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Abstract 12 

Quantification of the optimal target reliability based on the minimum lifecycle cost is the goal standard 13 
for calibration of seismic design provisions, which is yet to be fully-materialized even in the leading 14 
codes. Deviation from the optimally-calibrated design standards is significantly more pronounced in 15 
countries whose regulations are adopted from the few leading codes with no recalibration. A major 16 
challenge in the quantification of optimal target reliability for such countries is the lack of risk models 17 
that are suited for the local construction industry and design practices. This paper addresses this 18 
challenge by presenting an optimal target reliability quantification framework that tailors the available 19 
risk models for the countries from which the codes are adopted to the local conditions of the countries 20 
adopting the codes. The proposed framework is showcased through the national building code of Iran, 21 
which is adopted from the codes of the United States, using a case study of three midrise residential steel 22 
building archetypes. The archetypes have various structural systems including intermediate moment-23 
resisting frame (IMF) and special concentrically braced frame (SCBF). Each of these archetypes are 24 
designed to different levels of the base shear coefficient, each of which corresponds to a level of 25 
reliability. To compute the lifecycle cost, the initial construction cost of buildings is estimated. Next, 26 
robust nonlinear models of these structures are generated, using which the probability distribution of 27 
structural responses and the collapse fragility are assessed through incremental dynamic analyses. 28 
Thereafter, the buildings are subjected to a detailed seismic risk analysis. Subsequently, the lifecycle 29 
cost of the buildings is computed as the sum of the initial construction cost and the seismic losses. 30 
Finally, the optimal strength and the corresponding target reliability to be prescribed are quantified based 31 
on the notion of minimum lifecycle cost. The results reveal a 50-year optimal reliability index of 2.0 and 32 
2.1 for IMF and SCBF buildings, respectively and an optimal collapse probability given the maximum 33 
considered earthquake of 16% for both systems. In the context on the case study of the national building 34 
code of Iran, the optimal design base shear for IMF buildings is 40% higher than the current prescribed 35 
value by the code, whereas that of SCBF buildings is currently at the optimal level. 36 

Keywords: Target reliability; Optimal design base shear; Detailed risk analysis; Lifecycle cost; 37 
Intermediate moment-resisting frame; Concentrically braced frame; Collapse. 38 

1 Introduction 39 

Building codes prescribe the minimum standards to follow in order to achieve a preset target safety. This 40 

target has generally been determined through accepted practice. It means that the regulations have been 41 

calibrated against reliability levels of a set of representative structures, which had been designed to 42 

previous codes and has shown a satisfactory performance in past earthquakes. However, this approach 43 
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has a number of unresolved issues. One of these issues is the subjective essence of what to accept as 44 

satisfactory, especially when it comes to human lives causing moral dilemmas (Douglas and Gkimprixis 45 

2018). Another issue is its inefficiency in terms of assigning a limited budget to mitigate disaster-induced 46 

losses (Gudipati and Cha 2019) as it is unclear whether or not the present regulations are optimal 47 

(Rackwitz 2006). 48 

 The issues are exacerbated for many countries whose national building codes are either fully or 49 

partially adopted from other standards. Mahmoudkalayeh and Mahsuli (2021) categorize the building 50 

codes into three types in terms of originality. The first type prescribes fully original regulations, while 51 

the second and third types adopt all or parts of their regulations from the codes in the first category. 52 

However, such an adoption is not warranted in many cases as the target reliabilities set in the original 53 

source codes may not guarantee the intended satisfactory performance in the country whose codes are 54 

adopted. Moreover, many of the partially adopted codes do not even recalibrate their load and resistance 55 

factors based on the local construction industry, construction quality, or design practices. Hence, it is 56 

highly likely that such adopted codes fail to even meet the target reliability set by the source code 57 

(Mahmoudkalayeh and Mahsuli 2021). 58 

This paper employs a holistic risk-based approach to quantify the optimal target reliability for 59 

seismic design. In this approach, the target reliability is quantified based on the notion of minimum 60 

lifecycle cost. The lifecycle cost is the sum of the initial construction cost and possible future losses due 61 

to such disasters as earthquakes. Although this approach is superior as it needs not subjective criteria, it 62 

may have a high computational cost since reliability levels should be evaluated for a considerable 63 

number of archetypical buildings (Gudipati and Cha 2019). Additionally, such an analysis requires a 64 

library of risk models, while these models are only available for a few countries. In countries the codes 65 

of which are adopted, the lack of the required risk models and the demanding task of developing them 66 

anew often impedes quantifying target reliabilities based on the local conditions. To remedy, the present 67 

paper introduces a novel approach to adapt the available risk models that have previously been developed 68 

for the country of the original code to the local conditions of the country which has adopted that code. 69 

This adaptation requires merely a few cost indicators as input. This, in turn, yields adjusted risk models 70 

that will be used for lifecycle cost analysis. As a result, the proposed approach simultaneously aims for 71 

two objectives: first, to facilitate the quantification of the target reliability based on the local conditions 72 
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of the countries whose codes are adopted; second, to upgrade this quantification to a risk-optimal 73 

approach.  74 

The state of the art on prescribing the seismic strength of buildings comprises three major 75 

approaches. The first approach is based on a uniform hazard, i.e., the peak ground acceleration (PGA) 76 

or the spectral acceleration (Sa) at a prescribed return period. Examples of the codes employing such 77 

approach are Eurocode 8 (EN 1998-1 2004) and Standard No. 2800 of Iran (BHRC 2014). The seismic 78 

risk of buildings designed in accordance with this approach may vary significantly, and they may exhibit 79 

markedly different performance levels (Gkimprixis et al. 2020). In a quest for risk-targeted provisions, 80 

codes such as ASCE/SEI 7-16 (ASCE 2017) employed the second approach that is based on a target 81 

uniform risk. In this approach, the designed buildings would have a uniform probability of collapse over 82 

the course of their life or given a specified intensity, such as the maximum considered earthquake 83 

(MCE). Therefore, this approach also requires a target risk to be prescribed first, which is calibrated to 84 

the previous practice, i.e., to the uniform hazard approach, and is therefore not optimal. Another issue 85 

in this approach is the utilization of generic collapse fragility curves for all structural systems in order 86 

to avoid prescribing different design PGA for different structural systems (Douglas and Gkimprixis 87 

2018). Such a generalization ignores the inherent differences in the reliability of various structural 88 

systems. This issue can be circumvented by reflecting this performance difference in the factors 89 

considered in seismic codes to account for nonlinearity, such as the response modification factor (Zaman 90 

and Ghayamghamian 2019). Another issue of this approach is that collapse is the sole consequence 91 

considered, and a wide range of damage is disregarded. Lastly, this approach does not account for the 92 

initial construction cost, which constitutes a major portion of the lifecycle cost of buildings (Gkimprixis 93 

et al. 2020). The third approach is the one employed in the present paper, which determines the optimal 94 

seismic strength based on the minimum lifecycle cost. In the following, the literature relevant to these 95 

three approaches is briefly reviewed. 96 

Gkimprixis et al. (2020) compared the above-mentioned approaches based on uniform hazard, 97 

uniform risk, and minimum lifecycle cost to quantify the prescribed design PGA of the Eurocode 8. 98 

