
The restoration work focused on two parts: 1) the wooden columnar structure, and 
2) the veranda on which the wooden structure stands. 

 

2.2.1. Restoration of the Wooden Columnar Structure 

 

The restoration of the wooden columnar structure involved the following parts. 
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2) the veranda on which the wooden structure stands. 

 

2.2.1. Restoration of the Wooden Columnar Structure 

 

The restoration of the wooden columnar structure involved the following parts. 

 

 

 

 

2.2.1.1. Columns 

 

The remaining wooden columns that were not stiffened by steel profiles, were cut 
longitudinally into two parts, emptied and embedded by □-shape profiles; the method 
similar to that implemented in the 1960s (Figure 9). 
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Figure 9. Ali Qapu building, stiffening wooden columns with steel profiles (2005 
to 2017). 

 

2.2.1.2. Supports and Connections of the Columns 

 

For strengthening the connection between the steel profile inside the column and its 
support, a reinforced concrete foundation was constructed under each column and 
the connection was stiffened by welded steel stiffeners (Figure 10). 

For the top of the column, a steel plate was connected to the beam above and the top 
of the steel profile was connected to the steel plate using welded steel stiffeners 
(Figure 11). 
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Figure 10. Ali Qapu building, strengthening the supports of the columns (2005 to 
2017). 
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Figure 10. Ali Qapu building, strengthening the supports of the columns (2005 to 
2017). 

 

 

    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



122

İSTANBUL AYDIN ÜNİVERSİTESİ YAYINLARI / ISTANBUL AYDIN UNIVERSITY PUBLICATIONS

 

    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 11. Ali Qapu building, strengthening the connections of the columns to top 
beams (2005 to 2017). 
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Figure 11. Ali Qapu building, strengthening the connections of the columns to top 
beams (2005 to 2017). 

 

2.2.1.3. Lateral Load Bearing System in the Roof of the Wooden Structure 

 

As shown in Figures 5 and 6(d), the original lateral load bearing system of the 
wooden columnar structure exists in the roof and consists of a number wooden 
members horizontally laid around the outer spans between main beams. 
In the restoration works between 2005 and 2017, a horizontal system of steel cables 
consisting of ×-shape bracing in all spans, except the span over the pond, was added 
to the roof, as seen in Figures 12(a) and (b). It is expected that lateral load of wind 
and earthquakes is transferred by this system to the side thick masonry wall. 
The decorated wooden ceiling is hanging and its weight is transmitted to the beams 
inside the roof by wooden connection and original iron strips. In the restoration work 
additional steel hangers were used to give additional strengthened the route of weight 
load from the ceiling to the upper beams (Figures 12(c) and (d)). 
 

    

                                                                                               

 

                                                                      

 

 

 

 

 

 

 

 

Figure 12. Ali Qapu building, the roof of the wooden columnar structure: a) and b) 
adding steel cables as the lateral load bearing system, c) and d) supporting the 

hanging ceiling by steel hangers (2005 to 2017).  

 

a) 
b) 

c) 
d) 
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2.2.1.4. Lightening the Floor of the Veranda 

 

As shown in Figures 5 and 6(d), the original lateral load bearing system of the 
wooden columnar structure exists in the roof and consists of a number wooden 
members horizontally laid around the outer spans between main beams. 

 

    

                                      

 

 

 

 

(a)                                                                     (b) 

 

 

 

    

                                      

 

 

 

 

 

(c)                                                                                  (d) 

Figure 13. Ali Qapu building, the floor of the veranda under the wooden columnar 
structure: a) to c) lightening the floor, d) traditional pavement (2005 to 2017). 
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(c)                                                                                  (d) 

Figure 13. Ali Qapu building, the floor of the veranda under the wooden columnar 
structure: a) to c) lightening the floor, d) traditional pavement (2005 to 2017). 

 

3. CONCLUSION 

 

The Ali Qapu building has undergone two major restoration works. The first 
restoration, which was a comprehensive one, was carried out in the 1960s and 1970s 
and it focused on the main masonry building that was in a dangerous condition. The 
restoration work on the wooden columnar structure remained incomplete. The main 
purpose of the restoration work was to retrieve the integrity of the masonry part. The 
second restoration was carried out from 2005 to 2017 and it concentrated on the 
wooden columnar structure and its supporting veranda. The main purpose of the 
work was to repair the damaged wooden part as well as structural rehabilitation of 
the wooden structure, which also included the insertion of a lateral load bearing 
system of steel cables. A comprehensive seismic assessment of the building should 
be done in near future to evaluate the effectiveness of previous interventions. 
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ABSTRACT 

 

Over the past half-century, many reinforced concrete (RC) buildings were 
damaged by the earthquakes in many unexpected countries. Therefore, seismic 
resistance and reinforcement requirements for RC buildings have significantly 
improved in many countries. Thailand has historically been considered to have a 
low seismic hazard which causes the majority of current existing RC buildings 
were not designed with seismic resistance. A recent seismic design specification 
was published in 2009; however, many older buildings do not satisfy the new 
code and require retrofit. This study proposes a response control method in order 
to seismic retrofit the existing RC building using elasto-plastic dampers to 
develop the seismic performance of the RC buildings. A retrofit method is 
introduced to efficiently distribute the dampers along with the building height. 
Design examples are introduced of 2-story RC school buildings in Thailand, 
which were damaged in the 2014 Mae Lao earthquake, and the predicted responses 
verified using time history analysis. 

 

KEYWORDS: Low-rise RC building, Thailand, Response control, Seismic 
Upgrading, Elasto-Plastic Dampers 
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1. INTRODUCTION 
 

Over the past half-century, many reinforced concrete (RC) buildings were 
damaged by the earthquakes in many regions. Therefore, seismic resistance and 
reinforcement requirements for RC buildings have significantly improved in 
many countries. The majority of currently existing buildings in Thailand were not 
designed with seismic resistance. However, there has been an increase in building 
damage during recent seismic events, and in 2009 the Department of Public 
Works and Town & Country Planning published a seismic design code for new 
buildings (DPT 1302-52, 2009), followed by a code for seismic retrofit (1303-57, 
2014). Shortly after the May 15, 2014 Mae Lao earthquake struck, causing 
extensive damage in older buildings that were constructed before the current 
seismic code was implemented. Much of the damage was observed in reinforced 
concrete (RC) structures, as reported in Lukkunaprasit et al.(2015), and 
Ornthammarath et al. (2016), including some school buildings. Typical Thai 
school buildings are shown in Figure 1, constructed of non-ductile RC moment 
frames with vertical irregularities due to infill masonry walls. The 2-story 
building in Figure 1a received significant structural damage during Mae Lao 
earthquake, as indicated by the severe damage to the beam-column joint at the 
top of ground story columns. 

A conventional retrofit solution for seismically deficient reinforce concrete (RC) 
moment frames is to install a stiff shear wall, which limits drift and ensures that 
the mainframe remains elastic, but imposes large floor accelerations. This implies 
extensive non-structural damage, as building contents and nonstructural 
components are unlikely to be detailed for seismic resistance in Thailand. An 
alternative retrofit solution is to employ energy dissipation devices to control both 
drift and accelerations while protecting the existing structure. 

Supplementary energy-dissipating devices have been reported to be an effective 
seismic retrofit solution for RC frame buildings and have been applied in practice. 
For example, Takeuchi et al. (2009) integrated buckling-restrained braces (BRBs) 
into a new facade of a 6- story RC university building in Tokyo, Japan. Hussain et 
al. (2013) proposed installing chevron braced frame with viscous fluid dampers 
(VFDs) into high-end retail store building in Southern California, United States. 
Sarno et al. (2012) and Khampanit (2014) tested low-rise RC frames retrofitted with 
BRB. Other applications and methods of connecting the BRBs to the RC frame have 
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been proposed by Oviedo et al. (2010), Qu et al. (2012), and Mahrenholtz et al. 
(2014). Sutcu et al. (2014) proposed a retrofit design method for RC frame 
structures where the BRBs are installed in parallel with a supplementary elastic 
steel frame and designed using the equivalent linearization (EQ) method proposed 
by Takeuchi et al. (2002), which is based on a proportional damping distribution. 
Kasai and Ito (2005) and Pu and Kasai (2005) introduced a design method for 
passively controlled systems that minimizes the peak story drift, while Fujishita et 
al. (2015) applied an improved version of this method to an RC frame retrofitted 
with BRBs and an elastic steel frame. 

The challenge in Thailand is that the seismic hazard is relatively small, with response 
control retrofits requiring smaller dampers installed at fewer stories than in a typical 
Japanese or Turkish application. While still a potentially effective retrofit solution, 
the low demands introduce unique challenges in determining an efficient number, 
size and distribution of dampers, as the optimal damper type, distribution and design 
approach may be different from those countries. This study investigates the 
performance of existing response control design methods for elasto-plastic (EP) 
dampers and introduces a new method that permits dampers to be omitted from some 
stories while controlling the vertical irregularity. These are referred to as the constant 
stiffness method. All three The method is then used to design a response control 
retrofit of the 2-story building as shown in Figure 1 and the designs are verified 
through time history analysis. 

                 

 

 

 

 

 

 

Figure 1. School buildings : Observed damage on buildings in 
Thailand by Mae Lao earthquake 
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2. RESPONSE CONTROL METHOD 
 
 
The inelastic story force-displacement response of the bare RC frame is first obtained 
through pushover analysis. While the example structure Figure 1 was subjected to 
large drift and strength degradation due to column bending failure in Mae Lao 2014 
earthquake, only the response up to the target story drift is needed for this analysis, 
set as θtar = 1/150 (0.67%). A tri-linear degrading Takeda model is adopted to 
represent the existing RC frame (Takeda et al. 1970) and is calibrated to match the 
area under the pushover curve at each story i. The post-yield response is assumed 
perfectly plastic (α2 = 0), the yield story drift θfy is limited to 1/100 ~ 1/300 rad, 
and the crack (δfci) to yield (δfyi) displacement ratio initially set as μc = 0.1 
(Takeda et al. 1970), but permitted up to μc = 0.2. The yield shear force Qfyi and 
displacement δfyi are then estimated, and the cracking shear force Qfci and 
displacement δfci are adjusted to produce the same shear force ratio N=Qfyi /Qfci 
and cracked stiffness ratio α1 = [(Qfyi- Qfci)/(δfyi- δfci)]/ Kfi at all stories, where 
the initial story stiffness Kf0i = Qfci/δfci. This treatment reduces the multistory 
frame to a simplified representation, with the same pre-yield stiffness ratio α1, 
crack-to-yield drift ratio μc, ductility μf = δtar/δfyi, and secant stiffness Kfμ 

= pKf0 at each story. The multi-degree of freedom (MDOF) model is then reduced 
to an equivalent singledegree- of-freedom (SDOF) system using the equivalent 
height (Heq), mass (Meq), and stiffness (Kf) (Sutcu et al. 2014). The cyclic hysteretic 
response of the SDOF system is shown in Figure 2 for the cracked and yielding 
stages. 

 

Figure 2. Hysteresis loops for RC frame : (a) Cracked (μcμf > 1, μf < 1), (b) 
Yielding (μf > 1) 
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The hysteretic energy dissipated by the RC frame (Ef) depends on the unloading 
stiffness (Kul), with the unloading stiffness degradation parameter λ assumed as 
0.4 (Takeda et al. 1970). The equivalent hysteretic damping for a constant cyclic 
displacement (h'fμ = h'f0+Ef/4πEfe) is then determined from the hysteretic 
energy Ef, strain energy Efe and intrinsic damping hf0 (assumed to be 0.03 for RC 
structures).As displacement ductility in each cycle varies when subjected to 
earthquake excitation, the Newmark and Rosenblueth (1971) average damping 
concept (Equation1) is employed. 

 

                                                                     

 

However, for simplicity, the average equivalent damping (hfμ) (Equation2) may be 
estimated from the equivalent damping of the maximum cycle (h’fμ) and a calibrated 
damping reduction factor (Rfμ). The average hfμ and peak h’fμ equivalent damping 
are shown in Figure 3a and the corresponding reduction factors Rfμ is shown in 
Figure 3b. 

 

                              

Figure 3. Equivalent damping reduction factor : (a) Equivalent damping and 
(b) Rfμ 

 

The spectral displacement Sd (Tfμ,h fμ) of the bare RC frame is estimated from the 
design elastic displacement response spectrum at the secant period (Tfμ), reduced from 
the 5% damped spectrum using equivalent damping (hfμ) and reduction factor 
proposed by Kasai and Ito 2005 (with a = 25). The secant period is given by 

Equation 1 

Equation 2 
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Equation3 and uses the secant stiffness (Kfu) of the bare RC frame at the target drift. 
The roof drift of the bare RC frame (θfμ) is estimated from Equation4 and dampers 
are required if θfμ exceeds the target story drift θtar. 

