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Building design and performance are increasingly being scrutinized from 

perspectives of both sustainability and hazard-resistance. However, the 

approaches taken to consider these perspectives are disconnected; green building 

ratings systems do not consider hazard resistance in their assessments, while 

performance-based engineering methods have tended to neglect consideration of 

environmental impacts. This study presents a framework to assess a building’s 

life-cycle performance in terms of social, environmental, and economic impacts 

using probabilistic approaches, considering the possible occurrence of an 

earthquake or other extreme event. The framework is illustrated through a case 

study of an office building in Los Angeles, designed with and without different 

types of vegetated (green) roofs, and at risk from varying earthquake hazard 

scenarios. The case study results demonstrate tradeoffs between upfront building 

costs, material choices, hazard-resistance, and environmental impact.  

Keywords: building techniques, earthquake engineering, environment, life cycles, 

life cycle costs, seismic design, resilience, structural engineering, structural 

frameworks 

1. Introduction 

This paper conducts a life-cycle assessment evaluating impacts of green and hazard 

resistant design decisions for buildings within an integrated green resilience framework. 

Investigation of the synergies between green building design and hazard resistant 

building design is a developing field of research. The building sector accounts for over 

40% of primary energy consumption in the United States (DOE 2013). Activities in 
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each building life-cycle stage, i.e. material extraction, construction, operation, etc., 

release CO2, CO, NOx, SO2 emissions, volatile organic compounds, and particulates, 

which can harm human health and the natural environment. Green building rating 

systems such as LEED (USGBC 2015), Green Globes (Green Building Initiative 2014), 

and BREEAM (BRE Global 2015) have become popular tools to credit buildings where 

owners and operators have taken steps toward sustainable design and operations. At this 

time, programs like the Resilience-Based Earthquake Design Initiative and the U.S. 

Resiliency Council (USRC) are still-developing systems to rank building resilience and 

hazard performance (REDi 2013; USRC 2015). However, the development of resilience 

rating systems programs like REDi or the USRC demonstrates the increasing interest 

from both policymakers and communities to design buildings for beyond code-

minimum requirements, in order to achieve targeted performance goals for resilient 

post-hazard functionality (FEMA 2010). In addition, several pilot credits to incorporate 

resilience into LEED certification have recently been introduced, to encourage 

developers to consider disaster preparedness and resilience in community development 

and structural design, including the suggested incorporation of the REDi credits into 

their planning (USGBC 2015).  

Goals for green, sustainable design and hazard-resilient buildings cannot be seen 

as separate or competing objectives. Modern structural engineers must balance 

structural integrity and resilience with sustainability (Feese et al. 2014). Academic 

research is needed to understand how a greener 21st century building stock will perform 

in the context of being placed near or alongside hazards such as floodplains and fault 

lines (Menna 2013; Comber 2013). Probabilistic life-cycle performance assessment 
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methodologies can provide a means to account for potential occurrences of hazard 

events in the context of green/sustainable design, and vice versa. 

This article opens with the motivation for the proposed green-resilience 

framework. We illustrate the framework with a case study of a Los Angeles office 

building, designed with and without different vegetated or green roof systems, and at 

risk from varying earthquake hazard scenarios. The objective of this case study is to 

explore how inclusion of green roofs in structural design affects both building 

environmental impact and hazard. We close with a discussion of case study findings and 

future applications for the proposed holistic life-cycle framework for building design 

and assessment.  

In doing so, this paper expands on initial work by the authors, which presented 

our ideas for a holistic framework that combines green building design and hazard 

performance (Welsh-Huggins & Liel 2014a and 2014b). In the current study, we 

significantly improve the method employed for computation of environmental impact 

and add an assessment of the uncertainty and variability of the results. We also include 

a more comprehensive qualitative and quantitative discussion of the tradeoffs between 

building design alternatives.  

