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Abstract 

Kazakhstan's southern and southern-eastern regions exhibit intraplate seismicity, which is 

characterized by numerous destructive earthquakes. The major metropolis in this area, Almaty, 

features a variety of buildings with different materials for construction and seismic-resistant 

systems. Numerous buildings were constructed during the Soviet Union era with inadequate 

seismic-resisting design, necessitating an empirical and analytical evaluation of their ability to 

withstand significant earthquakes. Thus, it is necessary to evaluate the seismic risks associated with 

these structures. This study adopted both empirical and analytical techniques to assess the seismic 

vulnerability of these structures in two phases.  

In the first phase, the macro-level seismic assessment was conducted on residential, 

industrial, and commercial buildings. The European Macroseismic Scale was used to categorize 

these structures according to their seismic vulnerability. Different earthquake intensities and peak 

ground accelerations led to the development of vulnerability curves as well as the probability of 

damage for each damage grade chart. The likelihood of damage in the Almaty region was 

established for design basis and maximum considered earthquakes. Residential buildings made of 

unreinforced masonry and wood sustain significant damage, and in some cases, complete collapse 

when subjected to earthquakes of the maximum magnitude that are normally taken into account. 

While industrial and commercial buildings made of unreinforced masonry sustain the heavy to very 

heavy damage. Since damaged and precast concrete buildings are likely to sustain heavy to very 

heavy damages, an additional analytical assessment was necessary.  

In the second phase, the analytical assessment was carried out to study the detailed 

performance and behavior of the pre-cast emulated moment frame buildings under the earthquakes. 

For this purpose, two pre-cast emulated moment frames were selected named VP and VT series, 

which were constructed between the 1970s to 1990s. Based on the data collected from the 

government agency, OPENSEES was used to produce two-dimensional nonlinear models for these 

buildings. The next step was to conduct increased amplitude dynamic analyses using 16 previously 

recorded strong ground motions, which share similar fault features with the Almaty. The results of 

the investigation were used to produce fragility curves using two parameter lognormal distribution 

function for Immediate occupancy, life safety and collapse prevention as per FEMA 356, which 

were subsequently used to evaluate the building structures' ability to withstand seismic activity. 
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Moreover, Immediate occupancy refers to minor/light damage, life safety refers to moderate and 

collapse prevention refers to severe damage.  Furthermore, the probability of the global and local 

failure of the structural elements were calculated at both design basis earthquake and maximum 

considered earthquake using maximum inter-storey drift as evaluation criteria for global failure 

and plastic rotation for local failure. For global failure mode, it has been found that the pre-cast 

moment frame buildings have 100% chances of sustaining light damage for both DBE and MCE. 

While the probability of sustaining moderate damage for these buildings is more than 70% at DBE 

and more than 95% at MCE. Similarly, the probability of sustaining severe damage is more than 

15% at DBE and more than 50% at MCE for both VT and VP series buildings. 

Correspondingly, for local failure of structural elements it has been found that the columns 

of VT series buildings have a probability of 100% to undergo a severe damage at both DBE and 

MCE predicting that the buildings will collapse in future seismic event having spectral acceleration 

equivalent to DBE or MCE. Conversely, the structural elements of VP series buildings have a 

probability of more than 90% to sustain moderate damage and probability of more than 80% to 

suffer severe damage at DBE while this probability increases to 100% for both moderate and severe 

damage at MCE. Therefore, it is recommended that these reinforced concrete structures need to be 

strengthened or torn down based on further cost analysis. 

Keywords: Macroseismic Assessment, Mean Damage, Probability of Damage, Vulnerability, 

Increment Dynamic Analysis (IDA), Reinforced Concrete, Fragility Curves 
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Chapter 1 - Introduction 

1.1 Problem statement 

In the last few decades, economic loss and human casualties are increased to a great extent 

because of natural disasters[1]. Natural disasters pose an ever-present danger to human life as well 

as the infrastructure and worth land’s economy; earthquakes are among the most catastrophic and 

fatal natural catastrophes around the globe[2][3]. The death toll from the 2010 Haiti earthquake 

was estimated by the CATDAT destructive earthquake database to be between 46,000 and 316,000 

people. The Tohoku earthquake in Japan, which occurred 12 months later, claimed the lives of 

20,475 individuals and left 1.108 million people homeless. In addition to casualties, $140 billion 

was lost as a result of the earthquake that struck Tohoku, Japan, in 2011[4]. There are a variety of 

factors taken into consideration while evaluating a certain structure. These factors are concerned 

with the structural system, seismic capability, soil condition, plane and elevation regularity, and 

the acquisition of restricted field data. These parameters offer a picture or a realistic estimate of the 

structural system's behavior. When it comes to seismological hazards, the risks are the potential for 

significant losses during a certain interval of time. Construction tagging processes are used to 

identify differences in building and structural safety induced by earthquake degradation after 

significant seismic activity. These approaches assist in determining the degree to which buildings 

and structures may have been damaged as a result of earthquakes. These approaches can be utilized 

to assure the safety of a structure [5]. The seismic performance of buildings during the earthquake 

attracted the attention of many authors as the buildings were vulnerable to withstand earthquakes 

all over the world in the past decade. This becomes a major concern over the vulnerability 

speculation of infrastructure everywhere in the world [6]. So, it becomes very important and the 

needs of the time to work on the development of methodologies that identify the damages to the 

buildings because of earthquakes and devise some standards or approaches related to the seismic 

assessment of the buildings.  

1.1.1 Rationale for Project 

It is well known that earthquakes are caused by the movement of geological faults. In the 

waters, earthquakes are confined to small regions, frequently on single faults that define the 

boundary of the Earth's plates. In contrast, earthquakes within continents, notably in the Central 

Asia region, are dispersed over hundreds of kilometers on intricate networks of thousands of faults 
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that move less regularly than one another. In light of this, it is considerably more challenging to 

locate these faults and comprehend the seismic hazard. On the continents, it can be thousands of 

years between earthquakes along the same fault. Before the 2003 earthquake in Bam, Iran, there 

was no documented or archaeological evidence of any major earthquakes in the past 2,000 years. 

The last significant earthquake in Kazakhstan, which largely damaged Almaty, occurred in 1911, 

more than a century ago. The absence of recent earthquakes often leads to the erroneous conclusion 

that a territory is not influenced by earthquakes. 

This research is aimed especially at Kazakhstan as Kazakhstan's southern and south-eastern 

areas are in a seismically active zone. High seismic zones cover around 42.9 percent of 

Kazakhstan's land area. Over 7 million people reside here, more than 40% of the country's industrial 

capacity is concentrated here, and over 400 communities are situated here, including the country's 

major industrial and cultural hub, Almaty, with a population of more than 2.0 million. There were 

a lot of strong earthquakes in the late nineteenth and early twenty-first centuries in Almaty. The 

earthquake includes the 1887 earthquake with a magnitude of 7.2, the 1889 earthquake with a 

magnitude e 8.3, the 1911 earthquake with a magnitude e 8.2 earthquake, and a lot of smaller 

earthquakes[7].   

An earthquake in the neighborhood of Almaty, such as the Verny earthquake, may bring 

catastrophic damage and a substantial loss of life. Because the Almaty area and its surrounding 

territory are located at the junction of several faults, stressing their vulnerability to potential seismic 

events (as shown in Figure 1), the probability of big earthquakes around the region has grown and 

emphasizing its susceptibility to potential devastating earthquakes. The cause of such catastrophic 

hazards is not only the intensity of a prospective earthquake, but also the underestimation of seismic 

danger, the selection of building locations, and other variables. A lot of research has been done on 

developing shallow and deep foundations in Kazakhstan [8], [9],[10], [11] but little has been done 

on determining how vulnerable buildings built during the Soviet Union's era are. As a result, it is 

critical for government decision-makers to assess the seismic risks to buildings in order to create 

an effective system for reducing catastrophe risk, particularly in urban areas with dense populations 

like the region around Almaty. 

Recently, the Chinese government devised a plan for the construction of the New Silk Road 

Economic Belt, with the aim of fostering connectivity and cooperation particularly among Eurasia's 
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nations. The projected route for the New Silk Road is 8,445 kilometers long, with 2,787 kilometers 

passing through Kazakhstan territory[12]. Kazakhstan's government has committed to speeding up 

the rollout of China's New Silk Road initiative, with particular attention paid to the road connecting 

Western Europe and Western China, and to additional transit routes traversing Central Asia. One 

of the most vital nodes of the proposed New Silk Road is the city of Almaty. The building of 

structures in the Almaty region is expected to rise quickly in the next years to meet the demand for 

economic development along the New Silk Road Economic Belt. Since Almaty is located in a 

highly seismic region, it is crucial to reduce the seismic risk of existing and newly constructed 

structures in this area. 

 

Figure 1-1 Seismic map of Almaty region[7], [8] 

Assessing the structural seismic susceptibility in the Almaty area is the first step in reducing 

seismic risks. To facilitate the growth of the Silk Road Economic Belt, which connects China, 

Eurasia, and Europe, the Kazakhstani government needs this information to create an effective 

system for reducing disaster risk in the Almaty region. 

1.2 Hypothesis 
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1. Several types of building structures in the Almaty region are vulnerable to earthquakes. 

2. Pre-cast concrete emulated moment resisting frame buildings constructed in the 1970s and 

1990s may not have sufficient capacity to resist large earthquakes. 

 

1.3 Objectives 

The objective of this study are; 

1. Categorization of the building structures in the Almaty region. 

2. Development of vulnerability curves based on Macroseismic assessment. 

3. Development of structural models for pre-cast concrete emulated moment frame buildings.  

4. Evaluation of the seismic performance of representative buildings through incremental 

dynamic analyses. 

5. Development of seismic fragility curves for representative buildings based on incremental 

dynamic analyses results for  

a) Immediate occupancy,  

b) Life safety and 

c) Collapse prevention 

1.4 Organization of the Thesis 

Background knowledge, problem statement, the rationale for the study, hypothesis, and 

objectives are provided in chapter 1. Chapter 2 provides a summary of the research that has 

already been conducted on seismic vulnerability, including the methods that have been developed 

to assess it and the measures that have been developed to reduce it in structures. It also includes 

the information regarding European Macroseismic Scale (EMS-98) used for macro level empirical 

study for the buildings located in Almaty. Furthermore, seismic information and activity of Almaty, 

has also been discussed in this chapter. Chapter 3 discusses the building categorization, their link 

to EMS-98, the development of vulnerability curves for both earthquake intensity and PGA. Beside 

that the bar chart for probability of each damage grade versus spectral acceleration is also presented 

at 475 year and 2475 years return period. Recommendations are also given for residential, 

industrial, and commercial buildings based on these results. Chapter 4 includes the analytical 

method of seismic assessment. This chapter discusses about the selection of prototype buildings, 
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ground motion selection, general results which includes hysteretic plot, plastic hinge formation and 

plastic deformation in columns and beams for a particular earthquake with different values of g.  

Fragility curves for different performance limits i.e., Immediate occupancy (IO), life safety (LS) 

and collapse prevention (CP) are also presented in this chapter.  Chapter 5 discuss the conclusion 

and limitations of this study.
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Chapter 2 - Literature review 

2.1 Seismic risk assessment—why? 

The economic toll of natural disasters keeps climbing in tandem with the world's expanding 

population, accelerating rate of urbanization, and expansion of megacities[13]. International 

disaster management experts met in Sendai, Japan in 2015 to establish the Sendai Framework for 

Disaster Risk Reduction in response to the growing threat posed by natural disasters around the 

world [14], a global strategy with the goal of significantly lowering the risk of natural disasters by 

the year 2030. Financing for programs that aim to reduce the risk of catastrophes occurring in the 

first place is still difficult to come by, despite the fact that disaster costs continue to rise [15]. 

According to Danielll [16], earthquake events account for a large share of the growing economic 

effects, harm to cultural and social contexts, fatalities, injuries, and the destruction of homes and 

livelihoods [13]. Due to high levels of construction vulnerability, middle-income countries, 

especially those with fast expanding cities, are ever more vulnerable to earthquake disaster [17] 

Evaluations of seismic risk at the urban, regional, and national levels try to quantify the 

probable magnitude of future earthquake impacts so that policymakers and society can take 

measures to better protect themselves [18]. The dynamic nexus between a city’s-built environment, 

its residents, and the many networks that exist makes risk assessment a particularly difficult task 

[19][20]. 

The assessment of the physical vulnerability of structures is a crucial step in reducing 

seismic risk. Regardless of whether you live in a location with a high or low seismic hazard, urban-

scale seismic risk assessment is an essential first step toward earthquake-resilient communities. 