 

 

 

 

 

Supplementary dampers are effective in controlling drifts and enhancing the system 
energy dissipation, but the damper strength and stiffness distribution is important to 
minimize story drift concentration and to avoid a soft story. In this study, the constant 
stiffness method, where damper stiffness (Kd) is assigned in  proportion  to  the  frame  
(Kf),  is  introduced. The method is presented for the RC frame retrofitted with elasto-
plastic (EP) dampers, which are placed within a supplemental elastic steel frame 
(SF). The damper-to-frame stiffness ratio (Kd/Kf) is a key parameter to obtain the 
damper demand and performance in each of these methods. 

The concept of the constant stiffness method is described for the case of EP placed 
with an additional elastic steel frame to retrofit a yielding RC frame. 

A simple elasto-perfectly plastic hysteresis rule is assumed for the EP damper, while 
the supplemental steel frame is assumed to remain elastic through at least the design 
drift, as indicated in Figure 4. The combined system response is shown in Figure 5. 

 

 

Equation 3 

Equation 4 

Figure 4. Elasto-plastic damper and elastic steel frame force-
displacement models 
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Figure 4. Elasto-plastic damper and elastic steel frame force-
displacement models 

 

 

 

The acceleration and displacement responses are affected by the increased equivalent 
damping (damper ductility) and stiffness (period shift). The damping response 
reduction factor Dh proposed by Kasai et al. (2005) is adopted, with a=25 is used for 
this study.  The period shift effect (TΣμ/Tfμ) is calculated from the secant stiffness 
of RC frame (Kfμ) and overall system (KΣμ), based on the following assumptions:  
(a) Tfμ and hfμ are assumed constant at all displacement amplitudes.  
(b) The story drift of the bare RC frame θfμ exceeds the target drift θtar and therefore 
dampers are required  
(c) The story drift of the overall system θΣ equals the target drift θtar   
The required Kd/Kf ratio is denoted as rdEP and is given by Equations 5(a) and 5(b) 
for the RC frame cracking and yielding stages, with ɣs the elastic steel frame (KSF) 
to damper stiffness (Kd) ratio. 
 

  
 
 
 
 
 
 
 
 
 

Figure 5. Overall behavior of system model : (a) Cracked (μcμf > 1, μf < 1), (b) 
Yielding (μf >1) 

Equation 5.a 

Equation 5.b 
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The required number of dampers ni at story i is calculated from the required damper 
stiffness Kdi (given the required stiffness ratio rdEP and frame story stiffness Kfi), 
the damper yield story drift δdyi, and the shear strength Qdy1 of one unit, as indicated 
by Equation6. 
 
 
 
 
 
3. VALIDATION OF THE DESIGN METHOD  
 
3.1. Design example  
 
This section applies the proposed retrofit design procedure to the 2-story RC school 
buildings depicted in Figure 1, which requires seismic retrofit. Thailand Seismic 
Design Code is based on ASCE 7-05 (DPT 1302-52, 2009), and the design level 
spectral response acceleration parameters for these structures are SDS = 0.56(g) and 
SD1 = 0.24(g) (site class D, Phan, Chiang Rai), approximately half of the seismic 
demands in Japan and other seismic prone regions.  

Pushover curves and calibrated tri-linear Takeda models for the 2-story building are 
shown in Figure 6 for the first floor and roof, respectively. The story masses of the 
2-story building are 266 and 172 ton at the first and roof stories, respectively, and 
the fundamental period of the bare RC frame is 0.59s in both the longitudinal and 
transverse directions. Structural properties of the bare SDOF RC structures are 
summarized in Table 1. The ratio of the area under the pushover curves and tri-linear 
model (Apushover/Atri) are close to 1.0 at each story, indicating a good fit.  

 
 

Equation 6 
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Equation 6 

Figure 6. Pushover curve and tri-linear model of 2-story building :(a) Longitudinal 
direction for first story, (b) Transverse direction for first story, (c) Longitudinal 
direction for second story, (d) Transverse direction for second story  

 

Table 1. Characteristic of bare RC Frame 

 

Retrofits applying EP dampers are designed according to the constant stiffness 
method. The EP damper demands are summarized in Tables 2, where β is an angle 
of the dampers. The damper stiffness using the constant stiffness method are 
obtained from Equation 5(b) for 2- story building. The required EP damper strengths 
are less than 100 kN, which is much smaller than typically used in Japan, and difficult 
to economically achieve with EP dampers. While the EP dampers retrofit reduce the 
fundamental period of 2-story building in both directions from 

0.59 sec to 0.51 when retrofit the RC building with EP dampers. 
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Table 2. EP damper distributions for 2-story building model 

 

3.2. Effectiveness of the concept 

To validate the retrofit designs, nonlinear time-history was conducted, targeting the 
design acceleration response spectrum described earlier (SDS = 0.56(g) and SD1 = 
0.24(g)). Two suites of ground motions were used, reflecting common practice in 
Japan and the US, which the Thai code is based upon. First, a suite of four earthquake 
ground motions were spectrally matched, consisting of El Centro NS (1940), JMA 
Kobe NS (1995), TAFT EW (1925), and Hachinohe NS (1968). The duration of four 
observed waves was 30 s for each wave, and compared to the design spectrum in 
Figure 7(a). Additionally, a suite of 11 scaled single component records were 
selected from the PEER NGA2 ground motion database 2 (Figure 7(b)). Scaling was 
conducted over a target period range of 0.2T1,min and 1.5T1,max following ASCE 
7-16, where T1,min and T1,max are the minimum and maximum fundamental 
periods from the two models, resulting in a target period range of 0.1 to 2 sec. 
Records were limited to strike-slip events with magnitudes of 6 ≤ Mw ≤ 7.5 within 
20km and on soil class D (180 ≤ Vs,30 ≤ 360m/s), consistent with the dominate 
seismic hazard in the Chiang Rai province and local site conditions. Scale factors 
varied from 0.5 to 2.0, and the average spectrum matches or exceeds the target 
spectrum over the range of interest. While the average acceleration response spectra 
are similar for both suites, the average displacement spectra exceeds the design 
spectra by a relatively large margin for the scaled suite at periods greater than 1s, as 
shown in Figure 7. 
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Figure  7.5% damped response spectra : (a) Matched suite, (b) Scaled suite 
and (c) Displacement spectra 

 
Maximum story drifts of the bare RC frame and the retrofitted models using EP 
dampers are shown in Figure 8 for the 2-story building. Only the longitudinal 
direction is shown here as the response is similar in the two orthogonal directions. 
Drift is concentrated at the first story, exceeding the target story drift angle and 
matching the observed damage experienced during the Mae Lao earthquake.  

Using the spectrally matched suite, adding dampers in proportion to the RC frame 
stiffness using the constant stiffness method improves the seismic performance of 
the retrofitted building. The second story drift under all ground motions is 0.2% for 
design using the constant stiffness method (Figure 8(b)) but increases to 0.67% to 
0.78% at the first story.  

The scaled ground motions produce a similar average drift distribution for the 2-
story building (Figure 8), but exhibit greater record-to-record variability. 

Figure 8. Maximum story drifts in transverse direction: (a) Existing RC frame and 
(b) Retrofitted building 
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4. CONCLUSIONS  
 
A response control retrofit based on equivalent linearization was introduced to assign 
an efficient elasto-plastic damper distribution. The proposed method was compared 
to existing damper distribution procedures developed for countries with a severe 
seismic hazard and applied to a 2-story RC school building representative of typical 
Thai school buildings that were severely damaged in recent earthquakes. The results 
indicated that assigning damper stiffness in proportion to the bare RC frame stiffness 
using the introduced response control method improved the seismic performance of 
the upgrading building and the average maximum story ratio can control within the 
design target. 
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ABSTRACT  

Istanbul is Turkey's largest metropolis and is one of the region's leading cities in 
terms of economy and culture. Due to the expected great Istanbul earthquake, the 
urban transformation application remains popular in Turkey and its popularity is 
increasing day by day. It is important for Turkey, which is a developing country, to 
rapidly transform and renew its old building stocks. In this study, a case analysis of 
a building considered to be risky are conducted. An earthquake risk analysis of the 
building was carried out within the scope of the law on the transformation of areas 
under disaster risk numbered 6306. In earthquake calculations, response spectrum 
analysis has been used. The concrete and steel classes used in the building has been 
examined. The material properties of the structural building components has been 
investigated by using destructive and non-destructive methods. The average concrete 
compressive strengths, steel reinforcement types, stirrup spacing, and corrosion rates 
of the building has been examined. The principles in the RYTEIE-2019 regulation, 
which are used to determine the buildings considered as risky, are examined. The 
performance analysis results of the building has been evaluated according to TBEC-
2018 and RYTEIE-2019. In the study, the average existing concrete strength of the 
building is found 9.42 MPa according to experiments. It has been determined that 
plain rebar S220 steel, which is not allowed to be used today, was used in the 
construction of the building. As a result of the analysis, it has been concluded that 
the performance of the building is insufficient under lateral and vertical loads and it 
has been observed that all floors of the building are risky. 

KEYWORDS: Urban transformation, case study, earthquake, reinforced concrete 
buildings, RYTEIE-2019, TBEC-2018. 
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1. INTRODUCTION 

The population in cities is increasing day by day. The economic conditions created 
by the cities allowed people to migrate from the rural to the cities. Urban 
transformation refers to the efforts carried out to revive the urban texture that has 
lost its purpose. Urban transformation initiatives are becoming increasingly 
important in Istanbul as the city's population grows. One of the main aims of urban 
transformation is to eliminate risky buildings and reconstruct them with earthquake-
resistant structures. Urban transformation projects are important not only for 
earthquakes but also for all natural disasters that may occur. Urban transformation is 
a necessity for Istanbul, not only to prevent the destruction caused by the earthquake, 
but also to increase the quality of life of people and to ensure both social and physical 
sustainability [1]. For this reason, it is necessary to identify risky buildings and to 
transform these risky buildings to construct safer buildings. Urban transformation is 
carried out to solve problems such as the need for renewal of the city, inadequate 
infrastructure in areas that have lost their function [2]. 

 

Earthquakes cause loss of life and injuries by damaging people's living spaces. 
Thousands of people die today due to the damage caused by the earthquake. Urban 
transformation projects play an important role in the development of cities. Although 
there is a 15% margin of error according to the Istanbul earthquake master plan 
prepared in 2003, it has been stated that an earthquake of 7.0 or greater will be seen 
in Istanbul with a probability of 62% in thirty years [3]. Since the earthquake risk 
cannot be completely eliminated, the risk should be minimized [4]. In order to 
minimize the risk, the demolition and rebuilding of the buildings within the scope of 
urban transformation or strengthening will reduce the loss of life and injuries in the 
expected great Istanbul earthquake. It is aimed to ensure the active and continuity of 
production-marketing and trade zones with urban transformation projects [5]. With 
the urban transformation projects, the problems of the depressed areas are eliminated 
and the welfare of the city life is increased [6]. 

 

 

Istanbul acts as a bridge connecting Europe and Asia (Fig. 1). The city, which has 
hosted many civilizations over the years, has the distinction of being the largest 
economic city in the region due to its location. The population of Istanbul in 2021 is 



143

PROOCEDINGS OF INTERNATIONAL CONFERENCE ON ISTANBUL AND EARTHQUAKE 2022

1. INTRODUCTION 

The population in cities is increasing day by day. The economic conditions created 
by the cities allowed people to migrate from the rural to the cities. Urban 
transformation refers to the efforts carried out to revive the urban texture that has 
lost its purpose. Urban transformation initiatives are becoming increasingly 
important in Istanbul as the city's population grows. One of the main aims of urban 
transformation is to eliminate risky buildings and reconstruct them with earthquake-
resistant structures. Urban transformation projects are important not only for 
earthquakes but also for all natural disasters that may occur. Urban transformation is 
a necessity for Istanbul, not only to prevent the destruction caused by the earthquake, 
but also to increase the quality of life of people and to ensure both social and physical 
sustainability [1]. For this reason, it is necessary to identify risky buildings and to 
transform these risky buildings to construct safer buildings. Urban transformation is 
carried out to solve problems such as the need for renewal of the city, inadequate 
infrastructure in areas that have lost their function [2]. 

 

Earthquakes cause loss of life and injuries by damaging people's living spaces. 
Thousands of people die today due to the damage caused by the earthquake. Urban 
transformation projects play an important role in the development of cities. Although 
there is a 15% margin of error according to the Istanbul earthquake master plan 
prepared in 2003, it has been stated that an earthquake of 7.0 or greater will be seen 
in Istanbul with a probability of 62% in thirty years [3]. Since the earthquake risk 
cannot be completely eliminated, the risk should be minimized [4]. In order to 
minimize the risk, the demolition and rebuilding of the buildings within the scope of 
urban transformation or strengthening will reduce the loss of life and injuries in the 
expected great Istanbul earthquake. It is aimed to ensure the active and continuity of 
production-marketing and trade zones with urban transformation projects [5]. With 
the urban transformation projects, the problems of the depressed areas are eliminated 
and the welfare of the city life is increased [6]. 

