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FOREWORD 

In structural engineering, strengthening of the structures is considered  as a  problem. 

The damages from recent earthquakes are evident that improve ability of buildings to 

withstand seismic forces is essential. A better damage reduction can be achived  

through careful calculation of structures or comparision of similar buildings that have 

been damaged in other places. 

Due to damage suffered from previous earthquakes, decisions are frequently based 

on gross conservative assumptions about strength.This knowledge can be used in 

repairing or strengthening of the structures. 

For a given building, the decision whether to strengthen it or not and to what degree 

must be based on calculations. This calculations should show levels of safety 

demanded by present codes and recommendations are met. Difficulties in 

establishing actual strength arise from the considerable uncertainties related to 

material properties, conditions of where the structure is built and with the amount of 

strength reduction. 

When the strength of a material decreases gradually as the applied load increases 

implies that its quality decreses by time. Threfore, in new construction, building’s  

rehabilitation or strengthening, calculations of building must be noticed carefully. 

Eventhough surviving people’ life is priority, calculation for  strengthening of 

existing  structures or  building new structures  should  also ensure the stability of the 

building under any design loads. This can be achived by using appropriate material  

in the design and analysis of the structure. 

The building or structure during construction is in its formative period like a child in 

mother’ womb. It is very important that the child’ mother is well nourished and 

maintains good health during the pregnancy, so that her child is healthily formed. 

Similarly for a faultless building it is absolutely necessary for the construction 

agency and the owner to ensure good quality materials selection and good 

construction practices. In building completion every step must be properly 

supervised and controlled without cutting corners. 

I would like to thank my professor, Prof.Dr.Kadir Güler, for helping me in this thesis. 

And also, thanks to my friends and everyone who assist me all the time through out 

this proccess. 

Especially, I appriciate my dear family for their encouragment and support in every 
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REHABILITATION AND STRENGTHENING OF A REINFORCED 

CONCRETE BUILDING BY USING DIFFERENT APPROCHES 

SUMMARY 

In structural engineering, strengthening of structures has been an unresolved issue for 

years. It is crucial importance to increase the seismic resistance capacity in order to 

overcome the total collapse of the existing buildings.  

In this thesis, strengthening of a school building that was constructed in 1970, in Iran 

(Zanjan), is studied. The structural system of the school building consists of 

reinforced concrete frames.  

At first, some of the information about the area, building’ materials and any plan that 

can give some data to us is tried to find. 

The material tests are carried out by using destructive and non-destructive testing 

techniques on the concrete and reinforcement bars of columns, beams and 

foundations. Compressive strength of concrete was evaluated by means of statistical 

procedures which yield 20.0 MPa and 28.3 MPa for the lower and the upper concrete 

strengths respectively. 

Numerical analysis of the building is carried out by adopting a three dimensional 

modeling in SAP2000 software, under vertical and lateral loads according to Iranian 

Earthquake Resistant Design Code (IERDC 2007).  

Next, the structural system of the building’ modeling was stablished. By using the 

experimental properties in nonlinear analyzing, plastic hinges were defined, at last, 

analyzing was started. 

Our goal is to understand, whether capacity of existing structural system of the 

building is sufficient or not. 

Numerical results reveal that the existing structural system is insufficient and it 

should be strengthened. Three different strengthening techniques are considered for  

rehabilitation of the building. Adding steel diagonal braces to existing frames, adding 

shear walls and concrete jacketing of columns are techniques that were used for 

strengthening.  

Nonlinear elastic performance method assessment is accomplished according to 

FEMA-356 and Iranian Code-360. Immediate occupancy under the design 

earthquake and the life safety under the maximum considered earthquake are 

considered in design of the extent of the strengthening intervention.  

Numerical results of building’ structural system’ strengthening are given in figures 

and tables comparatively. 
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BETONARME BİR BİNANIN FARKLI YÖNTEMLER İLE ONARIM VE 

GÜÇLENDİRİLMESİ 

ÖZET 

Yapı mühendisliği alanında, yapıların güçlendirilmesi senelerdir tam olarak 

çözülememiş bir sorun olmuştur. Güçlendirilecek her yapı genellikle farklı özellik 

gösterebilmektedir. Son depremlerde yapısal hasarlar belirgin şekilde ortaya çıkmış 

olup geçmişte inşa edilmiş yapıların sismik kuvvetlere dayanacak şekilde 

projelendirilmesi ve inşası esastır. 

Yapı hasarlarını azaltmak, ancak dikkatli tasarım yoluyla, ya da hasar görmüş 

yapılardan dersler alınması ile elde edilebilir. Yapıların depremlerde hasar 

görmesinin önlemesi amacıyla, yapılarda güvenli tarafta kalacak şekilde kurallar 

konulmaktadır. Bu bilgiler, yapı onarımı veya yapının inşasında kullanılabilir. 

Mevcut binanın deprem kapasitesinin artırılması ve göçmesinin önlenmesi esastır. 

Bu sebeple ele alınan binanın onarım ve güçlendirilmesi çok önemli dır.  

Bu tez Iranda, Zanjan kentin’de 1970 yilinda (yaklaşik 42 sene önce) yüksek deprem 

riskine sahip fay hattı üzerinde inşa edilen bir okul binasının rehabilitasyon ve 

güçlendirilmesini  kapsamaktadır. Binanın taşıyıcı sistemi betonarme olup üç katlı 

bir yapıdır. X doğrultusunda 6 tane 6 metrelik açıklıklı (toplam 36 metre) ve Y 

doğrultusunda 3 tane açıklıklı sirayla 7.35 m, 3.5 m, ve 7.2 m (toplam 17.55 metre) 

açıklıklı çerçevelerden oluşmaktadır. 

Bina taşıyıcı sistemi düşey ve yatay yükler etkisinde incelemiştir. Binada, beton 

mukavemetinin belirlenmesi için deney yapılmıştır.  

Malzeme testleri kolon, kiriş ve temellerde beton ve donatılar üzerinde tahribatlı ve 

tahribatsız test teknikleri kullanılarak yapılmıştır. Beton basınç dayanımı sırasıyla en 

küçük ve en büyük beton dayanımı için 20.0MPa ve 28.3MPa elde edilmiş ve 

istatistiksel yöntemlerle değerlendirilmiştir. 

Bina eski olduğu için her hangi bir plan ya da bilgi temin edilmemiş olduğundan elde 

edilmiş olarak, bütün planlar ve gerekli olan bilgiler, yapılan testlerden ve mimari 

rölöve çizimlerinden oluşmaktadır. 

Binanın inşa edildiği bölge için, tektonik bilgiler ve deprem fay bilgileri toplanmıştır. 

Sonraki adımda, binanın taşıyıcı sisteminin modellemesi yapılmıştır. Daha sonra, 

malzemeler, elemanlar ve yükleme tanımlaması yapılmış, itme analiz kullanilması 

nedeniyle, plastik mafsallar tanımlanmıştır.  

Bütün doğrusal olmayan analizler için FEMA-356 kuralları  kullanılmıştır. 

Binanın sayısal analizleri için İran Deprem Yönetmeliği  uygulanarak düşey ve yatay 

yükler altında SAP2000 yazılımı ile, üç boyutlu model kullanılmıştır. Daha sonra 

bütün yatay ve düşey yükler ve plastik mafsallar tanımlanmıştır. Binanın hedef 

deplasmanı (yerdeğiştirme) bulunduktan sonra, bu hedef deplasmanı modelin en üst 
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katında simetrik olarak bir noktaya göre tarif edilmiş ve bina analiz edildikten sonra, 

tepe deplasmanın ne kadar olacağı belirlenmiştir.  

Öncelikle, binanın güçlendirme ve rehabilitasyona ihtiyaç duyup duymadığı 

incelenmiştir. Daha sonra, analizler yapılarak binanın güçlendirilmesi gerekliği tespit 

edilmiştir.  Doğrusal olmayan analizi yaptıktan ve hedef deplasmanı belirledikten 

sonra, plastik mafsallari inceleyerek, güçlendirmeye ve güçlendirme yöntemine karar 

verilmiştir. 

Sayısal sonuçlar mevcut taşıyıcı sistemin yetersiz olduğunu ortaya koymakta ve 

güçlendirilmesi gerektiğini göstermektedir. Farklı güçlendirme yöntemleri mevcut 

olup, üç farklı güçlendirme yöntemi ile bina taşıyıcı sisteminin güçlendirilmesine 

karar verilmiştir. Mevcut çerçevelere perde duvarlar eklemek, kolonları mantolamak 

ve çelik profil diyagonaller ekleyerek. 

Perde duvarlar ve çelik profil diyagonaller eklemesinde dikkat edilmesi gereken 

hususlar vardır. Bina eski olup, yatay ve düşey yükler etkisinde, perde duvarlar ve 

çelik profil diyagonaller ekleyerek sadece deprem yüklerini karşılamaları, bu şekilde 

yükleri tarif ederken, perde duvarlar ve çelik profil diyagonaller daha sonra mevcut 

taşıyıcı sisteme eklediğimizi göz önüne almaktayız. 

Mantolama yönteminde, perde ve çelik profil diyagonal uçlarındaki kolonlar 

mantolanarak güçlendirmiştir. Kolonlarda, x ve y doğrultusunda, manto kalınlığı 

sırayla 20cm ve 25cm alınmıştır. 

Binanın güçlendirilmesi ve rehabilitasyon öncesi ve sonrasındaki davranış 

farklılıklarına  ilişkin  bütün şekil ve tablolar verilmiştir. Güçlendirmeden önce 

oluşan mafsallar farklı olarak ortaya çıkmış olup, beklenen hedef deplasmanı ve 

performans noktası, farklı güçlendirme yöntemleri için karşılaştırılmıştır. 

Bütün yöntemlerin zayıf ve güçlü noktaları karşılaştırılmış, sonra güçlendirmeye 

karar verilmiş ve perde duvarları eklenmiştir. Doğrusal elastik performans 

değerlendirmesi FEMA-356 ve İran’ın onarım ve güçlendirme yönetmeliğine (Code-

360) göre gerçekleştirimiştir. Binanın tasarım depremi altında hemen kullanım 

performans seviyesini sağlaması ve maksimum depremde can güvenliği 

performansını sağlayacak şekilde, güçlendirilmesi kabul edilmiştir. 

Sayısal sonuçlar, şekil ve tablolarda karşılaştırmalı olarak sunulmuştur. 

 Birinci bölümde, çalışmanın amacı ve kapsamı çerçevesinde konu 

açıklanmıştır. 

 İkinci bölümde, kuvvete dayalı tasarımı ve analiz işlemleri için İran Deprem 

Yönetmeliği (Code-2800) ve FEMA-356’daki hesap ve tasarım kurallarından 

bahsedilmiştir. İran Deprem Yönetmeliğinde (Code-2800) verilen düzensizlik 

durumları, elastik deprem yüklerinin tanımlanması, elastik deprem yüklerinin 

azaltılması gibi konular hakkında bilgi verilmiştir.  

 Üçüncü bölümde, betonarme binanin performansa dayalı tasarım ve doğrusal 

olan ve doğrusal elastik olmayan değerlendirmesi için FEMA-356’nın  6 

bölümü kullanılarak, betonarme binaların, güçlendirilmeleri için bilgi 

verilmiştir. 

 Dördüncü bölümde, üç katlı mevcut bir okul binası ele alınmış, daha sonra bu 

binanın performans değerlendirmesi yapılmıştır. Binanın deprem hesabı İran 
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yönetmeliğinde (Code-2800) verilen eşdeğer deprem yükü yöntemine göre 

yapılmıştır.  

Daha sonra okul binasının İran Deprem Yönetmeliğine (Code-2800) göre 

artımsal eşdeğer deprem yükü yöntemi kullanarak performans 

değerlendirmesi yapılmıştır. Bu performans değerlendirmesi için yapılacak 

olan artımsal itme analizinin uygulanabilirlik şartları incelenmiş, yapının 

modellenmesinde çeşitli kabullere yer verildiğinden bahsedilmiştir. Bölümün 

sonunda da FEMA-356 katsayı yöntemlerine göre hedef deplasman hesabı 

yapılmıştır. Bu işlemlerden sonra SAP 2000’de hedef deplasmana erişmeden 

binanın göçtüğü görülmüş, mafsallar oluşmuştur ve daha sonra güçlendirme 

kararı alınmıştır. Hedef deplasman hesabı ATC-40 ve FEMA-440’daki 

kapasite spektrum yöntemi kullanarak gerçekleştirilmiştir. 

 Beşinci bölümde, çalışmada üç katlı çerçeve taşıyıcı sisteme sahip betonarme 

bir okul binasının FEMA-356 yönetmeliğine göre alınan güçlendirme kararı 

doğrultusunda, üç farklı güçlendirme yöntemiyle (çelik diyagonal eklenmesi, 

perde duvar eklenmesi, kolon mantolaması) güçlendirilmesi 

gerçekleştirilmiştir. Yönetmelikteki eleman hasar sınır değerlerine göre 

güçlendirilmiş taşıyıcı sistemler için hesaplarda taşıyıcı sistem elemanlarının 

minimum hasar bölgesinde kaldığı, okulun hemen kullanım performans 

seviyesini sağladığı gösterilmiştir. Bu bölümde ele alınen üç farklı 

güçlendirme yöntemin sonuçları karşılaştırmıştır. 
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1. GENERAL REHABILITATION REQUIREMENT 

This thesis is about the seismic strengthening of a reinforced concrete school 

building by using different methods, for investing the best method to improve the 

seismic performance. First chapter sets requirements for selecting a rehabilitation 

objective and conducting seismic rehabilitation process. Symbols, definition and 

references used throughout this thesis are located separately in the last section. 

1.1 Seismic Rehabilitation Requirements 

1.1.1 Rehabilitation objective 

The rehabilitation objective is chosen based on one of the following clauses. 

a. Basic safety objective 

In this type of rehabilitation, it is expected to provide life safety for the  

accupackduring “danger level 1” earthquake. 

b. Desired rehabilitation objective 

In desired rehabilitation, it is expected that the primary rehabilitation objective would 

be met and furthermore the building would not collapse under “danger level 2” 

earthquake. 

c. Enhanced rehabilitation objective 

While maintaining a similar performance level to the desired rehabilitation, higher 

danger levels are considered. 

d. Limited rehabilitation objective 

In limited rehabilitation, lower performance than the basic safety is considered, so at 

least one of the following objectives could be met: 

1. During an earthquake less destructive than the “danger level 1” earthquake, 

the residents’ life safety would be provided. 

2. During an earthquake less destructive or equal to the “danger level 1” 

earthquake, the life safety performance level would be provided. 
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1.1.2 Target building performance levels 

Building’ performance levels are defined according to the component’s performance 

levels as follows: 

a. Performance level 1: Immediate occupancy 

b. Performance level 2: Damage control 

c. Performance level 3: Life safety 

d. Performance level 4: Limited life safety  

e. Performance level 5: Collapse prevention middle performance levels  

-Performance level 1 (immediate occupancy): With this performance during an 

earthquake, the stiffness and strength of structure’s components are not changes 

considerably and non-stop usage is feasible. 

-Performance level 2 (damage Control): Design for the damage control range may be 

desirable to minimize repair time and operation interruption, as a partial means of 

protecting valuable equipment and contents, or to preserve important historic features 

when the cost of design for immediate occupancy is excessive. 

-Performance level 3 (life safety): Level life safety, means the post-earthquake 

damage state in which significant damage to the structure has occurred. Some 

structural elements and components are damage severely, but this has not resulted in 

large falling debris hazards. 

-Performance level 4 (limited life safety): Structural performance level 4, limited 

safety, shall be defined as the continuous  range of damage states between the life 

safety and the collapse prevention . 

-Performance level 5 (collapse prevention): Whenever a significant destruction is 

imposed to the structure due an earthquake, the building shouldn’t collapse and life 

safety are minimized. 

1.1.3 Seismic hazard analysis and design spectra 

1.1.3.1 General procedure for hazard 

Evaluating the earth’ powerfull movement on the surface for different hazard levels 

could be performed using one of these two methods, “standard design spectra” and 

“site-specific design spectra”. 
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The former method could be used for desired,  limited and basic safety rehabilitation 

objectives but using the last one for enhanced rehabilitation is mandatory. 

The general guidelines in this section could be used in determining the acceleration 

design spectra for each of the following earthquake hazard levels: 

Hazard level 1: This hazard level is determined based on 10% occurrence probability 

during 50 years which is equal to return period of 475 years. In Iranian Earthquake 

Regulations., hazard level 1 is referred as design basis earthquake (DBE). 

Hazard level 2: This hazard level is determined based on 2% occurrence probability 

during 50 years which is equal to return period of 2475 years. In Iranian Earthquake 

Regulations, hazard level 1 is referred as maximum probable earthquake (MPE). 

Selective hazard level (earthquake per any occurrence probability during 50 years): 

This hazard level is proper for special cases and with specific considerations. 

After determining design acceleration for the expected hazard level, the spectral 

acceleration could be read from the spectrum. The spectral acceleration is the value 

resulted from the standard design and the elastic design in a given frequency and for 

a specific damping ratio. The spectral acceleration for a 1 second frequency and 5% 

damping ratio is denoted by S1 and the spectral acceleration for a short frequency 

and damping ratio of 5% is called SS. 

The response spectrum results from the multiply of values of building’ response 

coefficient (B) and the basic design acceleration (A). 

In order to obtain the basic design acceleration (A), Iranian Earthquake Code-2800 

could be used, which are derived from seismic hazard zone maps. 

The acceleration value determined  related to the “hazard level 1” earthquake which 

is return with period of 475 years (10% occurrence probability in 50 years). In case 

of a “hazard level 2” earthquake,  if no valid acceleration zone map was available, 

basic design acceleration must be assessed by performing required researches and 

analyzing site’ hazard. Response coefficient spectrum for a “hazard level 1” 

earthquake could be determined for a 5% damping according to the Iranian 

Earthquake Code-2800. 
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1.1.3.2 Site-specific procedure for hazard 

Preparing  site-specific elastic design spectrum, for performing calculations related to 

hazard levels which are not in Iranian earthquake regulations or when due to some 

reasons site-specific studies are required, is performed based on hazard analysis and 

site-specific conditions. 

1.2 General Requirements 

      a. Information of building’ conditions 

      b. Testing methods for evaluation 

      c. Structure component’s behavior 

      d. Acceptance criteria 

      e. Rehabilitation approaches 

1.2.1 As-Built information 

The structural system configuration information, such as type, details, junctions and 

member’s type which are effective during earthquakes on forces and displacements 

of structural members, as well as sites, components and etc. Properties, are collected. 

1.2.1.1 Building configuration 

The building configuration will identify both the intended load-resisting elements 

and effective load-resisting elements. Effective load-resisting elements may include 

structural elements and nonstructural elements that participate in resisting lateral 

loads, whether or not they were intend to do so by the original designers. Potential 

seismic deficiencies in intended and effective load resisting elements may include 

discontinuities in the load path, weak links, irregularities and inadequate strength and 

deformation capacities. 