They concluded that although the design PGA insignificantly affects the initial construction cost, a 99 

change in the code is not warranted as it has minor benefits in terms of the reduction in the lifecycle 100 

cost. Zaman and Ghayamghamian (2019) emphasized the issues associated with the uniform hazard 101 
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approach, and presented a risk-adjusted design PGA map for Tehran using the acceptance criteria of 102 

ASCE/SEI 7. Gudipati and Cha (2019) presented a framework for optimizing the target reliability of a 103 

portfolio of four buildings with steel special moment frames. They concluded that the optimal reliability 104 

index of different building categories may differ up to 19%, and that the target reliability of ASCE/SEI 105 

7 is not universally optimal. Ghasemi and Nowak (2017) proposed a procedure for quantifying the target 106 

reliability for steel girder bridges. They concluded that the more the structural importance and the severer 107 

the environmental conditions, the higher the target reliability.  108 

To quantify the optimal target reliability in this paper, first a set of building archetypes are designed 109 

in accordance with seismic codes. The codes reflect the target safety level in the calibration of the 110 

prescribed earthquake load factor or equivalently, the design base shear coefficient. Therefore, in the 111 

present paper, each building archetype is designed to varying base shear coefficients, each of which 112 

corresponds to a level of reliability. Next, the initial construction cost of each building is assessed, and 113 

it is then subjected to a detailed risk analysis to evaluate its lifecycle cost and reliability index. It is 114 

expected that the reliability level has a direct relationship with the initial construction cost while having 115 

an inverse relationship with the probable seismic losses (Ghasemi and Nowak 2017). Eventually, the 116 

optimal prescribed strength level and the associated optimal target reliability are the ones with the 117 

minimum lifecycle cost.  118 

In the next sections, first the methodology to assess the optimal reliability based on the local 119 

construction industry is presented. Then, the methodology is applied to evaluate the optimal reliability 120 

for a case study of three midrise steel building archetypes having various structural systems comprising 121 

intermediate moment-resisting frame (IMF), special concentrically braced frame (SCBF), and a 122 

combination of these systems. The archetypes are located in Tehran, Iran, whose national building codes 123 

are adopted from those of the United States (US) without quantifying the optimal target reliability based 124 

on the local construction industry and earthquake loading. Finally, the methodology is employed to 125 

quantify the optimal target reliability, and the required calibration to achieve that target is carried out. 126 

This reveals the lacking safety in the current provisions which is a direct ramification of such a blind 127 

adoption of the code. In addition, various insights on the performance of the examined building class are 128 

provided. 129 
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2 Methodology 130 

This section first presents the general approach for quantification of the optimal target reliability. Next, 131 

it lays out the steps to conduct the detailed risk analysis required in this quantification. Finally, it 132 

introduces a method to transfer various seismic losses based on the local cost catalogs which enables the 133 

quantification of the target reliability based on the local construction industry. 134 

2.1 Optimal Target Reliability 135 

The first step of the methodology is to design a set of building archetypes according to seismic codes. 136 

The design procedure should be repeated to cover a range of reliability levels. Supposing that increasing 137 

the earthquake design load would increase the gross lateral strength, lateral stiffness, and thus the 138 

reliability of the building (Ang and De Leon 1997), the design base shear coefficient is chosen as the 139 

decision variable here. Consequently, each building archetype is designed to at least six levels of the 140 

design base shear coefficient starting with the one prescribed by the current regulations to at least twice 141 

that value. The procedure is shown in the following equation: 142 

s s,codec c    (1) 143 

where cs is the base shear coefficient to which the building is designed, and α is the coefficient used to 144 

increase the design base shear coefficient prescribed by the code and represented by cs,code. 145 

Increasing the design base shear results in a subsequent increase in the dimensions of structural 146 

components in the lateral load resisting system. This, in turn, increases the initial construction cost of 147 

such components, whereas the construction cost of nonstructural components and of those structural 148 

components solely bearing gravitational loads are not affected. Therefore, the initial construction cost 149 

of a building designed to a different strength than that prescribed by the current code is computed only 150 

by adjusting the initial construction cost of structural components as follows: 151 

, ,1 s,1 s,o j o o o jC C C C     (2) 152 

where Co,j is the initial construction cost of the building designed to αj, Co,1 is the initial construction 153 

cost of the building designed to α1, i.e., according to the current code, which is hereafter referred to as 154 

the base building, Cos,1 is the construction cost of structural components at α1, and Cos,j is the construction 155 

cost of structural components at αj. The right-hand side of the equation is based on the cost catalogs of 156 

the target country evaluated for the base year. In the present paper, the year 2019 is chosen as the base 157 

year. 158 
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Seismic losses should then be assessed, which requires detailed risk analysis of the buildings. For 159 

this purpose, the FEMA P-58 approach (FEMA 2018a) is employed, which has been implemented in the 160 

Performance Assessment Calculation Tool (PACT) software (FEMA 2018b). The FEMA P-58 approach 161 

employs the framing equation proposed by the Pacific Earthquake Engineering Research (PEER) center 162 

as the following triple integral:  163 

       | d | d | d ( )
im dm edp

DV dv G dv dm G dm edp G edp im im          (3) 164 

where λ represents the annual exceedance rate, G(.) is the complementary cumulative distribution 165 

function, DV is the decision variable, DM is the damage measure, EDP is the engineering demand 166 

parameter, and IM is the intensity measure (Cornell and Krawinkler 2000). As analytical solutions are 167 

not feasible, Monte Carlo sampling is employed to solve this triple integral (Yang et al. 2009). As such, 168 

this framework requires four analyses: hazard analysis, response analysis, damage analysis, and loss 169 

analysis. In the following subsection, the procedure implemented in this paper to conduct each one of 170 

these steps is discussed in more details.  171 

After seismic losses are quantified, the lifecycle cost is computed as follows:  172 

 LC t,pE | ( ) E |oC C L    D D D   (4) 173 

where E[CLC|D] is the expected annual lifecycle cost given the vector of design parameters D, and 174 

E[Lt,p|D] is the total expected annual loss given D discounted to the present value. After the lifecycle 175 

cost is computed, the optimum α, represented by α*, is obtained by minimizing the lifecycle cost as 176 

follows:  177 

  *
LCargmin E |C  D   (5) 178 

The optimal reliability is the one that corresponds to α*. ASCE/SEI 7 expresses the target reliability 179 

under gravity loads in terms of a reliability index in 50 years or an annual probability of failure. In 180 

contrast, the target seismic reliabilities are implicitly built into a collapse probability of 1% in 50 years 181 

and 10% given MCE. The former translates into a reliability index of 2.3 in 50 years using the following 182 

equation: 183 

 1
f1 P      (6) 184 

where β is the reliability index, Φ⁻1(.) represents the standard normal inverse cumulative distribution 185 

function, and Pf is the probability of collapse in 50 years. 186 
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2.2 Detailed Risk Analysis 187 

The first step of the detailed risk analysis is hazard analysis. The main goal of this step is to produce 188 

hazard curves that present the exceedance probabilities of the intensity measure, e.g., PGA or Sa. The 189 

second step is the response analysis of these buildings using an incremental dynamic analysis (IDA) 190 

