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Abstract  9 

This study investigates the idea that “green” buildings should be designed to withstand higher 10 

extreme loads (i.e. loads associated with earthquakes or other hazards), to reduce environmental 11 

impacts associated with post-hazard repairs. The paper assesses the seismic performance and 12 

associated environmental impact of 30 modern reinforced concrete buildings with varying lateral 13 

strengths and ductility capacities, considering 4 and 12-story space and perimeter frames. The 14 

results show that construction of stronger or more ductile (above-code) buildings requires higher 15 

upfront embodied carbon due to larger structural members. Seismic performance is assessed 16 

probabilistically using nonlinear dynamic analysis and seismic losses—economic (dollars) and 17 

environmental (equivalent CO2 emissions)—quantified for post-earthquake damage. The findings 18 

suggest that enhanced lateral strength lowers post-earthquake economic costs and embodied 19 

carbon compared to weaker code-compliant or below-code designs. However, enhancing ductility 20 

capacity does not reduce, and can increase, seismic losses. For high seismic regions, enhanced 21 

lateral strength can significantly reduce life-cycle embodied carbon losses, enough to offset the 22 

higher upfront embodied carbon from constructing larger structural members.  23 

Introduction  24 

A recent paradigm shift in the structural engineering community recognizes that to design for 25 

resilience is to design sustainably. Buildings account for roughly 40% of energy use and 35% of 26 

total carbon dioxide (CO2) emissions in the U.S. (CEC, 2008). As a result, advances in green 27 
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building design offer the potential to significantly reduce resource and energy usage, and 28 

associated environmental impacts. At the same time, resilient design principles have emerged from 29 

performance-based engineering, linking building design to desired performance outcomes. 30 

Performance-based design seeks to reduce hazard-induced (e.g. earthquake) building damage and 31 

other consequences (Porter, 2003). 32 

Seeking to connect resilient and sustainable design concepts, recent studies have proposed 33 

that “green” buildings should be designed for higher levels of seismic and other extreme loads, in 34 

order to reduce environmental impacts associated with post-hazard repairs (Chiu et al., 2013; PCA, 35 

2012; Wei, et al., 2016a; Wei, et al., 2016b). A growing body of work explores the relationship 36 

between building design features (e.g. steel vs. concrete, construction costs), structural response 37 

and damage (e.g. story drifts, structural losses), and post-earthquake environmental impacts for 38 

various building types and life-cycle analysis boundary scopes  (e.g. Arroyo et. al., 2015; Bocchini  39 

et. al., 2014; Feese et. al., 2014; Hossain & Gencturk, 2014; Sarkisian et. al., 2011). Other studies 40 

have examined how design strength and ductility capacity impact the economic component of 41 

seismic losses (e.g. Anagnos et al., 2016; Goulet et al., 2007; Haselton et al., 2011; Ryan et al., 42 

2009). However, no studies have systematically quantified the environmental impacts associated 43 

with enhanced seismic design.  44 

This study quantifies and identifies life-cycle tradeoffs relating environmental impact and 45 

enhanced seismic designs for 30 reinforced concrete (RC) buildings with varying base shear 46 

strengths and ductility capacities. Quantifying the embodied carbon—i.e. greenhouse gas 47 

emissions released by building manufacturing, construction and post-earthquake repairs—48 

associated with these design decisions elucidates life-cycle implications for the natural 49 

environment and human health from changes in seismic design practice. The study’s primary aim 50 
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is to investigate whether enhancing seismic design is a meaningful tool to achieve jointly “greener” 51 

and more resilient buildings. 52 

Background  53 

Joint quantification of building hazard resistance and environmental impacts is a still-growing field 54 

of research and practice, but a number of frameworks have been suggested to evaluate building 55 

life-cycle impacts for this purpose (e.g. Court, et al., 2012; Padgett & Li, 2016; Rodriguez-Nikl, 56 

2015; Welsh-Huggins & Liel, 2016). These frameworks offer similar approaches, adding a “post-57 

hazard” stage to the traditional building life-cycle (construction, operation, demolition, etc.) to 58 

quantify extra lifetime environmental impacts from hazard-induced repair/replacement actions.  59 

Previous studies have examined the influence of specific building design decisions on 60 

building construction and post-earthquake repair impacts by quantifying CO2 emissions and 61 

economic losses. For example, Hossain & Gencturk (2014) conducted Pareto optimization to 62 

minimize member size and reinforcement ratios for two RC buildings, under specific design 63 

constraints, one with low initial cost and greater design story drifts, and the other with higher 64 

upfront cost and lower drifts. They found that larger seismic losses from the low-cost building 65 

incurred much higher environmental impacts than the more expensive building. However, the 66 

study also suggested that the overall life-cycle environmental impact of the low-cost building was 67 

40% lower than that of the high-cost building due to lower material volumes used in construction 68 

and removed during end-of-life disposal. Wei et al. (2016) evaluated tradeoffs between 69 

environmental, social, and economic costs associated with seismic losses in a cost-benefit analysis 70 

of retrofits to an existing building. The study computed a combined present value of losses by 71 

monetizing post-hazard carbon emissions and fatalities. Results showed that the retrofit design 72 

with the lowest cost and lowest hazard resistance offered the highest present value benefit. 73 
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Likewise, Welsh-Huggins and Liel (2016) indirectly considered the influence of member size and 74 

design strength on environmental and seismic performance, analyzing members that were “up-75 

sized” to support green roof systems. That study showed that the buildings with larger roof loads 76 

(and hence higher member sizes) experienced more seismic damage during intense shaking, but 77 

better withstood low-to-moderate shaking. Damaged buildings with higher roof loads were 78 

associated with greater post-hazard CO2 emissions, due to larger material volumes needed for 79 

repair/replacement of larger structural members. 80 

Other studies have investigated how design strength and ductility capacity can impact 81 

building performance in terms of economic losses, but not environmental impacts. Ramirez et al. 82 