 

 

Istanbul acts as a bridge connecting Europe and Asia (Fig. 1). The city, which has 
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15 840,900 according to the data [7]. If Istanbul suffers great damage in the expected 
great Istanbul earthquake, it will cause difficulties for the country and the region 
(Fig. 2). The expected great Istanbul earthquake poses a great threat to Istanbul. 
Especially, it is necessary to examine the buildings built before 2000 and to control 
them against earthquakes. Turkey has been exposed to many great earthquakes in the 
past years. Some of the recent great earthquakes in Turkey are given in table 1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Earthquake Mw 
Caldıran Earthquake (1976) 7.5 
Golcuk Earthquake (1999) 7.4 
Duzce Earthquake (1999) 7.2 
Bingol Earthquake (2003) 6.4 
Van Earthquake (2011) 7.2 
Elazig Earthquake (2020) 6.8 
Izmir (Seferihisar) Earthquake (2020) 6.6 

Figure 1. Istanbul Map  [8] 
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2. BUILDING INFORMATION 

The building under investigation is located in the province of Istanbul. The building 
was built before 2000. As stated in RYTEIE-2019, buildings with a height of up to 
30 meters including the basement floor or structures with less than 10 floors are 
considered as low-rise [10]. The low-rise reinforced concrete building, which has a 
total of seven floors, has  frame structural system. The floor type of the building is 
beam and slab floor. The ground floor was chosen as the examination floor for the 
samples to be taken from the building. The reason for selecting the ground floor of 
the examination floor is that it is the lowest building floor with all its facades exposed 
throughout the floor height. There are 48 vertical structural members on the 
examination floor. Although the building has structural system projects, the 
knowledge level of the building has been chosen as minimum according to RYTEIE-
2019 since the production of the building is not the same as the projects. The other 
structural system information of the building and the information of the ground floor 
are given in table 2. 

 

  

 

 

 

Total building area (m2) 3448,63 
Building size (m) 30,2 x 13,6 
Building total height (m) 19,6 
Average floor height (m) 2,8 
Column size (cm) 30 x 60 
Beam size (cm) 15 x 50 
Slab thickness (cm) 10 

Figure 2. Turkey Earthquake Risk Map  [9] 

Table 2. Building structural system information 
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Table 2. Building structural system information 

The ground class of the building was determined by ground survey as ZD according 
to TBEC-2018 [11]. Concrete samples taken from the ground floor columns, which 
are the examination floor, were taken as 85% of the average found after the 
correction, and the concrete strength of the building was found as 9.42 MPa and the 
elasticity modulus of the concrete was calculated as 15344 MPa. It has been 
determined that plain rebar (S220) is used in the longitudinal and transverse 
reinforcements used in the building. Corrosion was observed in the column 
reinforcements. Rebar diameters decreased due to corrosion. The average corrosion 
rate of the four columns in the examination floor is found to be 4.46%(Table 3). In 
Equation 1, the equation used to calculate the corrosion rate is given. 

Corrosion	Rate = 1 − 7
Measured	Rebar	Diameter

Rebar	Diameter	In	The	Project
D 

 

 

Column 
number 

Corrosive 
rebar 
diameter 
(mm) 

Corrosion-
free rebar 
diameter 
(mm) 

Rebar 
diameter 
reduction 
amount 

Corrosion 
rate (%) 

Average 
corrosion 
rate (%) 

Column-1 13.86 14 0.14 1.00  
4.46 Column-2 12.79 14 1.21 8.64 

Column-3 12.89 14 1.11 7.93 
Column-4 13.96 14 0.04 0.29 

 

In Figure 3, the schematic of the process called destructive stripping from the column 
of a building where a risky structure has been detected is shown. The average 
reinforcement ratio is calculated as 0.00630 for the columns in which reinforcement 
is determined in the examination floor. It has been observed that Ø12 and Ø14 are 
used in the longitudinal reinforcement of the columns. In Table 4, the reinforcement 
calculation for the columns in which the reinforcement was determined by 
destructive and non-destructive methods is given in the examination floor. It has 
been observed that Ø8 rebar is used in transverse reinforcement and it is 
manufactured at 25 cm intervals. It has been observed that there are no hooks on 
transverse reinforcement in the columns.  

 

       (1) 

Table 3. Corrosion rates 
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Detection 
method 

Column 
number 

Column 
size 

Number 
of 
equipment 

Rebar 
diameter 
(mm) 

Rebar 
class 

Rebar 
Ratio 

Average 
reinforcement 
ratio 

Destructive Column-
1 

30 x 60 10 14 S220 0.00855  
 
 
  
 
 
 
0.00630 

Destructive Column-
2 

30 x 60 8 14 S220 0.00684 

Destructive Column-
3 

30 x 60 8 14 S220 0.00684 

Destructive Column-
4 

30 x 60 8 14 S220 0.00684 

Non-
destructive 

Column-
5 

30 x 60 8 12 S220 0.00503 

Non-
destructive 

Column-
6 

30 x 60 8 12 S220 0.00503 

Non-
destructive 

Column-
7 

30 x 60 8 12 S220 0.00503 

Non-
destructive 

Column-
8 

30 x 60 10 12 S220 0.00628 

Table 4. Rebar ratio calculation in columns 
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3. FINITE ELEMENT ANALYSIS OF BUILDING 

 

The analysis of the building has been carried out with the three-dimensional analysis 
program STA4Cad V.14.1 [12]. In the analysis phase, the DD-2 earthquake ground 
motion level is used. Dynamic analysis is performed using spectral acceleration 
method in earthquake calculation. TS500(2000) is used in the reinforced concrete 

Figure 3. Longitudinal and transverse reinforcement determinations by stripping 
method in columns (RYTEIE-2019) 
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calculation method [13]. The soil bearing coefficient is found to be 11000 kN/m3 and 
the soil safety stress is 90 kN/m2. The beam reinforcement calculation was found 
under the vertical loads (1.4G+1.6Q) specified in TS500. Beam lower support 
reinforcement is taken into account by taking 1/3 of the upper support reinforcement. 
Table 5 shows the parameters used in the analysis of the building. According to 
RYTEIE-2019, no additional eccentricity was applied in the modelling of the 
building. Beams and columns are modelled as frame elements. Controlled damage 
performance level was determined as the performance limit in the analysis. In the 
modal analysis, 21 modes were included in the analysis and the mode participation 
rate was 99% in the x and y directions. These ratios calculated for the analysed 
building meet the 95% dynamic mass ratio stated by TBEC-2018. 

 

 

  

 

 

 

 

 

 

 

 

As a result of the analysis, the building dominant period is found to be 1.7405 
seconds. After the analysis, the total mass of the building is calculated as 3726.59 
tons. No vertical irregularities are detected in the building. 

 

 

 

 

Response reduction factor (R) 4,0 
Overstrength factor (D) 2,5 
Live load participation (n) 0,3 
Knowledge level coefficient 0,9 

Importance factor (I) 1 

Ss 1,261 

S1 0,340 

Seismic design class (DTS) 1 

Permitted height categories (BYS) 5 

Building use categories (BKS) 3 

Table 5. Parameters used in the analysis of the building 
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Response reduction factor (R) 4,0 
Overstrength factor (D) 2,5 
Live load participation (n) 0,3 
Knowledge level coefficient 0,9 

Importance factor (I) 1 

Ss 1,261 

S1 0,340 

Seismic design class (DTS) 1 

Permitted height categories (BYS) 5 

Building use categories (BKS) 3 

Table 5. Parameters used in the analysis of the building 

4. CONCLUSIONS  

 

Samples were taken from the examination floor of the low-rise reinforced concrete 
building, and the structural element properties of the building were determined. After 
the examinations and analyses of the building, it has been stated that the building 
will be risky if any floor is risky according to the principles regarding the detection 
of risky structures in RYTEIE-2019. As a result of the analysis, all floors of the 
building were determined as risky. The building has insufficient performance against 
earthquakes in its current form. The building needs demolition or strengthening. 
Corrosion rate was found as 4.46% in the four columns on the examination floor and 
it was concluded that the concrete cover in the examined columns is insufficient. The 
plain rebar (S220) used in the building should no longer be used today according to 
the current TBEC-2018. The concrete strength of the building was found to be 9.42 
MPa. This value found is well below the minimum C25/30 strength required by the 
Turkish building earthquake code. Against the expected great Istanbul earthquake, 
many old buildings in Istanbul are not still earthquake resistant and the building stock 
is not at a sufficient level. It can be concluded that many buildings in Istanbul built 
before the year 2000 are not earthquake resistant as the building analyzed in this 
study. Urban transformation projects should be accelerated for the province of 
Istanbul and measures should be taken for the great Istanbul earthquake, which will 
affect at least 1 million people. 
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ABSTRACT  

 

Reinforced concrete carrier systems may show different behavior types due to the 
fact that are composite materials due to their structure. There are many studies on 
the behavior of reinforced concrete structural systems. Experimental studies for this 
purpose have limited number of experimental samples. The reason for that requires 
cost and high workforce. In addition, these studies are usually carried out on one or 
more parameters that affect the behavior of reinforced concrete carrier systems. 
However, thanks to the analytically correct modeling of the studies, the effect of 
multiple parameters on the behavior can be verified over a large number of samples. 
For this purpose, analytical modeling of a reinforced concrete column, which has 
been experimentally investigated, has been made within the scope of this study. In 
this context, it has investigated to find the model closest to the experimental result 
by using the Seismo-Struct program. In addition, the effect of the material models 
that most accurately reflect the experimental behavior has investigated. The most 
suitable binary combinations in the concrete and steel models examined at the end 
of the study are explained in the results section. Thanks to this study, it is planned to 
allow the limited number of experimental samples to be reproduced and examined 
under different parameters. 

 

KEYWORDS: Analytic model, Seismo-Struct, Experimental study. 
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1. INTRODUCTION 

 

The behavior of reinforced concrete systems varies according to the physical 
properties of the material used. In order to analyze the behavior of reinforced 
concrete systems, it is necessary to know the mechanical properties of the main 
materials used in them. Therefore, the behavior of concrete and steel used in 
reinforced concrete systems guides us. For many years, researchers have been trying 
to understand the behavior of reinforced concrete systems by doing different studies. 
With the increase in the use of computers and the development of software, these 
software have started to be used in the analysis of reinforced concrete systems. 

In this study, a previously experimental model was compared with the analytical 
models created with the seismo-struct program. 

 

2. MATERIAL PROPERTIES 

 

2.1. Experimental Study  

 

In the experimental study conducted by Soesianawati, the test sample with the 
dimensions (400 mm. * 400 mm) whose properties are given in Table-1 was taken 
as basis. For a correct comparison, it is modeled in the Seismo-Struct program with 
the same material properties and the same dimensions. 

 

Table 1. Material Properties of Experimental Study 

 

Material Properties Grade Yield Stres Strength

Concrete 40 Mpa

Longitudinal Steel 380 446 Mpa 702 Mpa

Transverse Steel 275 255 Mpa 402 Mpa
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models created with the seismo-struct program. 

 

2. MATERIAL PROPERTIES 
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In the experimental study conducted by Soesianawati, the test sample with the 
dimensions (400 mm. * 400 mm) whose properties are given in Table-1 was taken 
as basis. For a correct comparison, it is modeled in the Seismo-Struct program with 
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Table 1. Material Properties of Experimental Study 

 

Material Properties Grade Yield Stres Strength

Concrete 40 Mpa

Longitudinal Steel 380 446 Mpa 702 Mpa

Transverse Steel 275 255 Mpa 402 Mpa

Figure 1. Soesianawati Experimental Study (Soesianawati et al. 1986, No. 4). 

 

2.2. Material Models 

Material models designed in the Seismo-Struct program, which we will use for the 
analytical models of the experimentally studied system, are listed as items. 

• Mander Concrete Model 

• Trilinear Concrete Model 

• Chang and Mander Concrete Model 

• Kappos and Konstantinidis Concrete Model 

• Bilinear Reinforcement Model 

• Menegetto-Pinto Reinforcement Model 

• Ramberg-Osgood Reinforcement Model 
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Table 2. Material Properties of Analytic Models 

 

 

 

 

 

 

 

 

 

 

 

3. ANALYTICAL RESULTS 

The load-displacement relationship of the models used in this study is shown in 
Figure 2-13. 