(Vamvatsikos and Cornell 2002). For this analysis, detailed three-dimensional (3D) nonlinear finite 191 

element models of the building archetypes are generated and subjected to a suite of ground motion 192 

records at increasing levels of intensity. Such models for the archetypes in the application of this study 193 

will be presented later in this paper. The third step is the damage analysis using fragility curves that yield 194 

the probability of exceedance of various damage states. The final step is the loss analysis using 195 

consequence functions, which present the probability distribution of the loss given the damage state. The 196 

loss categories considered here comprise the direct economic loss due to repair or replacement, indirect 197 

economic loss due to downtime, social loss due to fatalities and injuries, and environmental impact due 198 

to carbon emission and embodied energy.  199 

Finally, to evaluate the lifecycle cost, there is a need to express the non-monetary consequences in 200 

terms of monetary losses. To this end, indirect economic losses are valued through rental and disruption 201 

rates to estimate losses associated with the quantified downtime, as follows: 202 

 ie r R O DL T r r r A       (7) 203 

where Lie is the indirect economic loss, Tr is the repair or replacement time of the building, rR is the rental 204 

rate per unit area and time, rO is the owner occupancy rate, i.e., the ratio of the area occupied by owners 205 

to the total area of the building, rD is the disruption rate per unit area, and A is the total floor area. This 206 

equation charges the rental loss to the entire building but only charges the interruption losses due to 207 

relocation and shifting to owners (FEMA-NIBS 2012). To quantify environmental losses, first the 208 

embodied energy needed to repair or replace the building is turned into an equivalent amount of carbon 209 

emission. Then, the loss associated with the total emitted carbon is valued based on carbon taxes and 210 

fees. Also, the social losses are converted to monetary values using the notion of the value of a statistical 211 

life, hereafter denoted by VSL. It should be noted that this value is not the value of a human’s life, but 212 

rather reflects the society’s willingness-to-pay to improve life safety (Rackwitz 2006). In addition, the 213 

losses associated with injuries are taken as a fraction of the VSL called the morbidity fraction. This 214 

fraction also accounts for the loss in the quality of life after the injury (Cropper and Sahin 2009). 215 
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Recall that one of the objectives of this paper is to quantify the optimal target reliability for countries 216 

whose codes are adopted from the pioneering original codes of other countries. The former countries are 217 

hereafter referred to as “target” countries and the latter “source” countries. Coincidently, risk models are 218 

often highly incomplete or entirely unavailable for the target countries. The primary challenge here is 219 

how to conduct the detailed risk analysis and the ensuing quantification of the optimal target reliability 220 

for a target country by adjusting the risk models that are currently available for the source country. In 221 

the following, each step of the detailed risk analysis is assessed from this point of view. The hazard 222 

analysis must be conducted locally for the location of the building considering the local sources of 223 

seismicity. The response and damage analyses can, in general, be carried out by utilizing the available 224 

finite element models and fragility curves whose parameters are quantified for the buildings designed to 225 

the original codes. This is owing to the fact that the building codes of the target country are adopted 226 

from those original source codes and consequently, the buildings designed to these codes must exhibit 227 

similar performances. As such, only minor to moderate adjustments and considerations are needed for 228 

the response and damage models. For instance, the finite element model must reflect the particular 229 

practices of the target country, e.g., details of connections and the resulting plastic hinge locations, the 230 

prevalent type of bracing, and the material properties. Another example is that there might be some 231 

nonstructural components that are prevalent in the target country, but not in the source country in which 232 

case, the fragility models for those components must be sought. Examples are presented in the 233 

application section of the present paper. However, the loss models need drastic adjustments as the 234 

consequences significantly depend on the local construction economy and design practices. The next 235 

section introduces the method proposed here to make such adjustments.  236 

2.3 Transferring Losses 237 

This section presents the method to transfer the four categories of losses. First, the repair cost is 238 

addressed, which significantly depends on the economy of the construction industry. Material, 239 

equipment, and labor costs vary significantly between countries, especially between developed countries 240 

with original seismic design codes and developing countries adopting codes. Consequently, adopting the 241 

repair costs of the former and merely converting those costs using the currency exchange rate leads to 242 

questionable results. On the other hand, developing new consequence functions for the latter would 243 

require a significant effort and is thus yet to be carried out for many such countries.  244 
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Alternatively, the present paper proposes a practical approach to transfer these repair costs, which 245 

merely requires a few cost indicators. In this method, the repair cost of each component is broken into 246 

two parts: the first one comprises material and equipment costs and the second one consists of the labor 247 

cost. This disaggregation is considered because the extent to which these two parts vary between 248 

countries is markedly different, and thus they require different transferring methods. For example, the 249 

labor salary rates in a developing country, such as Iran, are significantly lower than those in the US, 250 

whereas there is a lower discrepancy in terms of material or equipment costs. The method is formulated 251 

as follows: 252 

r,t L,t LS,t L,srepair repair
,t ,s

r,s LS,s

1
100 100

j j

C p r p
C C

C r

  
       

   
  (8) 253 

where the subscripts t and s correspond to the values estimated for the target country and the source 254 

country, respectively. Also, Cj
repair is the repair cost of the jth damage state, Cr is the replacement cost of 255 

the component, pL is the share of the labor cost in percent, and rLS is the labor salary rate. As seen, Eq. 256 

(8) adjusts the repair cost of the source country in each damage state by a factor that contains two terms. 257 

The first term scales the share of material and equipment costs by the ratio of the replacement cost of 258 

the component in the target and the source country. This ratio is readily obtainable through the cost 259 

catalog of the two countries. The second term scales the share of labor cost by the ratio of average labor 260 

salary rate. It is noted that the aforementioned values should be assessed for the same year in both the 261 

target and the source country. To transfer losses due to the downtime, local data on the rental, disruption, 262 

and owner occupancy rates need to be collected through field studies in which price quotes on rental 263 

costs and relocation expenses are solicitated.  264 

In turn, transferring social losses requires the local values of the VSL. According to Cropper and 265 

Sahin (2009), VSL
 can be transferred from a source country to a target country using the following 266 

equation:  267 

t
SL,t SL,s

s

e

Y
V V

Y

 
   

 
  (9) 268 

where Y is the gross domestic product (GDP) per capita and e is the income elasticity of the VSL. Heger 269 

and Sarraf (2018) recommends the range of 1.0 to 1.4 for the income elasticity in the countries with low 270 

to moderate income levels. Finally, to transfer environmental losses, fees or taxes levied on the emission 271 
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of carbon dioxide (CO2) by the government of the target country must be used, if available. Otherwise, 272 

the carbon fee is transferred here from a source country using the ratio of the initial construction cost of 273 

the target country to that of the source country, as follows: 274 

, t

c,t c,s

,s

o

o

C
f f

C
    (10) 275 

where fc is the carbon fee. As will be shown later, environmental losses insignificantly impact the 276 

lifecycle cost, and the optimal target reliability is nearly insensitive to this transfer. 277 

3 Application 278 

The methodology discussed above is implemented in this section to quantify the optimal reliability of 279 

three midrise residential steel building archetypes. In the following, first these archetypes are introduced, 280 

and then the implementation and results of each step of the methodology are presented and discussed. 281 

3.1 Design and Modeling 282 

The three archetypes are located in the City of Tehran, Iran, which is a highly seismically active region. 283 

These archetypes all have the same plan with three bays in each direction and five stories as shown in 284 

Fig. 1, but differ in the lateral load resisting systems. The first one has an IMF system in both directions, 285 

the second one has a SCBF system in both directions, and the last one has an IMF system in the x 286 

direction and a SCBF system in the y direction. Table 1 summarizes the properties of these archetypes. 287 