1.2.1.2 Component properties 

Sufficient information should be collected for member capacity calculations, both 

from strength and deformation perspectives. 

The results validity obtained from the collected information of current building, 

which depends on the information extend and accuracy, using the knowledge 

coefficient could be applied as follows.  
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The knowledge coefficient is determined using Table 1.1 in regard to the selected 

rehabilitation objective and information level. In linear analysis, minimal information 

level is allowed for the desired or lower rehabilitation objectives. In non-linear 

analysis, comprehensive or standard information level should be used. 

Table 1.1: Knowledge coefficient. 

Rehabilitation objective Desired or lower Specific 

Information level Minimum Standard Standard Comprehensive 
Analysis type Linear Any type Any type Any type 

Knowledge coefficient 0.75 1.00 0.75 1.00 

1.2.1.3 Site characteristics and geotechnical information 

Information about site’ surface and underground conditions (surface and depth soil), 

geometry and foundations locations are required to complete structural analysis. 

If there is the risk of damage caused by instabilities such as liquefaction, lateral 

spreading or land slide in a site and no sufficient geotechnical information is 

available for danger assessment and minimizing it, studying the underground 

(subsurface) conditions is required. 

Visiting site’ location is essential. It is also crucial to note any weakness in the 

building’ performance, such as consolidation of surface of concrete slabs and 

foundations, which signifies any weak performance building during an earthquake. 

1.2.1.4 Data collection requirements 

The collected as-built information for the building is in three different levels is  

named  minimum, standard and comprehensive. The information level is determined 

using Table 1.1 according to selected rehabilitation objective and analysis method. 

In linear analysis, minimal information level is allowed for the desired or lower 

rehabilitation objectives. In non-linear analyses, comprehensive or standard 

information level should be used. More details are presented in next chapters. 

1.2.2 Behavior of structure’ elements 

The structure’ elements behavior, in regard to their internal attempt and the force-

deformation diagram, is whether deformation-controlled or force-controlled. 

The force-deformation diagram could present ductile, semi-ductile and brittle 

behaviors according to figures at below. 
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For ductile behavior, the diagram consists of four sections. The section (OA) is the 

linear elastic behavior. The second section (AB) is the complete plastic or plastic 

behavior with the possibility of hardening. During the third section (BC), the strength 

is dramatically decreased, but it is not completely removed and for the fourth section 

(CD), the behavior is plastic once more but it is softening. 

For main members being considered as deformation-controlled, the deformation ratio 

in regard to the strength decrease hold to the linear limit deformation (e/g in Figure 

1.1) must be higher than two . But the minor members which have a behavior similar 

to Figure 1.1, with every e/g ratio, are considered as deformation-controlled. 

 

Figure 1.1: Ductile member behavior diagram. 

For semi-ductile behavior, the force-deformation diagram has three sections, as 

shown in Figure 1.2. 

The first section (OA) is the elastic linear behavior. The second section (AB) is the 

complete plastic or plastic behavior with hardening possibility. During the third 

section (BC), the strength is dramatically decreased and reaches zero. For main and 

minor members being considered as deformation-controlled with the above behavior, 

the deformation equivalent to the strength decrease hold must be two times higher 

than the linear limit deformation, i.e. e/g2. 

 

Figure 1.2: Semi-ductile member behavior diagram. 



7 

For brittle behavior, the force-deformation diagram, according to Figure 1.3, only has 

one section which after that the strength is dramatically decreased and reaches zero.   

 

Figure 1.3: Brittle member behavior diagram. 

1.2.2.1 Material strength 

1. Material strength lower boundary: The strength’ lower boundary is equal to the 

exponential average of values standard variation. 

2. Nominal strength: At the minimum information level, it could be selected equal 

to the lower boundary strength. 

3. Materials expected strength: The materials expected strength is defined equal the 

values average resulted from the experiment. In order to calculate this strength, 

the multiply of materials strength lower boundary in the transformation 

coefficients, mentioned in chapter 4, could be used. 

1.2.2.2 Structure’ components capacity 

1. Components expected capacity (QCE) which is calculated using the materials 

expected strength. 

2. Components capacity lower boundary (QCL) which is calculated using the 

materials strength lower boundary.  

Components capacity in linear methods: 

When using linear methods, the capacity of deformation-controlled members must be 

calculated using the multiply of the expected capacity in the “m” coefficient (the 

modification coefficient based on non-linear behavior). The capacity of force-

controlled components must be considered as capacity lower boundary. Table 1.2 

shows the necessary information for calculating the structure’ components capacity 

when using linear analysis. 
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Components capacity in non-linear methods: 

When using non-linear methods, the deformation-controlled components capacity 

must be determined based on allowable non-linear deformations and the force-

controlled components capacity must be considered equal to the capacity’ lower 

boundary. Table 1.3 presents the necessary information for calculating the structure’ 

components capacity, when using non-linear analysis. 

Table 1.2: Calculation of component action capacity-linear procedures. 

Parameter Deformation-controlled Force-controlled 

Existing material strength 
Expected mean value with                       

allowance for strain hardening 
Lower-bound value 

Existing action capacity .QCE .QCL 

New material strength Expected material strength 
Specified 

materialstrength 
New action capacity QCE QCL 

Table 1.3: Calculation of component action capacity-nonlinear procedures. 

Parameter Deformation-controlled Force-controlled 
Deformation capacity-Existing component          *deformation limit                     ------- 

Deformation capacity-New component                deformation limit                         ------- 
Stength capacity- Existing component                         -------- .QCL 
Stength capacity- New component                            -------- .QCE  

1.2.3 Acceptance criteria 

After structural analysis and evaluating the member’s internal forces, as well as the 

deformations caused by gravitational loads and seismic lateral loads, the structure’ 

components performance is investigated in regard to the acceptance criteria. These 

criteria are different based on the analysis method (according to chapter 2), 

structure’s members type and their behavior. 

1.2.4 Rehabilitation methods strategies 

1. Local modification of components which have improper performance during 

an earthquake. 

2. Removing or lessening the existing irregularities. 

3. Providing global structural stiffeness. 

4. Providing global structural strength. 

5. Building’ mass reduction. 

6. Using seismic isolation systems. 

7. Supplemental energy dissipation. 
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1.2.5 Evaluating the buildings seismic rehabilitation 

Evaluating seismic vulnerability and performing seismic studies for each building 

requires sufficient information proportionate to each stage requirements. 

If the technical documentations related to the project, such as plans, calculations 

notes, materials testing reports, etc. are available, a significant part of information 

would be available. Whenever there is a lack of information, it would be necessary to 

perform some tests. 

1.2.5.1 Non-destructive testing 

Non-destructive tests are referred to all methods in which no sampling or disorder  

the structure’ performance is inflicted in order to evaluate the materials 

characteristics. In reinforced concrete buildings, the non-destructive tests are used for 

evaluating the concrete’s compressive strength, concrete’ characteristics, its internal 

defects, and determining the rebar location and diameter, etc. In order to evaluate the 

concrete’ compressive strength tests such as schmidt hammer, penetration in concrete 

using special guns, measuring the ultrasound traversing velocity, bar’s tension from 

concrete, etc. could be used. 

For identifying the concrete’ internal defects, methods such as sound reflection, 

ultrasound traversing velocity, mechanical impact, radiography, etc. could be 

applied. Also, the rebars location, quantity  and diameter could be determined using 

electromagnetic tests, radiography, etc. 

1.2.5.2 Destructive testing 

Destructive tests are performed by sampling from members or structure’s 

components and performing tests in a laboratory. The sampling should be carried 

out, by taking necessary measures to avoid any structural instability, in locations 

which are under least stress, and those locations should be repaired immediately after 

sampling. Considering the operational difficulties, probable risks, time and cost of 

destructive tests, comparing to non-destructive tests, the amount of destructive tests 

should be minimized as far as possible. 
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2. ANALYSIS  PROCEDURES 

This chapter sets with three general sections: Design requirements, Structural 

analysis procedures and Acceptance criteria. 

2.1 Design Requirements 

2.1.1 Mathematical modeling 

The structure should  have a three dimensional (3D) plan. In modeling, the rigidity of 

structural members should be estimated based on the type of the aggregates and 

according to the chapter covering retrofitting measurements. Improved lateral load 

bearing system of retrofited structures should be capable of bearing seismic loads in 

all horizontal directions. Moreover, effects of vertical seismic component must be 

taken into account on the following cases: 

1.   Cantilever structural elements. 

2.   Spun structural elements. 

3. Structural elements with a yielding rate of 80% under the impact of gravitational 

loads. 

Structures should be designed to bear multidirectional seismic effects on both 

vertical and horizontal bearings. Seismic effects on both main structural axes can be 

analyzed separately and asynchronously except when one of the below conditions 

coming: 

- If a structure has an symmetrical plan; 

- If in a structure, one or several columns are placed between two or several 

multidirectional  load bearing system  frames; 

If above mentioned conditions come true: In the case of linear analyses seismic 

effects on each direction are determined by assuming 30% of seismic effects on the 

direction that is perpendicular to it and in the case of non-linear analyses 100% of 

stress and displacement in each direction, corresponding forces and 30% of 

displacement effects on vertical directions are taken into account in measurement.  
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2.1.2 Combination of lateral and gravitational loads 

In combining lateral and gravitational loads, the upper and lower limits of the effect 

of gravitational loads, QG can be calculated by the below equation: 

                                                       QG= 1.1 (QD+QL)                                            (2.1a)             

                                                            QG= 0.9 QD                                                                        (2.2) 

Where 

QD: Dead loads 

QL: Effective live loads 

2.1.3 Overturning effects 

Overturning effects on all building’s floors and also on building’s bases should be  

accounted. In addition, vertical members of lateral load bearing systems of each 

building’s floors should be designed based on the effects of the overturning anchor. 

2.1.3.1 Linear procedures 

When using linear procedures, overturning resisting moment of each floor equals the 

dead loads resisting moment of that particular floor. When tension exists in the floor, 

overturning resisting moment is calculated by adding the dead loads resisting 

moment to the moment resulting from the tension displacement capacity of drag 

columns, provided that only the dead loads are taken into account while calculating 

the resisting moment: 

                                                  MST> MOT / C1C2C3J                                            (2.3) 

Where 

MOT: Resisting moment of the floor 

MST: Resisting moment resulting from the dead loads 

C1: Modification factor to relate expected maximum inelastic displacements to     

      calculated for linear elastic response, calculated either using the procedure   

      indicated in Section 2.2.1.2 with the elastic base shear capacity substituted for  

      shear yield strength Vy in Equation (2.11a) or calculated as  follows:  

      C1=1.5  for  T<1s 

      C2=1.0  for  T>Ts 

      Linear interpolation shall be used to calculate C1 for intermediate values of T. 

T :  Fundamental period of the building in the direction under consideration 

Ts: Characteristic period of the response spectrum, defined as the period associated   
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      with the transition from the constant acceleration segment of the spectrum to the  

      constant velocity segment of the spectrum. 

C2:iModification factor to represent the effects of pinched hysteresis shape,  

      Stiffness degradation, and strength deterioration on maximum displacement  

      response. For linear procedures C2 shall be taken as 1.0. 

C3:iModification factor to represent increased displacements due to dynamic P-  

      ∆effects. 

J: Force-delivery reduction factor, greater than or equal to 1.0, taken as the smallest  

    DCR of the components in the load path delivering force to the component in  

    question, calculate in accordance with Equation (2.7a). Alternatively, values of J  

    equal to 2.0 in zones of high seismicity, 1.5 in zones of moderate seismicity, and  

1.0 in zones of low seismicity shall be permitted when not based on calculated  

DCRs. J shall be taken as 1.0 for the immediate occupancy structural performance  

 level. In any case where the forces contributing to QUF are delivered by     

components of the lateral force resisting system that remain elastic, J shall be  

taken as 1.0. 

If for providing resistance to overturning in addition to the dead loads tension in the 

structural members is also taken into account, then for evaluating the structure’ 

resistance to overturning the following relation should be used instead of the 

previous one: 

                                         0.9 MST> MOT/C1C2C3ROT                                                                    (2.4) 

ROT: According to the expected performance it is as follows: 

ROT  = 10.0 for Collapse Prevention 

       = 8.0 for Life Safety 

       = 4.0 for Immediate Occupancy. 

2.1.3.2 Non-linear procedures 

When using non-linear procedures, effects of loss or reduction of tension resistance 

of vertical members of the lateral load bearing system in the structure, which is a 

result of their uplift, should also be taken into account.  

If in one of the building floors, the tension resistance of a vertical member is 

decreased or lost due to seismic loads, other members should be capable of 

transferring and re-dividing the resulting loads and displacements. 
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2.1.4 Diaphragms 

A diaphragm is a horizontal or semi-horizontal system that transfers seismic inertia 

forces to vertical members or systems through the joint operation of its members.   

There are three types of diaphragms: Rigid, semi-rigid, and flexible. If maximum 

horizontal displacement of area is larger than two times of its bottom floor’ average 

relative lateral displacement, the diaphragm is considered as flexible. In diaphragms 

supported by underground walls, average relative lateral displacements of their upper 

floors are taken into consideration. In rigid diaphragms this ratio must be less than a 

half.A diaphragm that is neither right nor flexible is called a semi-rigid diaphragm. 

Relative lateral displacement of a floor is the lateral displacement of the lateral load 

bearing vertical systems of that floor in relation to its bottom floor.  

In order for classifying diaphragms, deformations must be calculated based on 

corresponding static loads using the equation;  

                                                   V=C1C2C3Cm SaW                                              (2.5a) 

Moreover, deformation of diaphragms must be calculated based on the distribution of 

horizontal force corresponding to mass distribution on the floor and also horizontal 

forces resulting from the displacement of the lateral load bearing vertical system 

from one floor to another.  Buildings must be properly separated from their adjacent 

structures in order to prevent collision at times of experiencing seismic waves, except 

when the minimum seismic joint dimensions are determined according to the 

regulations. Regarding a safe lateral structural performance level, if the diaphragms 

in the structure have a β value equal to its adjacent structures and the difference 

between the heights of two structures is 50% less than the shortest structure. In the 

above mentioned cases for determining the minimum seismic joint dimensions there 

is no need to meet the requirements.  

2.1.5 Torsion 

If rigid or semi-rigid diaphragms are used in the building’ floor, the extent of torque 

in each floor will be equal to the sum of actual and random torsions but in buildings 

with flexible diaphragms there is no need to determine the extent of torsions.  

The amount of real torsion, equal to total multiplication of lateral forces of upper 

floors at horizontal distance of mass center of that floor towards the direction 

perpendicular to the direction of the load, can be studied in comparison with the floor 
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rigidity center. Accidental torsion is occurred as a result of emerging from mass 

accidental centrality and is calculated in the direction perpendicular to the direction 

of the lateral load with considering eccentricity equal to 5% of building dimension.  

2.2 Structural Analysis Procedures 

In order to estimate the internal forces and deformations of structural members 

caused by a selected earthquake magnitude the following analysis procedure can be 

employed: 

1. Linear static procedure 

2. Linear dynamic procedure 

3. Non-linear static procedure 

4. Non-linear dynamic procedure  

2.2.1 Linear static analysis 

The linear dynamic procedure is used if one of the following conditions comes true: 

1. Force capacity ratio for each force in primary members (including axial force, 

bending moment and shearing force irrespective of in-bending effects). The 

maximum ratio value which is less than 2 refers to the acute force.  

In order to determine DCR: First, member’s force is calculated by adding the force 

resulting from the gravitational loads and the seismic loads (QUD)  then member’s 

capacity is calculated based on their ultimate strength. At the end, the force capacity  

ratio is obtained by using following equations:  

                                                         QUD= QG ± QE                                                                        (2.6) 

                                                    DCR= QUD / QCE                                                                  (2.7a) 

Where 

QUD: Deformation-controlled design action due to gravity loads and earthquake loads 

QG: Action due to design gravity loads 

QE: Action due to design earthquake loads calculated using forces and analysis     

QCE: Expected strength of the component or element 

2. If even one member has a DCR of more than 2, the following three conditions 

should all come true: 

There should exist no in-plane and out-of-plane seismic joint. 
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The average shearing force to shearing capacity ratio for all the members of a floor 

should not differ from the corresponding ration of the upper or bottom floors more 

than 25%. The average shearing force to shearing capacity ratio is calculated based 

on the weight ratio through the following equation: 

                                                    DCRi=ΣDCRiVi/Σvi                                           (2.8)                                                                              

Where  

DCRi: Acute force capacity ratio for member i 

Vi: Shearing force of member i in the floor 

The force capacity ratio of the acute force resulting from tensions in each member of 

the floor should not differ from the corresponding ratio of its opposite member more 

than 50% in relation to the tension center. 

If one of the above mentioned conditions does not true, then the linear static 

procedure can be employed as long as all the following conditions come true: 

3. The basic period time of the structure ( T= α H
¾

) should be less than 3.5 T/s as 

long as the number of the building stories is less than 2.  

4. Alteration of plan dimensions in consecutive floors except for the stair turret 

should be less than 40%. 

5. The maximum lateral displacement in each floor and direction should be less 

than 1.5 times average displacement of that floor. 

6. The average lateral displacement in each floor, except for the stair turret, should 

differ from the average lateral displacement of its bottom or upper floor only less 

than 50%. 

The main assumptions for this procedure are: 

1. Aggregates have linear behavior 

2. Seismic loads are static  

3. Total loads of  structure  is equal to the  coefficient of the structure 

When using this procedure, the expected lateral seismic load is selected in a way that 

the resulting basic sectioning becomes equal to the shearing force obtained by the 

following equation:  

                                                   V=C1C2C3CmSaW                                               (2.1b) 
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The extent of basic sectioning is selected in a way that the maximum structural 

deformation corresponds to the sectioning extent resulting from the expected level. If 

the structure responds in a linear manner under the input seismic load, calculated 

forces will correspond to the actual seismic forces. But if the structure responds in a 

non-linear manner, calculated forces will be more than collapse forces within the 

aggregates.  

2.2.1.1 Determining the main cycle of structure oscillation 

                                                            T= α H¾                                                     (2.9) 

H: Building’ height 

α: A coefficient that can have the following values based on the structural system of  

    the building: 

α= 0.08 for steel bending frame 

α= 0.07 for guyed steel frame 

α= 0.07 for concrete bending frame 

α= 0.04 of the other structural systems except masonry systems 

T: Oscillation main cycle (sec) 

2.2.1.2 Estimating forces and deformations 

While using the linear static procedure, seismic displacement force (V) is calculated 

as a factor of the building net weight: 

                                                       V=C1C2C3CmSaW                                           (2.1c) 

C1: Correction coefficient of non-elastic system displacements, which is calculated  

      by one of the following methods: 

1.LBy replacing the basic sectioning equal to the elastic behavior limit with Vy: 

                                       C1:[ (1+ (R-1)( Ts/Te) ]/ R                                  (2.10) 

                                             R= (Sa/ (Vy/W)) Cm                                                       (2.11a) 

2.LUsing the following relation provided that resistance ratio (R) is not given: 

                                     C1=1+[(Ts-T) /(2Ts-0.2 )]                           (2.12) 

T: Structure main cycle. 