 

 

 

 

 

 

 

 

 Figure 2. Mander Concrete -Menegotto Pinto Steel Model – M01 

Model Name Concrete Model Steel Model

M01 Mander Menegotto Pinto
M02 Mander Bilinear
M03 Mander Ramberg Osgood
M04 Trilinear Menegotto Pinto
M05 Trilinear Bilinear
M06 Trilinear Ramberg Osgood
M07 Chang And Mander Menegotto Pinto
M08 Chang And Mander Bilinear
M09 Chang And Mander Ramberg Osgood
M10 Kappos and Konstantinidis Nonlinear Menegotto Pinto
M11 Kappos and Konstantinidis Nonlinear Bilinear
M12 Kappos and Konstantinidis Nonlinear Ramberg Osgood
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 Figure 3. Mander Concrete -Bilinear Steel Model – M02 

Figure 4. Mander Concrete -Ramberg Osgood Steel Model – M03 
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 Figure 5. Trilinear Concrete -Menegotto Pinto Steel Model – M04 

Figure 6. Trilinear Concrete - Bilinear Steel Model – M05 
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 Figure 5. Trilinear Concrete -Menegotto Pinto Steel Model – M04 

Figure 6. Trilinear Concrete - Bilinear Steel Model – M05 
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Figure 7. Trilinear Concrete – Ramberg Osgood Steel Model – M06 

 

 

 

 

 

 

 

 

Figure 8. Chang and Mander Concrete -Menegotto Pinto Steel Model – M07 

 

 

 

 

-400

-300

-200

-100

0

100

200

300

400

-60 -40 -20 0 20 40 60

Lo
ad

 (k
N

)

Displacement (mm)

Experimental Data

Analytical Result

-400

-300

-200

-100

0

100

200

300

400

-60 -40 -20 0 20 40 60

Lo
ad

 (k
N

)

Displacement (mm)

Experimental Data

Analytical Result



158

İSTANBUL AYDIN ÜNİVERSİTESİ YAYINLARI / ISTANBUL AYDIN UNIVERSITY PUBLICATIONS

 Figure 9. Chang and Mander Concrete - Bilinear Steel Model – M08 

Figure 10. Chang and Mander Concrete – Ramberg Osgood Steel Model M09 
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 Figure 9. Chang and Mander Concrete - Bilinear Steel Model – M08 

Figure 10. Chang and Mander Concrete – Ramberg Osgood Steel Model M09 

 

  

 

-300

-200

-100

0

100

200

300

-60 -40 -20 0 20 40 60

Lo
ad

 (k
N

)

Displacement (mm)

Experimental Data

Analytical Result

-300

-200

-100

0

100

200

300

-60 -40 -20 0 20 40 60

Lo
ad

 (k
N

)

Displacement (mm)

Experimental Data

Analytical Result

Figure 11. Kappos ve Konstantinidis Concrete -Menegotto Pinto Steel Model -M10 

 

 

Figure 12. Kappos ve Konstantinidis Concrete - Bilinear Steel Model - M11 
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Figure 13. Kappos ve Konstantinidis Concrete – Ramberg Osgood Steel 
Model – M12 

 

4. CONCLUSION 

 
When we compared the material pairs used with the experimental sample, the M01 
model gave the closest result to the experimental study. The M07, M12, M13 models 
are far from the result. Kappos and Konstantinidis converge with the concrete model 
Menegotto-Pinto. Among the Trilinear concrete models, it gives approximate results 
only with the Menegotto-Pinto steel model. Chang and mander moved away from 
the result with the concrete model Menegotto-Pinto. Therefore, the Mander concrete 
model and the Menegotto-Pinto steel model are the closest material models. 
However, considering that the Chang and Mander concrete model is not compatible 
with the Menegotto-Pinto steel model, it would be best to choose the material models 
we will use as pairs that are compatible with each other. 

As a result, it is possible to obtain results close to the experimental results by 
coherent modeling of Seismo-Strcut models. 
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Figure 13. Kappos ve Konstantinidis Concrete – Ramberg Osgood Steel 
Model – M12 
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ABSTRACT  

As an engineer, we create these structural elements in the most appropriate way to 
ensure adequate load and force transfer in the design of the carrier system. 
Depending on various factors, although we need to connect the end points of the 
beam elements to the columns and shear walls, we may ignore this situation and 
connect the beams together or go through without making beams. In this case, 
discontinuities and irregularities may occur in the load and force transfer in the 
structure. If there are frames that cannot provide continuity at a sufficient level, this 
transfer to columns and walls should be carried out by floors instead of beams. 
However, floors, due to their structural features, cannot perform this load transfer. 
Due to the magnitude of the horizontal forces, conditions such as buckling, and 
shrinkage occur in the floors. 

Due to the discontinuity of the structural system, various rules have been introduced 
to the designers in order to prevent such discontinuities in various public codes. In 
this study, it was stated with some studies that beam discontinuities should be 
included in the Code, therefore it was discussed that various methods determined in 
other Codes could be used. It has been pointed out that various coefficients can be 
calculated for the classification of structures with beam discontinuities. 

In this study, the reliability of the structural systems in line with these coefficients 
and the reactions occurring in the elements were investigated in accordance with the 
coefficients calculated depending on the beam discontinuity in the structures under 
consideration. It has been observed that the coefficients work proportionally with the 



164

İSTANBUL AYDIN ÜNİVERSİTESİ YAYINLARI / ISTANBUL AYDIN UNIVERSITY PUBLICATIONS

change of beam discontinuities in the structure. In addition to this approach, it has 
been shown by examining the shear forces in the columns that the effect of 
discontinuity can be reduced by adding shear walls to the structure. 

As a result, it has been observed that due to the discontinuities of the beams in the 
structural system, much higher loads are placed on the columns and damage occurs 
as a result of these loads. It has been noted that these damages can be prevented by 
using shear walls. 

KEYWORDS: Beams columns disconnections, Earthquake, Collapse. 

1. INTRODUCTION 

There are various reasons why columns are not connected with beams. Mostly, 
beams are not desired in building corridors and halls, due to architectural concerns, 
in order not to create a drooping appearance. In this case, a long flooring system is 
formed in the corridor running in one direction. Depending on the slab opening, slab 
vertical moments also take small values. Since the horizontal load effects are not 
taken into account in the slab static reinforced concrete calculations, the slab 
thickness can be calculated as a small value. However, slabs can form a unity plane 
with the beams and can transmit earthquake loads to the columns. 

Disadvantages of not connecting columns with beams: 

• Horizontal load (earthquake/wind) transfer becomes difficult. 

• The floor cannot act rigidly enough, the distribution of the horizontal force on the 
columns and shear walls becomes uneven. 

• Under the influence of horizontal force, the floor may buckling. 

• Shrinkage effects become evident. 

• Since it does not form a frame, the column is forced excessively. 

 

Meral, E., within the scope of her study, investigated the effects of recessed balcony 
type sections in reinforced concrete buildings on the earthquake behavior of 
structures. He analyzed the structures with non-linear time history analysis method, 
classified them according to the type of irregularity, number of floors, and made 
analyzes and compared the parameters of the structures such as base shear force, 
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columns and shear walls becomes uneven. 

• Under the influence of horizontal force, the floor may buckling. 

• Shrinkage effects become evident. 

• Since it does not form a frame, the column is forced excessively. 

 

Meral, E., within the scope of her study, investigated the effects of recessed balcony 
type sections in reinforced concrete buildings on the earthquake behavior of 
structures. He analyzed the structures with non-linear time history analysis method, 
classified them according to the type of irregularity, number of floors, and made 
analyzes and compared the parameters of the structures such as base shear force, 

vertex displacements and maximum relative story drifts. As a result, it has been 
determined that the base shear forces are low and the displacement demands are 
higher in the beamless recessed balcony buildings compared to the other analyzed 
buildings. 

In the study of Mert, N., Kasap, H. et al., the effect of beam discontinuities in 
structures on structural performance was investigated and earthquake behavior was 
investigated. Analyzes were made by considering the reference model without beam 
discontinuities and the model with different discontinuities. They compared the 
period, base shear, relative story drifts and A1 torsional irregularities of the 
structures. 

 

Seven, S., and Keleşoğlu, Ö., in their study, investigated the effective relative storey 
drifts in structures with beam discontinuities and, accordingly, the second-order 
effects. They analyzed and compared buildings with different storeys according to 
different types of discontinuity and irregularity. In the light of the data obtained as a 
result of the study, they have seen that the effective relative storey drift and second 
order effects of the structures with beam discontinuity are high numerically and 
approach the limit values. 

Due to the lack of space in terms of architecture, space is gained by constructing 
structures that come out as cantilevers outside the vertical bearing systems of the 
building, which are known as recessed balcony in our country and in almost all 
countries of the world. In building designs where all the effects of earthquakes are 
met with reinforced concrete frames with high ductility level, it is tried to transfer 
the horizontal earthquake loads by taking into account architectural concerns, with 
beams formed on the outer contour of the building, apart from the column axes. Can 
this design provide sufficient earthquake loads to be transmitted? 

Is it possible to provide the transmission of earthquake loads with a fictitious beam 
that will remain in the floor in structures with recessed balcony? 

In systems designed as non-beam slabs, can the horizontal earthquake loads be 
transferred with slabs in the sections with recessed balcony by connecting the 
columns to each other with beams?  

 

What can be done to avoid this situation. 
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Columns should be connected to each other with beams and discontinuities in beam 
axles should be eliminated. 

 

 Figure 2. Continuity Recommendations in Beam [1] 

Discontinuities in beams cause more strain on the columns. This causes more 
damage to the columns. As can be seen in Figure 2, the columns were heavily 
damaged due to discontinuities in the beams. 
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Figure 3. Columns damaged by the effect of discontinuous beams [1] 

One of the factors that allows the discontinuities in the beams to be tolerated is the 
presence of sufficient amount of shear wall in the structure. When the studies on 
reinforced concrete shear walls are examined, it is recommended that the total 
building area should contain 1.5 per thousand of the wall [2], [3], [4]. Recommended 
Shear Wall Ratios in the Building as follows [2], [3], [4]. 

 

There should be columns at the connection point of the beams. In this case, the cross-
sectional effects of the beam are transferred to the columns in the shortest way. In 
the absence of columns at the connection point of the beams, stud beam irregularity 
occurs. One of the beams carries the other. Loads cannot be transferred directly to 
the beam, they are transferred from beam to beam. Which beam carries the other 
depends on beam stiffnesses, and is not always clear-cut. It is not always possible to 
prevent this disorder. When a column is placed at each beam-beam junction, very 
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close columns and beams with very small spans are formed. For this reason, some 
beams have to be studded. However, stud beams should be avoided as much as 
possible. The worst and worst thing to do is to get a studded beam into another beam. 

 

Drawbacks and precaution: 

•Beam load is transferred from beam to beam indirectly, not to columns in the 
shortest way. 

•The reaction of the transported beam acts as a singular force on the carrying beam. 

•Moment and shear force of bearing beam is high. 

• Large deflection occurs in the carrying beam. 

• Torsional moment occurs in the bearing beam. 

• Obvious shear and tension cracks occur in the bearing beam. 

•Transmission of horizontal force from column to column becomes difficult. 

• The carried beam must be attached to the carrying beam with special precautions 
(suspended rods). 

• Beam with studs should be wrapped with tight stirrups [1]. 

In Özmen’s study, beam discontinuities were examined and the optimum 
discontinuity coefficient was proposed [5]. A circular of Kadıköy Municipality 
Directorate of Zoning Affairs, referring to the regulation, shows that beams should 
be made continuously. 

In Bal and Özdemir’s study, it was emphasized that beam discontinuities should also 
be considered within the scope of earthquake code. It is stated in the regulation that 
it is necessary to give a method that obliges the control of column-slab joints as well. 
It has been suggested that a similar application exists and can be implemented in 
ACI 350. 

In Mustafa Erkan’s study, an  a beam discontinuity coefficient has been defined for 
beam discontinuities, and it has been found that structures with an alpha value greater 
than 70 percent are undamaged and this coefficient criterion used is appropriate. 
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 Figure 4. Recommended Alpha Beam Coefficient Calculation 

Ozmen also determined 3 building types in his study. In the first two of these building 
types, values less than 70% were obtained. In Building Type 3, it achieved values 
greater than 70% and emphasized that the building was sufficient in terms of 
performance at values greater than 70%. He determined the earthquake shear force 
in the columns for building types 1, 2 and 3, and accordingly, it showed that the 
columns connected by beams received greater earthquake force. It has been shown 
that this causes problems with an α value of less than 70 percent. It is stated that the 
alpha coefficient criterion in the solved examples is a recommended reliable method. 

2. EXAMPLE STUDY 

 

Producing solutions to all kinds of problems is seen as a necessity of engineering in 
a way. Due to various reasons, discontinuities that occur during the structural system 
arrangements and which should be considered in general use should be well 
examined and calculations should be made carefully. With these calculations, it 
should be examined how acceptable the existing discontinuities are. 

 

In the following case study, a building is studied as systems with different beam 
discontinuities. The reliability and usability of the alpha coefficient stated in the 
previous issues were evaluated. 

 

 

Suggested equation 
 

∝𝑥𝑥(𝑦𝑦)=
Number	of	columns	connected	by	beams

Total	number	of	columns
≥ 0.70 

 
It will be applied separately in both directions. 
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Figure 5. Example Construction Plan 

All columns in the building are 30x60 cm, beams are 30x60 cm, the earthquake load 
reduction coefficient of the building is R=8 and it is a residential type building 
located in the 1st degree earthquake zone. 

2.1. Continuous Beam Solution 
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Figure 6. Continuous System Column Shear Forces 

 

Earthquake analyzes were made in the structure whose carrier system plan is shown 
in Hata! Başvuru kaynağı bulunamadı. and the column shear forces shown in 
Figure 6 were obtained. 