(2012) quantified the economic seismic losses for the same buildings assessed in this study and 83 

found that enhanced lateral strength can reduce post-earthquake economic costs. That study, 84 

however, also suggested that enhanced ductility capacity can increase economic seismic losses for 85 

low to mid-rise buildings, due to greater damage to nonstructural components and associated 86 

losses. Porter (2016) likewise argued against the prevailing idea to design resilient buildings to be 87 

more ductile, but weaker. To the contrary, he suggested that a stronger building is more cost-88 

effective for building owners, based on the results of a San Francisco earthquake scenario. Davis 89 

and Porter (2016) further suggested that buildings with greater ductility capacity experience larger 90 

permanent structural deformations, which can lead to more costly repairs. Those studies pointed 91 

to a public desire for building functionality beyond provision of life-safety, which may not be 92 

achieved by a design focused on providing ductility. 93 

Case study building designs 94 

Structural design  95 

This study considers a range of structural configurations for special RC perimeter and space 96 
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moment frames, divided into two design sets. The first set varies by design lateral strength (herein 97 

called the “strength design” set), while the second set varies by ductility capacity (the “ductility 98 

design” set). Ductility capacity is computed from pushover analysis (described below), following 99 

calculations similar to those employed elsewhere (FEMA, 2009). The ductility capacity is defined 100 

here as the ratio of post-capping deformation capacity (indicated by the roof drift ratio at which 101 

20% of the lateral strength of the structure has been lost) to yield deformation capacity in terms of 102 

roof drift ratio. In all other aspects, each building is code-conforming (ACI, 2011; ASCE, 2010; 103 

ICC, 2009). Design parameters for both building sets are listed in Table 1. 104 

The structural designs of the study’s modern 4 and 12-story office buildings are adopted 105 

from Haselton et al. (2011). Each building has a 120 ft. by 180 ft. (36.6 m. by 54.9 m.) footprint. 106 

In each direction, the space frames have six lateral load-resisting RC frame lines, while the 107 

perimeter frames have two. Column dimensions are the same for interior and exterior space frame 108 

lines, while the perimeter frames use smaller square gravity columns at interior columns measuring 109 

12.5 in. (0.32 m.). The first-story height of all buildings is 15 ft. (4.6 m.); all others are 13 ft. (4.0 110 

m.); column spacing is 30 ft. (9.1 m.). The buildings are in Seismic Design Category D, based on 111 

a Los Angeles site location, with a design spectral acceleration for short periods of 1.0g and 0.6g 112 

at 1 s (ASCE, 2010). All buildings have 8 in. (20.3 cm.) concrete floor slabs.  113 

For the strength design set, the response modification coefficient or “R factor”, an inverse 114 

modifier on design strength, is changed for each structure. U.S. design standards specify R = 8 for 115 

special RC moment frames (ASCE, 2010). The strength design set includes buildings weaker than 116 

code requirements (R > 8) and buildings that are stronger (R < 8). For the ductility design set, the 117 

design strong-column-weak-beam (SCWB) ratio is varied. For a special moment frame, ACI 318 118 

requires that the sum of column moment strengths at each joint exceed 1.2 times the sum of beam 119 
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strengths (ACI, 2011). This provision promotes distribution of inelastic structural response over 120 

multiple stories, enhancing deformation capacity of the structure (Moehle, et al., 2008). Here, we 121 

consider design SCWB ratios ranging from 0.4 to 3.0. Design for above-codes seismic parameters 122 

(lower R or higher SCWB ratios) requires larger member sizes and more reinforcing steel. Certain 123 

building designs (indicated in Table 1) require greater concrete compressive strengths to satisfy 124 

target strengths or ductility capacities.  125 

The 4-story buildings results are the primary focus of this paper. Examples of the 12-story 126 

results are described briefly in each section to illustrate the effect of building height on the results. 127 

Architectural design  128 

The inventory of nonstructural building components are based on typical office buildings 129 

quantities provided by the SP3 loss estimation software (Haselton Baker Risk Group, 2016). These 130 

quantities vary depending on building occupancy type and gross building area. The nonstructural 131 

components considered here are: staircases; exterior glazed curtain walls; exterior concrete 132 

cladding; interior wall partitions; suspended ceiling tiles; carpeted floor tiles; concrete roof tiles; 133 

HVAC ducts; hot and cold water pipes; sanitary waste pipes; and fire sprinkler systems. The 134 

quantities and distribution of nonstructural components are the same for buildings of the same 135 

height such that only structural member dimensions and quantities vary between building designs.  136 

Embodied carbon associated with upfront construction  137 

Life-cycle analysis (LCA) quantifies potential economic and environmental impacts of a material, 138 

product, or system over a given period of time (Hendrickson, Horvath, Joshi, & Lave, 1998). In 139 

this study, we assess life-cycle environmental impacts with respect to the amount of embodied 140 

carbon produced at different stages of the building lifespan. Embodied carbon is the total amount 141 

of greenhouse gas emissions, converted to CO2 equivalents, required to produce a given material 142 

or building product (Hammond & Jones, 2008). CO2 equivalents account for the contribution of 143 
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various greenhouse gas emissions to climate change. We estimate the main input and output flows 144 

of energy/materials (e.g. emissions) through a process-based life-cycle analysis of each functional 145 

unit of analysis  (EPA, 2008), i.e. each study building. We use the SimaPro software to organize 146 

life-cycle inventory quantities from the Ecoinvent database to calculate building life-cycle 147 

environmental impacts (Goedkoop, et al., 2013). The Tool for the Reduction and Assessment of 148 