Ts: Secondary cycle between two fixed acceleration points and constant speed in the   

     reflection spectrum. In any case, C1 must be between 1 and 1.5. 

C2:lRigidity and resistance degradation effects of structural members on  

     displacements caused by their spiral behavior. 
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In linear analysis the value of this variable is assumed 1.  

C3: Which is selected according to the table 2.1, is for the application of the effects  

      of higher modes. 

Table 2.1: Application of the effects of higher modes. 

Number of Floors 
Steel or Concrete 

Bending Frame 
Guyed Steel 

Frame 
Structure with 

Shearing Wall 
Other 

Systems 
1 / 2 1.0 1.0 1.0 1.0 

3 ≥ 0.9 0.9 0.8 1.0 

W: Building net weight, including building dead weight and a percentage of the live  

      load, which is determined according to the regulations. 

Sa: Spectral acceleration per main cycle (T). 

2.2.1.3 Distribution of lateral forces along structure height 

Distribution of lateral forces along structure height based on basic sectioning force, 

height and weight of floors is as follows: 

                                                  Fi=[Wihi
K/ (ΣWjhj) ]V                                    (2.13a) 

Fi: Lateral force loaded on floor number i 

Wi: Weight of floor number i 

hi: Height of floor number i in relation to the basic level 

                                                     K= 0.5 T+ 0.75                                                 (2.14) 

When the main cycle is shorter than 0.5 seconds k=1, and when the main cycle is 

longer than 2.5 seconds, k=2.  

2.2.1.4 Distribution of lateral forces over building plan 

Lateral force in each floor is estimated using the previous relation. Regarding the 

extent of load distribution on a floor and the effect of random torsion on that 

particular floor, lateral forces are distributed. 

2.2.1.5 Diaphragms 

Diaphragms of building floor must be designed using the following relation: 

                                                       Fpi=( ΣFi / ΣWi )                                           (2.15) 

Wi is the building weight according to the earthquake resistance regulations.  

Diaphragms that support displacement forces or forces caused by rigidity of lateral 

load bearing system are called “force-controlled diaphragms”, but other diaphragms 

based on their type are considered to be forced-controlled or deformation-controlled 

diaphragms.  
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2.2.2 Non-linear static procedure 

If the linear procedures cannot be employed the non-linear procedures should be 

used for structural analyses. These procedures help determine internal forces of 

structural members according to their non-linear behavior. 

Seismic lateral loads are taken into consideration to the extent that displacement in a 

particular point (control center) under lateral loads reaches a specific amount or the 

structure’ finally collapses: 

                                             δt= C0C1C2C3Sa Te
2
/ 4π

2
 g                                      (2.16a) 

2.2.2.1 Outline 

Non-linear static analysis can be performed in one of the following two ways: 

1. Full method: Non-linear behavior of primary and secondary modeled members 

must be close to actual field non-linear behavior.  

2. Simplified method: Only primary members are modeled. Non-linear behavior of 

secondary members is simulated by a bilinear model. 

2.2.2.2 Control center 

In non-linear static analysis, center of mass in the roof is selected as the displacement 

control center of the whole structure. 

2.2.2.3 Distribution of lateral forces 

Distribution of lateral forces over the model structure should be close to actual 

seismic lateral force distribution: simulated members must experience crucial 

deformations and internal input forces. Hence, at least two load distribution methods 

must be applied to a structure: 

1. Distribution type one: here lateral forces must be calculated and modeled using 

one of the following methods. For structures with a main cycle of longer than 1 

second, only the third load distribution method can be employed: 

- Distribution proportionate to the lateral force distribution applied by the linear 

static procedure. This type of distribution can be used only when at least 75% of 

the structure mass is involved in the vibrational mode. If this type of distribution 

is selected, the second distribution type must be uniform.  

                                          Fi=[Wihi
K/ (ΣWjhj) ]V                                (2.13b) 
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- Distribution proportionate to the signature of the first vibrational mode. This type 

of distribution can be used only when at least 75% of the structure mass is 

involved in this mode.  

- Distribution proportionate to lateral forces resulting from spectral linear dynamic 

analyses. In order to apply this type of distribution, the number of vibrational 

modes must be selected in a way that at least 90% of structure mass becomes 

involved in the analysis.  

2. Distribution type two: here lateral forces must be calculated and modeled using 

one of the following methods: 

- Uniform distribution by which lateral force is calculated in relation to the weight 

of each floor.  

- Variable distribution by which lateral force in each load-gaining step is 

distributed based on the non-linear behavior of the model structure through a 

valid method.  

Selected lateral force must be loaded on the structure from two separate – and + 

directions. For each increment step of the lateral force, the ratio of basic shearing and 

displacement of control center be 1.5 times target displacement to the extent that 

minimum displacement is achieved.  

2.2.2.4 Estimating the effective period 

Effective main cycle, Te over a particular direction is equal to: 

                                             
e

i
ie

K

K
TT 

                                        

(2.17) 

Ti: Building main cycle by having linear behavior 

Ki: Elastic lateral force according to the figure 

2.2.2.5 Estimating forces and deformations 

Target displacements of a structure with rigid diaphragms must be estimated with 

respect to non-linear behavior of that structure: 

                                              δt=C0C1C2C3Sa (Te
2
/4π

2
) g                                    (2.16b) 

δt: Target displacement 

C0: Correction coefficient of the ratio of spectral displacement of a one-degree   

      freedom system and roof displacement of a multi-degree freedom system. This  

      coefficient can have one of the following values: 
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- Participation coefficient of mode one 

- Approximate values according to table  

C1  :    Te ≥ Ts        C1=1 

                                           :    Te< Ts             C1= (1+(R-1) Ts/2)                 (2.18) 

The coefficient C2 applies the effects of the reduction of rigidity and resistance of 

structural members on displacement caused by their non-elastic behavior. 

In the above table, frames of type 1 include structural systems in which more than 

30% of lateral forces are supported by structural member rigidity and resistance of 

which are degraded under seismic loads. Normal bending frames, guyed frames, 

frames with semi-rigid braces that are only designed for supporting tensions, non-

reinforced masonry structures that are not flexible to shearing are among this 

category of structural members.  Other structural systems are considered to be of 

type 2 ,when the value of T is between 0.1 and Ts, the value of C2 is calculated by 

means of linear interpolation. The C3 coefficient of structures that become positively 

rigid after yielding (α>0) is equal to 1 and for structures that become negatively rigid 

(α>0) is obtained by the following relation: 

                                                 C3=1.0+[αR-1)
3/2/ Te]                     (2.19) 

Sa: Spectral acceleration in accordance with the effective main cycle 

R= (Sa/ (Vy/W)) Cm                                                        (2.11b) 

Cm: Coefficient of effective mass in mode one 

Te: Effective main cycle of the building 

- Structures with semi-rigid diaphragms: 

For that they have a semi-rigid diaphragm, target displacements must be estimated 

according to the rigidity of the diaphragm. Therefore, target displacement of the 

structure or its rigid diaphragms is first measured and is multiplied by the ratio of the 

maximum displacement of the roof points to displacement of the mass center of the 

roof. This calculated target displacement, which must be larger than rigid 

diaphragms, must be used for all the frames of the structure. 

- Structures with flexible diaphragms: 

For structures that they have flexible diaphragms, target displacements can be 

estimated similar to the estimation of target displacements of structures with semi- 

rigid diaphragms.  
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2.3 Acceptance Criteria 

2.3.1 Linear procedures 

2.5.1.1 Estimation of design forces and deformations 

Deformation-controlled 

Design forces in deformation-controlled members (QUD) are calculated by the 

following equation: 

                                                       QUD= QG ± GE                                                                        (2.7b) 

QG    : Forces caused by gravitational loads 

QE    : Forces caused by seismic loads 

QUD : Forces caused by both gravitational and seismic loads 

Force-controlled   

Design forces in force-controlled members (QUD) are calculated by one of the 

following methods: 

1. Maximum forces can be loaded on a member by the structure. 

2. Maximum forces can be induced within a member considering non-linear 

behavior of members. 

3. Forces resulting from combining QE and QG as follows: 

                                         QUF=QG± QE/C1C2C3J                                      (2.20) 

where J is the load degradation coefficient and is equal to the DCR of members that 

transfer load to the particular member. J can have one of the following values: 

J=2 in earthquake-prone areas 

J=1.5   in areas prone to relatively average risks  

J=1      in areas prone to relatively low risks 

If the linear relationship between members, which transfer load to the particular 

member, exists, the J will be 1. In addition, for continuous serviceability J is 1.  

2.3.1.2 Acceptance criteria for linear procedures 

Deformation-controlled: Forces in primary and secondary members, which are 

deformation-controlled, must follow the below relation: 

                                                      mQCE ≥ QUD                                                                            (2.21) 

In the above relation, m is the correction coefficient of the non-linear member, and is 

explained in the chapter covering retrofitting techniques.  is also the knowledge 
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coefficient, and QCE is the expected structural member capacity with respect to all the 

simultaneous multi-directional forces loaded on that particular member.  

Force-controlled: In original and non-original members controlled by force, design 

forces should be measured less than below bound of members’ resistance with 

considering all the efforts that flow is imposed to the member. In controlled relation 

of these members, awareness factor should be imposed to the below bound of 

resistance.    

                                                        QCL ≥ QUF                                                                              (2.22) 

QCL is the lower limit of the resistance of the member. 

2.3.2 Non-linear procedures 

Deformation-controlled: The extent of deformations, which are resulted from non-

linear analysis, in members that are deformation-controlled must not exceed their 

capacity.  In this case, the basic shearing corresponding to the target displacement 

(Vt) must not be less than 80% of the effective yielding of the structure (Vy). Based 

on the expected functionality for the building, forces in members must be in 

accordance with acceptance criteria of secondary members. In control relations 

among structural members, knowledge coefficients must be applied to the resulting 

deformations.  

Force-controlled forces: In primary and secondary force-controlled members, design 

forces must be less than the lower limit of members’ resistance, with respect to all 

the simultaneous and multidirectional forces loaded on members. In control relations 

among these members, the knowledge coefficient must be applied to the lower 

resistance limit.  
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3. STRENGTHENING OF STRUCTURES 

In this chapter the rehabilitation requirements for concrete components resistant 

against earthquake are presented. This chapter consist of two parts, modeling’ 

requirements and Structural systems. 

3.1 Modeling’ Requirements 

In investigating the building vulnerability, at least the evaluation of seismic need and 

capacity for reinforced concrete members should be performed occasionally during a 

life time for sections on which the responses caused by lateral and gravity loads are 

most effective. Also in sections in which the section’ shape changes with the number 

of rebars resulting in strength reduction or the sudden changes in section’s rebars 

(such as connection locations) might lead to stress concentration and early failure. 

3.1.1 Stiffness 

The hardness of pieces should be calculated using valid standard methods, 

considering the axial, shear and bending hardness effects. Also the deformation 

balance caused by gravity and lateral loads should be considered in calculations. 

Linear modeling: The effective hardness of a member is equal to the member’s 

failure point rupture hardness. In other words, effective hardness is equal to the slope 

of a line in force-displacement diagram which connects the origin to the failure point. 

Table 3.1 could be used in cases where the above mentioned method could not be 

applied for calculating the effective hardness. 

Table 3.1: Effective stiffness valiues. 

Component Flexural Rigidity      Shear Rigidity     Axial Rigidity 

Beam_nonprestressed 0.5EcIg 0.4EcAw --------- 

Beam_prestressed EcIg 0.4EcAw --------- 

Column with compression due to 

design gravity loads > 0.5Ag.fc 
0.7EcIg 0.4EcAw EcAg 

Column with compression due to 

design gravity loads > 0.3Ag.fc 
0.5EcIg 0.4EcAw EcAg 

Walls_uncracked 0.8EcIg 0.4EcAw EcAg 

Non-linear methods: The force-displacement relationship is presented as non-linear, 

unless in cases in which it is clear that no non-linear reactions would occur in the 
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structure under the imposed loads. The linear equations could be used in such cases. 

For the static non-linear method, the general force-deformation equations could  be 

applied, as shown in Figure 3.1. This figure indicates the general force-deformation 

relationship. The relation is linear from point A to an effective failure point B, and it 

declines linearly between points B and C which reaches point D with a sudden 

decline in strength against lateral loads and is remained constant till point E. Finally, 

in this point (E), the strength reaches zero.  

The slope from A to B could be calculated. By ignoring the effect of gravity loads on 

lateral deformation, the initial slope from B to C could be considered between zero 

and 10%.The width of point C is equal to the member' strength and the designing is 

done according to the local displacement amount where the dramatic strength 

reduction takes place. 

               

                 a.cDeformation.                                                 b.cDeformation Ratio. 

Figure 3.1: Generalized forced deformation relations for concrete elements. 

3.1.2 Members comprised of web and flange 

In beams with web and flange which perform integrally, the combined strength and 

hardness of web and flange for bending and axial forces should be calculated. 

Therefore, a width from the effective web on both sides of the flange should be 

considered together. When the web is under pressure, the axial and bending forces 

are resisted by concrete and rebars which are embedded inside the effective width. 

When the web is under tension, only the longitudinal rebars inside the effective 

width should be considered in calculating the axial and bending strength, provided 

that rebar anchorage length after the critical section would be sufficient. 

3.1.3 Strength 

The behavioral parameters and the existing forces in each member of a building 

could be divided into two groups, namely “deformation-controlled” and “force-

controlled”, which are discussed in chapter 2. 
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3.1.4 Axial and bending loads 

The bending strength with or without axial forces is calculated based on the 

regulations. For concrete columns which are simultaneously under axial and biaxial 

bending forces, the strength should be obtained by considering the biaxial bending 

effect. If the linear methods are applied, the design axial force, PUF, should be 

calculated based on combining the force-controlled loads, as shown in chapter 2. The 

design moments MUD, should be calculated around each main axis by combining 

deformation-controlled loads. The acceptance criterion is obtained using the 

following equation: 

                                 [
    

         
]
 
 [

    

         
]
 
                               ( 3.1 )                

Where, 

MUDx = The design bending moment around the x axis for the axial force PUF 

MUDy = The design bending moment around the y axis for the axial force PUF 

MCEy = The expected bending strength around the y axis in the presence of the axial 

             force PUF 

MCEx = The expected bending strength around the x axis in the presence of the axial    

             force PUF 

 = The knowledge coefficient 

mx = The column’ m coefficient for bending around the x axis 

my = he column’ m coefficient for bending around the y axis 

3.1.5 Shear and torsion 

If rebars transverse distance is high or their shape does not have the required 

conditions, all the transverse rebars could not be considered as effective. For 

following cases, it is assumed that the 150 transverse rebars are effective in enduring 

shear and torsion: 

1. The axial distance of transverse rebars is more than half the effective depth of the 

measured member, in the shear direction. 

2. In tied beams and columns with covering patches or when the hooks are not 

sufficiently anchored in the concrete’ core, if the ties are placed inside the 

domain of a member with medium ductility requirement, in case these conditions 

are provided in the domain of a member with high ductility requirement, the 

transverse rebars are assumed to be ineffective. 
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If the axial distance of transverse rebars is higher than the amount of the member’ 

effective depth in the applied shear direction, these transverse rebars are considered 

to be ineffective in calculation of shear and torsion strength. 

3.2 Structural Systems 

3.2.1 Beam-column pre-stressed concrete moment frames 

These frames satisfy the following conditions: 

1. The frames components consist of beams, columns and their joints. 

2. The frames must have integrated structure so that the moment transfer between 

beams and columns would be possible. 

3. The main rebars participating in enduring lateral loads should be pre-stressed 

rebars or without mild steel rebars. 

3.2.2 Column-slab moment frames 

These are frames including the following conditions: 

1. The frame components consist of beams, columns and their joints. 

2. The frame must have integrated structure so that the moment transfer between 

slabs and columns would be possible. 

3. The main rebar of slabs participating in enduring lateral loads could be non-pre-

stressed regular rebar, pre-stressed rebar or both of them. 

3.2.3 Beam-column reinforced concrete moment frame 

The frames which satisfy the following conditions are beam-column reinforced 

concrete moment frames: 

1. The frame components consist of beams, columns and their joints. 

2. The beams and columns have integrated structure which allows moment transfer 

between beams and columns. 

3. The main rebars are not pre-stressed in components which are considered for 

enduring lateral loads. 

Analytic model for a beam-column frame member should include the strength, 

hardness and deformation capacity characteristics of beams, columns, beam-column 

joints, and other frame’s components, such as joints with other members. The failure 
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possibility due to bending, shear or rebar adhesion in every section in length of each 

member should be considered. 

The concrete slabs performance should be considered during modeling as a 

diaphragm which connects the vertical members to each other. The non-elastic 

behavior is only considered for responsive members and parameters presented in 

Table 3.2 and Table 3.3, unless it is indicated by experimenting and analysis, in 

which case there would be another acceptable non-elastic behavior possible for the 

selected performance level. 

Table 3.2: Modeling parameters and numerical acceptance criteria (nonlinear 

procedures_reinforced concrete beam).  

 

1.When more than one of conditions i , ii , iii and iv occurs for a given component,use the 

minimum appropriate numerical value from the table. 

2.C and NC are abbreviations for comforming and noncomforming tansveres 

reinforcement.A component is comforming if, within within the flexural plastic hinge region 

,hoops are spaced at <d/3 and if for components and moderate high ductility demand, the 

strength provided by hoops(vs)is at least three-fourth of the design shear. otherwise, the 

component is considered noncomforming. 

3.Linear interpolation between valiues listed in the table shall be admitted. 

           ModelingIparameters3  Acceptance criteria3 

                       Plastic rotation angle radians 

           Plastic rotation  Residual       Performance level   

 
            Conditions         angle radians Strength            Component type   

  
 

        Ratio        Primary  Secondary 

 a b c IO LS CP LS CP 

i.Beam controlled by flexure1         
ρ _ ρᴵ     

Transe 

      

reinf 

v         

ρ bal 
bwd√fᴵc         

≤ 0.00 c ≤ 3 0.025 0.050 0.200 0.010 0.020 0.025 0.020 0.050 

≤ 0.00 c ≥ 6 0.200 0.040 0.200 0.005 0.010 0.020 0.020 0.040 

≥ 0.50 c ≤ 3 0.200 0.030 0.200 0.005 0.010 0.020 0.020 0.030 

≥ 0.50 c ≥ 6 0.150 0.020 0.200 0.005 0.005 0.015 0.020 0.020 

≤ 0.00 Nc ≤ 3 0.200 0.020 0.200 0.005 0.010 0.020 0.020 0.030 

≤ 0.00 Nc ≥ 6 0.010 0.150 0.200 0.001 0.005 0.010 0.010 0.020 

≥ 0.50 Nc ≤ 3 0.010 0.150 0.200 0.001 0.010 0.010 0.010 0.020 

≥ 0.50 Nc ≥ 6 0.005 0.010 0.200 0.005 0.005 0.005 0.010 0.010 

ii.Beam controlled by shear
1
       

stirrup spacing≤d/2  0.003 0.020 0.020 0.001 0.002 0.003 0.010 0.020 

stirrup spacing>d/2  0.003 0.010 0.020 0.001 0.002 0.003 0.010 0.010 

iii.Beam controlled by adequate development or splicing along the span
1
  

stirrupspacing≤d/2  0.003 0.020 0.010 0.001 0.002 0.003 0.010 0.020 

Stirrupspacing>d/2 0.003 0.010 0.010 0.001 0.002 0.003 0.010 0.010 

iv.Beam controlled by adequate embedment into beam-column joint1  

   0.015 0.030 0.020 0.010 0.010 0.015 0.020 0.030 
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Table 3.3: Modeling parameters and numerical acceptance criteria (nonlinear    

       procedures_reinforced concrere columns). 