 

2.2. Discontinuous Beam Solution with Alpha 0.5 

 

2 m cantilever beams were formed to create a discontinuity in the y direction. Here 
Alpha is 0.5 in the x direction. With the construction of stud beams, the shear force 
of the idle columns suddenly decreased and the other columns received the shear 
force. The columns of the 1st floor received more shear forces than the ground floor. 
Columns cannot carry such shear forces in the weak direction. It is seen that it is not 
safe to take a discontinuity coefficient below 70%. 
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 Figure 7. Floor Plan with Alpha Value of 0.5 

When we create a discontinuity in the x direction, with an alpha of 0.5, the shear 
forces on the columns are as follows. When we compare the building with 
continuous beams and the building with Alpha 0.5, while the moment increases in 
the columns with discontinuity in the ground floor, the moment decreases in the first 
floor. At the same time, very large shear forces come to the y-direction middle 
columns on the first floor. These columns bear the shear forces of the discontinuous 
beam columns of the 1st floor. This creates an insecure structure. 
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Figure 8. System Column Shear Forces with Alpha Value of 0.5 

2.3. Discontinuous Beam Solution with Alpha 0.73 

 

 

 

 

 

 

 

 

 

 Figure 9. Floor Plan with Alpha Value of 0.73 
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By increasing the discontinuity coefficient above 70%, the beams received a 
significant portion of the earthquake load. When the alpha value is increased to 73%, 
we can say that the added beams also receive shear force and relieve the structure. 
The excess column shear forces in the 1st floor have decreased and have decreased 
to reasonable levels. 

When we reduce the discontinuity, that is, increase the Alpha value to 0.73, it is seen 
that there is a very good improvement in the earthquake shear forces in the columns. 
In the middle x direction columns, it is seen that the beams take some of the 
earthquake loads with the decrease in the moment at the 1st floor. This ensures a safe 
structure. In other words, in our study, it is seen that the discontinuity in the structure 
with an Alpha value above 70% does not cause much trouble and remains within an 
acceptable range. Moments in all columns, ground floor and 1st floor are reduced to 
a reasonable level. 

 

 Figure 10. System Column Shear Forces with Alpha Value of 0.73 
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2.4. Solution Implemented by Using Shear Walls in the Building 

 

It has been observed that the shear force in the columns has decreased excessively 
with the use of shear wall at the building. This eliminates the disadvantage of 
discontinuous beams. The amount of shear wall used at the building; 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 11. The shear forces formed in the structure by placing a shear wall have 
decreased excessively. 
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3. RESULTS 

 

It has also been seen in recent earthquakes how dangerous designs that create 
discontinuity in building frames can be. In the investigations we made during the 
latest İzmir earthquake of 2020, it was observed that some of its structures collapsed 
due to the discontinuity created in the beams. In order to prevent this, although some 
relevant administrative units impose sanctions, it has been thought to determine this 
with structural analysis and to make suggestions. As a suggestion, it is suggested to 
keep the discontinuity level at a minimum or to apply a shear wall and solutions in 
this regard are shown. 

 

In this study, first the beams were modeled to form a continuous frame and the 
structures were examined under earthquake forces. Then the discontinuous beam 
system was created. It was observed how much the column shear forces increased 
on the ground floors and a very large amount of fall occurred on the 1st floor, with 
a 50% alpha value at the beam discontinuity, with a 2 meter recessed balcony. When 
the alpha value was increased to 70%, it was observed that there was a great decrease 
in the column shear forces with discontinuity. When the alpha value was increased 
to 73%, the growing shear forces of the middle columns decreased and became safe. 
In our study, it has been determined that an Alpha value of over 70 percent will not 
cause a disadvantage in beam discontinuity in our structures, and discontinuities 
below seventy percent may cause problems in our structures. The first suggestion of 
importance is to minimize the effect of discontinuity as a result of using shear wall 
in buildings. Secondly, the amount of discontinuous frame beams should be 
minimized and the alpha value should be greater than 70 percent. 
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ABSRACT  

The unconsciousness of the use of risky buildings, combined with the earthquake, 
caused loss of life and property. Efforts to minimize these causes and to make the 
public sufficiently conscious about this issue should be supported by education. In 
this study, a survey was conducted with 429 people residing in Istanbul. It is aimed 
to develop social awareness and consciousness level for a possible Istanbul 
earthquake and to develop solutions for these questions. SPSS 22 analysis program 
was used to obtain the data in the survey study conducted for this purpose. As a result 
of the study, it was seen that this awareness and consciousness were not at a sufficient 
level. 

KEYWORDS : Risky structure, earthquake, earthquake awareness.  

1. IMPORTANCE AND AIM OF THE RESEARCH 

In this study, it is aimed to reveal the concept of risky building and public awareness 
about the earthquake phenomenon. In this context, a survey study was conducted to 
examine the participants' knowledge of the legislation and the adequacy of using 
information technology related to earthquakes. It is aimed to give direction to the 
survey questions under three main headings as earthquake preparedness awareness, 
risky building concept and information technology usage awareness. According to 
the results of the answers given by the participants, discussions were made and 
various solution suggestions were made. 
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2. METHOD OF THE RESEARCH 

 

In the study, face-to-face survey technique, which is a method of obtaining 
information directly from human resources, was used and the survey form was 
designed as a single section and 25 questions. The scale used was designed as a 5-
point Likert type (1=Very Insignificant and 5=Very Important). 

 

3. MODEL and HYPOTHESIS OF THE RESEARCH 

 

Quantitative studies are studies that allow statistical conclusions to be drawn, 
numerical interpretation and generalization. The survey method is the most used 
method in primary data collection. It is a research method that is done by directing 
the question paper designed to get the opinions of the respondents about a problem 
to be researched. It is the best method for collecting data on people's 
views/perceptions. In this framework, the hypotheses developed and considered 
suitable for the purpose of the research are presented in Table 1; 

Table 1. Research Hypothesis 

H1: The views of tenants and property owners differ according to their gender. 
H2: The opinions of the tenants and property owners differ according to their age. 
H3: The opinions of the tenants and property owners differ according to their 
education level. 
H4: Opinions of tenants and property owners differ according to different 
duration of residence. 
H5: Opinions about the risk status of property differ according to demographics. 
H6: The level of knowledge about Risky Building Detection of the Ministry of 
Environment and Urbanization in e-government varies according to demographic 
characteristics. 
H7: Risky buildings legislation The information status about the "registered 
buildings" legislation, which is determined as "risky construction" within the 
scope of the law numbered 6306, differs according to demographic 
characteristics. 
H8: Consciousness about the demolition legislation after the risky structure 
determination of the property differs according to the demographic 
characteristics. 
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H9: In case the projects are not delivered within the maximum period determined 
by the legislation, the awareness of the citizens about the sanctions differs 
according to the demographic characteristics. 
H10: Knowledge and adequacy of risky buildings on municipal zoning laws differ 
according to demographic characteristics. 
H11: The level of awareness about your entitlement in valuation and application 
varies according to demographic characteristics. 
H12: The state of awareness about the desire to demolish and build your structure 
at twice the cost instead of strengthening it differs according to demographic 
characteristics. 
H13: The state of awareness about the previous use of the questioning of the 
emergency assembly area from the state, where you live, differs according to 
demographic characteristics. 
H14: The state of awareness about the suitability and adequacy of the emergency 
assembly area for your location varies according to demographic characteristics. 
H15: Awareness of the emergency assembly area in case of a possible disaster 
differs according to demographic characteristics. 
H16: The level of awareness about the awareness of the earthquake hazard map 
of Turkey in the e-government system differs according to demographic 
characteristics. 
H17: The awareness of the earthquake hazard of the region you live in varies 
according to demographic characteristics. 
H18: The level of awareness about the existence of an earthquake bag, despite a 
possible earthquake hazard, differs according to demographic characteristics. 
H19: The level of awareness about the location of the earthquake kit and the 
importance of keeping it in a place that can be taken for emergency exits varies 
according to demographic characteristics. 
H20: The state of consciousness about the awareness of what should be in the 
earthquake kit differs according to demographic characteristics. 
H21: Awareness of the amount to be received from Earthquake Insurance in the 
event of a possible disaster differs according to demographic characteristics. 
H22: The awareness of the ground class of the place you live in varies according 
to demographic characteristics. 
H23: The state of awareness about how old and in what year your building was 
built differs according to demographic characteristics. 
H24: The state of awareness about looking at the ground survey and earthquake 
map while purchasing a property differs according to demographic 
characteristics. 
H25: The state of awareness about attending any training seminar on risky 
structures differs according to demographic characteristics. 
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H26: The state of awareness about attending any earthquake-related training 
seminar differs according to demographic characteristics. 
H27: The state of consciousness about the thought that your building will be 
damaged after an earthquake varies according to demographic characteristics. 
H28: The state of awareness about the analysis studies of the "detection principles 
of risky structures" of reinforced concrete structures determined by rapid 
observation techniques differs according to demographic characteristics. 
H29: The results of the performance analysis or if there was a crack or breakage 
that you can see, the awareness about the desire to move varies according to the 
demographic characteristics. 
H30: The opinions of the tenants and property owners differ according to their 
different working status and the level of awareness about demographic 
characteristics. 
H31: The opinions of tenants and property owners differ according to different 
years of residence, and the level of awareness about them differs according to 
demographic characteristics. 

 

4. UNIVERSE and SAMPLE 

 

Making estimations for the whole population from the results obtained by examining 
a part of the whole population is called sampling. According to Şimşek (2012), he 
explains this situation quite clearly with the example of the pool and the sea. While 
a glass of water taken from a small pool has the ability to represent all the water in 
the pool that makes up the universe, a glass of water to be taken from the sea will 
not be able to represent the whole sea, which is the universe, since it can show 
different characteristics such as color, pollution, density and clarity in different 
regions. Then, depending on the size of the universe, it will be necessary to increase 
the size of the samples, and to create more samples with more water taken from 
different regions, not with a glass of water. As the sample size increases, the sample 
distribution approaches normal. This is also called the "central limit theorem 
(Şimşek, 2012). 
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5. LITERATURE REVIEW 

 

Ozcan (2019) emphasized that risky structures should be identified in order to 
minimize the loss of life and property caused by earthquakes and earthquakes in 
Turkey. For this purpose, within the scope of the Law on the Transformation of 
Areas Under Disaster Risk, enacted by the Ministry of Environment and 
Urbanization, General Directorate of Infrastructure and Urban Transformation 
Services, the risk detection rates of the buildings in the existing building stock were 
determined and a risk assessment was made by looking at these determined rates. As 
a result of the determinations made, it was decided to strengthen the existing 
structures by looking at the risk ratio values or to demolish them and apply new 
projects in their place. Mustafa (2016), from selected buildings to critical buildings, 
were strengthened and inspected according to the regulation 2007 (DBYBHY2007) 
on buildings to be built in earthquake zones using the sta4cad program. Halil (2018) 
evaluated the regulations and conflicts regarding the detection and demolition of the 
risky building and the process of making a decision about the risky building, and by 
making use of the studies on this issue, solutions were offered to the problems 
encountered in practice. Kazım (2015) evaluated the existing buildings with the 
FEMA 154 method without making a static calculation using the visual inspection 
technique. Ertuğrul (2018), Risky Building Detection Principles (RBTE), which 
came into force in 2013 and made the risky building transformation process faster 
and more practical, were examined. Yakup (2018), reconstruction costs of selected 
risky structures, quantity lists, work items, specification of the work to be done; It 
has been prepared within the scope of architectural, construction, mechanical and 
electrical projects. Gökhan (2015), on the other hand, left the consumer's awareness 
in a durable structure at a superficial level and almost completely ignored. In this 
article, opinions and suggestions have been made on how to create a more conscious 
consumer mass, how to improve the concept of earthquake resistant buildings with 
needed new structures, and how to establish the concept of trust. Halil Burak (2018) 
evaluated the regulations and conflicts regarding the detection and demolition of the 
risky building and the process of making a decision about the risky building, and by 
making use of the studies on this issue, solutions were offered to the problems 
encountered in practice. Hamide Tekeli (2003), the cost of the housing type 
reinforced concrete building carrier system; The changes depending on the number 
of floors, earthquake zone and local soil classes were examined. A two-flat 
residential reinforced concrete building; Four, six and eight layers were modeled and  
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solved with the help of Probina Orion 2000 analysis program. In the study of Demirci 
and Yıldırım (2015), a questionnaire was prepared to measure the knowledge, 
attitudes and behaviors of students about earthquakes, and the questionnaire was 
applied to 836 11th and 12th grade students in 11 high schools located in four 
different districts of Istanbul. 

Menassa (2011) presents a quantitative approach to assessing the value of investment 
in sustainable improvements for existing buildings, taking into account different 
uncertainties regarding life-cycle costs and the perceived benefits of the investment. 

 

6. ANALYSIS OF RESEARCH DATA 

 

The data obtained from the people in Buyukcekmece district of Istanbul 
province were analyzed using the SPSS 22 statistical package program. In order for 
the data obtained in quantitative studies to be accepted as scientifically correct or to 
be credible, reliability was measured with Cronbach's Alpha in the SPSS 22 program. 