Chemical and other Environmental Impacts (TRACI) is used to quantify resulting impacts from 149 

raw emissions associated with each inventory process (EPA, 2008).  150 

The building life-cycle stages assessed here are: 1) material manufacturing/production for 151 

upfront (pre-service life) building construction, and 2) material manufacturing for post-earthquake 152 

building repairs or replacement. The life-cycle environmental impact analysis is conducted for 153 

only the upfront and post-hazard material manufacturing because environmental impacts from 154 

other stages, e.g. on-site construction activities or building operations/routine maintenance actions, 155 

are assumed equal for each building, regardless of the structural design. Material transportation to 156 

the construction site could produce variations in building life-cycle impacts, depending on the type 157 

of vehicle used or volume of structural materials transported, but quantification of these impacts 158 

is beyond the scope of the current study. Quantification of demolition/debris removal impacts is 159 

also excluded, as is consideration of sources of uncertainty in emissions inventory data. 160 

Upfront embodied carbon for a building is computed from the embodied carbon associated 161 

with material manufacturing of all structural and nonstructural building components. The upfront 162 

embodied carbon of the nonstructural members is the same for all buildings of the same height, 163 

but the structural member contribution to embodied carbon depends on the member sizes, quantity 164 

of steel reinforcing, and required concrete compressive strength. Higher concrete strength requires 165 

greater quantities of Portland cement, which increases concrete’s unit embodied carbon impact. 166 
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This effect is accounted for here with a multiplier on the embodied carbon impact of normal 167 

strength concrete (5,000 psi), based on calculations by Hammond and Jones (2006, 2008).   168 

Table 1 presents the upfront embodied carbon for all 30 buildings in this study. Consistent 169 

with Guggemos and Horvath (2005), we find that production of structural materials releases higher 170 

levels of greenhouse gas and other emissions than production of nonstructural component 171 

materials. Fig. 1a shows how upfront embodied carbon varies with lateral strength, such that 172 

stronger buildings are associated with greater upfront embodied carbon. Levels of embodied 173 

carbon do not correlate linearly with enhanced lateral strength due to other design requirements 174 

(gravity loads, drift limits etc.) that also impact member sizes, especially at lower lateral load 175 

levels. In Fig. 1b, the below-code ductility design buildings have similar levels of upfront 176 

embodied carbon. Changes in design SCWB and ductility capacity are associated with 177 

redistribution of material from columns to beams without adding much extra material. However, 178 

Fig. 1b also demonstrates a notable increase in embodied carbon for buildings with above-code 179 

ductility capacities, due to associated increases in member size and steel required to achieve 180 

SCWB ratios greater than 2.0.  181 

Nonlinear modeling and dynamic analyses 182 

Nonlinear structural modeling   183 

Two-dimensional, three-bay models of the study buildings were built in the OpenSEES seismic 184 

analysis program (PEER, 2014). Beam-columns are modeled with elastic elements and 185 

concentrated hinge springs, i.e. a lumped plasticity approach. These hinges have been assigned a 186 

material model capable of capturing concrete spalling and rebar buckling effects at large 187 

deformations (Ibarra, et al., 2005). The hinge model also captures cyclic deterioration and accounts 188 

for bond-slip. The hinge properties have been calibrated to experimental results of over 250 189 
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concrete columns, such that modeling of different components represents differences in design and 190 

detailing (Haselton, Liel, Taylor-Lange, & Deierlein, 2016). The models also capture P-Δ effects. 191 

The perimeter frame models do not consider the strength and stiffness of the interior (gravity) 192 

framing. Rayleigh damping of 5% is applied to the models’ first and third modes and assigned 193 

only to elastic elements. Haselton and Deierlein (2007) and Haselton et al. (2011) provide further 194 

details about the structural modeling approach.  195 

Nonlinear static pushover analysis of the buildings verifies that the models exhibit the 196 

desired changes in base shear strength and ductility capacity. Fig. 2a presents the pushover results 197 

for the 4-story strength design space frames, showing that greater design loads increases the base 198 

shear capacity, while ductility capacity remains similar. Increasing the SCWB ratio enhances 199 

ductility capacity, as well as base shear strength, as shown in Fig. 2b. Although not shown, the 200 

trends are similar for the perimeter frames and 12-story buildings.  201 

Table 1 presents the fundamental period, ultimate base shear strength, and ductility 202 

capacity for all buildings. The larger member sizes of the stronger, more ductile designs lead to 203 

decreased fundamental periods. Overstrength (the ratio of ultimate to design lateral strength) 204 

ranges from 1.6 to 4.3 for the 4-story buildings and from 1.6 to 3.2 for the 12-story buildings. The 205 

weaker buildings have higher overstrengths due to gravity loads and other design considerations.  206 

 207 
Fig. 1. Influence of seismic design on upfront embodied carbon showing a) effect of ultimate base shear 208 
strength for 4-story strength design space frames and b) effect of ductility capacity for 4-story ductility 209 
design space frames. (1 kip. = 4,448 N.; 1 ton = 987 kg.). 210 
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 211 
Fig. 2. Nonlinear static pushover results (per frame line) for 4-story a) strength design space frames and 212 
b) ductility design space frames. (1 kip. = 4,448 N.). The labels RDRyield and RDRult on Fig. 2.b) demonstrate 213 
the points used to calculate the ductility capacity for a selected building design. RDRyield refers to the roof 214 
drift ratio at the maximum lateral strength capacity achieved by a building, while RDRult refers to the roof 215 
drift ratio at which 20% of the lateral strength has been lost for a design. 216 

Dynamic analysis results 217 

The seismic performance of the case study buildings is computed with Incremental Dynamic 218 

Analysis (IDA) (Vamvatsikos & Cornell, 2002). In IDA, the building model is subjected to 219 

recorded ground motion acceleration time histories. At first, records are scaled to a small value of 220 

the spectral acceleration at a building’s fundamental period, Sa(T1), and then structural response 221 

is analyzed at increasing scale factors, until collapse is observed. Collapse is defined as occurring 222 

when story drifts greater than 12% are recorded at any story, following Haselton et al. (2011). The 223 