3.2.3.1 Stiffness 

Linear dynamic and static methods: In beam modeling, the bending hardness and 

shear hardness are considered and if the slab is built integrated with the beam, then 

the slab’ effect is regarded as a web. The joints could be assumed as rigid bodies. 

 Non-linear static methods: In case of structure analysis by non-linear static method,  

 

 

1.When more than one of conditions i , ii , iii and iv occurs for a given component,use the 

minimum appropriate numerical value from the table. 

2.C and NC are abbreviations for comforming and noncomforming tansveres 

reinforcement.A component is comforming if, within within the flexural plastic hinge region 

,hoops are spaced at <d/3 and if for components and moderate high ductility demand, the 

strength provided by hoops (vs) is at least three-fourth of the design shear. otherwise, the 

component is considered noncomforming. 

3.To qualify, columns must have transverse reinforcement consisting of hoops. Otherwise, 

actions shall be treated as force-controlled. 

4.Linear interpolation between valiues listed in the table shall be admitted. 

Conditions 

 

 

 

ModelingUparameters
4
       Acceptance criteria

4
   

  

Plastic rotation 

angle radians 

  

  

  

Residual 

strength 

  ratio 

    Plastic rotation angle radians 

      Performance level   

  

  
IO 

        Component type   

     Primary  Secondary 
a b C LS CP LS CP 

i.column controlled by flexure
1,3

                 

ρ _ ρᴵ 

Transe 

reinf
2
      v                 

   ρ bal 

 

bwd√fᴵc                 

≤ 0.100 C ≤ 3 0.020 0.030 0.200 0.005 0.015 0.020 0.020 0.030 

≤ 0.100 C ≥ 6 0.016 0.024 0.200 0.005 0.015 0.016 0.016 0.024 

≥ 0.400 C ≤ 3 0.015 0.025 0.200 0.003 0.012 0.012 0.018 0.025 

≥ 0.400 C ≥ 6 0.120 0.020 0.200 0.003 0.010 0.012 0.013 0.020 

≤ 0.100 Nc ≤ 3 0.006 0.015 0.200 0.005 0.005 0.006 0.010 0.015 

≤ 0.100 Nc ≥ 6 0.005 0.012 0.200 0.005 0.004 0.005 0.008 0.012 

≥ 0.400 Nc ≤ 3 0.003 0.010 0.200 0.002 0.002 0.003 0.006 0.010 

≥ 0.400 Nc ≥ 6 0.002 0.008 0.200 0.002 0.002 0.002 0.005 0.018 

ii.column controlled by shear
1,3

 
 

all cases …… …… …… …… …… …… …… 0.003 

   
…… …… …… …... …… ….... …… 0.004 

iii.column controlled by adequate development or splicing along the span
1,3

 

stirrupspacing≤d/2 0.010 0.020 0.040 0.005 0.005 0.010 0.010 0.020 

stirrupspacing>d/2 0.000 0.010 0.020 0.000 0.000 0.000 0.005 0.010 

iv.column controlled by adequate embedment into beam-column joint
1,3

 

conforming hoops over the entire 

length 
0.015 0.025 0.020 0.000 0.005 0.010 0.010 0.020 

all other cases 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
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the force-deformation non-linear relations are modeled as mentioned before. The 

total deformation shown in Figure 3.1 for beams and columns could be considered 

equal to the member’s chord rotation amount or the plastic joint rotation amount. For 

beam-column behavior modeling, the total deformation, which is the connection’s 

shear stress, is equal to the total deformation values for points B, C and D should be 

selected by experimenting. 

3.2.3.2 Strength 

The maximum strength of each member should be determined by considering the 

failure possibility under all forces caused by design loading combination, such as 

gravity and lateral loads like bending, axial load, shear, torsion and the cohesion-

related effects in all points of the considered member. 

3.2.3.3 Acceptance criteria 

Linear methods: In main members, the deformation-controlled responses should be 

limited to the bending in beams and columns. In minor members, the deformation-

controlled responses should be limited the bending in beams and some responses 

related to the rebars’ shear and cohesion should be limited according to Table (3.2) 

etc. all the other responses are considered as force-controlled. The design responses 

in members should be determined according to chapter 2. If the amount of the 

calculated DCR is higher than one, then the following response parameters should be 

calculated according to chapter 2: 

1. Moments, shears, torsion moments, and cohesion-related responses. 

2. The joint shears equal to beams and columns, connected to the given joint, 

reaching to their strength level. 

3. The axial forces I columns and joints, considering the probable plastic 

performance of higher floors.  

The design responses and forces are performed according to chapter 2. The m 

coefficients are derived from Table 3.2, etc. If the average amount of DCR for 

columns in an elevation exceeds the amount of average DCR for beams in that 

elevation, and also it is higher than one and higher than half of the m values average 

for all columns, that basic elevation should be considered as the an elevation with the 

lateral load bearing system for the weak column. In this case, one of the following 

conditions is true: 
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1. All members (main or minor) are modeled in that elevation and then the DCR 

average values are rechecked. If the amount of DCR, for vertical members, is 

higher than the amount of DCR for horizontal members in tat elevation, and as 

well is higher than 2, the building should be analyzed using a non-linear method. 

2. The building should be reanalyzed using a non-linear static method. 

3. The building should be rehabilitated in such a way that the weak floor defect is 

removed. 

Non-linear methods:  The plastic joint rotation capacities of beams and columns are 

presented in Table 3.2 to Table 3.3, etc. The beam-column connection shear 

deformation capacity is also presented in Table 3.2 and Table 3.3. For columns 

employed as main members, if the calculated design shears are higher than the 

design shear strength, the allowable deformation for collapse-prevention 

performance level should not be higher than the deformation which causes reaching 

to the shear strength, according to the calculations and also the allowable 

deformation for the life safety performance level should not be higher than ¾ of the 

related value. If  non-elastic behavior is obtained for members or responses not listed 

in the table, the performance should be considered as unacceptable. 

3.2.3.4 Rehabilitation criteria 

The column-beam concrete moment frame components, which do not satisfy the 

acceptance conditions for the desired rehabilitation purpose, should be rehabilitated 

or replaced, or the building should be rehabilitated in such a way that the above-

mentioned members could provide the desired performance level for the building. 

The regulations standards and principles are the investigation criteria for 

rehabilitation methods, so that the compliance of the rehabilitated building with the 

desired performance level could be assured. The rehabilitation effects on the 

building’s strength, hardness, and deformation capability should be considered in the 

rehabilitated building analytic model. Based on the expected deformations in the 

selected performance level, the compliance of the existing and new members should 

be controlled. 
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3.3 Concrete Diaphragms 

3.3.1 Components 

The bored concrete diaphragms convey the inertial and shear forces transferred from 

crossed vertical components from structure to the vertical components resistant 

against lateral forces. The concrete diaphragms are composed of slabs, collector 

components and edge components as follows: 

- Slabs: Each slab is part of a covering system (floor or ceiling) which in addition 

to bearing gravity loads, should transfer the inertial loads created in a structure 

from a fully lateral resistant system too another system and also should perform 

as an out-of-plane bracing for other parts of the building. 

- Bracing and collector components: The collector components are members which 

transfer inertial forces from inside of the diaphragm to other lateral resistant 

system members. The braces are parts of a structural diaphragm which provide 

integrity around the embedded diaphragm’ openers. Braces and collectors should 

be integrated with the concrete slabs and could be embedded in its thickness or 

have thickness higher than the slabs. 

- Edge components : Diaphragm edge components are placed in horizontal 

diaphragm edges with embedded additional transverse and axial rebars, and are 

considered for resistance against compression and tension forces created by the 

diaphragm’ bending. The structural external walls could be used for this 

performance as well, if there is enough horizontal shear capacity for the slab and 

wall. 

3.3.2 Modeling analysis and the acceptance criteria 

A diaphragm analytic model should be the representative of each member’ strength, 

hardness, and deformation capacity and also the diaphragm itself. The potential 

failure in bending, shear, buckling and rebars bracing length should be considered in 

every point of the diaphragm. A diaphragm’ analytic model could be assumed as an 

integrated or simple horizontal beam which leans to different hard components. 

- Stiffness: Diaphragm’ hardness should be model according to the previous 

paragraph. Should be calculate using an elastic linear model by applying the not 

cracked section characteristics with the concrete’ elastic coefficient. In cases in 
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which, according to the regulations, the diaphragm us acting as a rigid body, the 

diaphragm’ modeling could be overlooked with this assumption. 

- Acceptance criteria: Considering deformation-controlled diaphragm’ shear and 

bending, the braces, edge components and collectors components acceptance 

criteria are for frame members. The connections should be assumed as force 

controlled. 
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4. SEISMIC ASSESMENT OF SCHOOL BUILDING 

In this section, structural considerations pertaining to structural members, earthquake 

risks and evaluation results of structure’ resistance to seismic loads, history of 

building’ usage and future utilizations of building are reviewed.  

4.1 Designing Of RC Structural System’ School Building 

4.1.1 Strengthening process 

1. Setting rehabilitation objectives: Rehabilitation objective is determined based on 

the earthquake magnitude and  structure’ resistance capacity to support seismic 

loads. This process is described in section 1-1 of the first chapter.  

2. Obtaining as-built structural information: As-built information on the building 

includes building plots and other technical documents required to be utilized 

during the construction process.  

3. Rehabilitation (necessary or unnecessary): After carrying out different tests for 

determining the structural resistance of the building to seismic loads, it is decided 

whether rehabilitation is necessary or not.  

4. Introduction and evaluation of a rehabilitation plan: Rehabilitation plan is 

designed according to the rehabilitation regulations. After achieving 

rehabilitation objectives, technical documents including plots and executive 

instructions are provided.  

4.1.2 Strengthening of existing building 

This structure designed based on the building performance level. It mean it is 

designed for a particular earthquake risk level. First, the building is examined 

according to the earthquake regulations. Then, if the conditions and considerations of 

the earthquake regulations are not satisfied, the rehabilitation regulations will be 

used.  

- Levels of risk: These levels are defined on the basis of the probability of 

earthquake occurrences in pre-determined intervals and are used based on the 

information available out of the acceleration response spectrum.  
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- Levels of performance: These levels are determined based on the performance of 

the structural members. Possible damages at different levels, damages to primary 

and secondary members, transient and permanent lateral displacements, which 

are also covered in the previous chapters, are included in this category. 

Performance levels are divided into the following main categories:  

 Level 1: Operational performance 

 Level 2: Immediate occupancy performance 

 Level 3: Life safety performance 

 Level 4: Collapse prevention performance 

Table 4.1: Combination of levels of performance and risk. 

   Operational 

performance

Level (1-A) 

Immediate occupancy 

performance Level 

(1-B) 

Life safety 

performance 

Level (1-C) 

Collapse prevention 

performance Level 

(1-D) 

50%/50 year a b C d 

20%/50 year e f g h 

10%/50 year i j k l 

2%/50 year m n o p 

Basic safety objective (matching letter k): The Basic safety objective (BSO) is a 

rehabilitation objective that achieves the dual rehabilitation goals of life safety 

building performance level (3-C) for the (10%/50) year earthquake hazard level and 

collapse prevention building performance level (5-E) for the (2%/50) year 

earthquake hazard level. Enhanced rehabilitation objectives (matching letters K and 

P): Rehabilitation that provides building performance exceeding that of the BSO is 

termed an enhanced rehabilitation objective. Enhanced rehabilitation objectives shall 

be achieved using one or a combination of the following two methods: 

1. By designing for the target building performance levels that exceed those, BSO 

at either the 10%/50 year or 2%/50 year hazard levels, or both. 

2. By designing for the target performance levels of the BSO using an earthquake 

hazard level that exceeds either the 10%/50 or 2%/50 hazard levels, or both. 

Reduced rehabilitation objective: Rehabilitation that addresses the entire building 

structural and nonstructural systems, but uses a lower seismic hazard or lower target  

performance  level than the BSO, is termed reduced rehabilitation objective. Reduced 

rehabilitation shall be designed for one or more of the following objectives: 
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1. Life safety building performance level (3-C) for earthquake demands that are 

less severe (more probable) than the 10%/50. 

2. Collapse prevention building performance level (5-E) for earthquake 

demands that are less severe (more probable) than the 2%/50. 

Limited rehabilitation objectives: Rehabilitation that provides building performance 

less than that of the BSO is termed a limited objective. 

4.1.3 Categorizing expectations of structure 

Structural applicability is of particular importance in the process of rehabilitating 

structures. In residential buildings the objective is to rehabilitate the structures in 

order to prevent damages to the lateral load-resisting system.  

At  schools, it must be noted that the high number of schools and the low budget 

allocated to their rehabilitation will deeply affect the final level of rehabilitation. But 

based on the services provided by the schools and their serviceability at times of 

crisis, levels of required rehabilitations can be determined. Regarding the functional 

characteristics of school buildings and their expected serviceability levels, selecting a 

rehabilitation level will be more based on the characteristics of their lateral systems. 

4.1.4 Earthquake risks and design acceleration response spectra 

Earthquake is a natural phenomena associated with planet Earth. It can cause 

destructive damages to economic and social structure of human societies. According 

to Figure 4.1 Zanjan city is located in a region where tectonic activities are extensive. 

 

Figure 4.1: Location of Zanjan city in the earthquake risk’ map. 

Determining the basic earthquake level for the design is dependent upon geologic 
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and tectonic conditions of the location of the structure, type of the structure, and also 

the possible risks associated with collapse of the structure. On the other hand, an 

increase in the magnitude of the basic earthquake level adds to the quality of the 

rehabilitation procedure applied to the structure studied in this project. In addition, 

motional parameters of that particular region of the earth should also be determined 

in order to minimize the possible damages to the structure and manage an economic 

rehabilitation process. In choosing a datum line for the rehabilitation process 

according to the rehabilitation regulations, there is no need to perform linear analysis 

in order to estimate the resulting design response spectrum. Therefore the standard 

design spectrum is used to control the criteria.  

Standard design spectrum 

The standard design spectrum is obtained by multiplying the site coefficient (B) by 

the design base acceleration (A).  

Design base acceleration ratio  

Design base acceleration ratio for each specific region in the country is selected from 

the Table 4.2, based on the earthquake risks associated with that particular region. 

Table 4.2: Design base acceleration ratio (Iranian Code-2800). 

Region Description Design base acceleration ratio 

1 Very high relative risk 0.35 

2 High relative risk 0.30 

3 Intermediate relative risk 0.25 

4 Low relative risk 0.20 

Site coefficient  

Site coefficient describes a building’ response to ground motions. This coefficient is 

calculated using the following equations: 

                                     B=S+1 (T / T0)                  0 ≤  T  ≤ T0                              (4.1) 

                                               B=S+1                                T0 ≤ T  ≤TS                          (4.2a) 

                                              B=(S+1)( TS / T)
2/3                  

T  ≥ TS                                      (4.3a) 

T: Building main oscillatory period (sec). 

T0, Ts, S: Parameters which are dependent on ground type and earthquake associated  

               with a particular region.                                                  

Table 4.3 shows parameters related to B. (National Building Regulation’s Office., 

2000). 
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Table 4.3: Parameters related to B. 

 
Type of soil 
   

 
Ts 

   

 
T0 

 

Intermediate relative risk & 
        low relative risk 

Very high relative risk &     
     high relative risk 

S S 

I 1.00 0.40 1.50 1.50 

II 1.00 0.50 1.50 1.50 

III 0.15 0.70 1.75 1.55 

IV 0.15 1.00 2.55 1.75 

Main period  

The main period is determined based on the building characteristics and its height in  

relation to the base level, using the following experimental equations: 

a. Buildings with moment resisting frames: 

                                            T=0.07 H
¾ 

(unreinforced concrete frames)              (4.4a) 

Where H is building’ height in relation to its base level. If the weight of the stair 

turret is 25% of the roof weight, its height is also be taken into account while 

calculating the total building height (H).  

b. The minimum base shear force or a total of seismic lateral forces for each length 

of  building: 

                                                             V=CW                                                        (4.5) 

                                                           C=ABI/R                                                      (4.6) 

Where  

V: Base shear force 

W: Building total weight, including the dead loads and 40% of the live loads 

C: Earthquake coefficient  

A: Design base acceleration ratio 

B: Site coefficient 

I: Importance coefficient (I=1.2 for schools, according to Iranian Code-2800) 

R: Behavior coefficient of the building (R=7, according to Iranian Code-2800) 

4.1.5 Structure and site’ data 

In process of trying to collect information on the structural configuration, structural 

design and calculations, booklet of building and also information on the 

characteristics of the aggregates, no information or maps associated with the building 

and its architecture was obtained. Therefore, process of surveying was started for the 

purpose of obtaining  maps of building’ architecture.  
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4.1.5.1 Aggregates testing 

Due to the lack of information on aggregates, the necessary sampling and testing 

operations were performed, the result of which had been provided earlier in this 

paper. Since difficulties are associated with destructive testing methods, non-

destructive tests were carried out by means of an ultrasonic concrete tester and  

digital Schmidt hammer. 

4.1.5.2 Characteristics of member’s concrete compressive strength 

In order to measure the compressive strength of concrete used in the building, only 

three coring procedures could be applied to the building foundation and only one was 

applied to the pier caps. The tests were performed using an ultrasonic tester and a 

Schmidt hammer. 

Table 4.4: Results of concrete’ destructive testings. 

No Situation Diameter(mm) Height(mm)  Rupture load  Compressive 

Strength (N/mm
2
) 

1 Column A-1 101 201 250000 31.2 

2 Column A-2 101 202 175000 21.8 

3 Column B-4 (story 3) 94 200 140000 20.1 

4 Beam axis 4 (story 3) 101 201 160000 20.0 

Table 4.5: Results of concrete’ non-destructive testings. 

Expected compressive strength of aggregates and the lower limit of concrete 

resistance: Expected compressive strength of the aggregates and the lower limit of 

concrete resistance were measured by means of statistical analysis procedures (based 

on the standard deviation), the result of which were: 28.3 and 20.0 N/mm
2
. 