Table 2. Findings Regarding Reliability Analysis 

Scales Number of questions 
Coefficient of 

Confidence(α) 

Legislation and Technical 

Subject Awareness 
12 0,834 

Information Technology Use 

Sufficiency 
3 0,723 

A Potential Earthquake 

Preparedness Awareness 
10 0,788 

 

According to the reliability analysis results in Table 2; The answers of the people of 
Istanbul, who constitute the research sample, about the awareness of the legislation 
and technical subject awareness (a = 0.834), the adequacy of information technology 
use (a = 0.723), and the awareness of preparedness for a possible earthquake (a = 
0.788), are acceptable at a reliable level. according to Cronbach's Alpha. 
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According to the reliability analysis results in Table 2; The answers of the people of 
Istanbul, who constitute the research sample, about the awareness of the legislation 
and technical subject awareness (a = 0.834), the adequacy of information technology 
use (a = 0.723), and the awareness of preparedness for a possible earthquake (a = 
0.788), are acceptable at a reliable level. according to Cronbach's Alpha. 

In this context, it should be checked whether the data are equal and show a normal 
distribution. It is stated that if the P values are greater than 0.05 in the said tests, there 
is no significant difference as a result of the comparison. Therefore, if P values are 
found to be P<0.05 in the analysis, it means that there is a significant difference as a 
result of the comparison. 

The demographic characteristics of the analysis and the level of participation in the 
statements in the scale were determined. In the evaluation of the expressions in the 
scale; Value ranges of “absolutely no for 1.00-1.80, no for 1.81-2.60, partially yes 
for 2.61-3.40, yes for 3.41-4.20 and absolutely yes for 4.21- 5.00” were taken into 
account. 

The t-Test (independent sample t-test) was used to determine whether there was a 
significant difference between two independent groups, and the One-Way ANOVA 
test was used to determine the significant difference between more than two 
independent variables. 

7. FINDINGS OF THE RESEARCH 

7.1. Findings Regarding Descriptive Information 

Within the framework of identifying information; Data on gender, age, education 
and employment status, residence time and property status of people residing in 
Istanbul and participating in the research were examined (Table 3). 

Table 3. Findings Regarding Descriptive Information 

Gender n % Educational Status n % 
Male 241 56 Secondary education 32 8 

Woman 188 44 High school 128 29 
Age n % Bachelor 256 59 

18-34 176 41 Graduate 13 4 
35-49 182 42 Working Status n % 
50-64 58 14 Working 288 67 

65 and Above 13 3 Not working 125 29 
Year of Residence in the 

Residence 
n % Retired 16 4 

Less than 1 year 22 5 Ownership of the 
Residence 

n % 

1-2 Year 90 21 Rent 173 40 
3-4 Year 118 28 Property owner 256 60 

4 Years and Above 199 46 TOTAL 429 100 
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56% of the respondents were male and 44% were female. Among female and male 
participants, 8% are secondary school graduates, 29% high school graduates, 59% 
undergraduate and 4% postgraduate degrees. It is seen that 4% of the participants are 
retired, 29% are not working and 67% are working. 5% of the participants have been 
residing for less than 1 year, 21% for less than 2 years, and 74% for more than 3 
years in their current situation. In terms of residential property, 60% of the 
participants declared that they stayed on their own property and 40% as tenants. 41% 
of the participants are 18-34 years old, 42% are 35-49 years old, 14% are 50-64 years 
old, 3% are 65 and over. 

In this part of the research, the questions asked to the participants in their basic views 
on "Examination of Social Consciousness Regarding the Concept of Risky Building 
in the Context of a Possible Istanbul Earthquake" were divided into three separate 
scales, and these scales were respectively "Legislation and technical subject 
awareness, Information Technology Usage Adequacy and Preparedness for a 
Possible Earthquake". The average of the answers given by the participants to the 
survey questions according to the “Consciousness” was examined. In this context, 
the level of participation of the participants in the views on the legislation and 
technical subject awareness is presented in Table 4. 

         Table 4. Findings Regarding Legislation and Technical Subject Awareness 

Question

s 

D
efinitely 

N
o 

N
o 

Partially 

Y
es 

 D
efinitely 

yes 

Total x̄ S.D 

S1 
n 0 203 142 76 8 429 

2,541 0,812 
% 0 47,3 33,1 17,7 1,9 100 

S2 
n 1 309 93 26 0 429 

2,336 0,591 
% 0,2 72 21,7 6,1 0 100 

S3 
n 145 217 47 5 15 429 

1,900 0,895 
% 33,8 50,6 11 1,2 3,5 100 
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D
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N
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N
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Y
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S1 
n 0 203 142 76 8 429 

2,541 0,812 
% 0 47,3 33,1 17,7 1,9 100 

S2 
n 1 309 93 26 0 429 

2,336 0,591 
% 0,2 72 21,7 6,1 0 100 

S3 
n 145 217 47 5 15 429 

1,900 0,895 
% 33,8 50,6 11 1,2 3,5 100 

S4 
n 158 182 70 6 13 429 

1,914 0,925 
% 36,8 42,4 16,3 1,4 3 100 

S5 
n 125 203 72 22 7 429 

2,028 0,901 
% 29,1 47,3 16,8 5,1 1,6 100 

S6 
n 104 208 94 16 7 429 

2,1 0,866 
% 24,2 48,5 21,9 3,7 1,6 100 

S7 
n 111 167 109 41 1 429 

2,193 0,939 
% 25,9 38,9 25,4 9,6 0,2 100 

S8 
n 14 191 126 97 1 429 

2,720 0,857 
% 3,3 44,5 29,4 22,6 0,2 100 

S9 
n 0 388 15 26 0 429 

2,156 0,504 
% 0 90,4 3,5 6,1 0 100 

S10 
n 1 364 43 16 5 429 

2,207 0,561 
% 0,3 84,8 10 3,7 1,2 100 

S11 
n 0 3 125 104 197 429 

4,154 0,87 
% 0 0,7 29,1 24,3 45,9 100 

S12 
n 153 204 58 13 1 429 

1,846 0,782 
% 35,7 47,6 13,5 3 0,2 100 

S1. Do you have information about the risk status of your property? 
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S2. Risky buildings legislation Do you have any information about the "registered 

buildings" legislation, which is determined as "risky buildings" within the scope 

of the law numbered 6306? 

S3. Do you have any information about the demolition legislation after the risky 

structure determination of your property? 

S4. Do you have any information about the sanctions of the citizens if the projects 

are not delivered within the maximum period determined by the legislation? 

S5. Do you have any information about the knowledge and adequacy of risky 

buildings on municipal zoning laws? 

S6. How much do you know about your entitlement in the field of valuation and 

enforcement? 

S7. Do you know the soil class where you live? 

S8. Do you know how old your building is and in what year it was built? 

S9. Have you attended any training seminars on risky structures? 

S10. Do you have any information about the "detection principles of risky 

structures" regulation and analysis studies of reinforced concrete structures 

determined by rapid observation techniques? 

S11. Would you want to move if there was a crack or breakage that you can see 

with the results of the performance analysis? 

S12. If your building was an old one, how many times the cost of reinforcement 

would you demolish and build? 
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buildings" legislation, which is determined as "risky buildings" within the scope 

of the law numbered 6306? 

S3. Do you have any information about the demolition legislation after the risky 

structure determination of your property? 

S4. Do you have any information about the sanctions of the citizens if the projects 

are not delivered within the maximum period determined by the legislation? 

S5. Do you have any information about the knowledge and adequacy of risky 

buildings on municipal zoning laws? 

S6. How much do you know about your entitlement in the field of valuation and 

enforcement? 

S7. Do you know the soil class where you live? 

S8. Do you know how old your building is and in what year it was built? 

S9. Have you attended any training seminars on risky structures? 

S10. Do you have any information about the "detection principles of risky 

structures" regulation and analysis studies of reinforced concrete structures 

determined by rapid observation techniques? 

S11. Would you want to move if there was a crack or breakage that you can see 

with the results of the performance analysis? 

S12. If your building was an old one, how many times the cost of reinforcement 

would you demolish and build? 

 

 

The averages of the answers given to the questions about the adequacy of using 
information technology are given in Table 5. 

Table 5. Findings Regarding Awareness of Information Technology Use Adequacy 

Questio

ns 

 D
efinitely 

N
o  

N
o 

Partially  

Y
es 

D
efinitely 

yes 

Total x̄ S.D 

S13 
n 0 365 6 58 0 429 

2,284 0,689 
% 0 85,1 1,4 13,5 0 100 

S14 
n 3 254 27 145 0 429 

2,732 0,943 
% 0,7 59,2 6,3 33,8 0 100 

S15 
n 121 206 84 15 3 429 

2,005 0,826 
% 28,2 48 19,6 3,5 0,7 100 

S13. Do you have any information about risky structure detection in e-

government? 

S14. Have you used the e-government emergency assembly area questioning 

of where you live before? 

S15. Do you know the earthquake hazard map of Turkey in the e-state system? 

 

The averages of the answers given to the questions regarding the awareness of 
preparedness for a possible earthquake are given in Table 6. 
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Table 6. Findings Regarding the Awareness of Preparedness for a Possible 
Earthquake 

Questio

ns 

D
efinitely 

N
o 

N
o 

Partially 

Y
es 

D
efinitely 

yes 

Total x̄ S.D 

S16 
n 156 26 231 6 10 429 

2,273 
1,04

7 % 36,4 6,1 53,8 1,4 2,3 100 

S17 
n 5 334 16 69 5 429 

2,382 
0,80

8 % 1,1 77,9 3,7 16,1 1,2 100 

S18 
n 109 175 108 29 8 429 

2,189 
0,95

4 % 25,4 40,8 25,2 6,7 1,9 100 

S19 
n 3 196 32 165 33 429 

3,069 
1,08

4 % 0,7 45,7 7,4 38,5 7,7 100 

S20 
n 11 86 82 63 187 429 

3,768 
1,26

9 % 2,6 20 19,1 14,7 43,6 100 

S21 
n 2 90 29 302 6 429 

3,513 
0,85

3 % 0,5 21 6,7 70,4 1,4 100 

S22 
n 14 317 54 42 2 429 

2,303 
0,70

8 % 3,2 73,9 12,6 9,8 0,5 100 

S23 n 0 220 173 36 0 429 2,571 
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% 0 51,3 40,3 8,4 0 100 
0,64

3 

S24 
n 0 387 19 23 0 429 

2,152 
0,48

7 % 0 90,2 4,4 5,4 0 100 

S25 
n 1 130 249 49 0 429 

2,807 
0,62

5 % 0,2 30,3 58,1 11,4 0 100 

S16. What do you think about the suitability and adequacy of the emergency 

assembly area for your location? 

S17. Do you know the emergency assembly area in case of a possible disaster? 

S18. Do you know the earthquake risk of the area you live in? 

S19. Do you have an earthquake bag in case of a possible earthquake? 

S20. Do you care that the earthquake bag is in a place where it can be taken for 

emergency exits? 

S21. Do you know what should be in the earthquake bag? 

S22. Do you know the amount of support you will receive from earthquake 

insurance in the event of a disaster? 

S23. Do you look at the ground survey and earthquake map when purchasing a 

property? 

S24. Have you received any training seminars on earthquakes? 

S25. Do you think your building will be damaged after the earthquake? 
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8. CONCLUSION AND RECOMMENDATIONS 

 

In the examination, which was conducted by dividing the questions asked to the 
participants into 3 separate scales, the averages of the answers given by the 
participants to the survey questions were examined according to "Legislation and 
technical subject awareness, 

Information Technology Usage Sufficiency and Awareness of Preparedness for a 
Possible Earthquake", respectively.  

1. There are 12 questions in the Questionnaire on Findings Regarding 
Legislation and Technical Subject Awareness. It is seen that the 
participants did not take into account the risk situation in the structure, 
which is related to the risky structures, legislation and technical issues. 
Therefore, it has been determined that the participants do not have 
sufficient awareness about the risky structures legislation, demolition 
legislation, risky building determination legislation. 

2. Comparison of Information Technology Usage Adequacy by 
Demographic Characteristics; There are 3 questions in the questionnaire 
and the result of the answer given to them is that it is not at a sufficient 
level. Considering the results of the participants' opinions about the 
adequacy of information technology use, it can be said that the risky 
structure detection in the e-state extension, the citizen's not using the e-
state extension, and the questioning of the emergency assembly area in 
case of a possible risk in the e-state extension are partially used by the 
citizens and they are not conscious enough about the earthquake hazard 
map. 

3. Comparison of Possible Earthquake Awareness by Demographic 
Characteristics; There are 10 questions in the questionnaire and the 
result of the answer given to them is that it is not at a sufficient level. It 
has been revealed that the suitability of the emergency assembly areas 
of the participants in the research is not sufficient according to their 
location, and that the emergency assembly areas are not known by the 
participants in case of a possible disaster. In this study, it is seen that the 
awareness of the citizens of the region they live in is insufficient despite 
the earthquake hazard, and as this danger results in destruction, they 
should know the earthquake insurance support cost, but they do not have 
enough awareness. 
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result of the answer given to them is that it is not at a sufficient level. It 
has been revealed that the suitability of the emergency assembly areas 
of the participants in the research is not sufficient according to their 
location, and that the emergency assembly areas are not known by the 
participants in case of a possible disaster. In this study, it is seen that the 
awareness of the citizens of the region they live in is insufficient despite 
the earthquake hazard, and as this danger results in destruction, they 
should know the earthquake insurance support cost, but they do not have 
enough awareness. 