The term "resilience" does not refer only to the safety of the occupants, but the ability of systems 

to recover from the seismic event and return to their pre-earthquake performance[21][22]. Even 

minor damage may result in production halts and communication disruptions, with long-term 

effects on regional development. An urban system's potential damage from a seismic event may be 

estimated using hypothetical scenarios. As a result, effective proactive interventions may be 

performed, hence boosting overall resilience[23]. Assessing seismic risk on a big scale is a difficult 

and time-consuming procedure that requires a breadth of expertise. Exposure, seismic 

vulnerability, and hazard (Figure 2-1) are the factors to be considered while assessing the risk [24].  
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Figure 2-1 Factors used for evaluating seismic risk 

The seismic risk may be conceptualized in terms of the relationship shown in Equation 2-1 

[25]. 

𝑆𝑒𝑖𝑠𝑚𝑖𝑐𝑖𝑠 =  𝐻𝑎𝑧𝑎𝑟𝑑 𝑥 𝑉𝑢𝑙𝑛𝑒𝑟𝑎𝑏𝑖𝑙𝑖𝑡𝑦  𝑥  𝐸𝑥𝑝𝑜𝑠𝑢𝑟𝑒 ……………………….Equation 2-1 

More precisely, a building’s seismic risk may be quantified as its likelihood of collapsing 

within a certain time interval Figure 2-1. 

 

Figure 2-2 Seismic risk components 
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A comprehensive seismic risk assessment is a technically challenging and costly operation 

that incorporates a large number of buildings, their geometrical properties, and heterogeneity in 

terms of the structural design and seismic behavior characteristics within metropolitan regions[26]. 

Numerous approaches (qualitative and quantitative) have been developed over the last several 

decades, including those offered by Italy's Gruppo Nazionale for Difesa dei Terremoti[27], and the 

Federal Emergency Management Agency (FEMA) in USA [28] in addition to the European RISK-

UE technique[29][30], have been established based on the assessment's resources and size. These 

approaches, which may be fine-tuned to reflect the specifics of regional building vulnerabilities as 

long as a thorough building inventory is provided, have been extensively utilized across the globe. 

In situ field surveys give the most trustworthy and detailed building inventories, although they are 

generally very costly. Furthermore, these issues are increased in areas with moderate seismic risks, 

where the resources available for seismic assessments are restricted. 

2.2 How is the seismic vulnerability of a building determined? 

The purpose of seismic vulnerability assessments is to provide an estimate of a building's 

vulnerability to damage from earthquakes. The first stage is to categorize structures into several 

categories with comparable seismic responses to reduce the amount of required computations (if 

classification were not employed, an evaluation would be required for each individual structure). 

Seismic vulnerability functions are then developed that connect a measure of the vulnerability to 

the magnitude of an earthquake, with separate functions being developed for each structure type. 

2.2.1 Seismic vulnerability classification of building typologies 

The purpose of building classification is to examine multiple buildings at once by placing 

them into categories based on their shared characteristics (and, by extension, their assumed seismic 

responses). 

The difficulty that lies at the heart of classifying buildings lies in determining which 

structures can be considered equivalent to one another. Which aspects of the structures should be 

considered while classifying them into categories? The literature addresses classification in a 

variety of ways [31], and hence, several taxonomies and classification schemes have emerged. This 

section introduces some of the most widely used taxonomies and classification schemes, focusing 
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on the qualities they employ to inform classification. Stone [32] has provided detailed descriptions 

of the many types of construction that go into the various taxonomies. 

The European Macro-Seismic Scale (EMS-98) [33] was created to categorize typical 

building types in Europe. It introduces categories for buildings according to their major structural 

material, with some additional categories for design level, Lateral load Resisting System (LLRS), 

reinforcing level, and/or floor material. The different categories presented in EMS-98 are depicted 

in table 2-1. EMS-98 is currently the subject of an effort that will make it more relevant on a 

worldwide scale [34]. 

The Hazard-US (HAZUS) initiative classifies the building stock based on seismic design 

standards, building height, and the fundamental structural system. When the number of storeys is 

considered, the sixteen building types developed for the US building stock increase to 36, which 

are divided into three categories: low-rise for structures with three to four storeys, mid-rise for 

structures with five to seven storeys, and high-rise for structures with eight to twenty storeys. 

Above twenty storeys, the use of classification is not recommended in favor of a more 

individualized, specific assessment. Including pre-code, low-code, moderate-code, and high-code 

engineering design levels expands the taxonomy to 132 distinct typologies [28]. Despite the fact 

that it was designed exclusively for the United States, HAZUS has seen widespread use across the 

globe, both with and without special regional modifications (for instance, in Canada [35], 

Venezuela [36], and in India [37]. It has also been used internationally to validate the findings of 

other SVAs [38], [39]. The 2013 UNISDR [40] is a significant adaption of a worldwide risk 

assessment research in which the authors employed the HAZUS building classification system and 

added classes were deemed essential to cover global building types [41]. This results in twenty-

one structural kinds, which is five more than the initial HAZUS taxonomy required for international 

use. The groups are then subdivided into categories according on height and design level, much 

like HAZUS does as well, with a few minor differences in the heights and design levels considered. 

These are fully described by Stone [32]. 

The PAGER system [42] classifies worldwide building typologies using sixteen primary 

construction types that increase to eighty-seven sub-categories when more precise descriptions of 

structures are given, such as information on the type of diaphragms, construction methods, etc. The 

relatively extensive PAGER classes table can be found in Stone’s [32]. 
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Another framework created to include many building typologies around the world is the 

Global Earthquake Model (GEM) building taxonomy. GEM was designed to be a categorization 

system that is collapsible (i.e., adaptable to all levels of building data detail), detailed, differentiates 

between different degrees of seismic performance, extensible, internationally applicable, and 

usability [31]. The GEM method has three tiers to classify datasets with varying levels of specificity 

and can be found in the work done by Stone [32]. Level 1 GEM data types are the most fundamental 

features of a structure that can be used for categorization. Level 1 information contained 

construction details such as the building's material, LLRS, height, age, general occupancy, location, 

shape (square, rectangular, etc.), roof pitch, flooring, and footings. Building classification methods 

used by GEM are similar to those used by the Syner-G project, which has a European focus [43]. 

The RESIS-II building categorization system was created with the express purpose of being 

utilized in Central American countries [44]. As with GAR-13, the system began with HAZUS 

structural categories but with fewer typologies that account for variances in height. For any 

structural typology, the design level is not taken into account in keeping with the level of building 

regulation in the area. Additional structural types have also been included to accommodate 

additional architectural typologies that are typical of Central America but are not seen in the United 

States. The resultant twenty-four classifications are provided by Stone in his work [32]. 

2.2.2 Seismic Vulnerability Evaluation Methods 

For planning strategies and addressing the earthquake emergency management for risk 

analysis, researchers have worked previously on many methods for determining the vulnerability 

of the structures and a territorial scale evaluation was carried out for the European region and they 

classified them into two major groups:  

1. Empirical Assessment Methods and 

2. Analytical Assessment Methods.  

Analytical approaches rely on mechanical models, while empirical methods rely on post-

earthquake damage[45]. 
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2.2.2.1 Empirical Assessment Methods 

Empirical techniques rely on data from previous earthquakes to establish correlations 

between a selection variable and earthquake severity, such as damage or economic loss, with the 

presumption that the past will repeat itself. Aleatory uncertainties, like those caused by natural 

changes in ground shaking or building reactions, are taken into account automatically, which is a 

significant benefit. However, the broader applicability of results can be limited by a lack of data 

for 1) bigger, less common earthquakes, 2) similar engineering contexts, and 3) similar 

seismological and shallow geological contexts [46]. Empirical techniques are also unable to take 

into account variations in engineering and tectonic contexts, as well as unique structural elements 

and building strengthening [47]. Following are the several simplified seismic risk assessment; 

1. P25 Scoring Method [48] 

2. Vulnerability index methods  

2.1. Group of National Defense against Earthquake (GNDT) approach  

2.2. European Macro-Seismic (EMS) approach (RISK-UE) [29]  

2.3. Combined GNDT and macro-seismic approaches  

3. Rapid Visual screening assessment methods [49] 

2.2.2.1.1 P25 Scoring Method 

The method is essentially based on monitoring, listing, and ranking the most critical 

structural elements that influence a building's seismic reaction one after another in regard to their 

relative significance. The fundamental idea behind the P25 preliminary assessment method was 

initially introduced by Bal [50] in 2006 and 2007, and it was then refined, developed, and calibrated 

as part of a research effort that was funded by TUBITAK (the Turkish Scientific and Technical 

Research Council). This method uses a combination of seven indices, including scores for the 

existence of short columns, soft floors, frame discontinuity, and pounding potential, as well as 

estimates of stiffness based on wall and column measurements (adjusted for height) and soil 

quality. 

2.2.2.1.2 Vulnerability Index Methods  

The precision of these indirect methods exceeds that of the macroseismic method, but it 

does necessitate the evaluation of a variety of typological and structural traits or susceptibility 
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factors that affect the building's seismic reaction. The disadvantage is that it requires more time 

and effort. The following are other categories for these techniques. 

2.2.2.1.2.1 GNDT approach  

This approach requires the gathering of a significant amount of potentially damaging survey 

information as well as data. A thorough assessment of each of the fundamental aspects that were 

influencing and governing structural building vulnerability is going to be developed as a result of 

the field survey, which has as its primary objective of this understanding. For instance, the type of 

footing, the sort and quality of the materials, and the elevation arrangements in the plan. Eleven 

parameters were considered, and each was given a qualifying coefficient (either Ki or Cvi) that 

corresponded to one of the four hazard categories (A, B, C, and D). Each parameter evaluated a 

particular structural characteristic that is connected to the reaction of the building to seismic loads. 

The parameters were then weighted based on their relative relevance, starting with the least 

important vulnerability parameters and working our way up. Values for the weights were 

determined at through the combined efforts of experts. This comprehensive data was coupled with 

coefficients to produce the vulnerability index (Iv), which classified building damage in response 

to earthquake. 

2.2.2.1.2.2 European Macro-Seismic (EMS) approach (RISK-UE) 

The RISK-UE program is another approach that was established for the purpose of 

evaluating the vulnerability in Europe. This initiative has received financing and assistance from 

the European Union (EU). Integrating a standardized approach to evaluating seismic risk across 

European countries has been the focus of this research. That, alongside the psychological, financial, 

and political fallout from the earthquakes in Turkey, Athens, and Greece, is on account of Europe's 

failure to construct a unified global infrastructure [45]. As a result of this, the vulnerability index 

method, also known as VIM, has been implemented as a form of vulnerability assessment after 

having been developed and tested in seven cities across Europe with great success [30]. 

This strategy is based on the classification of building typologies into six vulnerability 

classes (A to F), ranging from the most vulnerable to the least vulnerable. These structures can be 

grouped into one of four broad typologies:  

a) masonry,  
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b) reinforced concrete,  

c) steel, or  

d) timber. 

Additionally, it divided the degree of damage into five degrees, marked by the letters D1, 

D2, D3, D4, and D5, ranging from minor damaged to completely collapsed. The EMS-98 scale is 

intended to be used in the future to clarify the vision and definitions of several typology frameworks 

for European cities. It was developed as a methodology for the RISK-UE project and consider both 

old and current building types in the areas it studies [29]. Using the attributes of the building's 

typology, this method calculates a vulnerability score for a single structure or a group of buildings 

with similar structural characteristics. This index ranges from 0 (the least vulnerable) to 1 (the most 

vulnerable). 

The macro-seismic framework provides the evaluation of vulnerability for various 

ensemble sizes of structures, ranging from a single structure to a large group of buildings. The 

vulnerability/susceptibility of a building to earthquakes is evaluated using a vulnerability index (V) 

and a ductility index (Q), with consideration given to the unique kind of building and its 

construction specifics (i.e., construction materials, lateral forces resisting systems, etc.). For 

identifying physical damages to structural and nonstructural components, the macro-seismic 

methodology employed in EMS-98 is based on building typology classifications, separated into six 

vulnerability classes (A to F), ranging from most vulnerable to least vulnerable. As illustrated in 

Table 2-1, the EMS-98 assigns several vulnerability classes to building structures based on their 

building construction materials and lateral force-resisting system. The severity of structural 

damages, on the other hand, is assessed from minor to full collapses using a five-level scale (D1 to 

D5) [33]. Based on the assessment of historical earthquake structural damages, an implicit Damage 

Probability Matrix (DPM) is built using descriptive language ("Few", "Many", "Most") to relate 

the degree of damage to earthquake intensities for various vulnerability classes, as presented in 

Table 2-2. 
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Table 2-1 Vulnerability classification for various constructions (EMS-98) [33] 

 

Table 2-2 Damage levels for different classes of vulnerability (EMS-98). 