The second and third column of this table present the structural systems of these archetypes in two 288 

orthogonal directions. Characteristics of the material and cross-sections of these archetypes follow the 289 

typical design and construction practices in Iran. In particular, the steel material used is the ST37 with a 290 

yield stress of 235 MPa and an ultimate stress of 363 MPa. Metal deck system with a slab thickness of 291 

140 mm is considered for all archetypes. Beams consist of both hot-rolled and built-up wide-flange 292 

sections, columns consist of built-up hollow square sections (HSS) or built-up wide-flange sections, and 293 

braces consist of double-UPN sections. 294 

 295 
Fig. 1 Building archetypes: (a) IMF, (b) SCBF, and (c) IMF/SCBF 296 

(a) (b) (c)
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Table 1 Characteristics of the building archetypes 297 

Name 
Lateral load resisting system 
in x-direction 

Lateral load resisting system 
in y-direction 

cs,code  
in x-direction 

cs,code  
in y-direction 

IMF IMF IMF 0.111 0.111 

SCBF SCBF with X configuration SCBF with X configuration 0.126 0.126 

IMF/SCBF IMF SCBF with X configuration 0.099 0.111 

The loading of these archetypes is according to Section 6 of the national building code of Iran 298 

(BHRC 2013a), which is adopted from ASCE/SEI 7-10 (ASCE 2010) regulations. The only major 299 

difference between the two is the design spectral acceleration, which is provided by the Iranian seismic 300 

code, known as Standard No. 2800, as the product of design PGA and spectral shape factor, which is a 301 

function of fundamental period of the structure and its site class. The resulting base shear coefficients of 302 

the three archetypes, cs,code, are presented in the last two columns of Table 1. The steel design of these 303 

archetypes follows Section 10 of the national building code of Iran (BHRC 2013b), which is adopted 304 

from AISC 360-10 (AISC 2010a) and AISC 341-10 (AISC 2010b). Such a vast adoption of seismic 305 

provisions is despite the fact that Iran has a higher seismicity compared to the US as nearly the entire 306 

area of the Iranian plateau lies on the seismic belt. In fact, the number of earthquakes with a moment 307 

magnitude above 7.0 since 1900 per unit area in Iran is 8.4 times higher than that of the US, and the 308 

number of such earthquakes per capita for Iran is 5.5 times higher than that of the US, in accordance 309 

with the data collected from USGS (2019). The seismicity of the region has a substantial impact on the 310 

optimal target reliability since the higher the seismicity, the more the weight of seismic losses in the 311 

total lifecycle cost (Gkimprixis et al. 2020). In addition, the reliability of the structures designed to 312 

Iranian codes are unknown as the load and resistance factors are not recalibrated based on the local 313 

design and construction practices when adopting the provisions. In fact, Mahmoudkalayeh and Mahsuli 314 

(2021) showed that the buildings designed to the Iranian building code fail to even meet the target 315 

reliability set by the original source codes, which emphasizes the prominent need for a calibration of the 316 

load and resistance factors at the very least when adopting the provisions. 317 

In the present paper, each archetype is designed to different levels of base shear coefficient. The first 318 

level is obtained by the current code and corresponds to α=1 per Eq. (1), i.e., the base building. The IMF 319 

archetype is designed to seven levels of base shear ranging from α=1 to α=2.2 with increments of 0.2 320 

while the SCBF and the IMF/SCBF archetypes are designed to six levels of base shear ranging from α=1 321 

to α=2. Each building is hereafter mentioned first by its archetypical category and then by the value of 322 

α to which it is designed; for example, IMF1.2 represents the IMF archetype designed to α=1.2. 323 
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Attention is now turned to the nonlinear modeling of the building archetypes. To assess the response 324 

of structures to seismic excitations, nonlinear dynamic analyses are performed on analytical models 325 

which are able to capture the nonlinear behavior of structural components. In the present paper, a detailed 326 

3D nonlinear finite element model is developed in OpenSees (Mckenna 1999). For a risk analysis to be 327 

comprehensive, the response of structures should be assessed with acceptable precision from low levels 328 

of seismic demands causing insignificant damages up to severe demands triggering collapse. Since under 329 

such severe levels of demand, there is a high degree of inelasticity and deterioration in structural 330 

components, robust numerical models are required to assess the response (FEMA 2018a). As such, the 331 

nonlinear model developed herein is validated to ensure its robustness in the supplementary document. 332 

In what follows, the details of the model are elaborated. 333 

Fig. 2 depicts the nonlinear model developed herein. As shown in Fig. 2(a), beams and columns are 334 

modeled using the lumped plasticity method, in which the element itself is elastic and the nonlinearity 335 

is captured by concentrated-plasticity rotational springs at the two ends of the member (Zareian and 336 

Krawinkler 2009). Bilinear hysteretic moment-rotation diagrams define the behavior of these springs 337 

(Lignos and Krawinkler 2010, 2011; NIST 2017; Lignos et al. 2019). In the present paper, the modified 338 

Ibarra-Medina-Krawinkler (IMK) model (Ibarra et al. 2005) is employed for such purpose. This model 339 

is able to capture the deterioration both in strength and in stiffness (Krawinkler and Zareian 2007; 340 

Krawinkler et al. 2010). The rotational springs are located where the formation of plastic hinges is 341 

expected. In moment frames, this happens at the ends of the flange plates used for rigid beam-to-column 342 

connections according to AISC 358-10 (AISC 2010c). Similarly, in braced frames, the hinges are 343 

expected at the ends of the gusset plates used as the connectors per Karamanci (2013). These connections 344 

are the prevalent types of connection in the Iranian design practice. Also, a pinching behavior is 345 

considered for beam-to-gusset connections through the pinching IMK model (Stoakes and Fahnestock 346 

2011; Lignos and Krawinkler 2013; Karamanci and Lignos 2014). Since simple connections have a 347 

markedly lower strength and stiffness compared to moment frames and braced frames, their strength and 348 

stiffness is ignored in the model, and the corresponding springs are placed at the face of the adjacent 349 

columns as shown in Fig. 2(b). 350 

Panel zones are modeled using the Joint 3D element in OpenSees (Altoontash 2004), and their shear 351 

behavior is captured by a rotational spring in the middle of this element based on the model presented 352 
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by Kim et al. (2015). As shown in Fig. 2(c), braces are modeled using fiber elements as proposed by 353 

Uriz and Mahin (2008). This model is able to account for the interaction of the axial load and the second 354 

order bending moment as well as the low-cycle fatigue behavior. The buckling of braces is modeled 355 

through an imperfection with a maximum value of 0.1% of the length of the element in its middle as 356 

suggested by Karamanci and Lignos (2014). Moreover, the out-of-plane behavior of the gusset plate is 357 

modeled through a rotational spring following a stiffening elastoplastic behavior per Hsiao et al. (2012).  358 

 359 
Fig. 2 Details of the nonlinear model: (a) rigid beam-to-column connection of moment-resisting frames, (b) simple 360 

beam-to-column connection, and (c) braced frames 361 

Rayleigh damping is employed to capture the inherent damping of the structure, and its coefficients 362 

are adjusted to achieve a damping ratio of 2% at 20% and 150% of the fundamental period, which is the 363 

vibrational period range of interest (Lignos et al. 2011, 2013; Karamanci and Lignos 2014). The 364 

Rayleigh damping coefficients are recomputed in each step of the analysis to avoid overestimating the 365 

collapse capacity due to the initial stiffness approximation (Zareian and Medina 2010; Karamanci and 366 