IDA uses a set of thirty strong ground motions recorded from California earthquake, with 224 

magnitudes between 6.5-6.9, and at firm sites with site-to-source distances ranging from 15-33 km 225 

(Vamvatsikos & Cornell, 2006). These records are representative of the type of crustal ground 226 

motions expected at the study site. The seismic hazard analysis for the LA site is obtained from 227 

USGS (Petersen et al., 2008) for nine different ground shaking hazard levels, which range from 228 

50% in 50 years, corresponding to an intensity of Sa(T = 1s) = 0.25g (referred to here as Hazard 229 

Level 1, or HL 1) to 1% in 50 years (HL 9), associated with Sa(T = 1s) = 1.25g. In this study, HLs 230 
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are defined solely in terms of the spectral acceleration intensity measure and ground motion 231 

selection for the study did not consider the influence of spectral shape. Previous analysis results 232 

of the same buildings for different ground motions are found in Haselton and Deierlein (2007) and 233 

Haselton et al. (2011). 234 

The IDA results show that enhanced base shear strength and ductility capacity both 235 

increase median collapse capacity (quantified in Table 1 in terms of Sa(T = 1s) for all buildings), 236 

compared to code-compliant or below-code designs. Strength designs for the 4 and 12-story 237 

perimeter frames and 12-story space frames are highly governed by lateral load demands, making 238 

their collapse capacities especially sensitive to design base shear changes. In addition, the below-239 

code 12-story buildings experience damage localization in fewer stories, likely from increased P-240 

Δ effects on weaker, more flexible structures (Haselton & Deierlein, 2007). The buildings designed 241 

for enhanced ductility capacity exhibit better collapse performance, as column hinging is prevented 242 

and lateral deformation is more evenly distributed along building height (Ramirez et al., 2012).  243 

The IDA results confirm past studies’ observations that even subtle design variable changes 244 

can strongly affect structural response. Due to the shorter periods of stronger and more ductile 245 

buildings, above-code structures dynamically experience larger floor accelerations and smaller 246 

story drifts than code-compliant or below-code designs. Perimeter frame design is lateral load-247 

dominated, so base shear strength changes to these buildings have a larger influence on building 248 

stiffness and drift and acceleration demands.  249 

Seismic loss results 250 

Probabilistic seismic loss analysis quantifies building performance under seismic loading in terms 251 

of building damage and associated seismic losses. The losses are referred to here as economic costs 252 

(dollar value of post-earthquake component repairs and building replacement) and embodied 253 
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carbon (CO2 equivalents released by post-earthquake material manufacturing for repairs and 254 

replacement of damaged components and structures).   255 

Economic costs associated with seismic losses  256 

The seismic loss analysis approach for quantifying post-earthquake economic costs follows the 257 

seismic performance and probabilistic loss-estimation procedures developed by the FEMA P-58 258 

project (ATC, 2012a). Here, we have implemented these calculations with SP3, a web-based tool 259 

for organizing FEMA-58 loss calculations (Haselton Baker Risk Group, 2016). In this approach, 260 

fragility curves quantify the probability that a given structural or nonstructural component is in or 261 

exceeds a specified damage state (DS) as a function of the engineering demands on a building, 262 

expressed as either peak floor accelerations or story drifts (ATC, 2012a, 2012b). Here, these losses 263 

are computed conditioned on a particular hazard level, defined in terms of Sa(T1). Although the 264 

variability and magnitude of these losses may be influenced by the selected intensity measures, 265 

this analysis choice is not expected to change greatly the overall comparisons between the different 266 

building designs in this study. 267 

The expected seismic loss, E[SL|HL], at each hazard level (shown in Equation 1) is 268 

computed as the sum of expected non-collapse building repair costs and total building replacement 269 

cost in the case of collapse, considering the collapse probability at that hazard level (ATC, 2012a).  270 

𝐸[𝑆𝐿|𝐻𝐿 = 𝑥𝑖] =  [1 − 𝑃(𝐶|𝐻𝐿 = 𝑥𝑖)]𝐸[𝑆𝐿|𝑁𝐶, 𝐻𝐿 = 𝑥𝑖] + 𝑃(𝐶|𝐻𝐿 = 𝑥𝑖)𝐸[𝑆𝐿|𝐶] Equation 1 271 

In Equation 1, P(C|HL = xi) is the probability of collapse at the hazard level (HL) of interest (xi). 272 

E[SL|NC, HL = xi] is the sum of seismic losses associated with repairing all damaged structural 273 

and nonstructural components to restore the building to its initial undamaged state. E[SL|C] is the 274 

expected seismic loss (in this section, economic cost) associated with total building replacement 275 

resulting collapse. E[SL|C] is assumed to be the same as the cost (or embodied carbon) of initial 276 
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construction for each building based on typical construction economic costs tabulated by the 277 

Haselton Baker Risk Group (2016) and Ramirez et al. (2012) and reported in Table 1.  278 

The loss analysis calculations incorporate several thousand Monte Carlo realizations of 279 

potential damage outcomes for each structural and nonstructural building component at each 280 

hazard level. Each individual realization represents a different level of acceleration and drift, 281 

potential damage state entered by the component, and thus varying outcomes for expected non-282 

collapse building repairs costs and total building replacement costs (ATC, 2012a). The number of 283 

Monte Carlo realizations varies between analysis of the 4-story and 12-story buildings due to 284 

increased computational expense from analyzing a greater number of stories in the taller buildings. 285 