 

Construction Materials Lateral Force Resisting System 

Range of 

Vulnerability 

Class 

Most Likely 

Vulnerability 

Class 

Masonry 

Rubble stone, fieldstone A A 

Adobe (earth brick) A-B A 

Simple Stone A-B B 

Massive Stone B-D C 

Unreinforced manufactured stone units A-C B 

Unreinforced, with RC floors B-D C 

Reinforced or confined C-E D 

Reinforced Concrete (RC) 

Frame without ERD A-D C 

Frame with moderate level of ERD B-E D 

Frame with high level of ERD C-F E 

Walls without ERD B-D C 

Walls with moderate level of ERD C-E D 

Walls with high level of ERD D-F E 

Steel Steel structures C-F E 

Wood Timber structures B-E D 

 

 Intensity/ 

Damage 

level 

D1                           

negligible to 

slight 

D2                         

moderate 

D3                  

substantial to 

heavy 

D4                           

very heavy 

D5                    

destruction 

 

5 Few A/B          

6 
Many A/B, 

Few C 
Few A/B        

7   
Many B, Few 

C 

Many A, Few 

B 
Few A    

8   
Many C, Few 

D 

Many B, Few 

C 
Many A, Few B Few A  

9   
Many D, Few 

E 

Many C, Few 

D 
Many B, Few C Many A, Few B  

10   
Many E, Few 

F 

Many D, Few 

E 
Many C, Few D 

Most A, Many B, Few 

C 
 

11   Many F 
Many E, Few 

F 

Most C, Many D, 

Few E 

Most B, Many C, Few 

D 
 

12         Most D/E/F  
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In the context of the RISK-UE project, the implicit DPM was translated into numerical 

quantities as a development of the EMS-98 by fusing fuzzy set theory [29]. Using fuzzy set theory, 

the language terms "few," "many," and "most" were transformed into quantitative counterparts on 

a scale of one (1) to hundred (100) as shown in figure 2-3.  

 

 

Figure 2-3 Membership function x 

For the likelihood at each damage level, a binomial density function was introduced. For 

calculating each damage grade probability, a binomial function was introduced as given in equation 

2-2. 

 𝑝(𝑘) =
5!

𝑘! (5 − 𝑘)!
(
µ𝐷

5
)𝑘(1 −

µ𝐷

5
)5−𝑘 Equation 2-2 

where k represents the level of damage, from 1 (D1) to 5 (D5) and the mean damage value is µD.  

Each vulnerability class is given four (4) potential sub-classes (++, +, -, --) for the density 

function for a certain earthquake intensity and damage level. As can be seen in Figure 2-3, the 

membership function provides a mapping between the corresponding damage probability (p) for 

the four (4) potential sub-classes and the descriptive language. Using the values presented in Figure 

2-3, one may then convert this likelihood of damage (p) to the DPM, which can be found in Table 

2-2. 

Membership function χ=0 χ=1 χ=1 χ=0

Sub-class ++ + - --

Few 20 10 0 0

Many 60 50 20 10

Most 100 100 60 50
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Table 2-3 displays, for instance, the probability of harm (p) that is linked to vulnerability 

class B. The DPM displays "Few" for damage level 1 (D1) for intensity level 5.   For each of the 

four potential subclasses (++, +, -, --), the appropriate probability of damage (p) at D1 can be 

calculated as 20%, 10%, 0%, and 0%, respectively. The DPM indicates "Many" for D1 and "Few" 

for D2 at intensity level 5. In this instance, the associated probability of damage (p) is assumed to 

be 20% for sub-class (-) and 10% for sub-class (--) at D1, and 20% for sub-class (++) and 10% for 

sub-class (+) at D2. For other intensities, you can use similar calculations to find the value k and 

probability p(k) for each outcome.  

[51]Table 2-3 Damage probability for Class B 

Intensity DPM 

Sub-class ++ Sub-class + Sub-class - Sub-class -- 

p 

(k) 

Damage 

level (k)  
D 

p 

(k) 

Damage 

level (k)  
D 

p 

(k) 

Damage 

level (k)  
D 

p 

(k) 

Damage 

level (k)  
D 

5 
Few 

D1 
20 D1 0.2 10 D1 0.1 0 D1 0.0 0 D1 0.0 

6 

Many 

D1, 

Few 

D2 

20 D2 1.0 10 D2 0.6 20 D1 0.2 10 D1 0.1 

7 

Many 

D2, 

Few 

D3 

20 D4 1.8 10 D4 1.3 20 D3 1.0 10 D3 0.6 

8 

Many 

D3, 

Few 

D4 

20 D5 2.7 10 D5 2.2 20 D4 1.8 10 D4 1.3 

9 

Many 

D4, 

Few 

D5 

20 D5 3.6 10 D5 3.2 20 D5 2.7 10 D5 2.2 

10 
Many 

D5 
60 D5 4.5 50 D5 4.4 20 D5 3.6 10 D5 3.2 

 

2.2.2.2 Analytical Assessment Methods 

Analytical methods evaluate the response of a building under earthquake loading by 

simulating its behavior [52]. To a greater or lesser extent, structural models can be idealized, but 

they will always incorporate assumptions that can lead to significant disparities in outcomes [47]. 

There is considerable room for variation in analytical modeling due to the wide variety of possible 

modeling approaches, sources of information, and methods for tagging outputs with attributes. 

More assumptions are made in simpler models, but they are easier to design and solve; more 
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computer work and technical expertise are required in more complex models, resulting in more 

accurate results. In general, it may be divided into two categories:  

1. Non-Linear static analysis (NLSA)/Pushover analysis (POA)  

2. Non-Linear Time History Analysis (NLTHA) 

2.2.2.2.1 Non-Linear static analysis (NLSA)/Pushover analysis (POA) 

Non-linear static analysis' widespread adoption in seismic engineering can be attributed to 

the relative simplicity of the method. It has become an active engineering tool for evaluating the 

safety of structures against earthquake-induced collapse. The "Coefficient Method" was employed 

to determine target displacement for the first time when this approach was presented in FEMA 273 

[53], and later it was modified in FEMA 356 [54]. The pushover analysis, which produces the well-

known "Capacity Curve," is a type of non-linear static analysis. The ultimate objective of this 

method is to determine the dynamic attributes of the structure, such as its stiffness, strength, and 

ductility, under seismic loading. 

To undertake a non-linear static analysis, commonly known as the POA procedure, the 

structure must be modeled in such a way that the non-linear force and displacement performance 

of its structural elements are taken into account. Then, a relationship between displacement and 

base shear (D vs. V) would be derived by submitting the structure to increasing lateral forces 

monotonically until the model's displacement reached or exceeded the allowable displacement that 

reflected a predetermined level of structural damage. The target displacement is defined as the 

permitted displacement. In the event that the slope of the curve turns negative, a global failure may 

occur. From this procedure, the inelastic response behavior for an analogous single degree of 

freedom may be established (SDOF). In order for this method to work, it requires reducing a system 

with multiple degrees of freedom (MDOF) to a system with a single MDOF. This transition, 

however, would only be exact if the structure vibrated in a single mode with a constant changing 

shape over time. 

2.2.2.2.2 Non-Linear Time History Analysis (NLTHA) 

This method is the most accurate and precise approach to evaluate a structure's or 

infrastructure's seismic performance. Recent advances in computer methodologies have allowed 

for the creation of tools like incremental dynamic analysis (IDA), which is an enhanced and 
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expanded version of the NLTHA methodology that can be used to assess the dynamic behavior of 

structures exposed to seismic vibrations. It was first suggested in 1977 by Bertero [55], and in the 

years that followed, a number of researchers and investigators devoted a significant amount of time 

and energy to examining it (Bazzurro [56], [57], Vamvatsikos and Cornell [58], Yun et al. [59]). 

Furthermore, in 2000, it was certified by FEMA as a means of investigating the possibility 

of a global collapse. The application of incremental dynamic analyses has been of great help in 

recent years to the investigation of the overall behavior of structures, beginning with the stage of 

elastic response and continuing through the phases of yielding and non-linear response, all the way 

up to the stage where the structure becomes unstable. Additionally, IDA provided a clear picture 

of how a structure would behave in the event of a seismic event. In order to develop an incremental 

dynamic analysis (IDA), it is customarily necessary to collect a series of ground motion records 

using the NLTHA. In this particular instance, establishing the structural performance involved 

selecting the degree to which the ground motion was experienced. This could be accomplished by 

progressively increasing the seismic intensity until the global collapse capacity of the structure is 

reached. Graphing the ground motion intensity (IM) against a structural response parameter (EDP) 

is one way to illustrate the IDA result. 

The main advantages of this method are that it can accurately describe a wide range of 

nonlinear material behavior, irregularities in structures with nonlinear geometry, how buildings 

behave when hit, and higher mode effects in high rise buildings. Nonetheless, this analysis has 

limitations, such as the need for a complex platform to construct the analytical model, the need for 

time to finish the analysis, and the need for a large quantity of ground motions needed to complete 

the study [45]. 

2.3 Seismicity in Almaty 

We are aware that earthquakes occur on faults. In the waters, earthquakes are confined to 

small regions, frequently on single faults that define the boundary of the Earth's plates. In contrast, 

earthquakes within continents, notably in the Central Asia region, are dispersed over hundreds of 

kilometers on intricate networks of thousands of faults that move less regularly than one another. 

In light of this, it is considerably more challenging to locate these faults and comprehend the 

seismic hazard. On the continents, it can be thousands of years between earthquakes along the same 

fault. Before the 2003 earthquake in Bam, Iran, there was no documented or archaeological 
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evidence of any major earthquakes in the past 2,000 years. The last significant earthquake in 

Kazakhstan, which largely damaged Almaty, occurred in 1911, more than a century ago. 

The absence of recent earthquakes often leads to the erroneous conclusion that a territory 

is not influenced by earthquakes. Nonetheless, as these examples demonstrate, there is still a major 

earthquake risk in Iran, the Tien Shan region, and throughout Central Asia due to the hundreds of 

active fault lines in the area that could trigger an earthquake at any moment. Due to a lack of 

investigation or because the faults' subtle or concealed effects on the terrain made them difficult to 

detect, many of the recent and destructive earthquakes in the innards of continents have occurred 

on previously unknown faults. It is challenging to discover and examine faults that never reach the 

Earth's surface, which is common in areas where convergent activity is forming mountains. One 

example is the mountain-front fault, which is thought to have caused the Verney (Almaty) 

earthquake of 1887 of magnitude 7.3.  

Furthermore, large earthquakes don't necessarily occur on prominent faults that are visible 

from afar. The Chilik earthquake of 1889 occurred in Kazakhstan on a fault that had likely been 

immobile for thousands of years prior. With so many such faults, predicting which will create a 

large earthquake is extremely difficult. Moreover, a ruptured fault can be tens of kilometers away 

from the epicenter of an earthquake before damage is done. To accurately estimate risk, 

investigations of faults must span wide geographic areas.  

Almaty has been damaged by powerful earthquakes multiple times in the last 150 years. 

The city sits on a significant seismically active fault zone in the northern Tien Shan Mountain range 

called Almaty fault or Tien Shan fault. While the Almaty Fault itself is hidden beneath layers of 

mezozoic and cainozoic strata, the strong seismicity in the area is evidence of its activity. Figure 

depicts the map of Kazakhstan's significant, well-known, and active faults [60]. Almaty is in danger 

because it is on the northern range of Zailijsky Alatau, which is the northernmost ridge of Tien 

Shan. Almaty is also at risk because weaker earthquakes can cause debris flows. It is necessary to 

increase the quantification of the seismic danger for areas with a population of over one and half 

million people [61]. 

The earthquakes having magnitude greater than 4 and less than from 250 BC to 2018 are 

depicted in figure 2-4 on a map of south-eastern Kazakhstan. The rectangle depicts the area 

surrounding Almaty city[45].  
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Figure 2-4 Earthquakes database from 250 BC to 2018 with seismicity 4≥Mw≥8[61] 

The PGA increases rather evenly to the south and east from 0.31 g at the city's northwest 

boundary to 0.62 g at the hilly region's southeasterly border, assuming a return period of 475 years 

(Figure 2-5 on the left). The city's most highly populated area is located between 0.4 and 0.52 g 

with design basis earthquake PGA value of 0.487 with return period of 475 years. Figure 2-5 (right) 

shows that the increase in PGA continues to move south-eastward on the map for a return period 

of 2475 years, but its nature varies greatly since large, rare earthquakes dominate the risk in the 
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high mountains. The area of the city that is most densely populated lies within the bounds of 0.6 to 

0.9 g with maximum considered earthquake PGA value of 0.7305 with return period of 2475 years. 