Lignos 2014). More details about the analytical model developed herein are presented in the Tables S1 367 

through S6 and Fig. S3 through S7 of the supplementary document. 368 

3.2 Initial Construction Cost Evaluation 369 

The initial construction cost of the three archetypes is evaluated per the method presented in the 370 

preceding section and the results are shown in Fig. 3 and Fig. 4 for the IMF and the SCBF archetypes. 371 

Fig. 3(a) and (b) show for the IMF and the SCBF archetypes the structural construction cost divided by 372 
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the total construction cost and its disaggregation to the cost of elements of the lateral load resisting 373 

system and elements that only belong to the gravity system. As this figure shows, the share of the 374 

structural construction cost expectedly increases when the buildings are designed to higher base shear 375 

coefficient. For the base building of the IMF archetype in which all of the beams and columns are parts 376 

of the lateral load resisting system, the contribution of structural costs to the total construction cost is 377 

about 22%. From this contribution, 20% is attributed to the elements of the lateral load resisting system 378 

and the other 2% to the elements only bearing the gravitational loads. For the SCBF archetype, Fig. 3(b) 379 

shows that the structural cost contribution at 21% is almost the same as that of the IMF archetype, but 380 

the 12% contribution of the lateral load resisting system is significantly lower. The underlined reason is 381 

that in this archetype, only the beams and columns connected to the braces and the braces themselves 382 

are parts of the lateral load resisting system. For the IMF/SCBF archetype, whose results are omitted 383 

here for brevity, the contribution of the construction cost of the structural elements is 19%, of which 384 

14% is attributed to the lateral load resisting system. The rather low share of structural costs in the total 385 

construction cost is attributed to the high cost of nonstructural components as is also indicated by the 386 

literature (FEMA-NIBS 2012; Gkimprixis et al. 2020). The construction costs that are evaluated for the 387 

three archetypes in this paper were also validated by the data gathered from a survey on buildings that 388 

have recently been constructed in Tehran. 389 

Fig. 4(a) and (b) demonstrate the total initial construction cost of the IMF and the SCBF archetypes 390 

at different design base shear levels normalized to the initial construction cost of the base building. These 391 

figures also show the share of the elements of the lateral load resisting system. It is observed in this 392 

figure that by multiplying the design base shear by a factor of two, the cost of the lateral load resisting 393 

system is not doubled but increases by 40% and 24% for the IMF and the SCBF archetypes, respectively. 394 

The underlying reason is twofold. First, the earthquake load contributes to only a portion of the design 395 

load combinations. As such, when doubling the earthquake load, the ultimate demand on structural 396 

elements would be less than doubled. Second, the initial construction cost of structural elements has a 397 

linear relationship with their dimensions, while the strength and stiffness of these elements depend on 398 

such geometric properties as the plastic section modulus and the moment of inertia, which respectively 399 

increase quadratically and cubically with the cross-section dimensions. Consequently, even at α=2, the 400 

total initial construction costs of the IMF and the SCBF archetypes in Fig. 4(a) and (b) increase by 8% 401 
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and 3%, respectively. This indicates the relatively insignificant effect of such a change on the 402 

construction cost. The same conclusion has been drawn in past studies, such as Gkimprixis et al. (2020), 403 

NIST (2013), and FEMA P-2082 (FEMA 2020) among others. 404 

 405 
Fig. 3 Contribution of the structural construction cost to the total construction cost for (a) the IMF and (b) the SCBF 406 

archetype 407 

 408 
Fig. 4 Initial construction cost at different levels of design base shear normalized to the construction cost of the base 409 

building for (a) the IMF and (b) the SCBF archetype 410 

3.3 Detailed Risk Analysis 411 

This section presents the results of the detailed risk analysis of the building archetypes starting with 412 

hazard results followed by response, damage, and loss results.  413 

3.3.1 Hazard 414 

The hazard analysis is conducted here for 24 natural periods in the range of 0.6s to 2s using scenario 415 

sampling (Rahimi and Mahsuli 2019). Both area and line sources in a 150 km radius of the location of 416 

the building archetypes are considered for the analysis. These sources are depicted in Fig. 5 and their 417 

parameters are defined and presented in Tables S7 through S9 of the supplementary document. The 418 

seismic sources and their properties are adopted from Askari and Mahsuli (2020). Fig. 6 shows the 419 
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results of the hazard analysis in terms of the non-exceedance probability of PGA and Sa at several natural 420 

periods. These curves will be used later to compute the total loss exceedance probabilities. 421 

 422 
Fig. 5 Seismic sources in the case study: (a) area sources and (b) line sources (Askari and Mahsuli 2020) 423 

 424 
Fig. 6 Hazard curves 425 

3.3.2 Response 426 

To evaluate the response of the buildings under seismic excitation, IDA is conducted on the models 427 

introduced in Section 3.1 subject to the 22 pairs of ground motion records of FEMA P695 (FEMA 2009). 428 

The horizontal components are also swapped once to create 44 pairs of ground motion. Both horizontal 429 

components of these records as well as the vertical component are applied simultaneously to the 3D 430 

analytical models developed herein, as inclusion of the vertical component in the analyses may 431 

significantly impact the reliability of structures (Fayaz and Zareian 2019). As such, a total of 44 IDAs 432 

are conducted for each of the design base shear levels of each archetype with 15 increments of the 433 

intensity measure amounting to 12,540 3D nonlinear dynamic time-history analyses with the CPU time 434 

of more than 3000 hours. Therefore, parallel processing is employed to make the analytical computations 435 

feasible. The results are presented and discussed in the following. 436 

First, the conditional probabilities of building responses given the intensity measures are presented 437 
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and discussed. Fig. 7 shows the maximum inter-story drift ratio given the 5% damped spectral 438 

acceleration at the fundamental period for the base building of each of the three archetypes. In this figure, 439 

the results of each one of the 44 IDAs alongside their 16th, 50th, and 84th percentiles are depicted. From 440 

these curves, the softening and ultimately the collapse of the structures can be traced. It is also evident 441 

that the SCBF archetype is the most robust and least ductile between the three as its collapse occurs at 442 

higher levels of the strength demand and lower values of the drift. This is owing to the higher lateral 443 

stiffness of the braced frames compared to that of the moment frames. 444 

 445 
Fig. 7 IDA curves of (a) IMF1, (b) SCBF1, and (c) IMF/SCBF1 446 

Next, the conditional probability of collapse given the intensity measure, known as the collapse 447 

fragility, is presented and discussed. Fig. 8 shows these curves for the three archetypes in three values 448 

of α. To assess the total probability of collapse of the buildings, the collapse fragility curves need to be 449 

integrated over the hazard curves. Fig. 9 shows the 50-year collapse probability of the three archetypes. 450 

As observed, while the conditional collapse probability of IMF2 given Sa is lower than that of IMF1.4, 451 

its 50-year collapse probability is higher. This is on account of the fact that increasing the design base 452 

shear also increases the lateral stiffness of the buildings and thus, the fundamental period decreases. As 453 

observed in Fig. 6, this, in turn, results in higher exceedance probabilities for a given value of Sa, which 454 

would increase the seismic risk. In other words, while the building is made stronger, it is subjected to a 455 

higher demand (Tesfamariam et al. 2014). These two counteract each other and may result in a higher 456 

collapse probability as is the case for IMF1.4 and IMF2.  457 

 458 
Fig. 8 Collapse fragility curves for (a) the IMF, (b) the SCBF, and (c) the IMF/SCBF archetype 459 
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 460 
Fig. 9 50-year collapse probability of (a) the IMF, (b) the SCBF, and (c) the IMF/SCBF archetype 461 