For analysis of each building type, the number of Monte Carlo realizations is large enough to 286 

ensure that results are not sensitive to this choice.  287 

Fig. 3 shows the median post-earthquake economic costs at each hazard level. The trends 288 

presented here are consistent with general observations made in previous studies of the same 289 

buildings and other similar designs (Goulet et al., 2007; Ramirez et al., 2012). The strength design 290 

buildings in Fig. 3 illustrate a correlation between enhanced lateral strength and decreased 291 

economic costs at most hazard levels. In addition, enhanced lateral strength is also associated with 292 

greater percent contributions from nonstructural losses due to decreased structural member damage 293 

and lower probabilities of collapse. Higher post-earthquake economic costs for stronger buildings 294 

at certain hazard levels (e.g. 12-story building results in Fig. 3b) arise from the sensitivity of certain 295 

nonstructural and structural components to story drifts and floor acceleration demands, which are 296 

sensitive to the buildings’ fundamental period. This effect is discussed in more detail below.  297 

  298 
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Table 1. Design variables and seismic analysis outcomes for all 30 case study buildings. 299 

  300 
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 301 
Fig. 3.  Median post-earthquake economic cost for strength design space frames for a) 4-story and b) 12-302 
story buildings at each hazard level. (* denotes code-compliant designs). 303 

Enhanced (above-code) ductility capacity, although improving collapse capacity, generally 304 

does not reduce economic seismic losses. For the above-code buildings, more even distribution of 305 

lateral deformation, due to greater ductility capacity, also increases the percent contribution and 306 

magnitude of nonstructural losses. Fig. 4 compares how the percent contribution to total post-307 

earthquake economic cost from non-collapse and collapse seismic losses varies with ductility 308 

capacity. The more ductile building (e.g. SCWB = 2.5) has significantly lower collapse loss 309 

contributions than a below-code, less ductile building (e.g. SCWB = 0.6). The below-code building 310 

has lower total (collapse plus non-collapse) seismic economic losses at each hazard level, but much 311 

larger percent contribution from collapse. The selected 4-story buildings presented in Fig. 4 are 312 

representative of the general trends observed for these buildings. 313 

 314 
Fig. 4. Post-earthquake economic costs deaggregated by non-collapse and collapse costs at each hazard 315 
level for selected 4-story above-code (SCWB = 2.5) and below-code (SCWB = 0.6) ductility design space 316 
frames.  317 
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We also quantify the expected annualized losses (EAL) for each building. EAL is 318 

calculated based on each hazard level’s frequency of exceedance and estimated loss (either dollar 319 

or, below, CO2 equivalents) following the analytical EAL solution described by Baker and Cornell 320 

(2003). This calculation is presented in Equation 2, where the expected annualized seismic loss 321 

considers the magnitude of losses at each hazard level, as well as the likelihood of each hazard 322 

level occurring:  323 

𝐸𝐴𝐿 = ∑{𝐸[𝑆𝐿|𝐻𝐿 = 𝑥𝑖] ∗ ∆𝜆𝐻𝐿(𝑥𝑖)}                                                                       Equation 2 324 

In this case, E[SL|HL = xi] is the expected seismic loss computed for a given hazard level xi and 325 

∆𝜆𝐻𝐿(𝑥𝑖) is a vector representing the mean frequency of exceedance for each hazard level.  326 

Fig. 5 presents the expected annualized economic costs for selected 4 and 12-story 327 

buildings. Increasing lateral strength decreases EAL, regardless of building height. Conversely, 328 

enhancing ductility capacity does not necessarily imply lower seismic loss in low- to mid-rise (e.g. 329 

4-story) structures, because the distribution of lateral deformation throughout a greater number of 330 

building stories increases the magnitude of non-collapse (especially nonstructural) losses in the 331 

entire structure. The 12-story ductility designs, however, reverse the trend of their 4-story 332 

counterparts, demonstrating lower post-earthquake economic costs with increasing ductility 333 

capacity, due to more localized damage in taller buildings.   334 
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 335 
Fig. 5. Expected annual post-earthquake economic cost for 4-story strength design a) space frames, b) 336 
perimeter frames, c) 4-story ductility design space frames, and d) 12-story ductility design perimeter 337 
frames. Losses are annuities and expressed as percentage of total building replacement cost. (* denotes 338 
code-compliant designs). 339 

Embodied carbon associated with seismic losses 340 

Quantification of environmental impacts associated with seismic losses is a still-growing field of 341 

research. This study links seismic damage to the embodied carbon associated with manufacturing 342 

the materials required for potential post-earthquake building repairs. Previous work by the authors 343 

(Welsh-Huggins & Liel, 2016) details our approach for translating damaged component quantities 344 

into material volumes for specific repair actions at each hazard level. That study cataloged each 345 

nonstructural and structural repair action recommended in FEMA P-58 (ATC, 2012b) by material 346 

needs and quantities, following typical construction practices described in Ching (2014). Thus, 347 

through this approach, at each Monte Carlo realization in the loss analysis, damage states and 348 
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repair actions are identified for each component in the building, and then the embodied carbon 349 

impact from the required repair or replacement materials (e.g. structural steel, glass, etc.) is 350 

computed (Welsh-Huggins & Liel, 2016). For collapse case, calculation of embodied carbon loss 351 

accounts for the lower total replacement embodied carbon quantities (from smaller structural 352 

members) of below-code (weaker or less ductile) buildings. We assume that building repairs and 353 

replacement will use the same materials/components as in the original construction (i.e. no post-354 

hazard event upgrades). The result of these calculations for each building is a lognormal 355 

distribution of embodied carbon released by repair/replacement activities at each hazard level.  356 