 

Figure 2-5 Seismic hazard maps of Almaty city, expressed in terms of the PGA and with return 

periods of 475 years (on the left) and 2475 years, respectively (right)[61] 

Other than Almaty fault there are other faults are also present in the study area such as Zaili 

fault, diagonal fault and Boroldai fault as shown in Figure 2-6. Figure also shows a seismic micro-

zoning map for the city of Almaty, displaying PGA for both a 10% chance of exceeding it within 

the next half-century (left) and a 2% chance of doing so (right). The primary tectonic faults in the 

city are indicated by gray strips. 

 

Figure 2-6 Microzonation map of Almaty in terms of PGA
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Chapter 3 - Empirical Evaluations 

3.1 Categorization of the buildings in Almaty 

3.1.1 Residential Buildings 

Approximately 8171 high-rise apartment complexes were built during the Soviet era 

(between the 1960s and the 1990s), according to data collected by the government agency 

(KazNIISA). The materials used in their construction, as well as their lateral force-resisting systems 

and ductility capacities, were taken into consideration while classifying these buildings. Masonry, 

reinforced concrete, precast concrete, wood, and steel are among the building materials. A bearing 

wall, wall panels, an emulated moment frame, a moment frame, and a shear wall make up the lateral 

force-resisting system. In addition, the building was classified as having a ductility capacity that 

was somewhere between medium and low, taking into account the construction materials, the year 

it was built, and the design code requirement. In Figure 3-1, we see the total number of buildings 

together with their breakdown into several types. The majority of the buildings were constructed 

by using precast and reinforced concrete. There are also a sizable number of brick and wood 

structures. 

 

Figure 3-1 Categorization of Residential Buildings 
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3.1.2 Industrial Buildings 

There are approximately 5890 industrial buildings that were constructed from 1950 to 2000. 

Similar to residential buildings these buildings were also categorized based on the construction 

material, lateral force resisting system and ductility etc. The distribution of the total number of 

buildings across the various categories is depicted in Figure 3-2. Precast and reinforced concrete 

were used in the construction of the vast majority of buildings. There are also a sizable number of 

brick and wood structures. 

 

Figure 3-2 Categorization of Industrial Buildings 

3.1.3 Commercial Buildings 

There are approximately 17759 industrial buildings constructed from 1950 to 2000. Similar 

to residential and industrial buildings these buildings were also categorized based on the 

construction material, lateral force resisting system and ductility etc. The distribution of the total 

number of buildings across the various categories is depicted in Figure 3-3. Like industrial 

buildings, most of the buildings were constructed using reinforced concrete. Masonry structures 

also have significant numbers in the commercial buildings.   
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Figure 3-3 Categorization of Commercial Buildings 

3.2 Vulnerability and Ductility Index  

It is possible to determine the mean damage value (µD) for each vulnerability class at a 

variety of intensities and probable sub-classes as shown in figure 3-4 by plugging the values of k 

and p(k) into Equation 2-2. Following this approach, the mean damage value (µD) can only be 

calculated at discrete points. An empirical equation given in EMS-98 [33] is utilized for a 

continuous evaluation to relate intensity of earthquake (I) and the mean damage value (µD) 

utilizing the vulnerability (V) and ductility index (Q). 

 
µ𝐷 = 2.5[1 + tanh (

𝐼 + 6.25𝑉 − 13.1

𝑄
)] Equation 3-1 

This study uses curve-fitting to match the mean damage-intensity curves obtained from 

Equation 3-1 to the discrete points shown in figure 3-4. For each sub-class vulnerability 

(V) index and ductility index (Q) can be calibrated using the curve-fitting method.  For the curve 

fitting, it was controlled that the R square values exceed 0.95. The vulnerability index (V) is then 

derived from the mean values of the vulnerability sub-classes for each vulnerability class. Table 3-

1 displays the determined vulnerability (V) and ductility (Q) index values after curve fitting. 
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Figure 3-4 Earthquake Intensity versus mean damage of each class 

 

Table 3-1 Vulnerability and Ductility Index values for each class 

Vulnerability Index 

(V) 

Vulnerability Class   

A B C D E F 

Sub-class ++ 0.98 0.86 0.7 0.54 0.38 0.21 

Sub-class + 0.91 0.78 0.62 0.46 0.29 0.13 

Sub-class   - 0.86 0.7 0.53 0.38 0.22 0.05 

Sub-class     -- 0.78 0.62 0.45 0.29 0.14 -0.03 

Average 0.88 0.74 0.58 0.42 0.26 0.1 

Ductility Index (Q) 1.7 2.1 2.1 2.2 2.2 2.3 
 

3.3 Mapping of building categories to the EMS-98 grades 

The next stage is to map these residential buildings to the EMS-98 vulnerability class and 

sub-class based on the information gathered about them. Table 3-2 to 3-4 displays the relationship 

between Almaty's residential, industrial, and commercial buildings and the EMS-98 scale. First, 

the buildings were matched to structure types in the EMS-98 based on their building materials, 

systems for resisting lateral forces, and capacity to deform. The following method is utilized for 

the mapping of the EMS-98 in order to account for the fact that many vulnerability classes are 

associated with each type of structure, as indicated in Table 2-1 . 
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Due to the fact that each type of structure in the EMS-98 has a variety of vulnerability 

classes, as stated in Table 2-1, the following mapping process is utilized:  

1. The EMS-98 scale places masonry and wood at the top due to the limited ductility of these 

materials in the absence of structural seismic details.  

2. Structures made of concrete that had a low ductility were given a higher vulnerability rating 

within the range.  

3. At the middle of the spectrum, where the ductility of reinforced concrete and steel is 

moderate, these buildings are categorized as medium-vulnerable.  

4. Structures consisting of precast wall panels with emulated moment frames that had a 

medium level of ductility were categorized as having a high to medium level of 

vulnerability. 

After assigning the vulnerability class/sub-class to the residential building, the associated 

vulnerability (V) index and ductility (Q) index for the building categories can be computed using 

Table 3-1. 

Table 3-2 Mapping of Almaty's residential buildings to EMS-98 scale (modified from [62]). 

Residential 

buildings 

in Almaty 

Construction 

Materials 
Precast Concrete 

Reinforced 

concrete 
Unreinforced Masonry Steel Wood 

Lateral 

Force 

Resisting 

Systems 

Wall Panels 
Emulated Moment 

Frames 
Shear Walls 

Adobe 

Walls 
 Brick Walls 

Moment 

Frames 

Wall 

Panels 

Ductility Low Medium Low Medium Low Medium Low Low Medium Low 

EMS-98 

scale 

Type of 

Structures 

Wall 

without 

ERD 

Wall 

with 

moderate 

level of 

ERD 

Frame 

without 

ERD 

Frame 

with 

moderate 

level of 

ERD 

Wall 

without 

ERD 

Wall 

with 

moderate 

level of 

ERD 

Adobe 

(earthquake 

brick) 

Unreinforced 

with RC 

floors 

Steel 

structures 

Timber 

structures 

Vulnerability 

Class 

Ranges 

B-D C-E A-D B-E B-D C-E A-B B-D C-F B-E 

Mapping 

Assigned 

Vulnerability 

Class 

B+ C++ B C+ B- D++ A++ B++ D+ B++ 

V 0.78 0.7 0.74 0.62 0.7 0.54 0.98 0.86 0.46 0.86 

Q 2.1 2.1 2.1 2.1 2.1 2.2 1.7 2.1 2.2 2.1 

Table 3-3 Mapping of Almaty's industrial buildings to EMS-98 scale. 
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Industrial buildings in Almaty EMS-98 scale Mapping 

Construction 

Materials 

Lateral 

Force 

Resisting 

Systems 

Ductility 
Type of 

Structures 

Vulnerability 

Class Ranges 

Assigned 

Vulnerability 

Class 

V Q 

Reinforced 

concrete 

Infilled 

Frame 

Low  

Frame with 

moderate level 

of ERD 

B-E 

B 0.74 2.1 

Precast Concrete 

Low  B+ 0.78 2.1 

Medium C+ 0.62 2.1 

Reinforced 

masonry 
Wall Panels 

Low  
Reinforced or 

Confined 
C-E C 0.575 2.1 

Unreinforced 

masonry 
None 

Unreinforced 

with RC floors 
B-D B 0.74 2.1 

Steel 

Braced 

frame 

Low  

Steel structures C-F 

C- 0.53 2.1 

Medium D- 0.38 2.2 

Infilled 

Frame 

Low  C+ 0.62 2.1 

Medium D 0.415 2.2 

Table 3-4 Mapping of Almaty's commercial buildings to EMS-98 scale. 

Commercial buildings in Almaty EMS-98 scale Mapping 

Construction 

Materials 

Lateral 

Force 

Resisting 

Systems 

Ductility Type of Structures 
Vulnerability 

Class Ranges 

Assigned 

Vulnerability 

Class 

V Q 

Reinforced 

concrete 

Infilled 

Frame 

Low  Frame with 

moderate level of 

ERD 

B-E 

B 0.74 2.1 

Medium  C+ 0.62 2.1 

Reinforced 

Masonry 
Wall Panels 

None 
Reinforced or 

Confined 
C-E 

C++ 0.7 2.1 

Low  C 0.575 2.1 

Unreinforced 

Masonry 
Wall Panels 

None 
Unreinforced with 

RC floors 
B-D 

B 0.74 2.1 

Low  B- 0.7 2.1 

Steel 

Infilled 

Frame 
Medium  Steel structures C-F 

D 0.415 2.2 

Braced 

Frame 
D- 0.38 2.2 
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3.4 Development of Vulnerability Curves 

After obtaining the vulnerability (V) and ductility (Q) indices for each group of the different 

building categories in Almaty, the mean damage (µD) can be calculated using Eqns. 3-1. Figure 3-

5 to 3-7 displays the relationship between the mean damage (µD) and earthquake intensity (I) for 

various groups of residential, industrial and commercial buildings respectively. With an increase 

in earthquake intensity, the vulnerability class/sub-class and vulnerability index predict that 

masonry and wood buildings will sustain the greatest mean damage value, followed by precast and 

reinforced concrete structures. The mean damage values are lowest for steel buildings. 

 

Figure 3-5 Mean damage vs. intensity for different groups of residential buildings: (a) low ductility; 

(b) medium ductility 
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Figure 3-6 Mean damage vs. intensity for different groups of industrial buildings: (a) reinforced 

concrete infilled wall; (b) masonry; (c) precast concrete; (d) steel. 

 
Figure 3-7 Mean damage vs. intensity for different groups of commercial buildings: (a) reinforced 

concrete infilled wall; (b) reinforced masonry; (c) unreinforced masonry; (d) steel. 
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Though Figure 3-5 to 3-7, mean damage curves depict the damage at various earthquake 

intensities, it is still vital to determine which intensity level accurately represents potential 

earthquakes in the Almaty area. Kazakhstan's seismic design code [63] has mapped the peak ground 

acceleration in its region at two earthquake levels: design basis earthquake (DBE) with a return 

period of 475 years and maximum considered earthquake (MCE) with a return period of 2475 

years. As a result, it is essential to evaluate the buildings' vulnerability to earthquakes on each of 

these two levels. Consequently, the earthquake intensity level must be linked to the peak ground 

acceleration (PGA) demand, as the PGA for the DBE and MCE levels can be found in the Almaty 

region's design code. This research utilizes an empirical equation derived by Masi et al. [51] to 

establish the following link (equation 3-1) between earthquake intensity and peak ground 

acceleration: 

 
𝑃𝐺𝐴 = 𝑒(

𝐼−6.32

0.48
) if I ≤ 5; 𝑃𝐺𝐴 = 𝑒(

𝐼−9.82

1.72
)
 if I > 5             Equation 3-2 

The relationship between the mean damage (µD) and the PGA can be determined by 

resolving I in equation 3-1 and entering the result into equation 2-3. Figure 3-8 to figure 3-10 

depicts this link for several types of buildings categories based on construction material for 

residential, industrial, and commercial. In these figures, the vertical dashed and dashed-dot trend 

lines show the DBE (with a return period of 475 years) and MCE (with a return period of 2475 

years) PGAs in the Almaty area. Figure 3-8 to 3-10 depicts the estimated mean damage (µD) at 

two earthquake levels in the Almaty region, namely the Design Basis Earthquake (DBE) and the 

Maximum Considering Earthquake (MCE). The intersections of the mean damage curves with the 

vertical trend lines are used to determine the µD values at the respective earthquake levels and are 

depicted in Figure 3-11 to 3-13. This method permits a direct evaluation of the projected mean 

damage at DBE and MCE earthquakes in the Almaty region. 
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Figure 3-8 Mean damage vs. PGA for different groups of residential buildings: (a) low ductility: (b) 

medium ductility 

 

Figure 3-9 Mean damage vs. PGA for different groups of industrial buildings: (a) reinforced 

concrete; (b) masonry; (c) precast concrete; (d) steel. 
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Figure 3-10 Mean damage vs. PGA for different groups of commercial buildings: (a) reinforced 

concrete; (b) reinforced masonry; (c) unreinforced masonry; (d) steel. 