Moreover, Fig. 8 shows that increasing α expectedly decreases the conditional collapse probability 462 

of the IMF and the IMF/SCBF archetypes. For the SCBF archetype, however, not only increasing α 463 

leads to no improvement of the collapse capacity, but it increases its conditional collapse probability. 464 

This combined with the increased demand on the structure results in markedly higher probabilities of 465 

collapse for SCBF1.6 to SCBF2 as shown in Fig. 9(b). As such, Fig. 9 entails an important insight: the 466 

collapse probability does not always decrease with increasing the design base shear. In other words, 467 

increasing the building strength, in some cases, may lead to a higher collapse probability, which may 468 

seem counterintuitive at first. However, close inspection of the distribution of building responses among 469 

various stories reveals the underlying reason. The collapse of a building is in many cases due to local 470 

story mechanisms caused by the concentration of plastic deformations in one or more stories (Karami 471 

Mohammadi et al. 2004; Karamanci and Lignos 2014). Such a concentration usually occurs in stories 472 

that are relatively softer and/or weaker along the height. As such, the collapse mechanism is heavily 473 

contingent upon the distribution of the lateral stiffness and strength along the height of the building. 474 

For further assessment, Fig. 10 displays the distribution of the lateral strength along the height of 475 

the IMF and the SCBF archetypes for several values of α. As observed in Fig. 10(a), the top two stories 476 

of IMF1 and IMF2 are markedly weaker than the first three stories. For instance, the lateral strength of 477 

the fourth and the last story of IMF2 respectively decreases by 30% and 71% relative to the average 478 

strength of the first three stories. This makes the two top stories prone to the concentration of plastic 479 

deformations and ultimately, to the local collapse. Fig. 11 demonstrates the probability that the 480 

maximum inter-story drift ratio occurs in each story of the IMF and the SCBF archetypes at the median 481 

collapse capacity for various α values. The higher the probability for a story, the more likely it is that 482 

plastic deformations are concentrated in that story. According to this figure, plastic deformations are 483 

concentrated in the fourth story of IMF1 and the last story of IMF2, which were previously shown in 484 
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Fig. 10(a) to be relatively weaker and softer along the height. To better illustrate this phenomenon, an 485 

alternative design is considered here for IMF2. For this alternative design, the distribution of the lateral 486 

stiffness and strength along the height are adjusted to avoid a significant reduction in top stories and 487 

achieve a more uniform distribution. Hence, this design is labeled as IMF2U hereafter, in which the 488 

letter “U” signifies a more uniform distribution. As observed in Fig. 10(a), IMF2U has a markedly less 489 

dispersed strength distribution along the height. As a result, and as shown in Fig. 11, it is now notably 490 

less likely for the maximum inter-story drift ratio to occur in the last story and there is a notable share 491 

for two other stories which indicates a more uniform distribution of plastic deformations. This allows 492 

the structure to take full advantage of its higher strength and stiffness. This is evident in Fig. 9(a) in 493 

which the collapse probability of IMF2U is 41% and 53% lower than those of IMF2 and IMF1, 494 

respectively. 495 

 496 
Fig. 10 Vertical distribution of the lateral strength of various stories normalized by the strength of the first story for (a) 497 

the IMF and (b) the SCBF archetype 498 

 499 
Fig. 11 The probability that the maximum inter-story drift ratio occurs in different stories of the IMF and the SCBF 500 

archetypes at the median collapse capacity 501 
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lateral strength distribution of SCBF1.8 and SCBF2 along the height is markedly higher than that of 503 
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in the last story. This, in turn, results in a significant increase in the collapse probability of SCBF1.8 and 506 

SCBF2 in Fig. 9(b). Again, an alternative design is considered for SCBF2 with a more uniform 507 

distribution of strength and stiffness along the height, which is denoted by SCBF2U, as shown in Fig. 508 

10(b). As observed in Fig. 9(b), the collapse probability of SCBF2U decreases by 66% compared to 509 

SCBF2 and by 23% compared to SCBF1. The increase in the collapse probability due to nonuniformity 510 

for SCBF2 is markedly higher than that of IMF2. This is owing to the fact that a high demand on a single 511 

story of SCBF buildings would lead to buckling or yielding of the braces of that story, which 512 

incapacitates the lateral load resisting system at that story and ultimately, leads to local collapse 513 

(Karamanci and Lignos 2014). 514 

Another notable insight here is that whereas the first story of SCBF1.8 is a weak story according to 515 

ASCE/SEI 7-10 as its lateral strength decreases by more than 20% compared to its upper story, the 516 

deformations are concentrated in the last story. This shows that the design codes are overly conservative 517 

on the regulations related to the formation of a weak/soft story at the bottom, as was also noted by FEMA 518 

P-2012 (FEMA 2018c). However, the design codes have adopted no measure to prevent the formation 519 

of a weak/soft story at the top, a phenomenon which is shown here to severely impacts the collapse 520 

capacity.  521 

The distribution of the lateral stiffness and strength along the height of buildings is the result of the 522 

height-wise relationships proposed by the seismic design codes for vertical distribution of the design 523 

base shear. These relationships are based on the elastic behavior of the structure and are not optimal 524 

when the structures undergo significant inelastic deformations (Karami Mohammadi et al. 2004). As 525 

observed above, this may prevent the buildings from using their full capacity. This conclusion 526 

corroborates the results of previous studies that demonstrates the current distribution of the lateral 527 

strength yields to markedly uneven ductility capacities between stories (Chopra 1995; Moghaddam and 528 

Esmailzadeh Hakimi 1999; Karami Mohammadi et al. 2004). In fact, it has been observed that usually 529 

the ductility capacity at the top stories are smaller (Karami Mohammadi and Sharghi 2014).  530 

It has thus far been shown that increasing the design base shear may lead to a higher collapse 531 

probability, which is caused by a higher dispersion of strength and stiffness distribution along the height. 532 

The reason behind this higher dispersion is that the current practice leads to designs in which the average 533 

demand-to-capacity of structural members would, in general, decrease along the height. In other words, 534 
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the structural members at the bottom stories are closer to the limit state than the structural members at 535 

the top stories. This is mainly because there is a lower bound for the cross-section of structural members 536 

in practice. For instance, the smallest steel profile that is used for bracing in Iran is UPN 80, which is an 537 

overdesign for the bracings at the top stories of SCBF1. Therefore, increasing the earthquake design 538 

force leads to larger cross-sections for structural members at the lower stories and nearly no change at 539 

the higher stories as the structural members only near their limit states. This, in turn, increases the 540 

dispersion of the lateral stiffness and strength distribution as is the case for the SCBF archetype in Fig. 541 

10(b). If a cross-section smaller than the said practical lower bound had been used for bracings at the 542 

top stories at α=1, a similar high dispersion of stiffness and strength distribution would have been 543 

observed and the probability of collapse of the base building would have significantly increased. All in 544 

all, there is a significant potential for improving the vertical distribution of the design base shear in 545 

seismic codes. 546 

3.3.3 Damage and Loss 547 

The next step is the damage and the loss analyses. For this purpose, damage fragilities and loss models 548 

for some of the structural and nonstructural components are adopted from the literature. Many of these 549 

components are modeled using the models proposed by FEMA P-58 (FEMA 2018d) which have been 550 

developed for steel structures in the US. Since the seismic codes used for designing the building 551 

archetypes are adopted from ASCE/SEI 7-10, AISC 360-10, and AISC 341-10, these damage fragility 552 

models can also be employed to predict the performance of the buildings. However, some of the 553 

nonstructural components that are prevalent in the Iranian construction practice are not available in 554 