Fig. 6 presents median post-earthquake embodied carbon at each hazard level for the 4-357 

story strength designs, showing the same general trend as the economic seismic losses. Normalized 358 

embodied carbon (median post-earthquake embodied carbon at each hazard level divided by total 359 

replacement embodied carbon) is also lower for perimeter frames than for space frames, and lower 360 

for taller buildings than for their 4-story equivalents. Although not shown, 4-story ductility design 361 

trends in embodied carbon as a function of hazard level differ than those observed for economic 362 

losses. The greater magnitude of nonstructural damage for more ductile buildings and lower 363 

replacement embodied carbon for less ductile buildings results in higher post-earthquake embodied 364 

carbon for above-code ductility designs.  365 

The trends in post-earthquake embodied carbon losses also highlight the influence of 366 

fundamental period on structural response and on associated nonstructural component response 367 

and damage, particularly for the structures designed to vary by lateral strength. The stronger, stiffer 368 

buildings, with lower fundamental periods, experience lower story drifts and higher peak floor 369 

accelerations than weaker designs. The response of stiffer buildings is associated with higher 370 

nonstructural losses, because the fragility functions of most nonstructural components are 371 
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acceleration-sensitive (as seen in Fig. 6a). The code-compliant space frame (R = 8) has a slightly 372 

higher collapse capacity than the weaker frames, but experiences higher floor accelerations. 373 

Therefore, at shaking intensities greater than 10% in 75 years (HL 6), non-collapse repairs for the 374 

code-compliant space frame produce more embodied carbon than below-code designs, due to a 375 

greater number of damaged nonstructural components that also require more carbon-intensive 376 

repair actions or total component replacement, with only somewhat reduced collapse losses. 377 

 378 
Fig. 6. Median post-earthquake embodied carbon for 4-story strength design a) space frames and b) 379 
perimeter frames at each hazard level. (* denotes code-compliant designs. 1 ton = 987 kg.) 380 

Fig. 7 shows that trends in annualized embodied carbon for all 4-story buildings generally 381 

follow the observations described above for hazard level loss, i.e. stronger buildings have lower 382 

annualized expected embodied carbon (63% lower than the code-compliant design in the case of 383 

the strongest space frame), while more ductile buildings mostly have higher expected annual 384 

embodied carbon (19% more than the code-level design for the most ductile design). Although not 385 

depicted in Fig. 7, the results for the 12-story strength design buildings (presented in Table 1) 386 

follow the same trend as their 4-story counterparts. By comparison, the 12-story ductility design 387 

results, as shown in Table 1, demonstrate enhancing ductility capacity in taller buildings offers 388 

only a limited advantage for reduced post-earthquake embodied carbon. The above-code 12-story 389 

ductility designs reduce annual post-earthquake embodied carbon only at SCWB ratios below 3.0; 390 

above this SCWB ratio, the higher nonstructural losses for this design result in a post-earthquake 391 
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embodied carbon impact greater than 3.5 times that of the code-compliant design.  392 

 393 
Fig. 7. Expected annual post-earthquake embodied carbon loss for 4-story space frames for a) strength 394 
designs and b) ductility designs. Losses are annuities and expressed as percentage of total building 395 
replacement embodied carbon values.  (* denotes code-compliant designs). 396 

Component-level contribution to seismic losses 397 

Changes in seismic design also affect which building components contribute the most to seismic 398 

losses at each hazard level. Here, seismic losses are deaggregated at each of the hazard levels with 399 

respect to the contributing component, or so-called “performance groups.” The cost of post-400 

collapse total building replacement is defined as its own performance group (“collapse”) to 401 

evaluate the impact of rebuilding the entire structure as compared to that of repair or replacement 402 

of specific damaged components.  403 

Fig. 8 shows component contributions to seismic loss for selected 4-story strength design 404 

space frames at each of the considered hazard levels. The left column illustrates post-earthquake 405 

economic costs (presented as median values at each hazard level in Fig. 3a) and, in the right 406 

column, embodied carbon (median values at each hazard level in Fig. 6a) as percentages of total 407 

seismic loss. The dominant building components contributing to seismic loss at each hazard level 408 

vary with the analysis metric of interest, due to differences in associated repair cost or CO2 409 

emissions consequences per damaged unit. In particular, depending on the damage state(s) entered 410 

at a hazard level, certain components (such as ceiling tiles, interior partitions, or HCAV ducts) 411 
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may require more CO2-intensive repairs than other components with higher economic costs (like 412 

beam-columns or exterior concrete cladding). At low to middle hazard levels, relatively expensive 413 

repairs to exterior concrete cladding dominate non-collapse economic costs for the above-code 4-414 

story building (HL 5 to HL 8 in Fig. 8a). However, for the same building and hazard levels, 415 

embodied carbon contributions are dominated by repair/replacement activities for ceiling tiles and 416 

interior partitions. The weakest 4-story building (Fig. 8b) has higher probabilities of collapse (and 417 

thus, of total building replacement) at higher levels of shaking, leading to larger contributions from 418 

structural repairs and total replacement to both economic cost and embodied carbon seismic losses. 419 

Trends are similar for the 12-story strength design set, with greater contribution from full building 420 

replacement for taller, below-code buildings than for their 4-story equivalents.  421 

Varying ductility capacity (not shown in Fig. 8) exhibits similar trends in component 422 

contribution to seismic losses. At higher hazard levels, however, nonstructural component 423 

contribution for the most ductile buildings is larger than for the most above-code strength design 424 

4 or 12-story buildings when either metric is considered. This trend occurs because enhanced 425 

ductility is associated with greater water conveyance pipe and HVAC duct damage, and repairs to 426 

these components require, for a given floor, significant quantities of steel and member replacement 427 

in large interconnected units. As discussed above, selection of a different intensity measure or suite 428 

of ground motions could change these results slightly, due to variations in structural and 429 

nonstructural member response, but are not expected to influence overall trends in results.  430 



22 

 

 431 
Fig. 8. Deaggregated component contributions to seismic losses in terms of economic costs and embodied 432 
carbon loss for 4-story strength design space frames: a) above-code (R = 4), and b) below-code (R = 12),  433 
at nine different ground shaking intensities.  434 