 

Figure 3-11 Mean damage for distinct types of residential structures at: (a) DBE (475 years return 

period); (b) MCE (return period of 2475 years). 
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Figure 3-12 Mean damage for distinct types of industrial structures at: (a) DBE (475 years return 

period); (b) MCE (return period of 2475 years). 
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Figure 3-13 Mean damage for distinct types of commercial structures at: (a) DBE (475 years return 

period); (b) MCE (return period of 2475 years). 

After determining the mean damage to building structures, it is worthwhile to determine 

the probability of damage. By plugging in the average amount of damage sustained by 

each building category into Equation 2-2 will give you the probability of the damage occurring at 

each of the damage levels. Given that µD is proportional to PGA, we may calculate an individual 

building group's damage probability given its PGA. Figure 3-14 to 3-16 provides an illustration of 

the likelihood of damage (p) vs. PGA for two types of buildings: (a) masonry with brick walls, and 

(b) reinforced concrete shear wall, both of which have poor ductility. In Figure 3-14 to 3-16, the 

vertical dashed and dashed-dot trend lines represent the DBE and MCE PGAs in the Almaty area, 

respectively. The likelihood of severe damage is maximized at high PGA, as shown in Figure 3-14 

to 3-16, while the likelihood of minor damage is maximized at low PGAs. 
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Figure 3-14 Probability of the damage (p) vs. PGA for residential buildings: (a) masonry brick walls 

with low ductility; (b) precast concrete wall panels with low ductility. 

 

Figure 3-15 Probability of the damage (p) vs. PGA for industrial buildings: (a) reinforced concrete 

infilled frame with low ductility; (b) steel braced frame with medium ductility. 

 

Figure 3-16 Probability of the damage (p) vs. PGA for commercial buildings: (a) unreinforced 

masonry wall panels with no ductility; (b) reinforced infilled frame with medium ductility. 



51 

 

We may determine the likelihood of damage for either of the two earthquake intensities by 

examining the points at which the probability curves for each level connect with the vertical 

trendlines (Figure 3-14 to 3-16). Identical computations may be done to different categories of 

structures. Damage probabilities for several categories of Almaty residential, industrial and 

commercial buildings subjected to direct evaluation at DBE and MCE earthquake intensities are 

shown in Figure 3-17 to 3-19. As shown in Figure 3-17, masonry and wood buildings have a high 

probability of destruction under DBE (over 20%) and MCE (over 40%). To withstand future major 

earthquakes, these buildings must be strengthened. 

 

Figure 3-17 Residential buildings damage probabilities at (a) DBE (return period of 475 years) and 

(b) MCE (return period of 2475 years). 
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Figure 3-18 Industrial buildings damage probabilities at (a) DBE (return period of 475 years) and 

(b) MCE (return period of 2475 years). 
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Figure 3-19 Commercial buildings damage probabilities at (a) DBE (return period of 475 years) and 

(b) MCE (return period of 2475 years). 
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were calculated for both the DBE (for return period 475 years) and MCE (for return period of 2475 

years), under the expected earthquakes.   These evaluation outcomes can be utilized by government 

decision-makers for future seismic disaster mitigation. One can draw the following conclusions: 

1. Unreinforced masonry and concrete with low ductility were used for the construction of the 

majority of the residential buildings in Almaty in the Soviet Union era, while most of the 

industrial buildings were made of precast concrete. Similarly for the commercial buildings 

the majority were constructed using reinforced concrete. 

2. For residential buildings, unreinforced masonry, and wood structures, both DBE and MCE 

predict a high likelihood of total destruction. Nevertheless, the danger of destruction is 

substantial, exceeding 20% under DBE and 40% under MCE. As a result, depending on the 

results of subsequent financial evaluations, it is proposed that these buildings be extensively 

strengthened or demolished. DBE and MCE both predict moderate to high levels of 

predicted mean damage for low ductility reinforced and precast concrete buildings. 

Between 60% and 70%, the probability of harm is also dominant. 

3. For industrial buildings unreinforced masonry, reinforced concrete, and precast concrete 

with low ductility structures, both DBE and MCE predict a high likelihood of heavy to very 

heavy damage. Nonetheless, the risk of heavy damage is high, topping 18% in DBE and 

34% in MCE. Similarly steel with low ductility predict moderate level of damage. 

4. For commercial buildings unreinforced masonry with no ductility and reinforced concrete 

with low ductility structures, both DBE and MCE predict a high likelihood of moderate to 

heavy damage. Nonetheless, the risk of moderate damage is high, topping 30% in DBE and 

30% in MCE. Similarly reinforced concrete with medium ductility predicts moderate level 

of damage.  
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Chapter 4 - Analytical Evaluations 

4.1 Identify Prototype RC Buildings 

For the analytical assessment, two (2) pre-cast concrete emulated moment frame buildings 

were selected, constructed in Almaty from 1970s to 1990s where each building represents one 

decade. More information about the prototype buildings is given in the sections below. 

4.1.1 VT Series 

This type of construction of residential buildings (Figure 4-1) was carried out in Almaty 

from 1970 to 1980. The building is five-storeys with a basement, rectangular in plan with 

dimensions in the outermost axes with dimensions of 20.0 x 12 m. The bearing structures are 

transverse frames with two spans of 6.0 m. The transverse frames are connected by the longitudinal 

beams of the longitudinal frames with spans of 4.0 m, made in the plane of the slabs. The plan view 

of the building is shown in figure 4-2. 

 

Figure 4-1 Building View VT Series 
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Figure 4-2 Plan view of VT series 

The building is 15 meters tall, with a standard story height of 3 meters, measured from the 

average level of the earth surface to the roof. The building's elevation view is depicted in Figure 4-

3. 

  

Figure 4-3 Elevation view of VT series 

A B C D E F

1

2

3

4.0 m 4.0 m4.0 m 4.0 m 4.0 m

20.0 m

6.0 m

6.0 m

12.0 m

1 2 3

3.0 m

3.0 m

3.0 m

3.0 m

3.0 m

6.0 m 6.0 m



57 

 

4.1.1.1 Cross-section Size 

The columns were made of monolithic reinforced concrete with cross-sectional dimensions 

of 400x400 mm while the dimensions of the sections of the transverse beams were 350x500 (h) 

mm, and of longitudinal beams were 300x400 (h) mm. Cross section details of the columns and 

beams are given in the figure 4-4. 

a)  b)  c)  d)  

e)  f)  g)   

Figure 4-4 Cross Section Details of VP Series (all units are in mm)  a) Column of 1st floor b) 

Column of 2nd floor c) Column of 3rd floor d) Column of 4th and 5th floor e) Beam 1st floor f) Beam of 

2nd and 3rd floor and g) Beam of 4th and 5th floor. 

4.1.1.2 Reinforcement Details 

The columns of the first floor were reinforced on each face with four bars Ø25 of class A-

III; and stirrups of 8 mm reinforcing bars of class A-III with the spacing of 100. The columns of 

the second floor were reinforced in the corners with bar Ø25 of class A-III on each face with two 

bars Ø20 of class A-III; and stirrups of Ø8 mm reinforcing bars of class A-III with spacing of 100 

mm. The columns of the third floor were reinforced on each face with three bars Ø20 of class A-

III; and stirrups of 8 mm reinforcing bars of class A-III with the spacing of 100. The columns of 

the fourth and fifth floor were reinforced on each face with three bars Ø16 of class A-III; and 

stirrups of 8 mm reinforcing bars of class A-III with the spacing of 100. 
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Transverse beams of the first floor were reinforced by two Ø28 mm bars of class A-III and 

two Ø25 mm bars of class A-III. The transverse frame beams of the second and third floors were 

reinforced by two Ø25 mm A-III bars and two Ø22 mm A-III bars. The transverse frame beams of 

the fourth and fifth floors were reinforced by four A-III class Ø20 mm bars; the stirrups were made 

of A-III class Ø8 mm reinforcing bars with the spacing in the supporting zone of about 100 mm.  

4.1.1.3 Compressive Strength 

The compressive strength of concrete used for building the columns and beams was about 

30.5 MPa and 25.7 MPa respectively. Grade A-III steel was used for reinforcement with yield 

strength of 390 MPa and ultimate strength of 590 MPa. 

4.1.1.4 Nominal Strengths 

Strong column-weak beam (SCWB) refers to the requirement that the node's column end's 

and beam's actual flexural capacities, Mb and Mc, satisfy the following Mc > Mb. Columns are 

made stronger so that they can withstand vertical loads and the beams can withstand horizontal 

loads like wind or seismic forces. As is well knowledge, if a high-rise building's beam fails, it only 

affects that particular floor. However, if a structure's column fails, the entire building will collapse. 

Therefore, a strong column, weak beam design is required. Heavy earthquakes cannot cause a 

building to collapse, but faulty design can. 

This method is useful for protecting the columns from brittle failure mechanisms including 

shear and torsion. ACI 318 recommends a SCWB ratio of 1.2. Based on the geometry shown in 

figure 4-4 and material characteristics provided in section 4.1.1.3, nominal shear, and moment 

strengths for both the columns and beams are calculated and provided in Table 4-1. These nominal 

values are a cautious approximation of the member's capacity to resist shear and bending moment 

are determined using equation 4-1 and 4-2 respectively as per ACI 318 [64] design codes. 

 𝑉𝑛 = 𝑉𝑐 + 𝑉𝑠 Equation 4-1 

Where as  

𝑉𝑐 = 0.17 ∗   𝜆 ∗ √𝑓′
𝑐

∗ 𝑏𝑤𝑑 

𝑉𝑠,𝑚𝑖𝑛 = (
𝐴𝑣,𝑚𝑖𝑛

𝑠
) 𝜑 ∗ 𝑑 ∗ 𝑓𝑦𝑡 
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 𝑀𝑛 = 𝐴𝑠𝑓𝑦(𝑑 −
𝑎

2
) Equation 4-2 

 

 

Table 4-1 Nominal Shear and Moment Strength of VT series buildings 

  

Floor 

Level 

Nominal 

Shear 

Vn    

(KN)  

Nominal 

Moment 

Mnc      

(KN-m)  
  

Floor 

Level 

Nominal 

Shear 

Vn    

(KN)  

Nominal 

Moment 

Mnb      

(KN-m)  

ΣMnc 

(KN-

m) 

ΣMnb 

(KN-

m) 

ΣMnc/ 

ΣMnb 

Strong 

Column 

weak Beam  

Column 

1st  297.25 541.66 

Beams 

1st  261.98 368.66 995.32 659.64 1.51 Satisfied 

2nd 297.25 453.66 2nd 261.98 290.98 768.38 581.96 1.32 Satisfied 

3rd  297.25 314.72 3rd  261.98 290.98 533.46 501.80 1.06 Not Satisfied 

4th  297.25 218.74 4th  261.98 210.82 381.06 421.63 0.90 Not Satisfied 

5th 297.25 162.32 5th 261.98 210.82 324.64 421.63 0.77 Not Satisfied 

 

 Table 4-1 also depicts that the structural elements of the first three floors satisfy the strong 

column weak beam criteria showing that the beam will fail before the columns as beam failure 

generally results in partial failure of structure while that of 4th and 5th floor are not satisfying this 

criterion showing the possibility of failure of columns before beams which will ultimately leads to 

the failure of whole structure.  