FEMA P-58. Examples are masonry infill walls and masonry façades, for which fragility models 555 

proposed by Cardone and Perrone (2015), De Risi et al. (2018), and Khalili (2019) are adopted. These 556 

fragility curves are depicted in Fig. S8 of the supplementary document. 557 

As mentioned previously, contrary to damage models, the loss models presented by FEMA P-58 558 

need drastic adjustments to be applicable to the building archetypes. As such, the losses are transferred 559 

from the US to Iran using the approach presented in Section 2.3. To highlight the error that arises by 560 

converting the final monetary values using the currency exchange rate, Fig. 12 is presented. This figure 561 

shows the ratio of the replacement cost of some components as suggested by the FEMA P-58 technical 562 

manuals for the US, further converted to the Iranian Rial, to the replacement cost of the same components 563 
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evaluated employing Iranian cost catalogs (CPBO 2019). In this figure, subscript US represents the 564 

source country and subscript IR represents the target country, Iran. The comparison is made based on 565 

the costs at the beginning of 2019, i.e., the exchange rate is taken as 130,000 Rials per US dollar, and 566 

the Iranian cost catalog belongs to that year. It is observed from Fig. 12 that for such components as 567 

masonry parapets and ceramic tiles, the error is significant and the cost is overestimated by up to 30 568 

times, as the labor cost markedly contributes to the total repair or replacement cost of these components. 569 

However, for such components as elevators or chillers, the error is small because the share of material 570 

and equipment costs are dominant in the repair or replacement cost of these components. The dominant 571 

effect of the labor on this cost stems from the significant difference in salary rates in Iran and the US, 572 

which are respectively $0.8 and $17.3 per hour (BLS 2019; CPBO 2019). This figure reemphasizes the 573 

need to employ the proposed loss transfer method when conducting risk analysis in developing countries 574 

using the likes of FEMA P-58 approach, especially for the countries with a significant different labor 575 

cost and for the components whose repair effort is rather labor-intensive.  576 

 577 
Fig. 12 Comparison of the replacement cost of some components between Iran and the US 578 

In the following, the results of the risk analysis of the building archetypes are presented. To evaluate 579 

the monetary values associated with indirect economic losses, rental, owner occupancy, and disruption 580 

rates presented by Zibaei and Mahsuli (2021) for Iran are adopted. To evaluate the social losses, the 581 

value of a statistical life for Iran is estimated at $504,900 per Eq. (9) (Heger and Sarraf 2018). In addition, 582 

the morbidity fraction is taken as 16.5% based on the recommendations made by Cropper and Sahin 583 

(2009) for the costs of treating the injury severity levels of II and III of FEMA-NIBS (2012), i.e., major 584 
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and life-threatening injury levels. Finally, Wang et al. (2019) estimated the median environmental loss 585 

per metric ton of CO2 as $30.8. This rate is here transferred using Eq. (10) in which the construction 586 

costs in Iran and the US are respectively obtained from IRCEO (2019) and FEMA-NIBS (2012). To 587 

compute the losses due to energy use, each Megajoule of embodied energy is taken as equal to 98 grams 588 

of emitted CO2 according to CSIRO (2006). 589 

Fig. 13 shows the share of each one of the four above-mentioned categories of losses for IMF1 and 590 

IMF1.8. According to this figure, social losses have the highest share of the total loss, owing to the 591 

significant loss imposed on the society by every death toll or serious injury, an observation that is in line 592 

with previous studies (Gudipati and Cha 2019; Gkimprixis et al. 2020). After social losses, direct 593 

economic losses have the highest share, whereas indirect economic and environmental losses 594 

insignificantly contribute to the total seismic loss. As expected, the lower the probability of collapse, the 595 

lower the share of social losses and the higher the share of direct economic losses, as is shown in Fig. 596 

13(b) for IMF1.8. 597 

 598 
Fig. 13 Share of the four categories of losses for (a) IMF1 and (b) IMF1.8 599 

Fig. 14 demonstrates the expected total loss of various building archetypes at different design base 600 

shear levels, normalized to the expected total loss of the base building. This figure also shows the 601 

disaggregation of the expected total loss into the four categories of loss. According to this figure, social 602 

and indirect economic losses follow the same trend as they are both governed by the collapse probability. 603 

The social losses are governed by the collapse probability because major casualties occur in the event 604 

of collapse (Ansal et al. 2009). Likewise, the indirect economic losses are governed by the collapse 605 

probability because the repair time of structural and nonstructural components are generally very short 606 

compared to the replacement time of an entire building in the event of collapse. On the other hand, direct 607 

economic losses and environmental impacts follow the same trend that differs from the other two loss 608 

categories. These trends are most evident in Fig. 14(c), which shows that increasing the design base 609 
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shear leads to lower social and indirect economic losses as a result of a smaller collapse probability. On 610 

the contrary, increasing the design base shear leads to higher direct economic losses and environmental 611 

impacts, owing to the fact that a larger lateral stiffness due to a higher design force results in larger floor 612 

accelerations, and that the direct economic loss is generally controlled by the failure of nonstructural 613 

acceleration-sensitive components such as elevators, chillers, and piping, and the out-of-plane failure of 614 

infill walls.  615 

In summary, increasing the design base shear affects various categories of loss differently. Hence, 616 

accounting for the full range of damage, and not only collapse, as well as comprehensive modeling of 617 

consequences is paramount when trying to determine the optimal target reliability based on the minimum 618 

lifecycle cost. In other words, the current practice of merely focusing on the life-safety limit states leads 619 

to suboptimal levels of reliability, and lacks the required holistic point of view (Gudipati and Cha 2019). 620 

 621 
Fig. 14 Expected losses normalized to the corresponding value of the base building for (a) the IMF, (b) the SCBF, and 622 

(c) the IMF/SCBF archetype 623 

3.4 Target Reliability Quantification 624 

This section evaluates the expected lifecycle cost of the building archetypes as the sum of the initial 625 

construction costs and the expected total seismic losses for various design base shear levels. It then 626 

determines the optimal design base shear and the resulting target reliability based on the minimum 627 

lifecycle cost. Fig. 15 depicts the expected annual lifecycle cost of the building archetypes at different 628 

design base shear levels normalized to that of the base building against α. It is observed in this figure 629 

that for the IMF/SCBF archetype, the lifecycle cost insignificantly varies with the design base shear as 630 

the savings due to lower losses are counteracted by nearly the same amount of the higher construction 631 

cost. In contrast, the lifecycle cost increases with the design base shear for the SCBF archetype as both 632 

the construction costs and seismic losses increase. As discussed previously, the increase in the seismic 633 

losses is caused by the increase in the dispersion of the lateral strength and stiffness distribution along 634 

the height. As such, no increase in the prescribed design base shear of the seismic design code is 635 
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advisable for the IMF/SCBF and the SCBF archetypes. 636 