Total embodied carbon seismic losses 435 

Computation of the present value of future (i.e. uncertain) seismic losses considers present day 436 

implications of different seismic design decisions over time. Present value calculations are 437 

typically made using engineering economic equations wherein a discount rate is applied to future 438 

losses. Applying a discount factor accounts for the time value of money, where costs incurred in 439 

the future are valued less than if they occurred today (Cowing, et al. 2004); 3% is perhaps the most 440 

commonly recommended discount rate in engineering economic analyses (Pate-Cornell, 1984). 441 

However, climate change science questions the ethics of applying discount factors for total 442 

calculation of non-monetary metrics like carbon emissions. Consequently, many scholars 443 

recommend either no or a very low discount rate for environmental impact present value analysis 444 
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(Jacquet, et al. 2013; Schelling, 1995; Tol, 2011). We address this concern regarding present value 445 

discounting of environmental impacts by first computing present value (total) post-earthquake 446 

embodied carbon loss at four different discount rates from the annualized losses. The present value 447 

seismic loss is computed in terms of the CO2, not dollar, equivalents of embodied carbon to avoid 448 

discussion of appropriate economic valuation of future carbon emissions. A 50-year building 449 

service life is assumed for these calculations. 450 

  Fig. 9 shows how total post-earthquake loss decreases as discount rate increases, implying 451 

that higher discount rates decrease the value placed on future societal impacts from embodied 452 

carbon. In addition, for both design sets, increasing the discount rate has more effect on embodied 453 

carbon losses of a higher magnitude, i.e. generally associated with the weaker buildings, thus 454 

reducing the relative importance of those losses when compared to stronger buildings. However, 455 

for the reasons described above, the remainder of this study assumes a 0% discount rate (essentially 456 

the sum of embodied carbon annuities over 50 years), for computing total embodied carbon losses 457 

and also assumes a 3% discount rate when computing the economic losses.  458 

Fig. 9 compares the influence of base shear strength and ductility capacity on present value 459 

post-earthquake embodied carbon. As shown previously in Fig. 1, upfront embodied carbon 460 

increases with enhanced strength or ductility capacity. However, consistent with the seismic loss 461 

analysis, total post-earthquake embodied carbon decreases with enhanced lateral strength. For 462 

these 4-story space frames, upfront material production for the most above-code strength design 463 

releases 18 more tons (16,300 kg) of CO2 equivalents than upfront material production for the 464 

code-level design. However, at a 0% discount rate, post-earthquake repair/replacement activities 465 

for the same enhanced design releases 133 fewer tons of CO2 equivalents (120,660 kg) than the 466 

code-compliant design, indicating a net reduction when both upfront and total post-earthquake 467 
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CO2 are considered. This result supports an idea posited by the Portland Concrete Association that 468 

one tool for achieving “greener” buildings is to design for expected seismic forces 20% higher 469 

than required by current standards (PCA, 2012). Shown in Fig. 10, a 20% increase in strength leads 470 

to significant savings in avoided embodied carbon due to lower seismic losses, compared to the 471 

original code-compliant design. These analyses (also generalizable to the 12-story designs) 472 

demonstrate that increased upfront embodied carbon for enhanced lateral strength can be offset by 473 

significant reductions in future post-earthquake embodied carbon from lower seismic losses.  474 

However, enhanced ductility capacity can increase total post-earthquake embodied carbon 475 

Fig. 9b. Results for the ductility designs assessed in this study suggest that, depending on building 476 

height and desired ductility capacity, above-code designs can increase both upfront embodied 477 

carbon (from larger structural member sizes to achieve enhanced SCWB ratios) and total seismic 478 

loss embodied carbon (due to greater nonstructural damage). Even in cases where the post-479 

earthquake embodied carbon decreases with enhanced ductility, this reduction is not sufficient to 480 

counteract the additional upfront carbon produced from the above-code designs. 481 

 482 

Fig. 9. Total post-earthquake embodied carbon for 4-story space frames with respect to a) base shear 483 
strength for strength designs, and b) ductility capacity for ductility designs, showing the effect of discount 484 
rate on these calculations.  485 
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Influence of seismic hazard on embodied carbon seismic losses  486 

The relative influence of enhanced seismic design also will depend on the geographic 487 

region for which a building is designed, due to differences in seismic hazard. Fig. 10 compares the 488 

predicted present value of embodied carbon seismic losses, should the 4-story strength design 489 

space frames be constructed at sites with higher (Pasadena, CA) or lower (Reno, NV) seismic 490 

hazard than at the presumed location in Los Angeles (Petersen et al., 2008). The three locations 491 

have the same soil site class (D) and similar fault types.  492 

The results presented in Fig. 10 show that for any of the considered building designs, as 493 

expected, lower hazard levels decrease the total embodied carbon associated with seismic losses. 494 

It is important to note, however, that code-specifications for lateral strength would vary based on 495 

the expected seismic hazard of these different sites, as indicated in the figure by the symbols for 496 

expected “code-design” values of base shear strength in Reno and Pasadena. In Pasadena, 497 

enhancing lateral strength offers a major reduction in total post-earthquake embodied carbon 498 

compared with designing to-code. In Reno, there is smaller difference in post-earthquake 499 

embodied carbon from designing above-code or at the code-minimum. These results suggest that 500 

for sites with high seismic hazard, increasing a building’s design lateral strength can significantly 501 

reduce embodied carbon from seismic losses, but this effect will be less significant in areas of 502 

lower seismicity. 503 
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 504 

Fig. 10. Influence of ultimate base shear strength on total seismic embodied carbon loss for Los Angeles, 505 
CA study site, compared to sites of higher and lower seismic hazard. Expected results for a building with 506 
20% greater design strength in Los Angeles also shown. (1 kip = 4,448 N.; 1 ton = 987 kg.). 507 