4.1.2 VP Series 

This type of construction of residential buildings (Figure 4-5) was carried out in Almaty 

from 1980 to 1990. The building is five-storeys with a basement and technical floor, rectangular in 

plan with dimensions in the outermost axes with dimensions of 54.0 x 14.8 m. The bearing 

structures are transverse frames with two spans of 3.6 m. The transverse frames are connected by 

the longitudinal beams of the longitudinal frames with spans of 5.4 m, made in the plane of the 

slabs. The plan view of the building is shown in the figure 4-6. 
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Figure 4-5 Building View of VP Series 

 

 

Figure 4-6 Plan view of VP series 

The building is 17.5 meters tall from the ground up, with an average floor height of 3.0 

meters on the first through fifth floors and a height of 2.15 meters on the technical floor. Figure 4-

7 depicts the building’s elevation view. 
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Figure 4-7 Elevation view of VP series 

4.1.2.1 Cross-section Size 

The cross-sectional dimensions of the columns were 400x400 mm, while the dimensions 

of the sections of the transverse beams were 350x500 (h) mm. The columns were composed of 

monolithic reinforced concrete. Figure 4-8 shows the cross sectional details of the columns and 

beams in detail. 
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c)    d)    

Figure 4-8 Cross Section Details of VP Series (all units are in mm) a) Column of 1st to 5th floor b) 

Column of the technical floor c) Beam 1st of 5th floor and d) Beam technical floor. 

4.1.2.2 Reinforcement Details 

The columns of the first to fifth floor were reinforced on each face with on each face by 

two bars Ø28 of class A-III; and stirrups of 8 mm reinforcing bars of class A-III with the spacing 

of 100 while the columns of the technical floor were reinforced on each face with two bars Ø22 of 

class A-III; stirrups of Ø8 mm reinforcing bars of class A-III with step 100 mm. 

Transverse beams of the first to fifth floor were reinforced by three Ø28 mm bars of class 

A-III; the stirrups were made of A-III class Ø8 mm reinforcing bars with the spacing in the 

supporting zone of about 100 mm. The transverse frame beams of the technical floor were 

reinforced by three Ø22 mm A-III bars; the stirrups were made of A-III class Ø8 mm reinforcing 

bars with the spacing in the supporting zone of about 100 mm. 

4.1.2.3 Compressive Strength 

The compressive strength of concrete used for building the columns and beams was about 

23 MPa and 27 MPa respectively. Grade A-III steel was used for reinforcement with yield strength 

of 390 MPa and ultimate strength of 590 MPa. 

4.1.2.4 Nominal Strengths 

When designing with a strong column weak beam strategy, the columns are made to be 

stronger than the beams so that they can withstand vertical loads and the beams can withstand 

horizontal loads like wind or seismic forces. This method is useful for protecting the columns from 
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brittle failure mechanisms including shear and torsion. ACI 318 recommends a SCWB ratio of 1.2. 

Based on the geometry shown in figure 4-4 and material characteristics provided in section 4.1.2.3, 

nominal shear, and moment strengths for both the columns and beams are calculated and provided 

in Table 4-2. These nominal values are a cautious approximation of the member’s capacity to resist 

shear and bending and are determined using equation 4-1 and 4-2 as per ACI 318 [64] design codes. 

Table 4-2 Nominal Shear and Moment Strength of VP series buildings 

 

Table 4-2 also depicts that the structural elements of the first three floors satisfy the strong 

column weak beam criteria showing that the beam will fail before the columns and beam failure 

generally results in partial failure of structure while that of 4th, 5th and 6th floor are not satisfying 

this criterion showing the possibility of failure of columns before beams which will ultimately 

leads to the failure of whole structure. 

4.2 Model development 

Though many analytical modeling methods have been published, only a few of these 

models have been incorporated into the commercial and open-source computational tools available 

to the engineering and scientific communities at large. One of the computing platforms that is most 

frequently used in the discipline of structural and seismic engineering is called OpenSees, or the 

Open System for Earthquake Engineering Simulation [65]. The free and open source OpenSees 

software can be used to do nonlinear analyses of structural components and systems that are 

susceptible to seismic ground vibrations. OpenSees offers a variety of features, including model 

elements, material models, various solution methodologies, and so on. 

  

Floor 

Level 

Nominal 

Shear 

Vn    

(KN)  

Nominal 

Moment 

Mnc      

(KN-m)  
  

Floor 

Level 

Nominal 

Shear 

Vn    

(KN)  

Nominal 

Moment 

Mnb      

(KN-m)  

ΣMnc ΣMnb 
ΣMnc/ 

ΣMnb 

Strong Column 

weak Beam  

Columns 

1st  286.35 420.01 

Beams 

1st  264.12 308.51 804.73 617.02 1.30 Satisfied 

2nd 286.35 384.71 2nd 264.12 308.51 730.58 617.02 1.18 Not Satisfied 

3rd  286.35 345.86 3rd  264.12 308.51 649.40 617.02 1.05 Not Satisfied 

4th 286.35 303.54 4th 264.12 308.51 561.46 617.02 0.91 Not Satisfied 

5th  286.35 257.92 5th  264.12 308.51 386.10 500.24 0.77 Not Satisfied 

Technical 286.35 128.17 Technical 264.12 191.73 256.35 383.47 0.67 Not Satisfied 
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It is necessary to identify the physical characteristics of the steel and concrete reinforcement 

used in the moment frame. This contains the materials' elastic modulus, yield strength, and ultimate 

strength as shown in table 4-3 and table 4-4. Furthermore the stress strain curve of concrete for VP 

series beams and steel is depicted in figure 4-9 and figure 4-10 respectively. Following the 

definition of the geometry, material properties, and hinge properties, the model is loaded with data 

and boundary conditions to simulate how the moment frame will behave under various loading 

conditions. Furthermore, gravity loads, and P-delta effects were also considered to obtain an 

accurate and realistic response behavior of the structures during seismic event.   

Table 4-3 Properties of Concrete 

Building 

Series 
Element 

Compressive 

Strength 

(MPa) 

Compressive 

Strain at Peak 

Strength 

Elastic 

Modulus 

(MPa) 

VP Series 
Columns 23 0.002 23000 

Beams 27 0.002 27000 

VT Series 
Column 30.5 0.002 30500 

Beams 25.7 0.002 25700 

 

Table 4-4 Mechanical Properties of A-III Steel 

Yield 

Stress 

(MPa) 

Elastic 

Modulus 

(MPa) 

Fracture 

Strength 

(MPa) 

Strain 

Hardening 

Ratio 

390 200000 590 0.01 

 

Figure 4-9 Stress Strain Curve of Concrete of VP series 
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Figure 4-10 Stress Strain Curve of Steel 

The model incorporates all elements of the structure, including the fundamental vertical 

plane elements (moment frames), gravity system columns, and floor system perimeter beams. 

Element type beams with hinges were used to model these structural members. Further the columns 

were modeled using the fiber sections. The beam's curvature characteristic is calculated with the 

help of the XTRACT (a section analysis program) using Kent Park concrete model.  Figure 4-11 

displays the two-dimensional FEM model of the VP series. Furthermore 2% damping is selected 

for both buildings with fixed boundary conditions. Similarly, eigen value of 1st and 3rd mode were 

considered for the calculation of Rayleigh damping. Understanding a moment frame's behavior is 

crucial to building a structure to withstand these stresses. To precisely replicate the behavior of a 

reinforced concrete moment frame, the element type of beam with hinges is extensively utilized. 

Hinge connections are used to represent joint connections between beams and columns, simulating 

their rotational motion. The "plastic hinge integration" method allows the user to choose the lengths 

of the plastic hinges at the element ends which determines the positions and weights of the element 

integration points. The length of the plastic hinges used in our study are calculated based on the 

equation 4-3 provided by Park [66]. 

 𝐿𝑝 = 0.5𝐻 
Equation 4-3 

Where H is the depth of the section. 
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Figure 4-11 Two-dimensional model of the VP Series 

4.3 Ground motions input 

The ground motions input used for this study is taken from the FEMA-P695 FF ground 

motion set. Twenty-two records are included in the FEMA-P695 FF GM collection (44 individual 

components). They are all typical of high magnitude events having magnitude between 6.4 to 7.7, 

observed at locations at least 10 kilometers away from the rapture fault. It includes ground motions 

caused by shallow crustal earthquakes, which can have either strike-slip or reverse (thrust) causes 

and occur within around 30 km of the surface. The PEER NGA database contains recordings that 

are part of this collection of ground motions [67]. 

For this study we have selected the eight (8) records (sixteen individual components, shown 

in table 4-5, having reverse (thrust) or reverse oblique fault type from the FEMA-P695 FF GM set 

as it pertains to study area, in Almaty. This knowledge is essential for selecting a ground motion 

model that effectively captures the distinctive features of the research area's reverse fault system. 
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Table 4-5 Selected Ground Motions [67] 

ID 

PEER 
Event  Magnitude Year Record EQ 

Fault 

Type 

Duration 

(Sec) 

dt(Time 

Increment) 

9 
Chi-Chi 

Taiwan 
7.6 1999 CHY100 EQ1 Reverse 90 0.005 

10 
Chi-Chi 

Taiwan 
7.6 1999 CHY101 EQ2 Reverse 90 0.005 

11 Friuli Italy 6.5 1976 Tolmezzo EQ3 Reverse 36.345 0.005 

12 Friuli Italy 6.5 1976 Tolmezzo EQ4 Reverse 36.345 0.005 

13 
Chi-Chi 

Taiwan 
7.6 1999 TCU045 EQ5 Reverse 46.1 0.005 

14 
Chi-Chi 

Taiwan 
7.6 1999 TCU045 EQ6 Reverse 46.1 0.005 

25 San Fernando 6.6 1971 
LA - Hollywood 

Stor FF 
EQ7 Reverse 79.45 0.01 

26 San Fernando 6.6 1971 
LA - Hollywood 

Stor FF 
EQ8 Reverse 79.45 0.01 

31 Loma Prieta 6.9 1989 Capitola EQ9 
Reverse 

Oblique 
39.995 0.005 

32 Loma Prieta 6.9 1989 Capitola EQ10 
Reverse 

Oblique 
39.995 0.005 

33 Loma Prieta 6.9 1989 Gilroy Array #3 EQ11 
Reverse 

Oblique 
39.985 0.005 

34 Loma Prieta 6.9 1989 Gilroy Array #3 EQ12 
Reverse 

Oblique 
39.985 0.005 

41 Northridge 6.9 1994 
Beverly Hills - 

14145 Mulhol 
EQ13 Reverse 29.99 0.01 

42 Northridge 6.9 1994 
Beverly Hills - 

14145 Mulhol 
EQ14 Reverse 29.99 0.01 

43 Northridge 6.9 1994 
Canyon Country 

- W Lost Cany 
EQ15 Reverse 19.99 0.01 

44 Northridge 6.9 1994 
Canyon Country 

- W Lost Cany 
EQ16 Reverse 19.99 0.01 

 

Figure 4-12 shows the spectrum of the selected ground motions with period from 0.1 to 4 

seconds. 
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Figure 4-12 Ground motion's spectrum with period [0.1-4.0] seconds 

4.4 Design Response Spectrum of Almaty  

The design response spectrum of Almaty city is shown in figure 4-11 with return period of 

both 475 and 475 earthquakes. Furthermore, the period of both VP series and VT series are also 

illustrated in figure 4-13. 

 

Figure 4-13 Design response spectrum of Almaty, Kazakhstan 
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4.5 Pushover Analyses 

Pushover analysis is a static methodology that use a simple nonlinear method to evaluate 

seismic structural deformations. During earthquakes, buildings reorganize themselves. When one 

part of a structure gives way or fails, the dynamic forces that are acting on the building are 

redistributed to the other parts of the structure. Pushover analysis has been included in several new 

retrofit seismic design guidelines and is widely used to determine an existing building's seismic 

resistance [68]. It can also aid performance-based earthquake-resistant building design. 

Pushover analysis is utilized in this study to assess how well the buildings perform in both 

the longitudinal (the direction running along lengthwise of building) and transverse (perpendicular 

to the longitudinal) directions to determine which way is weaker for the building. The results for 

both buildings are shown in figure 4-14. This figure illustrates that both buildings are stronger in 

the longitudinal direction. Based on this analysis the performance behavior of both buildings was 

evaluated in the transverse direction and results are presented in the sections ahead. 

  

Figure 4-14 Pushover Analysis a) VT series b) VP series 
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4.6 General results  

This section contains the general results such as hysteresis plot, hinge plots, plastic hinge 

formation and plastic rotation in both beams and columns. All these plots are plotted for earthquake 

3.  

4.6.1 Hysteresis Plot 

The gravitational force acting on the members of the frame is comparatively weak when 

the value of Spectral acceleration (Sa(g)) is low. Because of this, lateral loads like seismic or wind 

forces only cause slight deformations in the frame. The deformation is predominantly elastic, 

meaning that if the lateral load is removed, the frame will revert to its original shape. The hysteresis 

loop for this behavior is smaller and less noticeable. On the other hand, if the value of g is increased, 

then the gravitational force that is acting on the components of the frame will be significantly 

increased. Significant deformations occur in the frame as a result of the increased axial load and 

bending moment on the members, leading the frame to exhibit both elastic and inelastic behavior. 