 

 

No 

 

 

Situation 

Ultrasonic concrete test Digital Schmidt hammer 

Elasisite 

modulus 

( N/mm
2
) 

Compressive 

strength  

(N/mm
2
) 

Compressive strength 

( N/mm
2
) 

1 columnD-5 (story 2) 28562 32.6 41.1 

2 columnD-4 (story 1) 25247 25.5 43.6 

3 columnA-4 (story 2) 30758 37.8 43.5 

4 columnA-2 (story 1) 26132 27.3 - 

5 columnD-2 (story 2) 21094 17.8 32.7 

6 columnD-2 (story 3) 22118 19.6 - 

7 columnB-5 (story 2) 18685 14.0 - 

8 columnC-11(story 1) 25476 26.0 32.1 

9 Beam axis2 (story 2) 25993 27.0 - 
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Table 4.6: Statistical analysis to find concrete compressive strength. 

Average of strength 

(Expected compressive 

strength  of aggregates) 

N/mm
2
 

variance standard 

deviation 

N/mm
2
 

Average - deviation(lower 

limit of concrete resistance) 

N/mm
2
 

28.3 7942 8.9 20.0 

Tensile resistance of bars:  In order to measure tensile resistance of bars, two coring 

processes were solely carried out on the foundation armatures. 

Table 4.7: Results of tensile resistance of bars testing. 

 

No 

 

place 

Bar’s 

diametere(mm) 
classification 

Yield 

stress(N/mm
2
) 

Ultimate 

stress 

(N/mm
2
) 

 

Type 

of bar 

1 
ColumnD-4 
(story1) 

18 A III 460 551.7 ribbed 

2 
columnA-4 
(story2) 

18 A III 445 530.0 ribbed 

Collecting information on geotechnical risks associated with a site: Risk of faults: 

based on the researches conducted on the boundaries of faults located in this city and 

around this region, there exists no specific fault beneath or around this building. 

Therefore, this site is probably involved in no fault-originated risks unless new faults 

occur as a result of future earthquakes. Figure 4.2 shows the location of Zanjan city 

on the map of Iran faults. 

 

Figure 4.2: The location of Zanjan city on the map of Iran faults. 
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4.1.5.3 Strength of construction material’s results 

Tests are carried out to determine amount of concrete compressive strength and 

tensile bar which its results have been mentioned in the previous chapters. 

Results of  low strength bound: With due observance to the presented results, low 

structural concrete compressive strength bound and low bound of tensile yield stress 

structural bars equal to 20.0 N/mm
2
 and 400 N/mm

2
 respectively.  

Results of construction materials expected strength: With due observance to the 

results as presented in previous part, expected compressive strength of structure 

concrete and expected foundation bar tensile yield stress equal to 28.3 N/mm
2
 and 

440 N/mm
2
 respectively, i.e. equal to 1.1 fold of low bound strength.    

4.1.6 Seismicity of the region under study 

According to the seismicity map included in the earthquake regulations 2800, Zanjan 

city is highly earthquake-prone. Here, the design base acceleration is:  

A=0.3.  

In addition, the earth in this region is of type III.  

The other associated parameters, which are also  used in the structural analysis, are 

as follows:  

T0=0.15  

Ts=0.70 

S =1.75 

4.1.6.1 Collecting information on adjacent building 

Mutual strokes between two adjacent buildings (pounding effects) change dynamic 

characteristics of both building and subject of structures to extra inertia. If stories of 

the two buildings have different base levels, floor of one building subjects the walls 

of its adjacent building to force, which can damage building’s structures. 

Adjacent buildings:two neighboring buildings the distance between which is less 

than 1/100 of the shorter building. Although the building studied in this project is not 

adjacent to any other building and is not surrounded with other buildings, its length 

to width ratio necessitates a seismic joint in the middle of its structure. With respect 

to height of the two buildings, the number of seismic joints in this structure is less 

than the accepted number determined in the earthquake regulations Iranian Code-

2800.  
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On the other hand, according to the paragraph 2.7.10.2 of issue FEMA-356, for 

buildings with lateral performance safety,  if the structure’ diaphragms are in equal 

level and the difference between height of the two building is less than 5% of the 

shorter building, there is no need to set minimum dimensions for seismic joints 

according to the regulations.  

4.1.6.2 Evaluation of the information 

According to construction regulations FEMA-356, the level of the information 

collected on the current status of the building will be divided into the following 

levels, based on the rehabilitation objectives and the analysis procedure with 

minimum standard and comprehensive.  

Since the aim of the rehabilitation process in this project is to rehabilitate the 

building’s base, and also since the non-linear analysis procedure is employed, the 

collected information is considered to be standard. The knowledge coefficient is also 

according to the Table 4.8: 

Table 4.8: Minimum experiment for standard information and convert coefficient. 

Type of 

structure 
Materials Minimum testing 

Convert coefficient lower limit of 

concrete resistance to expected 

compressive aggregates’  strength 

 

Concrete 
Concrete 

2 Experiments each 

concrete element 
1.25 

Steel(bar) 2 Experiments to tenstile 1.15 

According to the above table, in order to achieve the maximum knowledge 

coefficient for our rehabilitation objective, the information must be collected in a 

standard level. In order to study the type and properties of the aggregates used in the 

concrete and steel structural members, the coring procedure is applied. Due to the 

problems associated with destructive testing the non-destructive testing methods are 

employed. 

4.1.7 Type of structural system 

The structure of the building under study has a moment-resisting space frame by 

which all the vertical and lateral loads caused by wind or seismic activities are 

supported (without a need to supporting walls or load carriers).  
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4.1.8 Architectural characteristics 

The building roof is composed of pier caps and beams. After the transition of loads 

produced by the building floor to the secondary and primary beams through the pier 

caps, the beams transfer loads to the columns via the rigid joints. Gravitation loads 

are directly transferred from the columns to the building foundation.  

Forces resulting from gravitational loads are finally transferred from the foundation 

to the ground. The building’s bases are single bases which are under horizontal loads. 

In school buildings, lateral forces are transfered to the columns from the highest 

diaphragms. The concrete moment resisting frame of the building, which is 

connected to the building via rigid joints, acts also as the lateral load resisting sub-

system of the structure. At the end, lateral forces are transferred from the columns to 

the structure’ foundation. 

4.2 Modelling Of RC Structural System’ According to Iranian Code-2800 

This building has been modeled as 3-dimensional (3-D) form and with considering 

effect of loads. Figure below shows a view of building’ modeling. 

 

Figure 4.3: A view of modeling specified building. 

4.2.1 System’ specification  

The structural members, which are effective in lateral stiffness and/or distribution of 

forces in structure, are classified. Main members are the members that have been 

considered for confronting with building collapse as a result of earthquake and other 

members, which have not been considered for tolerating lateral load in comparison 

with the main members, are extraneous structural members. Since the specified 
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building is concrete-based moment frame in terms of lateral load-bearing system, 

main members include beams and columns, ceiling diaphragm and foundation. 

Extraneous or lateral members are comprised of sub-beams below the roof slab.  

4.2.1.1 Diaphragms 

Floors diaphragm plays a remarkable role in transfer path of lateral forces to the 

ground. Diaphragms transfer inertia force, resultant to the components of floor, to the 

lateral load-bearing system. Diaphragms are divided into three groups in curve terms. 

-Rigid diaphragm: If lateral load bearing, maximum horizontal malformation of 

diaphragm is smaller than half of the average relative  lateral place change of its 

below floor, the diaphragm is called “rigid”. 

-Soft diaphragm: If lateral load bearing, maximum horizontal malformation of the 

diaphragm is larger two fold than that of the average relative lateral place change of 

below floor, the diaphragm is called “soft”.   

-Semi-rigid diaphragm:When the diaphragm is neither  “rigid” nor “soft”,  it is called 

“semi-rigid diaphragm”. 

The diaphragm of the relevant building is comprised of concrete slab as thick as 

12cm. For this purpose, ceiling is excluded from rigid diaphragm state in analytical 

model and its real behavior is studied under resultant forces and finally, “P” is 

observed, in which, maximum diaphragm horizontal deformation is smaller than half 

of the average relative lateral place change below its floor. Hence, diaphragm of this 

structure has been considered at “rigid diaphragm” group. Here in next, diaphragm 

will be introduced as “rigid” in analysis.  

Analysis of diaphragm: Diaphragm can be imagined similar to a sheet bar for 

facilitation purposes. Diaphragm has been situated on the supports which is the same 

vertical components of lateral porter (frames). The sheet bar is the same diaphragm 

horizontal plate and its wings include diaphragm edge components. With due 

observance to the hypotheses considered in general calculations of structure against 

the lateral loads, diaphragm enjoy appropriate stiffness and rigidity along with 

sufficient strength and should get involved with other parts of structure provided that 

diaphragm and structure will remain integrated at the time of earthquake. Seismic 

load should first be calculated for studying rigidity of diaphragm. 
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4.2.1.2 Columns 

Columns receive lateral load which is imposed to the ceiling diaphragm and transfer 

to the foundation. Hence, load-bearing capacity of columns and their stability are  

paramount importance. Columns of project have been constituted from two concrete-

based sections 40x80 (axis 1 and 4) and 40x40 ( axis 2 and 3) in each three floors. 

 

              Figure 4.4: Column C1. 

                              

Figure 4.5: Column C2 (first & second floor).      Figure 4.6: Column C2 (last floor). 

4.2.1.3 Beams 

Sections used in the building beams are of various  dimensions  at  different floors, 

Beams used in the ground floor at longitudinal axes number 1 and 4, are 35x70 cm. 

All the transverse beams have 25 cm width and 45cm height. Beams implanted in the 

first floor have dimensions equal to the bars implanted along transverse axes 2 and 3 

of the ground floor, but bars along longitudinal axes 1 and 4 are 50x30 cm . Beams 

used in the second floor are 55 cm width and 50 cm height  in longitudinal axes 1 

and 4 . Other bars inserted into the building structure are similar in size to the other 

bars used in the bottom floors of the building. Figures below shows the structural 

layout of floors. 
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Figure 4.7: Structural layout of first floor. 

 

Figure 4.8: Structural layout of second floor. 

 

Figure 4.9: Structural layout of third floor. 
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4.2.2 Building Configuration 

4.2.2.1 Regular or irregular reviewing in plan 

Irregularities in plan of building will cause generation of remarkable torsional forces 

in building as a result of lateral forces. These torsional forces along with horizontal 

forces, resulted from building lateral transfer, will cause imposition of noticeable 

additional forces to the structural load-bearing elements which can result in 

breakdown of these members. The buildings with the following specifications are 

considered as “Irregular in Plan” according to the Earthquake Regulations: 

1- The buildings which distance between curve center and mass center of each floor 

in each of two main axis exceeded 20% of building dimension in that axis, details 

of which did not observe in this building. 

2- Plan of building is found asymmetrical in comparison with one of two axes. Such 

symmetry is observed in this building.  

3- Sudden changes at curve or diaphragm of each floor exceeded 50% of the 

adjacent floors and total opening levels in it exceeded 50% of total diaphragm 

level. The two mentioned cases did not observe at this structure.  

4- Maximum relative place change of building two ends, with considering random 

torsion, differ more than 20% from the average place change at building two ends 

in that floor. The said case was not observed in this structure due to the uniform 

distribution of curve in the plan. 

The relevant building is a rectangular plan with the dimension of 36.00x17.55m. 

The building has been divided into two eastern and western blocks due to the 

length to width proportion larger than 3 by the interruption seam. 

      

Figure 4.10: Building configuration plan. 
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4.2.2.2 Torsion effect 

After modelling of structure, if torque (sum of real torque and accidental torque ) at 

all the story is smaller than 1.1, we cann’t thinking about effect of accidental torsion. 

According to the table, ŋ and A coefficients in X direction is as follows: ŋ<1.1. 

So, accidental torsion effect can be ignored. 

Table 4.9: Calculation of ŋ and A coefficients in X direction. 

Story 
Load VX 

Max Avg η 

Story3 0.0383 0.0383 1.000 

Story2 0.0297 0.0297 1.000 

Story1 0.0162 0.0162 1.000 

4.2.2.3 Overturning effect 

Based on the Regulation, total building should be stable in reversal terms. Reversal 

anchor as a result of earthquake lateral forces in foundation level is equal to total 

multiplication of lateral force of each balance at its height in comparison with the 

balance below building foundation. Confidence factor against reversal and ratio of 

resistant anchor to the reversal anchor should be selected at least equal to 1.75.  In 

calculation of resistant anchor, balancing load is equal to the vertical load which has 

been used for the determination of lateral forces. Weight of foundation and soil on it 

is added to these loads.  

4.2.3  Load distribution 

With due observance to the concrete moment frame lateral load-bearing system, 

there exists possibility of estimation of seismic loads. Hence, weight of building is 

first calculated in this part and structure’ effective mass is set in calculation of 

seismic loads. Finally, calculation and distribution of seismic loads is carried out at 

the building height.     

4.2.3.1 Live load 

Based on the regulation of building resultant loads in educational buildings, live load 

of classrooms and corridors is equal to 3.5 kN/m
2
 and 5.0 kN/m

2
 respectively. 

Details of building’ live loads shows in table below. 
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Table 4.10: Live load. 

Story usage Live Load  (kN/m5) Area(m
2
) Live load (kN) 

3 roof 1.5 632.9 0.94 

 class 3.5 508.9  

2 corridor 5.0 126.0  

 Σ 8.0 632.9 2.40 

 class 3.5 508.9  

1 corridor 5.0 126.0  

 Σ 8.5 632.9 2.40 

4.3.4.2 Dead load 

Dead load is including Shelter and Ceiling weight, Weight of surrounding and 

internal walls. finally according to table 4.11 we can calculate the structure’ weight. 

Table 4.11: Shelter weight. 

Shelter  wall 

 kN/m 

Shelter (35cm) 7.85 
Bitumen-sacks 0.15 

Σ 8.00 

Table 4.12: Weight of surrounding and internal walls. 

Peripheral wall  1m (down)   Peripheral walls 2m (up)  

 kN/m
2   kN/m

2
 

Clay bricks (35cm) 7.35  Clay bricks (35cm) 7.35 

Cement & clay mortar (2cm) 0.42  Plaster & soil mortar (2cm) 250. 

Revetment (2cm) 0.54  Plaster mortar (1cm) 0.13 

Σ 8.30  Σ 7.80 

     

Internal walls (25cm) ((2m up))  Internal walls (25cm) ((1m (down)) 

 5
kN/m   5

kN/m 

brick with cement-clay mortar 

(22cm) 
4.07  

brick with cement-clay mortar  

(22cm) 
4.07 

cement-clay mortar (2cm) 0.84  Plaster & soil mortar (2cm) 0.64 

Revetment (2cm) 0.54  (2cm)clay mortar (2cm) 0.26 

Σ 6.08  Σ 4.97 

Table 4.13: Ceiling weight. 

Ceiling Concrete slab story 

 

Roof ( kN/m
2
) 

 kN/m
2
 Iso gum 0.15 

Mosaic (2.5cm) 0.56 Bitumen-sacks 0.15 

Cement& clay mortar (3cm) 0.63 Cement (1cm) 0.21 

Mineral Pvk.h (5cm) 0,.15 light Concrete 1.20 

Concrete slab (12cm) 3.00 Concrete slab (12cm) 3.00 

Plaster & soil mortar (2cm) 0.25 Plaster & soil mortar (2cm) 0.32 

Plaster mortar (1cm) 0.13 Plaster mortar (1cm) 0.13 

Σ 4.94 Σ 5.26 
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Table 4.14: Effective weight. 

Effective weight 

Story Area(m
2
) Height from base (m) Dead load (kN) Live load (kN) 

Effective weight 

D+0.4L (kN)  

3 632.9 11.50 12880 940 13256 

2 632.9 7.75 15160 2400 16120 

1 632.9 4.00 15440 2400 16400 

  Σ W=  45776 

Because of calculating earthquake force with equivalent static way, we should find 

structure’ effective weight. 

Table 4.15: Earthquake force. 

C=ABI/R= 0.3*(2.75)*1.2/7=0.141 

V= C*W=45776*0.141=6454.4 kN 

Seismic loads of stories      

Story Area(m
2
) Height from base(m) Effective weight (KN) Wi*Hi Fi (KN) ΣFi 

3 632.9 11.50 13256 156020 2947 2947 

2 632.9 7.75 16120 131246 2479 5426 

1 632.9 4.00 16400 68844 1300 6740 

   45776 356110 6740 15110 

Equivalent static model is used for the calculation of earthquake load. For this 

purpose, structure effective weight is first calculated for the computation of base 

shear force. The minimum cutting force of building base (V) in each of main length 

of building for each two blocks is calculated through the application of the related 

relation shown in below.  

If improvement instruction is used, upper and lower limit of gravity load effects will 

be calculated according to the following relations:  

                                                    QG = 1.1 (QD + QL)                                             (4.7) 

                                                             QG = 0.9 QD                                                (4.8)  

4.2.4 Evaluation of hypotheses design 

Evaluation of hypotheses designedto achieve confidence from similarity behavior’ 

mechanism and situation of assumed joints for the analysis of structural model with 

the real structural behavior under seismic design. 

At the members with noticeable gravity loads, assuming formation of joint should be 

considered at the points except member two ends. In the present structure, since all 

connections of beams are involved and operate as lateral load in earthquake, there 

exists possibility of formation of plastic joint at beams’ both ends.  
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In concrete-based flexural spatial structures, path of lateral loads depends on stiffness 

of members and frame and work breakdown structure (WBS) and plastic joint 

formation stages in structural member is of paramount importance in terms of local 

and general instability and also soft and appropriate seismic response.  

Accordingly, appropriate behavioral pattern in formation of plastic joint in bending 

structures is as follows:  

- Creation of bending – shearing joints at beams  

- Creation of axial – bending joints in columns  

Relative study of lateral load-bearing elements capacity is needed to distinguish 

breakdown trend in flexural structures. 

As main elements in structure lateral load bearing, beams play an important role in 

structural stability. With due observance to the bending –shearing nature of beams 

internal forces, the earmarked beams are in bending and shear joints form as well.     

As one of the important members in moment frame system, columns play a 

significant role in seismic behavior of this group of structures.  

At first, it is better to form joints in beams and then in columns. The functional 

sensitivity of these members to force and/or transformation has direct relation with 

the axial load imposed on them. With due observance to the existence of remarkable 

flexural in columns, potential of joint formation is high in the beginning and end of 

columns due to the flexural nature of load-bearing system and place of joints is 

assumed at both ends of columns.    

4.2.5 Structural analysis method 

Based on the Regulation, needing or not-needing to improve the considered building 

should be controlled strictly. Thanks to the determination of base improvement level 

for schools structures, final control is carried out in this project after selection of 

analysis method if needed for improvement.    

4.2.5.1 Equivalent static analysis 

Regular buildings with height less than 50m from base balance, irregular buildings 

up to five floors with height less than 18m from base balance.  