Multi-objective analysis of economic and environmental metrics 508 

Multi-objective analysis (MOA) is implemented here to identify and quantify relative strengths 509 

and weaknesses of the chosen design variations, across multiple design variable and possible 510 

analysis outcome categories. MOA is not used in this study for design optimization, which is 511 

already the subject of a number of structural engineering life-cycle assessment and seismic design 512 

studies. Rather, in the form employed here, MOA allows us to represent and assess the complexity 513 

of real-world decision-making and the nuanced technical, social, economic, and environmental 514 

importance inherent to the specific units of measurement of each category (Kajikawa, 2008).  515 

Fig. 11 illustrates the MOA design objectives—upfront embodied carbon, base shear 516 

strength, and ductility capacity; and seismic analysis outcomes—collapse capacity, and total 517 

economic and embodied carbon seismic losses. Fig. 11a presents the MOA results for the 4-story 518 

strength designs, where the results of the code-compliant space frame are used as a baseline case 519 
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for comparison (shown as the black horizontal line). The figure demonstrates that the above-code 520 

(R = 4) strength design building has the most desirable attributes apart from upfront embodied 521 

carbon (for which it is slightly less desirable than the above-code, R = 5.3 design). However, the 522 

building’s higher upfront embodied carbon (73 tons, or approximately 66,000 kg., more CO2 523 

equivalents than the baseline design) is offset by significant savings in reduced seismic losses. 524 

Moreover, the structural design of this building achieves enhanced lateral strength without a major 525 

increase in upfront embodied carbon. These and other MOA results suggest that enhanced lateral 526 

strength can produce more resilient (higher collapse capacities and lower economic seismic loss) 527 

and greener (lower seismic loss embodied carbon) outcomes than a code-compliant design. 528 

Moreover, upfront increases in embodied carbon can be offset by avoided post-earthquake 529 

impacts, i.e. a net reduction in life-cycle embodied carbon, compared to the code-compliant design.  530 

Comparatively, Fig. 11b presents the MOA results with respect to the 4-story ductility 531 

design buildings, using the same code-compliant design as a baseline. The challenge of enhancing 532 

seismic design through increased ductility capacity is evident in the MOA results for the above-533 

code ductility design space frames (SCWB > 1.2). Although these buildings have higher ultimate 534 

base shear strength and improved ductility capacity compared to the baseline design, their complex 535 

collapse mechanisms and nonstructural component damage when subjected to large drifts result in 536 

much less desirable seismic loss outcomes. Overall, the MOA results shown in Fig. 11b 537 

demonstrate that enhancing ductility capacity upfront does not enhance life-cycle embodied carbon 538 

or economic costs associated with post-earthquake losses.  539 
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 540 
Fig. 11. Multi-objective analysis results comparing design and analysis outcomes for 4-story space frame 541 
a) strength design buildings and b) ductility design buildings. Results are presented with respect to a 542 
selected “baseline” design (code-compliant 4-story space frame), i.e. the value associated with the baseline 543 
design is subtracted from the value for the design of interest. Metrics are plotted on y-axis such that less 544 
desirable outcomes are at the top and more desirable are at the bottom. 545 
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Conclusions  546 

This study investigates the idea that designing “green” buildings to withstand higher earthquake 547 

and other extreme loads offers a potential tool to reduce environmental impacts associated with 548 

post-hazard repairs. To do so, seismic performance and life-cycle embodied carbon are quantified 549 

for 30 RC buildings varying by lateral strength, ductility capacity, frame type, and height using 550 

nonlinear dynamic simulation and probabilistic loss assessment.  551 

Changes in structural member sizes to vary design lateral strengths or ductility capacities 552 

influence upfront embodied carbon, which increases with enhanced lateral strength and, more so, 553 

with enhanced ductility capacity. Higher lateral strengths decrease economic seismic losses, but 554 

increase non-collapse, nonstructural loss contributions. Trends from enhanced ductility with 555 

respect to seismic losses are inconclusive; although improved ductility reduces the magnitude of 556 

collapse-induced costs relative to code-level designs, it also increases non-collapse, nonstructural 557 

losses.  These trends apply to both the 4-story and 12-story buildings examined here.  558 

This study quantifies the life-cycle (total) environmental impacts from seismic losses in 559 

terms of the embodied carbon associated with post-earthquake repair and replacement activities. 560 

The findings show that increasing lateral strength reduces total embodied carbon seismic losses. 561 

Trends in seismic losses for ductility designs are less clear because embodied carbon losses relate 562 

to the percentage and magnitude of contribution from non-collapse versus collapse losses; collapse 563 

losses tend to decrease with higher ductility capacity, but at the expense of larger non-collapse 564 

losses.  Improved ductility capacity is thus less successful at achieving more resilient or greener 565 

life-cycle outcomes. 566 

In conclusion, we find that increases in upfront embodied carbon required to achieve 567 

enhanced lateral strength can be offset by significant reduction in future post-earthquake losses, 568 

for a net savings in embodied carbon. Thus, this study demonstrates that enhancing lateral strength 569 
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is a possible design tool for achieving greener buildings. These benefits from enhanced strength 570 

will be more significant in regions of high seismicity. The decision to enhance lateral strength 571 

above code-mandatory levels to achieve “green” goals will depend on the desired life-cycle 572 

objectives of a designer, but offers a possible avenue for incorporating principles of hazard-573 

resistance into green building rating systems. For example, structures in regions with significant 574 

seismic, or other extreme load, hazard risks could be credited by demonstrating capacity increases 575 

above the code-minimum specifications. Future work on this topic could also expand the analysis 576 

presented herein to quantify total impacts (considering all life-cycle stages) of a building designed 577 

to achieve jointly performance-based goals for hazard-resistance and objectives for green building 578 

rating system standards. The overall findings of this study suggest a need in building design and 579 

analysis for holistic consideration of both economic and environmental impacts through life-cycle 580 

assessment of seismic losses. 581 
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