In this study, it was seen that the answers of the participants in the studies conducted 
in Istanbul, where the risk status evaluated as 1st degree is high, were mostly due to 
lack of awareness and the degree of caring for the risk situation was low. As a 
suggestion, it is necessary to organize training seminars on these subjects in schools, 
starting from the young age of the citizen, and to provide training not only to students 
but also to parents. In order to increase awareness about legislation and technical 
issues, the use of technological structure and a possible earthquake, public 
institutions, social organizations and ministries should arrange advertisements on 
televisions related to earthquake bags and what should be in earthquake bags. It is 
necessary for the muhtars to inform the people living in the area they are responsible 
for, and in case of a possible risk, the citizens of the parks and assembly areas, which 
are the gathering areas, by text message to the phones. It is expected that this study 
can be carried out in other cities of Turkey and new researches will be paved by 
developing different scales. 
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ABSTRACT  

The Vocational Qualification Authority, which was established as an institution that 
inspects exams in technical and professional fields by accepting national and 
international standards as a reference, acts as a control mechanism in vocational 
exams. Vocational exams are held under the control of the Vocational Qualifications 
Authority within the framework of national qualifications in many fields in our 
country. Vocational Qualifications Certificate is required as a prerequisite for 
recruitment, especially since the construction sector is a risky area in terms of 
occupational safety and health. These exams are held in two stages: theoretical and 
performance. Personal characteristics come to the fore in the success of the 
candidates who take the exams. Within the scope of this study, the parameters that 
have an impact on the success graphics of the candidates who are examined in the 
construction sector are examined. 

 

KEYWORDS: Vocational Qualification Authority, Graduate Conditions, 
Candidate Profiles. 

 

1. INTRODUCTION 

 

The employee working in the construction sector are generally unskilled. In 
countries with rapidly developing economies due to socio-economic conditions. In 
addition, according to studies, occupational accidents are deadlier and more 
numerous in developing and non-developing countries. Most of the occupational 
accidents has occurred in the construction industry in Turkey. Due to the nature of 
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the construction sector, it stands out as the sector that is frequently audited in our 
country due to the dispersed working environment, heavy labor requirement, 
dangerous machines working together with the workers, and the presence of a 
dangerous environment. The distribution of fatal occupational accidents in Turkey 
by sectors is presented in Table 1. 

 

 Table 1. Distribution of occupational accidents by sectors 

Year Construction Agriculture/Forest Logistics Mine 

2013 %24 %16 %11 %7 

2014 %23 %17 %7 %21 

2015 %25 %23 %14 %4 

2016 %22 %20 %13 %4 

2017 %23 %19 %13 %5 

2018 %23 %24 %12 %3 

2019 %24 %13 %14 %3 

 

When Table 1 is examined, the construction sector is constantly at the forefront in 
the rate of fatal occupational accidents in Turkey by years. In this context, the 
construction sector is considered to be the riskiest area in the occupational health 
inspections in Turkey. The Vocational Qualifications Authority, which was 
established with the law passed in 2006, is responsible for measuring and supervising 
the professional levels of employees in Turkey. 

With the certification activity started in 2009, it has reached 2 million documents by 
2022. Among the documents given, the rate of employees working in very dangerous 
and dangerous areas is at the level of 95%. Since VQA certification is mandatory in 
risky areas for work in Turkey, certification activities are mostly concentrated in 
risky areas. According to TUIK data, there are approximately 2 million direct 
employees in the construction sector, which is one of the riskiest and most intense 
areas of work in the manufacturing sector. According to the data obtained from the 
certification companies in the sector, the certificate rate of the employees in the 
construction sector could not reach the desired level and it seems difficult to reach 
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With the certification activity started in 2009, it has reached 2 million documents by 
2022. Among the documents given, the rate of employees working in very dangerous 
and dangerous areas is at the level of 95%. Since VQA certification is mandatory in 
risky areas for work in Turkey, certification activities are mostly concentrated in 
risky areas. According to TUIK data, there are approximately 2 million direct 
employees in the construction sector, which is one of the riskiest and most intense 
areas of work in the manufacturing sector. According to the data obtained from the 
certification companies in the sector, the certificate rate of the employees in the 
construction sector could not reach the desired level and it seems difficult to reach 

this figure with the current number of certification companies and employees. 
According to the data received from the certification bodies, it is seen that 
approximately 400,000 certifications have been made in the construction sector in 
Turkey. Approximately 15% of the employees in the construction sector, which is 
one of the riskiest sectors, work by obtaining a VQA certificate. 

Being a risky area, studies have been carried out by many researchers to prevent 
occupational accidents (Kale and Yanık 2018, Temel et al. 2013, Yanık 2017, Çolak 
et al. 2004, Bayram 2018, İpek and Döğer 2017, Canbey 2019). Akboğa and 
Baradan, one of the previous studies, evaluated fatal occupational accidents in İzmir 
and found that primary school graduates (66%) were exposed to the highest death 
rates. It has stated that the lowest rate is among the personnel who received VQA 
(2%). In addition, while the mortality rate is 15% in certified candidates, this rate 
has determined as 70% in non-certified candidates.  

An employee who has been certified in accordance with the VQA law must renew 
her certificate after an average of 5 years in the construction industry. Due to the 
number of certification firms accredited by VQA, labor force and workload, the 
surveillance of the candidates whose certificate surveillance period has come, and 
the certificate renewal requests of the candidates whose certificate period has 
expired may cause disruption in the system. When VQA's working structure is 
examined, there is a similar validity period and similar surveillance number for all 
candidates. When similar applications in the world are examined, it is seen that very 
successful candidates and limited successful candidates do not have the same 
validity period and are subject to different applications. 

 

Within the scope of this study, the exams of the accredited certification body in the 
construction sector were analyzed by VQA, which has its headquarters in Istanbul, 
and suggestions were made for the certificate renewal periods and the number of 
surveillances. 

 

2. MATERIAL AND METHOD 

 

The construction industry stands out as the area where people with different 
qualifications work in many fields due to its structure. Construction provides the 
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opportunity to work for workers with dozens of different professional qualification 
certificates, from the building's license to the settlement and use. Strict monitoring 
and continuous control of the construction industry, which is in the field of the 
riskiest occupations, is important. Exam activities are carried out by institutions 
accredited by the Vocational Qualifications Authority operating in this field in 
Turkey. In this context, it is obligatory for those working in the construction sector 
to obtain a VQA certificate, and it has been observed that they have a certificate of 
approximately 15%. In order to reduce the workload in the sector, it is important to 
revise the document renewal and surveillance periods according to the status of the 
candidates. In order to verify this situation, the exams of 144 candidates in the 
construction sector by the certification body headquartered in Istanbul have 
analyzed. 

2.1. Candidate Profiles 

According to the data received from the certification body, the marital status of the 
candidates is shown in Table 2. 

Table 2. Marital status of candidate 

Parameteter 
Marital Status 

Married Single 

Number of Candidate 70 74 

Candidates' graduation status, respectively; primary school, secondary school, 
general high school, vocational high school and university. According to these data, 
the number of candidates is shown in Table 3. 

Table 3. Graduation status of candidate 

Graduation status Number of Candidate 

Primary school 31 

Secondary school 27 

General high school 16 

Vocational high school 14 

University 56 
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the number of candidates is shown in Table 3. 

Table 3. Graduation status of candidate 

Graduation status Number of Candidate 

Primary school 31 

Secondary school 27 

General high school 16 

Vocational high school 14 

University 56 

Similarly, the age range of the candidates is shown in Table 4. 

Table 4. Graduation status of candidate 

Birth date Number of Candidate 

1979 and earlier 24 

1980-1989 27 

1990-1999 78 

2000 and later 15 

 

2.2. Results of Exam 

 

Candidates' exams within the scope of VQA consist of 2 main stages: theoretical and 
performance. In addition, it can be found in sub-branches in every examination 
branch that the candidates enter. After the theoretical exams, the candidates take the 
exam in the fields of occupational health and safety. In this direction, the analysis of 
the exam results accepted in accordance with the VQA rules according to the marital 
status of the candidates is presented in Table 5. 

Table 5. The average of the exam results out of 100 point according to the marital 
status of the candidates 

Marital Status Theoretical Performance 

Married 64.78 78.12 

Single 74.95 84.18 

 

It is seen that the candidates whose marital status is married are successful in both 
stages of the exams. For this situation, it shows that the professional awareness of 
married candidates is higher. Similarly, the effect of candidates' graduation status on 
their success is shown in Table 6. 
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Table 6. The average of the exam results out of 100 point according to the 
graduation status of the candidates 

Graduation status Theoretical Performance 

Primary school 63.25 80.26 

Secondary school 65.10 82.15 

General high school 71.91 84.59 

Vocational high 
school 75.22 93.10 

University 88.41 94.15 

 

The effect of the candidates' graduation status on their success is summarized in 
Table 7, and it is seen that especially vocational high school graduates and college 
graduates are more successful in both theoretical and performance exams. In 
addition, it has observed that primary school graduates have unsuccessful especially 
in theoretical exams. Looking at the results of the performance exams, it is seen that 
the effect of graduation seems to be limited. The effect of the age range of the 
candidates on the exam results is shown in Table 7. 

Table 7. The average of the exam results out of 100 point according to the age 
range status of the candidates 

Birth date Theoretical Performance 

1979 and earlier 70.68 85.22 

1980-1989 69.08 87.24 

1990-1999 70.92 86.15 

2000 and later 68.47 80.44 

 

When the exam results of the candidates are examined according to the age profile 
of the candidates, the minority of those born in 1979 and before come to the fore. In 
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Table 6. The average of the exam results out of 100 point according to the 
graduation status of the candidates 

Graduation status Theoretical Performance 

Primary school 63.25 80.26 

Secondary school 65.10 82.15 

General high school 71.91 84.59 

Vocational high 
school 75.22 93.10 

University 88.41 94.15 

 

The effect of the candidates' graduation status on their success is summarized in 
Table 7, and it is seen that especially vocational high school graduates and college 
graduates are more successful in both theoretical and performance exams. In 
addition, it has observed that primary school graduates have unsuccessful especially 
in theoretical exams. Looking at the results of the performance exams, it is seen that 
the effect of graduation seems to be limited. The effect of the age range of the 
candidates on the exam results is shown in Table 7. 

Table 7. The average of the exam results out of 100 point according to the age 
range status of the candidates 

Birth date Theoretical Performance 

1979 and earlier 70.68 85.22 

1980-1989 69.08 87.24 

1990-1999 70.92 86.15 

2000 and later 68.47 80.44 

 

When the exam results of the candidates are examined according to the age profile 
of the candidates, the minority of those born in 1979 and before come to the fore. In 

addition, when the results are evaluated, it seems that the age profile has little effect 
on the exam result. 

 

3. CONCLUSIONS AND SUGGESTIONS 

 

The results of the vocational exams conducted on candidates from different regions 
in Turkey, made according to the rules of the Vocational Qualifications Authority, 
of the candidates with different age groups, different graduations and different 
marital status are summarized. 

When the candidates have evaluated according to their marital status, it has seen that 
the married candidates have more successful than the single candidates. 

Considering the effect of the graduation status of the candidates, it was seen that the 
graduates of the college were the most successful in the theoretical exams. In 
addition, it has been determined that vocational high school graduates and college 
graduates are the most successful groups in the performance exam. On the other 
hand, it has observed that the graduation status of the candidates is more evident in 
the theoretical exams and less pronounced in the performance exams.  

When the exam results of the candidates are evaluated according to their age profiles, 
it is seen that the candidates born in 2000 and later are the most unsuccessful group, 
and it has been determined that the age effect is very limited.  

The recommendations made as a result of this study are summarized below. 

• The same document usage period is adopted for all candidates who are 
successful in the vocational qualification exams. On the other hand, it should 
be longer than other graduation conditions in terms of preventing the 
intensity that may be experienced in the system, since graduates of college 
and vocational high schools are more successful. In this direction, these 
periods can be revised with a study with wider participation. 

• According to VQA legislation, candidates holding VQA certificate are 
subject to surveillance throughout the validity period of the certificate. In 
successful groups, this number of surveillances can be reduced. 
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• The conclusions and recommendations made according to the study 
conducted on a limited number of candidates will shed light on more 
comprehensive studies. 
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ABSTRACT  

 

Economic and social losses occur as a result of work accidents in the construction 
sector in Turkey. The contribution of vocational training to reduce these accidents is 
accepted by all authorities. The most important contribution to vocational education 
has been made by the Vocational Qualification Certificates issued by the Vocational 
Qualifications Authority in recent years. Vocational Qualification certificate, which 
has been actively given since 2015, has mostly been given to workers working in 
hazardous areas. Due to the fact that the construction sector is at the forefront of the 
accident statistics analyzed by years, the importance and impact of the vocational 
qualification certificate has increased continuously. With the increasing number of 
documents in recent years, it has been observed that approximately 30% of the 
employees in the construction sector have vocational qualification certificates. 
However, fatal accident statistics, especially in private construction activities, have 
decreased significantly, along with the percentage of VQA certified employees. 
Within the scope of this study, the change of accident statistics in the construction 
sector depending on the number of VQA certificates was investigated. 