The buildings which their lateral curve of upper part is remarkable less than lateral 

curve of bottom part provided that: Each of two parts of structure is found regular 

solely. Fluctuation main alternative time of total structure should not exceed 1.1 fold 

than that of main alternative time of upper part.  
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The average curve of lower floors should be at least 10 fold than that of the average 

curve of upper floors. With due observance to the abovementioned conditions, the 

considered structure enjoys necessary condition for being analyzed through 

equivalent static method.  

4.2.5.2 Dynamic analysis 

Except cases of paragraph 4.2.5.1, dynamic analysis can be applied. In these 

methods, earthquake lateral forces can be determined through the application of 

dynamic reflection which structure shows reaction of “movement of earth” as a result 

of earthquake. These methods include “spectral analysis”, “chronological history 

time line analysis”. Application of each of these two methods in buildings is subject 

to the optional regulation terms and conditions. 

4.3 Analysis of RC Structural System’ School Building 

4.3.1 Linear static analysis 

4.3.1.1 Calculation of base shear 

According to FEMA-356 and Iranian Earthquake regulation Code-2800; 

                                                   V=C1*C2*C3*Cm*Sa*W                                          (4.9) 

V is the base shear. 

Type of the ground: III 

Base acceleration for Zanjan plan: A=0.3 

                                                 B= S+1  when   T0<T<Ts                                     (4.2b) 

T0= 0.15 

TS= 0.70 

Then;      

S= 1.75    

T= 0.07(11.5)
3/4 

= 0.43 s 

                                               Sa= B*A= 2.75*0.3 = 0.825                                 (4.10a) 

Sa is Response spectrum acceleration.  

W is equivalent to total weight of the building plus a percentage of the live load  

W= 45776  kN 

C1 is the correction factor for applying non-resilient places of the system. 

                                    C1= 1+[(Ts–T)/(2Ts–0.2)]=1.23    1<C1<1.5                     (4.11) 

C2 : Includes effects of reduction of stiffness and resistance of the structural members  
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      for displacement due to rotational behavior (it equals to 1 for linear analysis) 

C3 : Modification factor to represent increaseddisplacements due to dynamic  

      P_∆effects which is considered to be equal to 1. 

Cm: Considered in order to apply the effect of higher modes and is equal to 0.9 for  

       concrete moment frame . 

Finally for building, respectively: 

V=1.23*1*1*0.9*0.825*W=0.913W=0.913*45776 = 41793.5 kN 

4.3.1.2 Evaluation of linear static analysis 

In the most of the principal members including beams and columns, the demand-to- 

capacity ratio (DCR) is greater than 2 and the linear analysis can't be used with 

regard to the existing conditions. 

4.3.2 Nonlinear static analysis 

In nonlinear static analysis, the lateral load due to earthquake is applied to the 

structure statically and gradually until the amount of displacement in an external 

point is reached a certain value under lateral load or the structure is collapsed.  

4.3.2.1 Calculation of target displacement 

                                          δ= C0*C1*C2*C3 *Sa*Te
2
/4π

2 
*g                                    (4.12) 

                                            
e

i
ie

K

K
TT 

                                        

(4.13a) 

                                                        Ti=0.07H
3/4   

                                                 (4.4b) 

H=11.5m   

Ti=0.43 s                                                          
 

Where Te is the principal effective period of the building;  

Ti is the principal effective period of the building with the assumption of linear  

Behavior.                 

Ki and Ke are determined based on the base shear-displacement curve. 

C0 is the correction factor which is equal to 1.2 based on the Table 4.16. 

C1 is calculated based on the below equation: 

                                   C 1 :  [ (1+ (R-1)( Ts/Te) ]/ R        for TeTs                      (4.15)
 

                                         :  1.0                                       for Te>Ts                                                                             

C2: Represents the effects of stiffness reduction which is selected equal to 1 based on   

     the regulations for a frame of type 2 and lateral safety level and T>T0 (Table 4.17) 
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Table 4.16: Values for modification Factor C0
1
. 

 Table 4.17: Values for modification Factor C2
1
. 

 C3 is equal to 1 for                                         

                                                  R= (Sa/ (Vy/W)) Cm                                                                    (4.16) 

 those structures that have positive stiffness after yield. Regarding this fact that 

determination of the target displacement is as a try and error process, hence firstly 

based on: 

                                               
e

i
ie

K

K
TT                                       (4.14b) 

if we suppose     

Ki=Ke   

then;  

Te =  Ti=0.43                                                                                          

                                                        B=(S+1)=2.75                                                (4.2c) 

when   

Ts ≥T ≥ T0                                                                                                                 

stories 
Shear Building

2 
Other Building 

Uniform load pattern(1.1, 1.2, 1.3) Uniform load patern(2.1) Number of stories 

1 1.0 1.0 1 

2 1.2 1.15 2 

3 1.2 1.2 3 

5 1.3 1.2 5 

10 and 

more 
1.3 1.2 10 and more 

 T ≤0.1 second
5 T >Ts second

5 

Structural performance 

level 
Framing 
Type 1

3 
Framing 
Type 2

4 
Framing 
Type 1

3 
Framing 
Type 2

4 

Immediate  occupancy 1.0 1.0 1.0 1.0 
Life safety 1.3 1.0 1.0 1.0 
Collapse  prevention 1.5 1.0 1.2 1.0 

 

1. Linear interpolation shall be used to calculate intermediate values. 

2. Buildings in which, for all stories, inter story drift decreases with increasing height. 

3. Structures in which more than 30% of the story shear at any level is resisted by any combination of   

    the following components, elements, or frames: Ordinary moment-resisting frames, concentrically- 

    braced frames, frames with partially-restrained connections, tension-only braces, unreinforced  

    masonry walls, shear-critical, piers, and spandrels of reinforced concrete or masonry. 

4. All frames not assigned to framing Type 1. 

5. Linear interpolation shall be used for intermediate values of T. 
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                                             Sa=B*A=2.75*0.3=0.825                                       (4.10b) 

Finally, target displacement is calculated as follows: 

Ts> Te  

then;    

R=(0.825 /0.909)*0.9=0.81    

C1=[1+(0.81-1)0.7/0.43]/0.81=0.866 

δt =1.2*0.866*1*1*0.825*0.43
2
/4π

2
*9.81=39cm 

With giving this target displacement to program, we can find; 

Te=1.33s (mode 1) 

 

Figure 4.11: Deformed shape of 3D structural model of the school building ( 

SAP2000,. V. 14.2.0 ). 

Te> Ts  

then  

C1= 1 

Sa= B*A= 2.75(0.7/1.34)
0.8

*0.3 = 0.49 

δt =1.2*1*1*1*0.49*1.33
2
/4π

2
*9.81= 25.8 cm 

Then, the structure has been analyzed again based on the target displacement . 

Hence, the final value of the target displacement must be selected to be equal to 

25.8cm . 

The distribution of the lateral load on the structure model must be similar to what 

will be happened during earthquake as much as possible and must create critical 

modes of displacement and internal forces. so, at least two types of  lateral load must 
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be applied. First-type distribution: In this kind of distribution the lateral load can be 

calculated and applied in 3 ways. Based on the explanations of the chapter 2, 

regarding this fact that over 75% of the structure' mass contributes in first vibration 

mode, a method which is proportional to the first mode (second method) is used. 

Second-type distribution: The lateral load can be calculated and applied in either of 

two ways that in current project, the uniform distribution (proportional to the weight 

of each floor) is employed. 

Joints allocated to members 

Columns joints: The joints related to the columns are selected from type P-M-M 

which their locations are considered at the ends of the columns. The joints of the 

beams joints: The beam-related joints are selected from two types M3 and V2 with 

regard to flexural moment and shear force in the beams which are located at the ends 

of the beams (similar to columns). (Celep, Z., 2007). 

4.3.2.2 Deciding to retrofitting  

After modeling and allocation of the plastic joints and definition of the lateral 

loading pattern according to the regulation and performing the nonlinear static 

analysis, the method of joint creation in the members and the base shear-

displacement pushover curve is depicted according to the regulation and is compared 

to target displacement and the need or lack of need with respect to seismic 

retrofitting is determined.  

Control of structure performance 

In order to control the structure performance, result of pushover curve of the roof 

displacement versus base shear is presented as follows in table 4.18. And figure 4.12 

(at Y direction) and 4.13 (at X direction) shows the hinges situation at last step of 

push over analyzing. (SAP2000, V. 14. 2. 0). 
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Table 4.18: The push over behavior of 3D structural model in X direction. 

 

 

Figure 4.12: Deformed shape of plan frame at last step of push over (axis A). 

 

Figure 4.13: Deformed shape of plan frame at last step of push over (axis 1). 

The existing depicted graphs suggest that the building has been undergone early-

collapse due to insufficiency of the lateral load resisting system and has shown 

Step Displacement BaseForce AtoB BtoIO IOtoLS LStoCP CPtoC CtoD DtoE Total 

  M N                 
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inappropriate behavior.  Hence, the building has collapsed much before than reaching 

target displacement and has a non-ductile behavior. The lack of desired performance 

point ascertains the need to rehabilitation (seismic retrofitting) to reach the desired 

(base) performance. Figure 4.14 shows push over curve according to fema 356 and 

Figure 4.15 shows equvalent linearization by using ATC40. 

 

Figure 4.14: Push over curve (FEMA-356). 

 

Figure 4.15: Equvalent linearization (FEMA-440). 
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edolore magna.  
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5. FINAL ASSESMENT OF STRUCTURE 

In order to strenghtening  the structure, different methods can be employed. For 

example, the columns and the beams (of the moment resisting frame system) can be 

reinforced or  increase the lateral rigidity of the system by adding bracings and shear 

walls. The structural weight can also be diminished by removing heavy walls and 

replacing them with light panels.  

In this project three methods are employed, which are evaluated using the SAP 2000 

software and FEMA-356. After comparing the three mentioned  methods we choose 

the most efficient method in terms of economy and technique.  

5.1 Bracing And Structure’ Performance 

In braced systems bracings support the most part of the seismic loads because these 

structural members play a major role in receiving the lateral forces. If ruptures occur 

during an earthquake, the structure will be definitely damaged to a great extent. Since 

bracings are installed parallel to each other, rupture in the first bracing in a story 

leads to concentration of lateral earthquake forces on that particular story, which 

causes ruptures in the other bracings. This makes that  story will be  the most ductile 

story and reduces its rigidity, which causes more lateral displacements in one of the 

stories and also brings about destruction and rupture for the whole structural system. 

5.1.1 Adding braces  

Bracings support seismic loads in the axial direction. Since the axial force is equally 

applied to all members, ruptures and joints are introduced into the bracing’ middle. 

In diagonal bracings plastic joints are inserted in the middle of the length of the 

members. In assessing cross-braced systems, joints can be introduced at the 

beginnings and the ends of the members. 

Ofcourse it is unnecessary to use more joints because this only add the time that 

required for analysis. Detail of bracing is showing in figure 5.1and figure 5.2 . 
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Figure 5.1: Assign brace. 

 

Figure 5.2: Braces details. 

After adding the bracings to the initial model, the structure under study will be 

similar to the Figure 5.3.       

 

a) 3D view (SAP2000,. V. 14.2.0). 
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b) 2D view (A axis) (SAP2000, V. 14. 2. 0). 

 

c) 2D view (1 axis) (SAP2000, V. 14. 2. 0). 

Figure 5.3: 3D and 2D view of the braced structural system of the building. 

5.1.1.1 Situation of bracing 

In  Y direction : axis A and G, between  axis 1-2 and 3-4. 

In  X direction : axis 1 and 4, between  axis CD and  EF. 

In this section the characteristics of axial plastic hinges are obtained from the tables 

included in section 5 of FEMA-356. After introducing the characteristics of loading 

patterns in the non-linear static analysis structural analysis of the final model 

becomes possible.  But since in the strengthening of the existing structure we try to 

use all the available capacity, it is better  to consider issues such as modification of 

plastic joints characteristics in order to reduce rehabilitation costs.  
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5.1.1.2 Assign the properties of beam's hinges 

Table 3.2 presents the modeling parameters and the acceptance criteria for the 

bending hinges of the beams according to the sixth chapter of FEMA-356. Figure 5.4 

and Figure5.5 show how the behavior of the bending hinges is modeled according to 

FEMA-356 by the SAP 2000 software. 

                      

      Figure 5.4: FEMA’-356  model.                    Figure 5.5: SAP 2000’  model. 

According to the presented curve, up to point B the joint shows elastic deformations 

as a part of its behavior. In the SAP software elastic deformations are calculated 

based on the elastic rigidity of the elements. And no deformation is also assumed to 

take place in the behavior curve up to point B. The effects of strain hardening (BC) 

are examined by assuming a 3% elastic slope.  We can select, the hinges properties in 

the SAP software to turned into the properties of the hinges defined by the user.  

5.1.1.3 Assign the properties of column's hinges 

In FEMA-356, the ultimate compressive strength of columns is calculated according 

to AISC 1997 and that of bracings is calculated according to AISC 1993 using the 

equivalent unit strength  reduction factor. In FEMA-356  the expected tensile force is 

equal to AFye. Calculations are carried out exactly like calculations of beams but in 

this case we follow the information provided in Table 3.3. Again we can select, the 

hinges properties in the SAP 2000 software to turned into the properties of the hinges 

defined by the user.  

5.1.1.4 Assign load cases in nonlinear elastic analysis 

In this phase we employ the non-linear staged-construction method due to the 

introduction of the bracings into the existing structure. If during the construction of a 

structure the beams and columns are installed in the first stage, the roofs are installed 

in the second stage, and the bracings are installed in the third stage (this routine is 

always followed in rehabilitation). All the structural dead loads are carried by the 
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columns and the bracings are only involved in bearing the live loads due to 

application of the gravity loads. If at the time of construction of a structure the 

beams, columns and bracings are installed and put to use after the ceiling, bracings 

(similar to the columns) will support part of the dead loads. The structure under study 

the beam and column elements are available and bear the gravity loads caused by 

live and dead loads. Therefore, if during implementation of the bracings live loads 

are also exerted on the structure, these elements are not involved in bearing the 

gravity loads and are only affected by forces in case an earthquake occurs.  

In the first phase of construction of the structure under study we define a non-linear 

analysis staged-construction mode and allocate beam and column elements to the 

structure. In the second phase, we implement the 1.1(D+L) analysis mode after 

implementation of the previous analysis mode. In the third phase a non-linear staged-

construction analysis mode is defined and is named “add brace”, then the bracing 

elements are added to the structure. In the fourth phase the analysis modes under the 

effect of lateral load patterns are implemented after the “add brace” analysis mode, 

this way the bracings are not involved in supporting the gravity loads and are only 

involved in bearing the lateral loads.  

5.1.2 The last nonlinear analysis of structure 

According to Figure 5-6 illustrates the ultimate analysis mode under the effect of 

lateral load patterns. Here the analysis is done by introduction of columns and beams, 

combination of gravity loads, and insertion of the bracings. Then by considering the 

forces and deformations caused by the specified analysis modes, analysis is 

performed for the lateral load patterns. In fact, three non-linear analysis modes are 

implemented prior to analysis of the structure for lateral load patterns. Thus, the 

condition of the structure in terms of the associated forces and deformations should 

match the conditions of the existing structure. Among the specified analysis modes, 

analyses for lateral load patterns are carried out. In fact, before analyzing the 

structure for the lateral load patterns, three non-linear analysis modes are 

implemented in order to match the conditions of the structure (in terms of its 

associated forces and deformations) with the conditions of the existing structure. 

(Baji, H., and Hashemi, J., 2004). 

The SAP 2000 software calculates the ultimate strength of bracings and columns on 

the basis of the parameters defined during the design process . 
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Figure 5.6: Load cases of analysis. 

5.1.3 Previewing the nonlinear elastic analysis results 

Obtaining the envelope curve and the target displacement that is calculated according 

to FEMA 440 .The following figure present the performance’ curve of the point of 

the structure under the impact of different non-linear static analysis modes.  

After bracing we can recieve to Performance point with (according to ATC -40): 

(V , D) = (9359476, 0.098) 

(Sa , Sd) = (0.424, 0.077)  

(Teff, Beff) = (0.852, 0.260) 

Figure 5.8 shows the envelope curves of the structure for different lateral load 

patterns before the introduction of the bracings and after the introduction of the 

bracings in order to compare them. As seen on, after adding braces structure’ base 

reaction is increasing and it can say to us that  rehabilitating is helped to enhace of 

rigidity of building. So we can understand that rehabilitation of building is helped to 

increasing of building' rigidity, of course this method is not so effective like adding 

shear wall, but it is bettter than the concrete jacketing. (ATC 40, 1996). 

After performing the analysis, different stages of analysis can be watched and the 

formation process of the hinges and also the acceptance criteria for each stage can be 

observed and examined. Then based on these observations the acceptance criteria for 

and the conditions of the hinges are assessed with regard to the color codes related to 

the target displacement. 
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Figure 5.7: Equvalent linearization by adding braces (ATC-40). 

 

Figure 5.8: Comparing pushover curves before and after strenghtening by adding 

braces (FEMA-356). 

Figures 5.9 and 5.10 show the conditions of the hinges in the last displacement that is 

larger than the target displacement.  

 

Figure 5.9: Conditions of the hinge patterns at last step of push over after 

strengthening by bracing (Axis-1). 
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Figure 5.10: Conditions of the hinge patterns at last step of push over after 

strengthening by bracing (Axis-A). 

Table 5.1: Comparision of periods after and before strengthening by bracing. 

 Before Strengthening 

Step Type Step Num Period sec Frequency cys/sec 

Mode 1 1.328 0.752 

Mode 2 1.328 0.752 

Mode 3 1.251 0.798 

Mode 4 1.244 0.803 

Mode 5 0.841 1.188 

Mode 6 0.783 1.275 

Mode 7 0.433 2.306 

Mode 8 0.432 2.312 

Mode 9 0.344 2.901 

 After Strengthening by Bracing 

Step Type Step Num Period sec Frequency cys/sec 

Mode 1 0.614 1.628 

Mode 2 0.613 1.630 

Mode 3 0.394 2.536 

Mode 4 0.205 4.863 

Mode 5 0.200 4.986 

Mode 6 0.136 7.323 

Mode 7 0.126 7.895 

Mode 8 0.113 8.847 

Mode 9 0.107 9.291 

For the same building  performing the analysis  in Y direction shows, the  structure 

can support performance, as seen on, base reaction is increasing and it can say to us 

that  rehabilitating is helped to enhace of rigidity of building in Y direction too. 

Table below, gives information related to the base reaction and displacement in Y 

direction. 
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Table 5.2: Base reaction-Displacement relation of 3D model in Y direction by 

bracing. 

           

5.2 Shear Wall And Structur’ Performance 

When the structure reveals a general weakness while bearing the applied loads and 

for most of its members the ratio of the structural requirements to the available 

capacity is large, a lateral load bearing system is needed for the whole structure in 

order to provide the required capacity and strength. If the structural weakness is 

caused by the lateral rigidity of the structure and excessive displacements, adding  

the number of shear is the means of supplying the required lateral rigidity. In such 

conditions the interaction between the existing structure and the new lateral load 

bearing system should be carefully analyzed.  