The early loading and unloading cycles exhibit elastic behavior, but succeeding cycles exhibit 

inelastic behavior. As a result, the hysteresis loop widens and becomes more prominent, with a 

bigger disparity between the loading and unloading branches. The hysteresis plot for both VT and 

VP series building is depicted in figure 4-15 and 4-16 at different values of g for EQ3. 

 

Figure 4-15 Hysteresis Plot of VT series at various values of Sa(g) 
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Figure 4-16 Hysteresis Plot of VP series at various values of Sa(g) 

From the figure 4-15 and 4-16 it can be seen that by increasing the value of g the hysteresis 

loop starts to widen up and becomes more important. It can also be seen that at Sa value of 1.0 the 

hysteresis plot is exhibiting more base shear than the pushover cover because the graph plotted for 

different value of g is between the maximum inter-storey drift and base shear while for pushover 

curve it is between the roof drift versus the base shear. 

4.6.2 Plastic Hinges Formation 

At the completion of the nonlinear analysis, the positions of plastic hinges are illustrated in 

figure 4-17 and figure 4-18 where the degree of plastic rotation is indicated by the different sizes 

of the circle. For both columns and beams, plastic rotations were calculated in accordance with the 

plastic rotations of the members at the ends while the elastic rotation part were subtracted from to 

it depict better formation of plastic hinges under different values of spectral acceleration. In cases 

of intense seismic activity, columns within a building structure may behave nonlinearly and even 

experience a weak story mechanism, as seen in figure 4-17 (b). Notably, this tendency is even 

stronger when the SCWB ratios of all joints get close to one (1), which could mean that the 

connections among structural elements could be weak. The occurrence of such events could result 

in significant deformation and, ultimately, collapse of the concerned columns, especially if they 

are exposed to seismic forces that are greater than those allowed for during the design phase of the 

building. According to the findings of Lee's [69] research, the potential for hinges in normal 
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columns is greater at the bottom end of the joints than it is at the top. This result is consistent with 

what Lee's investigation revealed. This is due to the fact that beam-to-column connections have 

higher concentrated moments at the base. This phenomenon might be influenced by several 

different factors, including the frequency response of earthquake data and the consequences of 

higher mode earthquakes. Conversely, plastic hinges may form at the top end of column if the 

column's cross-section is changed. This increases the likelihood of plastic hinge creation at both 

ends of a story's columns. 

  

  
Figure 4-17 Plastic Hinge Formation of VT Series at a) 0.15 g; b) 0.25 g; c) 0.5 g; and d) 1.0 g 
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Figure 4-18 Plastic Hinge Formation of VP Series at a) 0.15 g; b) 0.25 g; c) 0.5 g; and d) 1.0 g 

4.6.3 Plastic Rotation in Beams and Columns 

Plastic hinges' idealized force-rotation/deformation relationship is shown in Figure 4-19 

where P represents the primary elements or components, and S represents the secondary elements 

or components. This idealized curve can be represented as linear from its origin (point A) to its 

yield point (point B), then as linear with reduced stiffness from point B to its ultimate point (point 

C), and finally as linear with abruptly reduced lateral load capacity (point D). After the final linear 

0.0002 – 0.02 

0.02 – 0.04 

0.04-0.06 

0.06 – 0.08 

0.08 – 0.01 

>0.01 

 



74 

 

behavior, there will be a further reduction in stiffness leading up to point E, which will ultimately 

result in a loss of capacity at point E.  

 

Figure 4-19 Relationship between force and deformation for concrete materials 

In accordance with the FEMA 356 [17] recommendation, the acceptance criteria for various 

performance limits such as immediate occupancy (IO), life safety (LS), and collapse prevention 

(CP) of reinforced concrete frame elements is calculated and presented in table 4-6.  

Table 4-6 Plastic Rotation Values for RC columns and beams 

Building Series Element IO LS CP 

VT Series Column 0.0043 0.014 0.018 

Beam  0.010 0.020 0.025 

VP Series Column 0.0038 0.013 0.017 

Beam  0.010 0.020 0.025 

Note that these limits apply to RC elements that failed due to flexural forces, and that 

brittle/shear failure does not occur before these plastic rotational limits have been exceeded. Figure 

4-20 and 4-21 illustrate the plastic rotation for both beams and columns of both buildings. 

Furthermore figure 4-20 depicts that at g value of 0.75 the maximum rotation in columns at storey 

at 2nd, 3rd and 4th is greater than the performance limit of collapse prevention which indicates the 

failures of columns of these stories. Also, the columns at 3rd storey have the maximum value which 
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also indicates that the columns at 3rd storey are least strong as compared to other stories as can be 

seen in figure 4-4. Similarly for beams at g value of 0.75, the beams of 1st and 2nd storey exhibit 

maximum rotation more than the performance limit of collapse prevention showing the failure of 

beams at these stories.  

  

Figure 4-20 Maximum rotation on each storey of VT series 

  

Figure 4-21 Maximum rotation on each storey of VP series 

4.6.4 Maximum Inter-storey Drift 

In displacement-based engineering, the maximum Inter-storey drift ratio (MIDR) is thought 

to be one of the most important criteria for judging the performance of existing structural systems 

during a seismic event. Because of the potential for Inter-storey drift to cause structural damage, 
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functional loss, and even collapse, it is important to account for drift when designing and evaluating 

buildings. For this purpose, the maximum Inter-storey drift for both buildings are calculated and 

shown in figure 4-22 and 4-23 for VT and VP series respectively. It can be seen in figure 4-22 that 

the 4th floor has the maximum Inter-storey drift showing the soft storey mechanism as it can be 

seen in the figure 4-3 where the reinforcement details are provided. Also, it can be seen that as by 

increasing the value of g the Inter-storey drift is also increased. Furthermore, both the buildings 

show the possibility of collapse at g value of 0.75 and higher. It should also be kept in mind that 

this value is very close to PGA value of 0.7305g with return period of 2475 years for the city of 

Almaty. 

 

Figure 4-22 Maximum Inter-storey Drift of each Floor of VT series 

 

Figure 4-23 Maximum Inter-storey Drift of each Floor of VP series 
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4.6.5 Shear Strength Failure  

Figure 4-24 and 4-25 shows that Vmax/Vn values of structural elements of both VT and VP 

series respectively. It can be seen in both the figures that none of the structural elements have shear 

failure when subjected to different ground motions. 

  
Figure 4-24 Vmax/Vn of VT series buildings a) columns b) beams 

  
Figure 4-25 Vmax/Vn of VP series buildings a) columns b) beams 

4.7 Parametric results (Fragility curves)  

The earthquake damage estimation problem is probabilistic due to the inherent uncertainty 

in earthquake occurrence. It has been demonstrated by Shome and Cornell [70] that for mid-rise 

buildings, ten to twenty ground motion records are typically adequate to offer sufficient precision 
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in the assessment of seismic demand. To simulate the unpredictable character of earthquakes, this 

study used a total of sixteen (16) different types of ground motions as shown in table. Figure 4-12 

depicts the acceleration spectrum of the ground motions used for this study. 

4.7.1 Damage Levels 

This study considers IO, LS and CP to be fundamental damage levels whereas IO is 

equivalent to light or minor damage, LS is equivalent to moderate damage and CP is equivalent to 

severe damage. Recently published studies that were similar to this one accounted for varying 

degrees of damage and their associated bounds using various damage metrics. For example, 

Kircher [71] and Smyth [72]  established four different damage levels for different building types: 

minor, moderate, major or severe, and collapse. As the damage metric, the maximum inter-story 

drift ratio was selected, and there is an assumed limit value for the inter-story drift ratio for each 

of the damage levels. The vast majority of the damage levels that were utilized in earlier 

investigations are linked to the expected limit values of the damage measure that was being 

investigated. Using an analytical method, it is very hard to find the limit values of the damage 

measure being considered. They are founded on the findings of a few experiments, engineering 

expertise, and knowledge gained from earlier earthquakes. As yielding and collapse are the two 

phenomena that can be calculated analytically with good precision [73], they are the only ones 

examined here. 

4.7.2 Incremental Dynamic Analysis  

Incremental dynamic analysis, also known as IDA, is a parametric analysis method that can 

be used to estimate how well a structure will perform in response to a number of different ground 

motions. Vamvatsikos and Cornell [74] provide an in-depth discussion of the methodology. As a 

result of multiple non-linear dynamic analyses, a curve of damage intensity vs damage magnitude 

is generated to illustrate the impact of scaled ground motions. Based on previous research, we 

estimate that the maximum inter-story drift ratio is the best predictor of damage, and we utilize a 

damped elastic spectral acceleration of 5% as the ground motion intensity measure for this study. 

The magnitude of each ground motion is correspondingly scaled in respect to the associated 

spectral acceleration based on the elastic fundamental period of each sample structure. A spectral 

acceleration increment of 0.05 g is selected so that an accurate representation of the structure's 

yield and its capacity to collapse may be obtained. The maximum inter-storey drift ratio and 
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spectral acceleration have a linear relationship up to the yield point. That point at which the curve 

departs from linearity due to spectral acceleration is known as the structure's yield capacity. When 

the structure has reached the point where it can no longer support its own weight, a rise in the 

intensity measure will effectively create an unlimited increase in the damage measure. Scaling up 

the ground motion and running repeated non-linear dynamic studies until dynamic instability 

occurs as a result of a non-converging run are used to determine the collapse capability of the 

structure. Immediate occupancy (IO1), life safety (LS2) and collapse prevention (CP3) were selected 

to analyze the performance behavior of the structures and drift values of one (1) percent, two (2) 

percent and four (4) percent are selected respectively as per FEMA 356 [75].  

 

Figure 4-26 IDA Curve for VT series with different ground motions 

4.7.3 Inter-storey Drift 

The maximum Inter-storey drift ratio (MIDR) is considered to be among the most relevant 

criteria in displacement-based engineering for assessing the structural performance of existing 

structural systems during a seismic event. Drift is a significant factor in building design and 

assessment since significant Inter-storey drift can cause structural damage, functional loss, and 

 
1 Immediate Occupancy refers to the post-earthquake damage situation in which there has been minimal 

structural damage. Structural damage poses a low risk of serious injury, and although certain repairs may be necessary 

before reoccupation, they are usually not mandatory. 
2 Life Safety refers to the condition of a structure after an earthquake when there has been considerable 

structural damage but there is still some protection from either partial or complete structural collapse. Although there 

is a chance that someone will get hurt during the earthquake, there isn't a high likelihood that structural damage will 

result in a serious injury. 
3 Collapse prevention refers to the post-earthquake stage in which a building is on the edge of partial or 

complete collapse. Potentially serious injury risks arise due to falling debris from buildings. Because to the risk of 

more damage from aftershocks, the building is not yet safe for reoccupation. 
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even collapse. Regardless of where on the building's height the drift demand of the 

building structure under seismic event is essentially proportional to the maximum values of Inter-

storey drift ratio (IDR). In this light, it is more convenient to express the drift need in the context 

of the maximum Inter-storey drift ratio rather than determining Inter-storey drift ratio for each 

floor. In the seismic event, If the maximum Inter-storey drift limit is exceeded, the structure may 

sustain considerable damage, which may put its structural integrity at risk. FEMA 356 [75] 

provides three performance levels for measuring the Inter-storey drift known as Immediate 

occupancy, life safety and collapse prevention and the corresponding performance limit values are 

provided in the table 4-7. Figure 4-27 and 4-28 depicts the maximum Inter-storey drift ratios for 

VT and VP series building respectively.  

Table 4-7 Performance Limits for Inter-storey Drift as per FEMA 356 

Sr. # Performance Level Performance Limit 

1 Immediate Occupancy 1% 

2 Life Safety 2% 

3 Collapse Prevention 4% 

 

Figure 4-27 Maximum Inter-storey Drift of VT series 
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Figure 4-28 Maximum Inter-storey Drift of VP series 

4.7.4 Plastic Rotation 

Figure 4-29 to 4-30 depict the maximum plastic rotation behavior in the structural 

components of both VT and VP series respectively versus the spectral. The local behavior of 

columns and beams subjected to sixteen various ground motions at different performance levels of 

Immediate occupancy, life safety, and collapse prevention is depicted in these pictures, and the 

limits for these performance levels are presented in table 4-6. 
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Figure 4-29 Maximum rotation in structural components of VT series a) beams b) columns 

  

Figure 4-30 Maximum rotation in structural components of VP series a) beams b) columns 

4.7.5 Fragility Curves 

Fragility curve is a quantitative tool for assessing the vulnerability of buildings and 

structures to earthquake-caused damage. They illustrate the chance of structural damage as a 

function of the intensity of ground motion caused by an earthquake, which is assessed by the 

spectral acceleration (Sa). It is anticipated that fragility curves can be defined by using two-
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parameter lognormal distribution functions. Using this premise as a foundation, the cumulative 

likelihood of damage equal to or greater than damage level D is given as equation 4-4  

 
𝑃(≤ 𝐷) = 𝜙(

ln 𝑋 − 𝜆

𝜁
) Equation 4-4 

 

Whereas: 

Φ is the standard normal distribution,  

X represents an index of ground motion with a lognormal distribution (e.g., Sa,),  

and λ and ζ represents the mean and standard deviation of ln X respectively.  