 637 
Fig. 15 Normalized expected annual lifecycle cost of the three building archetypes against α 638 

For the IMF archetype, however, Fig. 15 shows that the optimum design base shear at α=1.4 differs 639 

from the status quo. This indicates a need for a higher prescribed strength for the IMF archetype. At 640 

45%, this archetype also has the highest share of seismic losses in the lifecycle cost amongst the three 641 

considered archetypes. The calibration of the prescribed strength could be implemented in the response 642 

modification factor. Such calibration to achieve the target reliability has precedents in the literature 643 

(FEMA 2009; Bezabeh et al. 2017; Tesfamariam et al. 2021). Calibrating the response modification 644 

factor according to the results shown in Fig. 15 would give its optimal value as 3.5 for the IMF archetype. 645 

With such a change, the expected annual lifecycle cost of the IMF buildings would be reduced by 10%. 646 

This reduction may not be fully appreciated unless taken into the scale of a city such as Tehran, which 647 

has over 2,850,000 residential buildings (CUS 2020), out of which it is estimated that roughly 220,000 648 

are steel IMF buildings (Mahsuli et al. 2018; SCI 2021). The 10% reduction in the lifecycle cost of this 649 

many buildings amounts to $500 million lifetime savings, which will significantly increase if the entire 650 

country is considered. It is noted that generalizing the results for the entire steel IMF category requires 651 

further analyses on more archetypes in future research. 652 

Using the results above, the optimal target reliability for the three archetypes is quantified next. Fig. 653 

16(a) and (b) depict the expected annual lifecycle cost of the building archetypes at different design base 654 

shear levels normalized to that of the base building against their 50-year reliability indices and the 655 

collapse probabilities given MCE, respectively. The points that correspond to the current and the optimal 656 

designs are indicated by arrows in these figures. As Fig. 16(a) shows, the 50-year optimal target 657 

reliability index for the IMF archetype is 2.0, which corresponds to a collapse probability given MCE 658 

of 16% per Fig. 16(b). For the other two archetypes, the 50-year optimal target reliability index is 2.1, 659 
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which corresponds to the optimal collapse probability given MCE of 16%. The resulting collapse 660 

probabilities here are consistent with those obtained by Gudipati and Cha (2019), which also concluded 661 

that the 10% threshold prescribed by ASCE/SEI 7 is somehow stringent. 662 

 663 
Fig. 16 Normalized expected annual lifecycle cost of the three building archetypes against (a) the reliability index and 664 

(b) the collapse probability given MCE 665 

4 Conclusion 666 

The target reliability levels against which seismic regulations are calibrated are commonly determined 667 

through accepted practice, which is neither objective, nor optimal. The issue is exacerbated for many 668 

countries that adopt their standards from original codes, especially when those countries do not 669 

recalibrate the adopted provisions according to their local conditions. This paper presents a methodology 670 

to quantify the optimal target reliability based on detailed risk analysis. This methodology requires a 671 

library of risk models, which are only available for a few countries, and developing these models anew 672 

for other countries is a rather demanding task, and an obstacle that impedes quantification of the target 673 

reliability based on the local construction industry and design practices. To remedy, a method is 674 

introduced in this paper to adjust the available risk models using a few readily-available cost indicators. 675 

Hence, the proposed methodology not only calibrates the adopted provisions based on the local 676 

construction industry, but also leads to risk-optimal calibration through quantification of the optimal 677 

target reliability based on the minimum lifecycle cost. 678 

The proposed methodology is applied to the national building code of Iran, which is adopted from 679 

the building codes of the US with no recalibration. The application features a case study of three midrise 680 

residential steel building archetypes with various structural systems including IMF, SCBF, and a 681 

combination thereof. First, the archetypes are designed according to the national building code of Iran, 682 
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which are adopted from ASCE/SEI 7-10, AISC 360-10, and AISC 341-10. The design procedure is then 683 

repeated for each archetype by increasing the design base shear coefficient resulting in varying reliability 684 

levels for the buildings. To compute the lifecycle cost at each level of base shear coefficient, the initial 685 

construction cost of the buildings is assessed, and they are subsequently subjected to a detailed risk 686 

analysis using the FEMA P-58 approach. Accordingly, hazard analysis is conducted for Tehran using 687 

the scenario sampling method. Thereafter, the nonlinear models of the structures are developed in 688 

OpenSees using robust analytical models. The models are then subjected to incremental dynamic 689 

analyses to compute the probability distribution of structural responses and collapse fragilities. Detailed 690 

assessment of the results yields various insights on the performance of the buildings and their collapse 691 

mechanism as byproducts of the present study. Next, the loss analyses determine the expected seismic 692 

losses in the lifetime of the buildings. Finally, the expected lifecycle cost of each building is evaluated 693 

as the sum of the expected seismic losses and the initial construction cost. The optimal prescribed 694 

strength and the corresponding optimal reliability are then evaluated based on the minimum expected 695 

lifecycle cost. The main findings of this study are as follows: 696 

 The 50-year optimal reliability index is respectively estimated at 2.0 and 2.1 for midrise IMF and 697 

midrise SCBF buildings, and the optimal collapse probability given MCE is 16% for both systems. 698 

 For the buildings with SCBF system, no increase in the current prescribed strength of the code is 699 

advisable, whereas for IMF buildings, there is a lack of sufficient prescribed lateral strength, 700 

indicating a need for calibration. As such, it is concluded that the optimal value for the response 701 

modification factor for midrise IMFs in Iran is 3.5. With such a calibration, the expected lifecycle 702 

cost would decrease by 10%, which could sum up to tremendous amount of nationwide savings. 703 

 Among the loss categories considered in the present study, the direct economic loss due to repair or 704 

replacement significantly depends on the economy of the construction industry of the country. 705 

Implementing the method proposed herein, it is shown that adopting the repair costs presented in 706 

FEMA P-58 manuals to evaluate the seismic risk of buildings located in a developing country, such 707 

as Iran, leads to significant errors. This is especially true for components whose repair effort is 708 

substantially labor-intensive mainly due to the large discrepancy in labor pay rates. 709 

 The share of seismic losses constitutes up to 45% of the lifecycle cost. This indicates the prominent 710 

need for account for these losses when quantifying the target reliability, especially for highly 711 
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seismically active regions. Moreover, different loss categories may follow different trends, i.e., 712 

increasing the earthquake design force may reduce one while increasing another. As such, the target 713 

reliability should not be quantified considering any single one of the loss categories, but rather in a 714 

holistic manner that accounts for all consequences. Also, due to the significant loss imposed on the 715 

society by every death toll or severe injury, the social loss has the highest share in the total loss, and 716 

is followed by the direct economic loss. 717 

 A substantial increase in the design base shear leads to merely a small increase in the initial 718 

construction cost of the building. For instance, doubling the design base shear of the considered 719 

building archetypes here would increase the initial construction cost of midrise IMF and SCBF 720 

buildings by a mere 8% and 3%, respectively. Such results signify that optimizing the prescribed 721 

strength level of building codes will have a high benefit-to-cost ratio provided that it does not 722 

adversely affect the performance of the building. 723 

The findings of this study although illuminating, may only be valid for the examined building 724 

category. Ongoing research by the authors aims to evaluate the optimal target reliability for other 725 

structural systems, height levels, seismicity levels, and occupancy types at various importance levels. 726 

Future research must also address the optimal combination of the design base shear and the vertical 727 

design force distribution, which is shown here to further reduce the lifecycle cost.  728 
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