5.2.1 Adding shear wall  

By introducing the wide columns instead of walls and assigning rigid points to the 

ends of beams, these columns can play the role of imagin shear wall. Of course this 

building’ usage is school, then we can use windows in these shear walls, if it is 

necessary, but in modeling it is waiver. 

Using shear walls contributes to the increase of the seismic capacity of the structure 

and the increase of the rigidity of structure.  

With this way the strength of the structure are also enhanced. The walls should be 

regular and symmetric both in terms of height and plan in order to avoid torsions. If a 

shear wall is short, its shearing force often dominates its design. But if a shear wall is 

Step Displacement BaseForce AtoB BtoIO IOtoLS LStoCP CPtoC CtoD DtoE Total 

 
m N 

     

  

 0 -0.001290 0.00 288 76 74 0 0 0 0 486 

1 -0.001312 3833339.4 286 75 77 0 0 0 0 486 

2 -0.001348 6622337.9 285 75 78 0 0 0 0 486 

3 -0.001370 7334492.2 284 76 78 0 0 0 0 486 

4 -0.001385 8615026.3 280 78 80 0 0 0 0 486 

5 -0.001448 8672252.7 277 75 86 0 0 0 0 486 

6 -0.001468 9638147.9 274 76 88 0 0 0 0 486 

7 -0.001465 10077595.5 273 76 89 0 0 0 0 486 

8 -0.001469 10665863.0 271 78 89 0 0 0 0 486 

9 -0.001477 11127123.5 269 79 90 0 0 0 0 486 

10 -0.001476 11465526.6 268 79 90 1 0 0 0 486 

11 -0.001476 11666565.9 266 60 100 12 0 0 0 486 
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very tall,  its bending moment dominates its design. In any case the walls should be 

reinforced to control and bear both of the mentioned force types.  

A wall is in general subjected to the following loads: 

1. The maximum variable shearing force in the wall post 

2. The maximum variable bending moment  

3. The compressive axial force due to the weight of stories 

 

Figure 5.11: Situation of 3D model after strengthening by adding shear 

walls. 

5.2.2 Preview estatic nonlinear analysis result 

Obtaining the envelope curve and the target displacement that is calculated according 

to FEMA-356. The following table present the envelope curves of the structure under 

the impact of different non-linear static analysis modes. 

Figure 5.12 shows detail of shear walls that used in the strengthening of  structure, 

shear wall designed by ф16@20cm (vertical and horizental direction). 

 

Figure 5.12: Shear wall’s detail. 
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Table 5.3: The push over behavior of 3D model in X direction by adding shear 

walls. 

Figure 5.13 shows the envelope curves of the structure for different lateral load 

patterns before the introduction of the shear wall and after the introduction of the 

shear wall in order to compare them. Table 5.4 shows the periods of building from 

the first mode to the last mode. 

     

Figure 5.13: Comparing pushover curves before and after strengthening by using 

shear walls.  

The structural weakness is caused by the lateral rigidity of the structure and 

excessive displacements, adding  the number of shear is the means of supplying the 

required lateral rigidity After performing the analysis, different stages of analysis can 

be showed and the formation process of the hinges for each stage can be observed 

and examined. Then based on these observations the acceptance criteria for and the  

conditions of the hinges are assessed with regard to the color codes related to the  

target displacement. 

Step Displacement BaseForce AtoB BtoIO IOtoLS LStoCP CPtoC CtoD DtoE Total 

 m N         

0 0.000542 0 414 28 26 0 0 0 0 468 

1 0.003689 2226928.0 413 29 26 0 0 0 0 468 

2 0.010273 6886245.0 411 31 26 0 0 0 0 468 

3 0.01062 7006282.0 409 33 26 0 0 0 0 468 

4 0.016782 7353648.2 409 33 26 0 0 0 0 468 

5 0.042582 12253026 407 31 30 0 0 0 0 468 

6 0.043162 12484102 405 33 30 0 0 0 0 468 

7 0.049612 13899913 405 33 30 0 0 0 0 468 

8 0.077470 15800470 396 38 34 0 0 0 0 468 

9 0.106135 17311563 381 52 35 0 0 0 0 468 

10 0.135013 18702873 356 68 44 0 0 0 0 468 

11 0.163603 19810715 334 84 48 2 0 0 0 468 

12 0.167530 19934224 323 94 49 2 0 0 0 468 
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Table 5.4: Comparision of periods after and before strengthening by using shear 

wall. 

Before Strengthening 

Step Type Step num Period sec Frequency cys/sec 

Mode 1 1.328 0.752 

Mode 2 1.328 0.752 

Mode 3 1.251 0.798 

Mode 4 1.244 0.803 

Mode 5 0.841 1.188 

Mode 6 0.783 1.275 

Mode 7 0.433 2.306 

Mode 8 0.432 2.312 

Mode 9 0.344 2.901 

After Strengthening by Adding shear walls 

Step Type Step num Period sec Frequency cys/sec 

Mode 1 0.887 1.127 

Mode 2 0.386 2.587 

Mode 3 0.331 3.022 

Mode 4 0.196 5.083 

Mode 5 0.167 5.968 

Mode 6 0.167 5.968 

Mode 7 0.162 6.158 

Mode 8 0.161 6.212 

Mode 9 0.139 7.151 

Figures 5.15 and 5.16 show the conditions of the joints in the last displacement that 

is larger than the target displacement. Figure 5.17 shows response spectrum curve 

after strengthening by adding shear walls  (ATC 40). 

After adding shear wall we can recieve to Performance point with: 

(V , D) = (16198348, 0.059) 

(Teff, Beff) = (0.521, 0.098) 

(Sa , Sd) = (0.692, 0.047) 

 

Figure 5.14: Plastic hinge patterns at last step of push over at last displacement after 

strengthening by using shear walls (X-direction). 

Performing the analysis  in Y direction shows, the  structure can support 

performance, as seen on, base reaction is increasing and it can say to us that   
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 rehabilitating is helped to enhace of rigidity of building in Y direction too. 

 

Figure 5.15: Plastic hinge patterns at last step of push over at last displacement after 

strengthening by using shear walls (Y-direction). 

 

Figure 5.16: Response spectrum curve after strengthening by adding shear walls. 

Table below, gives information related to the base reaction and displacement in Y 

direction. 

Table 5.5: Base reaction-Displacement relation of 3D model in Y direction by using 

shear walls. 

Step Displacement BaseForce A-B B-IO IO-LS LS-CP CP-C C-D D-E Total 

 
m N 

        
0 -0.005971 0 414 28 26 0 0 0 0 468 

1 -0.005971 2779133.02 413 29 26 0 0 0 0 468 

2 -0.005971 10010827.02 409 33 26 0 0 0 0 468 

3 -0.005968 11540727.06 409 33 26 0 0 0 0 468 

4 -0.005967 14186822.58 407 35 26 0 0 0 0 468 

5 -0.005967 14428882.42 405 37 26 0 0 0 0 468 

6 -0.005964 16785178.8 396 46 26 0 0 0 0 468 

7 -0.005963 17123506.99 394 44 30 0 0 0 0 468 

8 -0.005949 19261051.62 346 85 37 0 0 0 0 468 

9 -0.005931 20552608.72 335 85 48 0 0 0 0 468 

10 -0.005904 21027660.17 319 98 49 2 0 0 0 468 

11 -0.005887 21710940.45 301 104 59 4 0 0 0 468 

12 -0.005880 21833611.74 298 106 57 6 0 0 0 468 
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5.3 Jacketing And Structur’ Performance 

If the structural weakness is a result of the lack of lateral rigidity and therefore 

excessive displacements of the structure, increasing the number of bracings or shear 

walls provides the required lateral rigidity, otherwise the columns should, for 

example, bear the axial forces and transfer them to the foundation. Almost all the 

columns are under the effect of bending moments and shearing forces. Columns 

should not be damaged during the design process and the failures should be on the 

part of the beams and wind braces in order to comply with the “strong columns, 

weak beams” principle. On the other hand, the concrete columns are reinforced to 

enhance the bending strength and shearing force. Due to the slipp age of the 

longitudinal reinforcements used in the junctions, plastic joints are introduced and 

thus the load bearing capacity of the columns is diminished. The beams also support 

axial loads and they transfer these loads to the columns. Tensile and compressive 

forces result from these axial loads. But the shearing-bending fractures are usually 

prior to the shearing factures because they bring about more ductility.The jacketing 

strengthening method includes using concrete jackets, steel jackets and FRP fibers.  

Concrete jacket: Using concrete jackets leads to an increase in the level of bending 

strength and shearing force. This also adds to the ductility of the column. In addition, 

when the column is damaged to a great extent or does not have the required capacity 

for bearing the lateral loads this type of jacket is used. 

Steel jacket: These jackets slightly expand the dimensions and lead to a growth in 

the shearing strength of a column. These jackets somehow add to the area of the 

column as well.  If the concrete used in the columns lacks cohesion, the steel jackets 

used to cover the columns in different stories will not add to the capacity of the 

columns for bearing axial forces.  

FRP fibers: Among the advantages provided by FRP fibers are their high tensile 

strengths and low weights. But due to the high costs and low resistance of these 

fibers to fire they are not preferred by many experts. Using FRP not only leads to a 

growth in the shearing capacity of a column, but also changes its fracture mode from 

shearing fracture into bending fracture and thus adds to the ductility and compressive 

strength of the column. The retrofitting plan that requires expansion of the 

dimensions of the elements is generally the most inappropriate method and the last 

choice due to the excessive number of its required elements and the complexity of its 
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implementation. Moreover, altering the dimensions of the elements can cause 

problems with regard to changing the locations.  

Nonetheless, in this section we analyze the structure using the concrete jacketing 

rehabilitation method. Jacketing do to 10 columns, axis A and G in middle axis and 

axis 1 and 4 between axis CD and DE. Column 80x40 cm with 16ф20 and columns 

80x40, were converted to 120x80 by adding  28ф20 in the jacketing area. Central 

columns with 40x40 cm dimention, with the same method, converted to column 

90x90 with 24ф20 in the jacketing area. Jacketing’ concrete  should be at least 5MPa 

more strengthen than the old one. In this modeling because of the insufficiency of 

Sap 2000 program to define different concrete with different strengthen, equivalent 

method was used. 

                      

Figure 5.17: Situation of columns’                 Figure 5.18: Situation of columns’          

40x        40x40after jacketing.                                            40x80 after jacketing. 

 

Figure 5.19: School building’ 3D model after strengthening by concrete jacketing. 
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5.3.1 Expansion of the element’s dimensions  and introduction of  hinges 

Expansion of the dimensions of a column leads to a growth in the bending strength 

and shearing force of that column. Since the longitudinal reinforcements installed in 

the columns slide in the junctions, plastic joints are created. In the case of the beams, 

bending and shearing factures are mostly common. After expanding the dimensions 

of the elements in the SAP 2000 software in relation to the initial model of the 

structure, the structure takes the following figure. In the structure under study, after 

concrete jacketing we can recieve to performance point with: 

(V , D) = (10868171, 0.205) 

(Teff, Beff) = (1.158, 0.128) 

(Sa,Sd)=(0.451, 0.150)  

 

Figure 5.20: Performance point after strengthening by jacketing (ATC-40). 

5.3.2 Analyzing nonlinear model and showing result 

According to Table 5.6 which depicts the ultimate analysis mode, the analysis is 

performed by taking the forces and deformations into account. The characteristics of 

the joints are of course obtained from FEMA-356 (SAP 2000). 
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Table 5.6: The push over behavior of 3D structural model in X direction by 

jacketing. 

Step Displacement BaseForce AtoB BtoIO IOtoLS LStoCP CPtoC CtoD DtoE Total 

  m N                 

0 0.000013 0 394 12 32 0 0 0 0 438 

1 0.020818 1764789.85 392 14 32 0 0 0 0 438 

2 0.047335 3894417.94 371 35 32 0 0 0 0 438 

3 0.073478 5851756.65 356 50 32 0 0 0 0 438 

4 0.088818 6653477.59 339 67 32 0 0 0 0 438 

5 0.115447 7508056.35 317 73 48 0 0 0 0 438 

6 0.142664 8234669.11 290 77 71 0 0 0 0 438 

7 0.168975 8828804.04 276 74 88 0 0 0 0 438 

8 0.198187 9411264.90 266 60 100 12 0 0 0 438 

Figure 5.21 shows the envelope curves of the structure for different lateral load 

patterns before the introduction of the jacketing and after the introduction of 

jacketing in order to compare them. For example, at the same analyzing’ step with 

displacement equal to 16 cm, base forse is 2 times, when we compare structure’ 

detail before and after jacketing. With this situation structure’ rigidity is increasing. 

 

Figure 5.21: Comparing  spectral spectrum’ curves before  and after strengthening  

                                                              by jacketing. 

After performing the analysis, the formation process of the hinges for each stage can 

be observed. Then based on these observations the acceptance criteria for and the 

conditions of the hinges are assessed with regard to the color codes related to the 

target displacement. 
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Table 5.7: Comparision of periods after and before strengthening by jacketing. 

 Before Strengthening 

Step Type Step Num Period sec Frequency cys/sec 

Mode 1 1.328 0.752 

Mode 2 1.328 0.752 

Mode 3 1.251 0.798 

Mode 4 1.244 0.803 

Mode 5 0.841 1.188 

Mode 6 0.783 1.275 

Mode 7 0.433 2.306 

Mode 8 0.432 2.312 

Mode 9 0.344 2.901 

After Strengthening by Jacketing 

Step Type Step Num Period sec Frequency cys/sec 

Mode 1 0.8919 1.121 

Mode 2 0.7698 1.299 

Mode 3 0.4606 2.170 

Mode 4 0.2249 4.445 

Mode 5 0.1713 5.837 

Mode 6 0.1321 7.565 

Mode 7 0.1243 8.041 

Mode 8 0.1212 8.245 

Mode 9 0.1167 8.567 

Figures 5.22, and 5.23  show the conditions of the hinges in the first displacement 

that is larger than the target displacement. 

 

Figure 5.22: Plastic hinge patterns at last step of push over at last displacement after 

strengthening by jacketing  (X-direction). 

 

Figure 5.23: Plastic hinge patterns at last step of push over at last displacement after 

strengthening by jacketing (Y-direction). 
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For the same building  performing the analysis  in Y direction shows, the  structure 

can support performance, as seen on, base reaction is increasing and it can say to us 

that  rehabilitating is helped to enhace of rigidity of building in Y direction too. 

Table below, gives information related to the base reaction and displacement in Y 

direction.  

Table 5.8: Base force-Displacement relation of 3D model in Y direction by jacketing 

 

Figure 5.24: Comparision of push over curves before strengthening and after   

strengthening by using different methods (X-direction). 

As it is seen, shear wall is the most effective strengthening technique when compared 

to bracing and jacketing. 

 

Step Displacement BaseForce AtoB BtoIO IOtoLS LStoCP CPtoC CtoD DtoE Total 

 m N         

0 -0.005837 0 394 12 32 0 0 0 0 438 

1 -0.005778 1764789.85 392 14 32 0 0 0 0 438 

2 -0.005607 6118490.76 352 54 32 0 0 0 0 438 

3 -0.005606 6214041.89 349 57 32 0 0 0 0 438 

4 -0.005556 6616846.22 341 65 32 0 0 0 0 438 

5 -0.005229 8678169.54 278 77 83 0 0 0 0 438 

6 -0.005201 8971870.13 273 76 89 0 0 0 0 438 

7 -0.005194 9105429.00 268 79 90 1 0 0 0 438 

8 -0.005185 9411264.90 266 60 100 12 0 0 0 438 



80 

 

Figure 5.25: Comparision of push over curves before strengthening and after   

strengthening by using different methods (Y-direction). 
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6. CONCLUSIONS AND RECOMMENDATIONS  

In this study, strengthening of a school building having 3 stories that was constructed 

about 42 years ago, in Zanjan city, Iran  is studied. The structural system of the 

school building consists of reinforced concrete frames. 

Numerical analysis of the building is carried out by adopting a three dimensional 

modeling in SAP2000 software, under vertical and lateral loads according to Iranian 

Earthquake Resistant Design Code (IERDC 2007).  

The structural system of the building’ modeling was established. First of all by using 

the material properties obtained experimentally, nonlinear analysis, plastic hinges 

were defined, at last, analyzing was accomplished. 

Numerical results reveal that the existing structural system of the building is 

insufficient and it should be strengthened. 

 In order to strengthening of the structure, different methods can be employed. The 

columns and the beams (of the moment resisting frame system) can be reinforced or  

increase the lateral rigidity of the system by adding bracings, jacketing of columns 

and adding shear walls. The structural weight can also be diminished by removing 

masonry walls and replacing them with light wall panels.  

After analyzing the structure depicted graphs show that the building has been 

undergone early-collapse due to insufficiency of the lateral load resisting system. 

Hence, the building has collapsed much before than the reaching target displacement  

behaving non-ductile manner. At last we decided to strengthen by Bracing, Shear 

wall and concrete Jacketing. 

Linear elastic performance method assessment is accomplished according to FEMA-

356 and Iranian Code-360. Immediate occupancy under the design earthquake and 

the life safety under the maximum considered earthquake are considered in design of 

the extent of the strengthening intervention. Numerical results on strengthening the 

structural system of the building are given in figures and tables, comparatively. 
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According to the results obtained from the 3D non-linear analysis of the structure and 

the assumptions of the research the following results are obtained: 

1- Bracing makes the increasing the rigidity and the lateral strength of the 

structure ofcourse this enhance isn’t as well as the other methods and  it 

reduces its ductility to some extent. In this method due to the increase in the 

amount of  forces applied to the bracing frame, the beams and the columns at 

the braced span should be reinforced. In addition, since the bracing 

effectively contributes to retrofitting of the structure, the retrofitting operation 

is only limited to a few spans. There is also no need for extensive retrofitting 

of the beams and columns. 

2- Retrofitting  by using the concrete jacketing method enhances increases  the 

strength of the structure and results in the proper performance of the structure 

during earthquake. Moreover, the structural components in the beams and 

columns should be extensively provided with jacketing, which adds to the 

costs of retrofitting.  

3- Reinforcing the structure by installation of shear walls adds with increasing 

structure’ stiffness, don’t need to much more joint’s attention, like bracing 

method and doesn’t provide strengthening extensively (like jacketing), it will 

be done with lower cost of retrofiting. At the same time adding shear wall 

makes the highest contribution in increasing the rigidity and the lateral 

strength of the structure. 

As a result of this study, it is strongly recomended to use shear walls for 

strengthening of the existing building. It shows the better base force reaction 

than the other two types of strengthening techniques (jacketing and bracing) 

studied in the thesis.  

magna.  
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APPENDIX A 

 

Figure A.1: Fist story’ plan. 

 

Figure A.2: Second story’ plan. 

 

 

Ccccc 
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Figure A.3: Third story’ plan. 

 

Figure A.4: South view. 

 

Figure A.5: North view. 