 

Figure 4-31 Lognormal plot of VP series for life safety  

The mean and standard deviation of the ground motion index are calculated for each amount 

of damage, as illustrated in Figure 4-31, which depicts the lognormal plot of ln X and the 

corresponding standard normal variable. This method involves plotting ln X against the applicable 

standard normal variable on a lognormal scale, and then performing a linear regression analysis to 

calculate the mean and standard deviation of ln X for each damage level [76]. The relations between 

them are expressed in equation 4-5. 

 
𝑠 =

ln 𝑋 − 𝜆

𝜁
 Equation 4-5 

y = 0.3423x - 0.2176
R² = 0.9778
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 Where: 

 s represents the standard normal variable in the equation 4-5.  

Figure 4-31 demonstrates the standard lognormal plot for the collapse prevention of VP 

series building structures.  

4.7.5.1 Global Failure 

Figure 4-32 and figure 4-33 exhibit the fragility curves for Immediate occupancy, life safety 

and collapse prevention of the VP and VT series, respectively as a global failure of the buildings 

using the maximum Inter-storey drift as evaluation criteria. Both VT and VP series buildings have 

100% chances of sustaining minor or light damage for spectral acceleration with return period of 

475 years and 2475 years. But it is worth noting that in figure 4-32, there are approximately 90% 

chances of sustaining moderate damage and 40 % chances of sustaining severe damage for any 

earthquake with return period of 475 years. Similarly, the chance of sustaining moderate damage 

is more than 90% at MCE while the chances of severe damage are more than 85%.   

 For VP series there are approximately more than 70% chances of sustaining moderate 

damage and more than 15% chances of sustaining severe damage for any earthquake with return 

period of 475 years. Similarly, the probability of sustaining moderate damage is more than 95% at 

MCE while the probability of severe damage is more than 50%. 

 

Figure 4-32 Fragility curves for VT series 
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Figure 4-33 Fragility curves for VP series   

Macro-seismic assessment of the residential building constructed using the reinforced 

concrete shows that these residential buildings will have moderate to high damage during an 

earthquake with return period of 475 and 2475 years respectively as shown in chapter 3 figure 3-

8. Which suggests the need for analytical assessment of these buildings which is done in chapter 4 

and fragility curves are developed and shown in figure 4-32 and 4-33. These figures also illustrate 

that the probability of moderate damage is more than 70% for both buildings at DBE but the 

probability of severe damage is less than 25 % buildings showing the accuracy of macroseismic 

assessment.  

4.7.5.2 Local Failure of Structural Elements 

Beside developing the fragility curves using maximum Inter-storey drift as an evaluation 

criterion for global failure the fragility curves for local failure of structure elements of columns and 

beams are also developed using plastic rotation as an evaluation criterion for both VT and VP series 

buildings and are shown in figure 4-34 and 4-35 respectively.  
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Figure 4-34 Fragility curve for Local failure of structural elements of VT series a) columns b) beams 

It can be seen in figure 4-34 that columns have a 100 % probability of having light, 

moderate and severe damage during any seismic event with return period of both 475 and 2475 

years while beams have a 100% probability of having light damage, more than 70% for moderate 

damage and more than 30% for severe damage at DBE. But this probability increases to 

approximately 100% for moderate damage and 85% for severe damage at MCE.  
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Figure 4-35 Fragility curve for Local failure of structural elements of VP series a) columns b) beams 

From figure 4-35, It can see that both columns and beams have a probability of 100% of 

having light damage, 90% probability for moderate damage and 80% chances for severe damage 

at DBE. Similarly, this probability increases to 100% for all structural elements to have a severe 

damage showing that the building will collapse at MCE.  

4.8 Recommendations 

Probabilistic approaches for estimating structural damage are being developed due to the 

unpredictability of future earth motions. The fragility curve methodology is a useful way for 

assessing the structural damage caused by future earthquakes to certain types of structures. By 

conducting probabilistic seismic hazard calculations and nonlinear dynamic analyses of the 

structure, fragility curves are typically derived.  At first the fault type of Almaty was figured out 

by studying previous literature. After Identifying the fault type in the Almaty region, the 

earthquakes data set was selected, and it made sure while selection that all the earthquakes should 

have the same fault type (Reverse fault) as in Almaty region. The selected ground motion intensity 
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is then fed into the structure's nonlinear dynamic analysis, simulating the structure's reaction to the 

ground motion. 

The objective of the current study was to develop fragility curves for reinforced concrete 

moment frames that are typical of Almaty's contemporary building stock. The constructions were 

subjected to 16 different ground motion scenarios to produce the fragility curves, which were 

produced in terms of spectral acceleration (Sa). The performance levels of IO, LS, and CP are 

considered when evaluating a building's level of safety because these values can be established 

analytically with a respectable level of accuracy. Furthermore the performance level IO represents 

light/minor damage, LS is equivalent to moderate damage and CP is equivalent to severe damage. 

Fragility curves for both global and local failure of structural elements are developed whereas the 

maximum Inter-storey drift is considered as an evaluation criterion for global failure of structure 

elements while plastic rotation is considered as an evaluation criterion for local failure of structural 

elements. The outcomes of this study can be utilized by the local government authorities to devise 

future risk and seismic disaster mitigation to avoid human loss and casualties. Following outcomes 

can be drawn from the analytical assessment of this study:   

1. For global failure, it has been found that the pre-cast concrete emulated moment frame 

buildings have 100% chances of having a light damage, more than 70% chances of having 

moderate damage and more than 20% chances of having a severe damage at DBE. Similarly 

at MCE, the probability of having moderate damage increase from 70 % to 100% and for 

severe damage it increases from 20% to 55%. 

2. Similarly for local failure of structural elements of VT series, at performance level of 

immediate occupancy, both columns and beams have a 100% probability of having a light 

damage at both DBE and MCE. Similarly, the columns have a probability of 100% of 

having moderate damage while beams have a probability of 70% at DBE and 100% at MCE 

to sustain moderate damage. All stories still have a little bit of residual stiffness and 

strength. Since all the beams will suffer moderate damage making the structure beyond 

economical repair. The columns have the probability of having severe damage is 30% and 

85% at DBE and MCE respectively. It can also be said that the building is near collapse, 

and it is better to abandon the structure at this level. 
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3. Furthermore, for local failure of structural elements of VP series, at performance level of 

immediate occupancy, both columns and beams again have 100% probability to have light 

damage at DBE and MCE. At performance level of life safety, both columns and beams 

have a probability of more than 90% to have moderate damage at DBE. Similarly at 

performance level of collapse prevention both columns and beams have a probability of 

more than 80% to sustain severe damage at DBE and building will collapse. 

Based on the results it is recommended that the increase the strength of these structures 

where it is possible otherwise tear down or abandon these structures to avoid any casualties and 

human loss.
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Chapter 5 - Conclusion  

Seismic vulnerability assessment is a critical technique that determines the probability and 

extent of damage that a structure may sustain during an earthquake. Analytical and empirical 

approaches are two frequently employed techniques for this assessment. Both techniques are 

employed in this study to assess the seismic vulnerability of the structures. 

The empirical approach uses statistical information from previous earthquakes to calculate 

the likelihood of structural damage. This approach takes into account elements including the 

seismic hazard, building type, lateral force resisting system and construction materials. A damage 

index, which represents the degree of damage that a building might sustain after an earthquake, is 

used to present the assessment results. In this study the macro-seismic assessment, one of the 

empirical approaches is used to assess the vulnerability of the structures constructed in the Soviet 

Union era. A macro-seismic assessment methodology was used to qualitatively analyze residential, 

commercial, and industrial structures made of a wide range of materials using the EMS-98 scale. 

These structures were initially categorized according to the materials used in their construction, as 

well as their lateral force-resisting systems and ductility capacities. Following that, a vulnerability 

class and sub-class were designated for each one in accordance with EMS-98. The estimated mean 

damage as well as the likelihood of damage at each level were computed for various earthquake 

intensities and PGA. Under the anticipated earthquakes, the mean damages and likelihood of each 

damage grade were estimated for both the DBE (for a return period of 475 years) and the MCE (for 

a return period of 2475 years).  

Following the macro-seismic assessment of the buildings, the analytical approach is used 

to assess the seismic vulnerability of pre-cast concrete emulated moment frame structures. For this 

purpose, non-linear time history analyses, one of the analytical assessment approaches, is employed 

for the development of the fragility curves for performance levels of immediate occupancy, life 

safety and collapse prevention. The fragility curve method is helpful for estimating the potential 

seismic damage to specific building types in the future. Fragility curves are often created by doing 

nonlinear dynamic studies of the structure along with probabilistic seismic hazard estimations. 

Firstly, the fault type of Almaty city was found it. After figuring out the type of fault in the Almaty 

area, the earthquakes data set was chosen, and it was made sure that all the earthquakes had the 

same type of fault (Reverse fault) as the ones in the Almaty area. The chosen ground motion 
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intensity is then incorporated into the nonlinear dynamic analysis of the structure, modeling the 

response of the structure to the ground motion. After studying the performance behavior of the 

structure, the fragility curves were developed for both DBE and MCE. 

5.1 Conclusion of Phase-I 

Using the macro-seismic assessment study following results are drawn: 

1. Both the DBE and the MCE suggest that there is a high risk of destruction of 

residential buildings, made of unreinforced masonry, and wood. Yet, there is a 

significant risk of damage, one that exceeds 20% under DBE and 40% under MCE. 

It is therefore proposed that these structures undergo substantial strengthening or 

demolition, with the decision being made based on the outcomes of following 

financial assessments. Both DBE and MCE predict that buildings made of 

reinforced and precast concrete with low ductility will have moderate to high levels 

of mean damage. The likelihood of damage is also between 60% and 70%. 

2. For industrial and commercial buildings made of unreinforced masonry and 

concrete shows a high probability of moderate to very heavy damage for both DBE 

and MCE. The likelihood of heavy damage lies between 20% to 30%. 

5.2 Conclusion of Phase-II 

Following outcomes can be drawn from the analytical assessment of this study:   

1. It has been determined that pre-cast concrete emulated moment frames have 100% 

probability of having light damage at both DBE and MCE in the occurrence of a 

global failure. While these buildings have probability of more than 70% to sustain 

moderate damage at DBE, however at MCE, this probability increases to 100%. 

Similarly, the probability of sustaining severe damage is more than 15 % at DBE, 

however at MCE, this probability increases to 50%. 

2. In a similar way, for VT series buildings, the columns have 100% probability to 

sustain severe damage at DBE, but beams have a probability of about 70% of having 

moderate damage and 30% probability to sustain severe damage, but they will retain 

some of their original stiffness and strength for performance level of life safety. 

Similarly, at MCE beams have 100% probability to sustain moderate damage and 
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95% chances to sustain severe damage. From these results we can predict that the 

building will collapse if Almaty has an earthquake with a return period of 475 years 

in future.  

3. For VP series buildings the chance of sustaining moderate damage is more than 85% 

while for severe damage the probability is more than 80% at DBE. These 

probabilities increase to 100% to sustain severe damage at MCE predicting the 

failure of the buildings. As it has been seen the failure of beam corresponds to the 

partial failure of the structures while that of columns corresponds to the full collapse 

of the structures. 

No major disaster has happened in Almaty in the last century despite the facts that buildings 

have probabilities of sustain moderate and severe damages at DBE and MCE is because the city 

has not been hit by a major earthquake in the last century. But this might lead to misinterpretation, 

that it will not be hit by one in future, which will lead towards a major disaster. Nonetheless, these 

evaluation results can be used by government decision-makers to formulate policies to mitigate 

future seismic disasters to avoid such disaster. 

5.3 Limitations and Future work  

The analytical assessment is only employed to the pre-cast concrete emulated moment 

frame structures in this study. The seismic vulnerability assessment of other categories of the 

building structures should also be studied using analytical assessment in the future. Furthermore, 

this study mainly focused on the buildings constructed in the Soviet Union era, which leaves a 

room for studying the behavior of the buildings constructed after the Soviet Union era or recent 

infrastructure development.
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