 

KEYWORDS: Vocational Qualification Authority, Fatal Accidents, Construction 
Sector. 
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1. INTRODUCTION 

With the developing economy in Turkey, continuous infrastructure and construction 
investments continue to increase. In addition, the renovation works of the old 
building stock continue in the regions where there is a dense population living in the 
active earthquake zone. Under the influence of such reasons, the construction 
industry constitutes approximately 10% of the total number of SGK employees in 
Turkey. When the occupational accident statistics are examined, the construction 
sector is at the forefront. Due to the nature of the construction industry, there are 
always work accidents in the form of material and loss of life due to dangerous jobs. 
Occurring occupational accidents usually cause serious economic and social losses 
due to loss of life or irreversible disability. For this reason, studies have been carried 
out by many researchers to reduce occupational accidents in the construction 
industry (Çolak et al. (2004), Güvel and Oral (2018), Güllüoğlu and Güllüoğlu 
(2019), Kale and Yanık (2018), Kale (2018)). As a result of these studies, it has been 
seen that vocational training and awareness significantly reduce occupational 
accidents. According to the data of Vocational Qualifications Authority, it has been 
observed that the probability of occupational accident in employees with VQA 
certificate is 25% lower than other employees. In this context, many incentives are 
provided by public institutions to enable employers and employees to turn to VQA 
certification. According to the data obtained from the Social Security Institution, 
there are approximately 2 million workers in the construction sector. When the data 
of the last 5 years are examined, this number of employees is constantly at this level. 
The change in the number of employees in the construction sector by years is 
presented in Table 1. 

Table 1. The number of Employee in the construction sector 

Year The number of Employee in the 
construction sector 

2016 1.887.099 

2017 2.083.438 

2018 1.601.184 

2019 1.294.788 

2020 1.587.666 
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observed that the probability of occupational accident in employees with VQA 
certificate is 25% lower than other employees. In this context, many incentives are 
provided by public institutions to enable employers and employees to turn to VQA 
certification. According to the data obtained from the Social Security Institution, 
there are approximately 2 million workers in the construction sector. When the data 
of the last 5 years are examined, this number of employees is constantly at this level. 
The change in the number of employees in the construction sector by years is 
presented in Table 1. 

Table 1. The number of Employee in the construction sector 

Year The number of Employee in the 
construction sector 

2016 1.887.099 

2017 2.083.438 

2018 1.601.184 

2019 1.294.788 

2020 1.587.666 

When the occupational accident statistics are examined, it is seen that the most 
occupational accidents occur in the construction sector. The distribution of 
occupational accidents occurring by years according to sectors is presented in Table 
2. 

Table 2. Distribution of occupational accidents by sectors 

Year Construction Agriculture/Forest Logistics Mine 

2013 %24 %16 %11 %7 

2014 %23 %17 %7 %21 

2015 %25 %23 %14 %4 

2016 %22 %20 %13 %4 

2017 %23 %19 %13 %5 

2018 %23 %24 %12 %3 

2019 %24 %13 %14 %3 

 

When the fatal occupational accidents are examined, the change over the years for 
the construction sector is shown in Table 3. 

Table 3. Distribution of occupational accidents by sectors 

Field 
Year 

2016 2017 2018 2019 2020 

Building construction 239 340 360 207 199 

Except of the building 
construction 

130 158 162 105 98 

Private construction works 127 89 69 56 50 

Total 496 587 591 368 347 
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2. MATERIAL AND METHOD 

 

Vocational Qualifications Authority, which is one of the most important actors of 
vocational education and supervision, was established in 2006. Responsible for 
certification of personnel working in Turkey. In this context, it undertakes the 
supervision of the certification bodies it has authorized. Vocational Qualifications 
certificate is the document that determines the professional competencies of the 
employees and is given according to the results of the theoretical and performance 
exams. Candidates who want to have a certificate have to prove their theoretical and 
practical proficiency in the field of occupational health and safety. For this reason, 
it is seen that certified employees are more competent in occupational safety. The 
number of certificates issued by years in all sectors in Turkey is summarized in Table 
4. 

Table 4. Number of certificate issued by year 

Year 
The number 
of certificate 

Cumulative 
The 

number of 
certificate  

The number of 
total employee 

2016 80.000 80.000 21.131.000 

2017 170.000 250.000 22.280.000 

2018 210.000 460.000 22.072.000 

2019 470.000 930.000 22.000.000 

2020 400.000 1.330.000 23.344.000 

 

When the number of certificates given until 2020 are examined, it is seen that it 
remains at the level of 10% among all employees. According to the data received 
from the Vocational Qualifications Authority, the change in the number of 
certificates issued for the construction sector by years are shown in Table 5. 
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Table 5. Number of certificate issued by year in the construction sector 

Year 
Cumulative 
The number 
of certificate 

The number of 
employee in the 

construction 
sector 

Percentage of 
VQA Certified 
Employees (%) 

2016 29.000 1.887.099 1.54 

2017 91.000 2.083.438 4.37 

2018 165.000 1.601.184 10.47 

2019 340.000 1.294.788 26.17 

2020 485.000 1.587.666 30.52 

 

When the results are examined, the percentage of employees with VQA certificate 
in the construction sector is constantly increasing. This shows that employees have 
become more conscious. However, it shows that most of the employees work without 
a certificate, since the employees in the construction sector are obliged to have a 
VQA certificate. With the increasing number of VQA certificates, the number of 
fatal accidents occurring in the construction sector is constantly decreasing. This 
situation is illustrated in Figure 1. 

 

 

 

 

 

 

 

 

Fig. 1. Variation of fatal work accidents according to the percentage of employees 
with VQA certificate in the construction sector 
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As can be seen in Figure 1, with the significant increase in the number of employees 
with VQA certificate in the construction sector, there is a decrease in fatal 
occupational accidents. Similarly, when we divide the construction industry into 
subgroups, the number of fatal occupational accidents are shown in Figure 2-4. 

Fig. 2. Variation of fatal work accidents according to the percentage of employees 
with VQA certificate in the private construction activities 

 

 

 

 

 

 

 

Fig. 3. Variation of fatal work accidents according to the percentage of employees 
with VQA certificate except of the building construction  
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Fig. 3. Variation of fatal work accidents according to the percentage of employees 
with VQA certificate except of the building construction  

 

 

Fig. 4. Variation of fatal work accidents according to the percentage of employees 
with VQA certificate in the building construction 

When the construction sector is examined in sub-branches, the following business 
lines emerge according to the statistics of the Social Security Institution. 

Building Construction: It covers the construction of all buildings that are not 
intended for residence or residence. 

Construction of non-building structures: Construction of highways and highways, 
construction of railways and subways (railway tunnel and underground 
construction), Construction of bridges and tunnels, Construction of water projects, 
Construction of other non-building structures not classified elsewhere. 

Private Construction Activities: Demolition, Site preparation, Test drilling and 
drilling, Electrical installation, Plastering works, Joinery installation, Floor and wall 
covering, Paint and glass works, Roofing works. 

When the results are evaluated, the most significant decrease is seen in the number 
of fatal work accidents with the increasing number of certificates, since private 
construction activities are jobs that require direct professional knowledge. 
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3. CONCLUSIONS AND SUGGESTIONS 

 

Within the scope of this study, the effect of vocational qualification certificate on 
accident statistics in the construction sector has investigated. The results obtained in 
this context are listed as items. 

• Although the vocational qualification certificate started to be issued in 2015, its 
effects on the sector have started to be seen since 2018. 

• The average number of employees in the construction sector is 1.5 million, and the 
number of documents has reached 600.000 as of 2021. In addition, the number of 
fatal occupational accidents decreased by about 40%, although there was no 
significant decrease in the number of employees. 

• Special construction activities; Due to the fact that there are business lines that 
require full professional knowledge such as plaster, paint and plaster, there has been 
a continuous decrease in fatal work accidents with the increasing number of 
documents. 
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ABSTRACT 

Masonry structures are complicated systems that necessitate in-depth understanding 
and information about their behaviour when subjected to seismic loading. A reliable 
earthquake resistant design or assessment requires accurate modelling of masonry 
structures. Modelling a real structure to a reliable numerical (mathematical) 
representation, on the other hand, is a difficult, time-consuming, and 
computationally intensive operation. In this study, the results of the analysis of the 
historical structure of the İncili Mansion under the influence of different earthquake 
loads and reinforcement suggestions are presented. 

 

KEYWORDS: Earthquake, Finite element analysis, Historical structures, Masonry 
building. 
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ABSTRACT  

 

Reinforced concrete (RC), a common and popular building material, plays an 
important role in civil engineering. With the development of modern engineering 
structures towards wide-span, complex, high-rise and heavy load, ordinary 
reinforced concrete structures cannot fully meet the bearing capacity requirements, 
especially against earthquake forces. One of the approaches to overcome these 
problems is the use of composite structural elements. Confining concrete with steel, 
FRP or PVC tubes is an effective way to increase its load carrying capacity and 
ductility. In this study, an emerging research concept of highly ductile PVC tube-
confined concrete (PTCC) stub columns is briefly reviewed. Current studies on axial 
compressive and flexural behaviour of PTCC are analysed. Additionally, the 
advantages and drawbacks of PTCC columns are discussed. Increased level of 
ductility and energy dissipation capacity of PTCC columns verify that PVC can be 
utilized as an alternative confining material.  

 

KEYWORDS: Confined concrete, composite, PVC, ductility  
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ABSTRACT 

Following the underground explosions, severe shock waves are released into the 
surrounding rock environment causing damage to adjacent structures. Peak particle 
velocity (PPV) is typically used to assess the effects of explosion-induced vibration 
on the surrounding environment. However, the uncertainty involved in PPV 
estimation caused these approaches to accompany with a margin of error. Thus, a 
probabilistic approach is utilized in this paper to assess the ground vibration induced 
by rock explosion. For this mean, the Monte Carlo sampling method was utilized to 
calculate the exceedance probability of various values of PPV. The results showed 
that an increase in the PPV value reduced the exceedance probability so sharply that 
PPV values greater than 9 mm/s had the occurrence probability of less than 5%. 
Besides, the reliability sensitivity analysis showed that the maximum charge per 
delay (W) exerted the highest effect on the small range of PPV values, between 0.5 
and 4 mm/s, while the monitoring distance (R) mostly affected the medium range of 
PPV values, between 1.5 to 6.5 mm/s. It was also demonstrated that the burden effect 
(B) on probability was less than 2%, which was exerted on a small range of PPV 
values (smaller than 2.5 mm/s); therefore, it could be disregarded in the main model. 

Keywords: Performance-based design; uncertainty modelling; probabilistic fragility 
curves; resilience measures; recovery models 
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Abstract 

Signal processing-based structural health monitoring approaches usually define a 
damage index from one or more features of the structural vibration response. 
Therefore, these approaches are typically two-steps approaches in which the signal’s 
features are determined in the first step and the damage index is calculated in the 
second step. The use of normalized energy along the structure as a damage index can 
omit the first step since it does not need to determine the signal’s features anymore. 
Therefore, it will be possible to identify a structural damage with, for example, no 
need of determining the modal parameters. The authors proposed normalized energy-
based damage index in 2018 for the first time and successfully applied it to different 
numerical and experimental health monitoring cases. Since there are few papers 
available about this damage index, this paper is going to illustrate how a damage can 
be identified using the normalized energy of bridge seismic acceleration response 
with no need of determining the modal parameters. A numerical example of an arch-
tied bridge subjected to different seismic loads is used in this conference paper. 

Keywords: Bridge health monitoring, Seismic assessment, Acceleration response, 
Normalized energy, Arch-tied bridge. 
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ABSTRACT 

The effect of earthquake on the components of the gas system has always been a 
major disastrous concern in big cities. The extensive and comprehensive studies of 
the Tehran gas system showed that the gas riser from meter-stop valve to house 
regulator, with 60 Psi pressure and screw joints and Insulation Unit (IU rubber ring), 
is the most vulnerable component of the system. Although the riser itself is not 
vulnerable to seismic vibration, however possibility of damage to the neighboring 
walls and roofs of the buildings and their collapse on riser can cause severe gas 
leakage following with fire or explosion. During last two decades, a variety of 
countermeasures proposed for riser seismic countermeasures. However, most of 
them were not practical, safe and/or economic. In this paper, in addition to the 
behavior of risers and failure modes in past earthquakes, various parameters 
including repair limitations, area seismicity and urban texture, buildings lateral load 
bearing system and age, support wall condition (with or without roof) are considered. 
There are three types (plans) of simplified retrofit countermeasures based on the 
risers’ conditions. Two plans are for existing risers and one for new ones. A guideline 
manual also is provided for Iran National Gas Company (NIOC) for riser 
vulnerability assessment and suitable countermeasures by their own staffs.  
Changing the location of IU from Meter-Stop Valve to the top of house regulator, 
clamp reinforcement of Meter-Stop Valve, using flexible nipple pipe and adding 
cast-casing protection for screw parts are the main innovations in developed 
countermeasures. 

Keywords: Gas Riser, Earthquake, Seismic Retrofit. 
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