Cccccc 
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Figure A.6: East view. 

 

Figure A.7: West view. 

 

Figure A.8: Foundation slab plan. 
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a) Section T-1. 

 

b) Section F-1(singular foundation). 

 
 

c)   Section F-2(singular foundation). 

                         Figure A.9: Foundation reinforcement details. 
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Figure A.10: Columns details (C1 leftside, C2 right side). 

 

Figure A.11: Bracing plan. 
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Figure A.11: Shear wall’s plan. 

 

Figure A.11: Jacketing plan. 
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APPENDIX B 

Table B.1: Pushover Curve Demand Capacity before strengthening (FEMA-440) 

Step Sd 
Capacity 

Sa 
Capacity 

Sd 
Demand 

Sa 
Demand 

Teff Tsecant Beff Ductility 

 cm  cm      

0 0 0 13.252 0.299 1.333 1.333 0.050 1.000 

1 1.949 0.044 13.252 0.299 1.333 1.333 0.050 1.000 

2 3.899 0.088 13.252 0.299 1.333 1.333 0.050 1.000 

3 5.664 0.128 13.252 0.299 1.333 1.333 0.050 1.000 

4 7.687 0.162 13.057 0.275 1.365 1.380 0.055 1.357 

5 9.723 0.184 12.683 0.241 1.401 1.455 0.062 1.530 

6 11.835 0.198 12.310 0.206 1.448 1.549 0.070 1.705 

7 13.920 0.208 12.204 0.182 1.515 1.639 0.082 1.908 

8 16.099 0.217 12.352 0.166 1.603 1.727 0.097 2.135 

9 18.194 0.222 12.487 0.152 1.685 1.814 0.110 2.328 

10 19.795 0.225 12.642 0.144 1.751 1.879 0.121 2.474 

11 19.972 0.226 12.686 0.143 1.760 1.885 0.122 2.494 

Table B.2: Pushover Curve Demand Capacity before strengthening (ATC-40) 

Table B.3: Pushover Curve Demand Capacity after strengthening by bracing    

(ATC-40). 

Step Teff Beff SdCapacity SaCapacity SdDemand SaDemand Alpha 
0 1.333 0.050 0.000 0.000 23.731 0.537 1.000 
1 1.333 0.050 1.949 0.044 23.731 0.537 0.855 
2 1.333 0.050 3.899 0.088 23.731 0.537 0.855 
3 1.333 0.050 5.664 0.128 23.731 0.537 0.855 
4 1.380 0.061 7.687 0.162 23.594 0.498 0.869 
5 1.455 0.076 9.723 0.184 23.752 0.451 0.880 
6 1.549 0.093 11.835 0.198 24.368 0.408 0.891 
7 1.639 0.106 13.920 0.208 25.343 0.379 0.899 
8 1.727 0.116 16.099 0.217 26.402 0.356 0.903 
9 1.814 0.126 18.194 0.222 27.417 0.335 0.910 

10 1.879 0.133 19.795 0.225 28.307 0.322 0.915 
11 1.885 0.134 19.972 0.226 28.405 0.321 0.915 

Step Teff Beff SdCapacity SaCapacity SdDemand SaDemand Alpha 

      m   m     

0 0.64804 0.05 0 0 0.086093 0.825282 1 

1 0.64804 0.05 0.018237 0.174821 0.086093 0.825282 0.857636 

2 0.64804 0.05 0.03147 0.301667 0.086093 0.825282 0.857636 

3 0.67918 0.100429 0.039121 0.341411 0.078179 0.682272 0.851302 

4 0.77617 0.208191 0.059003 0.394273 0.074431 0.497369 0.857164 

5 0.87624 0.276951 0.082807 0.434164 0.077797 0.407891 0.867835 

6 0.94595 0.311631 0.101183 0.455201 0.081725 0.367665 0.86515 

7 1.04425 0.34427 0.130182 0.480593 0.088979 0.328482 0.864759 

8 1.11479 0.359728 0.154034 0.498958 0.09502 0.307796 0.867755 

9 1.16131 0.364796 0.172176 0.513944 0.099571 0.297217 0.868317 
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Table B.4: Pushover Curve Demand Capacity after strengthening by bracing 

(FEMA-440). 

Table B.5: Pushover Curve Demand Capacity after strengthening by adding shear 

wall (FEMA-440). 

Step SdCapacity SaCapacity SdDemand SaDemand Teff Tsecant Beff Ductility 

 m  m      

0 0 0 0.026411 1 0.326 0.32606 0.0500 1 

1 0.01030 0.390160 0.026411 1 0.326 0.32606 0.0500 1 

2 0.01054 0.391742 0.026357 0.976452 0.326 0.32964 0.0500 1.0261 

3 0.02870 0.422080 0.030015 0.441389 0.462 0.52321 0.1430 2.7771 

4 0.04869 0.724528 0.063692 0.947577 0.717 0.52010 0.2050 8.2234 

5 0.06750 0.853939 0.058801 0.743893 0.717 0.56410 0.2051 8.2356 

6 0.08593 0.930597 0.053919 0.583919 0.714 0.60969 0.2054 8.1435 

7 0.10605 0.987714 0.051141 0.476298 0.722 0.65745 0.2056 8.3774 

8 0.12574 1.037256 0.050547 0.416974 0.739 0.69857 0.2049 8.9148 

9 0.13290 1.053543 0.050491 0.40023 0.746 0.71263 0.2045 9.1319 

Table B.6: Pushover Curve Demand Capacity after strengthening by adding shear 

wall (ATC40). 

 

Step SdCapacity SaCapacity SdDemand SaDemand Teff Tsecant Beff Ductility 

  m   m           

0 0 0 0.064391 0.617244 0.6480 0.648042 0.05 1 

1 0.018237 0.174821 0.064391 0.617244 0.6480 0.648042 0.05 1 

2 0.03147 0.301667 0.064391 0.617244 0.6480 0.648042 0.05 1 

3 0.039121 0.341411 0.062004 0.541115 0.6553 0.679182 0.05273 1.24312 

4 0.059003 0.394273 0.058575 0.391415 0.7105 0.77617 0.07290 1.74971 

5 0.082807 0.434164 0.060983 0.319738 0.8182 0.876249 0.11042 2.32485 

6 0.101183 0.455201 0.064661 0.290895 0.9095 0.945956 0.14002 2.73465 

7 0.130182 0.480593 0.071374 0.263491 1.0474 1.044256 0.17860 3.36603 

8 0.154034 0.498958 0.076274 0.247071 1.1356 1.114797 0.19371 3.88616 

9 0.172176 0.513944 0.068744 0.2052 1.1076 1.16131 0.20056 4.30141 

10 0.183744 0.523492 0.069797 0.198854 1.1300 1.188697 0.20141 4.56783 

Step Teff Beff SdCapacity SaCapacity SdDemand SaDemand Alpha 

   
m 

 
m 

  0 0.326068 0.05 0 0 0.021796 0.825282 1 

1 0.326068 0.05 0.010304 0.39016 0.021796 0.825282 0.689472 

2 0.329642 0.054515 0.010574 0.391742 0.021798 0.807554 0.694377 

3 0.523217 0.169202 0.028702 0.42208 0.039122 0.575307 0.792401 

4 0.52018 0.089494 0.048699 0.724528 0.047448 0.705911 0.789498 

5 0.564103 0.100869 0.0675 0.853939 0.05386 0.681376 0.758478 

6 0.609698 0.114438 0.085931 0.930597 0.060528 0.655495 0.749668 

7 0.657453 0.12692 0.106053 0.987714 0.068102 0.634267 0.748554 

8 0.698577 0.134651 0.125741 1.037256 0.075419 0.622142 0.746486 

9 0.712639 0.136935 0.132908 1.053543 0.07719 0.611869 0.746076 
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Table B.7: Pushover Curve Demand Capacity after strengthening by concrete 

jacketing (ATC40). 

Table B.8: Pushover Curve Demand Capacity after strengthening by concrete 

jacketing (FEMA-440). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Step Teff Beff SdCapacity SaCapacity SdDemand SaDemand Alpha 

   
m 

 
m 

  0 0.821738 0.05 0 0 0.12427 0.740862 1 

1 0.821738 0.05 0.018069 0.107724 0.12427 0.740862 0.769956 

2 0.821738 0.05 0.036139 0.215448 0.12427 0.740862 0.769956 

3 0.821898 0.050078 0.0381 0.227053 0.124255 0.740486 0.769832 

4 0.846267 0.058488 0.057031 0.320577 0.124274 0.698558 0.775672 

5 0.921558 0.084777 0.07639 0.362101 0.125714 0.595905 0.795892 

6 0.993669 0.102736 0.096081 0.391737 0.131153 0.534731 0.809553 

7 1.059168 0.11536 0.11541 0.414146 0.13802 0.49528 0.818832 

8 1.139166 0.126123 0.142679 0.442615 0.147734 0.458296 0.826436 

9 1.182564 0.129811 0.159976 0.460515 0.153582 0.442111 0.829622 

Step SdCapacity SaCapacity SdDemand SaDemand Teff Tsecant Beff Ductility 

 
m 

 
m 

     0 0 0 0.08165 0.48677 0.821 0.8217 0.05 1 

1 0.0180 0.10772 0.08165 0.48677 0.821 0.8217 0.05 1 

2 0.0361 0.21544 0.08165 0.48677 0.821 0.8217 0.05 1 

3 0.0389 0.22705 0.08167 0.48674 0.822 0.8218 0.05 1.053532 

4 0.0570 0.32057 0.08239 0.46317 0.859 0.8462 0.061 1.500605 

5 0.0763 0.36210 0.07637 0.36200 0.867 0.9215 0.063 1.557686 

6 0.0960 0.39173 0.07519 0.30656 0.919 0.9936 0.078 1.842476 

7 0.1154 0.41414 0.07627 0.27372 0.985 1.0597 0.096 2.127032 

8 0.1426 0.44261 0.08107 0.25151 1.099 1.1391 0.126 2.545495 

9 0.1599 0.46051 0.08556 0.24632 1.178 1.1825 0.146 2.820894 
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APPENDIX C 

A            Basic acceleration design,Equations (4.6), (4.10a), (4.10b) and Table  

               (4.15).     

Ag                Gross area of column, Table (3.1). 

Aw               Area of the web cross section, Table (3.1). 

B            Building’s response coefficient, Equations (4.1), (4.2a), (4.2b),(4.2c)   

              ,(4.3a), (4.6), (4.10a), (4.10b) and Table (4.15).  

C            Equations (4.5),(4.6) and Table(4.15). 

C0           Modification factor to relate spectral displacement of an equivalent SDOF  

               system to the roof displacement of the building MDOF system, Equations  

               (2.16a), (2.16b), (4.13).  

C1           Modification factor to relate expected maximum inelastic displacements to  

                displacement calculated for linear elastic response, Equations (2.1a), (2.1b)    

              , (2.1c), (2.4), (2.5), (2.10), (2.12), (2.16a), (2.16b), (2.18), (2.20), (4.9),   

              (4.11), (4.13). 

C2          Modification factor to represent the effects of pinched hysteresis shape,  

              stiffness degradation and strength deterioration on the maximum  

              response displacement, Equations (2.1a), (2.1b), (2.1c), (2.4), (2.5), (2.16a)    

              (2.16b), (2.20), (4.9), (4.13).        

C3        Modification factor to represent increased displacements due to dynamic      

              P-∆effects Equations (2.1),  (2.1b), (2.1c), (2.4),(2.5),(2.14),(2.16a),   

              (2.16b), (2.19), (2.20),(4.9), (4.13). 

Cm         Coefficient of effective mass factor Equations (2.1a), (2.1b), (2.1c),  

             (2.11a),(2.11b), (4.9), (4.16).   

CP         Collapse Prevention Table (3.2) and Table (3.3). 

D           Table (4.13), Table (4.25). 

DCR      Demand-capacity ratio, computed in accordance with Equation (2.8) and  

               Section  2.2.6.1.   

DCR      Average demand-capacity ratio for a story, Computed in accordance with  

               Equation (2.7). 

DCRi      Demand capacity ratio for member i, Equation (2.8). 

Ec                 Modulus of elasticity of concrete, psi, in Table (3.1). 
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Fi          Lateral force loaded on floor number i, Equations (2.13a), (2.13b), (2.15) 

             (4.12) ,Table (4.15).      

Fp             Restraining force, Equation  (2.15). 

Fs          Safety coefficient, Equation (4.8). 

G          Concrete shear modulus in Equation (2.7b). 

H          Building height, Equations (2.9), (4.4a), (4.4b). 

Hi         Height of floor number i, Equations (2.13a), (2.13b), (4.6) and Table (4.15). 

I           Importance coefficient, Equation (4.6) and Table (4.15).     

Ig          Moment of inertia of gross concrete section about cento dial axis,   

             neglecting reinforcement Table (3.1). 

IO        Immediate Occupancy  in Table (3.2), Table (3.3). 

J         Force-delivery reduction factor, Equation (2.4) A coefficient used in linear  

             procedures to estimate the actual forces delivered to force-controlled    

             components by other (yielding), Equation (2.20). 

K          Equations (2.13a), (2.13b), (2.14), ( 3.1). 

Ke         Effective stiffness of the building in the direction under consideration, for   

             use with the NSP, Equation (2.17), (4.14a), (4.14b). 

Ki         Elastic stiffness of the building in the direction under consideration, for use  

             with the NSP, Equations ( 2.17), (4.14a), (4.14b). 

LS         Life Safety in, Table (3.2), Table (3.3). 

MOT      Total overturning moment induced on the element by seismic forces applied  

              at and above the level under consideration, Equations (2.4), ( 2.5). 

MST       Stabilizing moment produced by dead loads acting on the element,  

              Equations (2.4 ), (2.5). 

MUDx     The design bending moment around the x axis for the axial force PUF ( 3.1 ). 

MUDy     The design bending moment around the y axis for the axial force PUF ( 3.1 ). 

QCE         Expected strength of a component or element at the deformation level under  

              consideration, Equations (2.8), (2.21). 

QCL       Lower-bound estimate of the strength of a component or element at the  

              deformation level under consideration, Equation (2.22). 

QD         Design action due to dead load, Equations (2.2), (2.3), (4.7), (4.8).  

QE         Design action due to design earthquake loads, Equations (2.7), (2.23). 

QG         Design action due to gravity load Equations (2.2), (2.3), (2.6), (2.7a),(2.7b),   

              (2.23),  (4.7), (4.8). 

QL             Design action due to live load, Equations (2.2), (4.7). 



99 

QUD         Deformation-controlled design action due to gravity and earthquake loads,  

             Equations (2.6), (2.7a), (2.7b), (2.21). 

QUF          Force-controlled design action due to gravity and earthquake loads,  

             Equations (2.22). 

ROT          Response modification factor for overturning moment MOT, Equation (2.5) 

R          Behavior coefficient of the building, Equations (2.10), (2.11a), (2.11b),  

             (2.18), (2.19) and Table(4.15). 

S           Equations (4.1), (4.2a), (4.2b), (4.2c), (4.3a) and Table (4.3).     

Sa          Spectral response acceleration , Equations (2.1), (2.1b), (2.1c), (2.12),   

             (2.16a), (2.16b), (2.21), (4.9), (4.10a), (4.13), (4.16), (4.10b).  

T           Fundamental period of the building in the direction under consideration,  

              Equations (2.9), (2.12), (2.14), (2.16), (4.1), (4.2a), (4.2b),  (4.2c), (4.3a),  

             (4.4a), (4.4b), (4.11). 

T0               Period at which the constant acceleration region of the design response  

              spectrum (4.1),(4.2b) and Table (4.3). 

Te          Effective main cycle of the building, Equations (2.10),  (2.19),(2.16a),  

             (2.16b), (2.17), (2.19), (4.13), (4.14a), (4.14b), (4.15). 

Ti          Elastic fundamental period of the building in the direction under  

             consideration, for use with the NSP, Equations (2.17), (4.14a), (4.4b),  

             (4.14b). 

Ts          Period at which the constant acceleration region of the design response  

             spectrum transitions to the constant velocity region, Equations (2.10),  

             (2.12), (2.18), (4.3a), (4.11), (4.15) and Table (4.3).      

V           Pseudo lateral load, Equations (2.1), (2.1b), (2.1c), (2.13a), (2.13b), (4.5),  

              (4.9), (4.12), Table (4.9),Table (4.15).  

Vi          The total calculated lateral shear force in the direction under consideration  

              in an element or at story i due to earthquake response to the selected  

              ground shaking  level, as indicated by the selected linear analysis  

              procedure, Equation (2.9) and Table (4.15 ).    

Vy          Effective yielding of the structure, Equations (2.11a), (2.11b), (2.21),  

               (4.16). 

W          Effective seismic weight of a building including total dead load and  

              applicable  portions of other gravity loads listed in Equations (4.5), (2.1)   

              (2.1b), (2.1c), (2.11a), (2.11b), (2.21), (4.9), (4.16) and  Table (4.15). 

Wi         Weight of floor number i, Equations (2.13a), (2.13b), (2.15), (4.12) and  
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                Table (4.15).   

Wj           Weight of floor number j, Equations (2.13a), (2.13b), (4.12). 

a              Parameter used to measure deformation capacity in component load- 

                deformation curves, Table (3.2), Table (3.3), Equations (2.9), (2.19). 

b              Parameter used to measure deformation capacity in component load- 

                deformation  curves, Table (3.2) and Table (3.3).   

d              Parameter used to measure deformation capacity Distance from  

                extreme compression fiber to centroid of tension reinforcement, in Table  

                (3.2) and Table (3.3). 

c              The force capacity ratio of the acute force, Table (3.2) and Table (3.3) 

f′c            Table( 3.2), Table (3.3), Table (3.4). 

g               Ground gravity, Equations (2.18a), (2.18b), (4.13).  

hi             Height from the base of a building to floor level i, Equations (2.15a),  

                (2.15b), (4.12). 

hj             Height from the base of a building to floor level j, Equations ( 2.15a),  

                (2.15b), (4.12). 

m             Modification factor used in the acceptance criteria of deformation-control      

                 components or elements, indicating the available ductility of a component  

                action, Equation (2.21).                                                          

mx           The column’s m coefficient for bending around the x axis , Equation  

                (3.1).          

my           The column’s m coefficient for bending around the y axis , Equation  

                (3.1).          

δt             Target displacement, Equations ( 2.16a), (2.16b), (4.13). 

ʅx            The relation between the horizontal displacements in one floor to the  

                horizontal displacements of mass center in that floor, Equation (2.2),  

                Table (4.9). 

ɵ          Generalized deformation, Equations (2.14). 

              A knowledge factor used to reduce component strength based on the level  

                of  knowledge obtained for individual components during data        

                collection, Equations (2.21),(2.22). 

ρ               Ratio of non-pre stressed tension reinforcement Table (3.2), Table (3.3) 

ρ′              Table (3.2), (3.3) . 

ρbal                Reinforcement ratio producing balanced strain conditions Table (3.2),   

                Table (3.3). 
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