2. Points of departure 

Green building design strives to minimize resource use in building construction and 

operations and to provide healthier and more environmentally friendly living and 

working spaces, offering benefits such as reduced operating energy, lower water 

consumption, improved indoor environmental quality, and enhanced occupant 
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productivity (USGBC 2009). Rating systems like LEED are intended to evaluate the 

“greenness” of new and existing buildings (USGBC 2015). The green building initiative 

grew alongside ideas about sustainable development in the urban planning community. 

The concept of sustainable development stemmed from the broader sustainability 

movement, which recognizes the need to reduce present-day negative environmental 

impacts to sustain resources for future generations (Bokalders and Block 2010; Berke 

1995: Schwab and Brower 1999). 

Life-Cycle Analysis (LCA) can be used to systematically quantify economic and 

environmental impacts of a product or system over its lifespan (Hendrickson and 

Horvath 1998; Lawson et al. 2002; Sharrard et al. 2008). LCA can be used to 

demonstrate the benefits of different green building design features. Process-based 

environmental LCA describes the in-flow of material processes and out-flow of 

environmental impacts during a product’s lifespan. By comparison, input-output (IO) 

LCA defines life-cycle costing and environmental impacts based on U.S. Department of 

Commerce data for goods and services production and related energy and material 

consumption. For both approaches, a typical system boundary encompasses impacts 

associated with extraction of raw materials, product manufacturing, construction, 

operations/maintenance, repairs, and demolition/end-of-life.  

A seminal study by Junilla and Horvath (2003) quantifies life-cycle impacts of 

reinforced concrete office buildings. The study found that steel production dominates 

manufacturing impacts, given the high volume required for the structural reinforcement, 

external envelope, HVAC and water piping systems, and other internal non-structural 

components. Compared to the manufacturing phase, the impact of construction 
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activities was found to be relatively low. In the operations and use stage, lighting, 

heating, and cooling have the largest impact on electricity consumption. During 

maintenance, replacement of steel components and re-painting of building interiors 

contributed greatly to life-cycle heavy metal and summer smog impacts. Impact from 

the end-of-life and decommissioning of buildings depends largely on whether building 

components are recycled, reused, or disposed of in a landfill (Thormark 2007; Carbon 

Leadership Forum 2012).  

In parallel to environmental impacts studies, engineers have developed the 

concept of performance-based engineering (PBE) to formalize hazard-resistant design 

practices that aim to satisfy societal and owner’s performance objectives (Moehle and 

Deierlein 2004). PBE was originally envisioned as a method to quantify building 

seismic performance in terms of death, dollars, and downtime. Recently, engineering 

philosophy has moved toward a more holistic thinking, encompassing societal, 

structural, and economic concerns through resilient design, which seeks robust, 

redundant structures that incur low levels of hazard-induced damage and limited loss of 

post-disaster functionality (Bruneau 2003).  

The interplay between green design and hazard-resilience has the potential to 

change life-cycle environmental and post-disaster impacts, and to change how we assess 

these impacts. From one perspective, green building practices can impact how a 

building resists hazard events, a potentially negative influence (Gromala et al. 2010). At 

the same time, poor hazard performance of a building may contribute to greater 

environmental impacts and economic costs over the building lifespan. Yet, current 

established green building rating systems have not yet adopted considerations of 
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building hazard performance (LEED 2009; BREEAM 2015) into their rankings, and 

performance-based engineering methodologies have not been developed to fully 

account for environmental impacts.  

 This paper joins a small, but growing body of literature aiming to examine both 

building environmental impact and hazard performance through the addition of a 

“hazard event” stage in building life-cycle analysis. For example, researchers have 

proposed framework improvements to LCA that can account for life-cycle stages 

associated with hazard events (Padgett and Tapia 2013; Hossain and Gencturk 2014) 

and structural deterioration. Each of these frameworks produces a life-cycle impact 

score as final output, where the results from each life-cycle stage are normalized and 

summed either in terms of dollars or environmental impact indicators. In this vein, the 

ATC-86 initiative (Court et al. 2012) proposed the inclusion of environmental impacts 

from seismic hazard damage within the PBE paradigm.  

Nevertheless, a holistic framework that assesses the building life-cycle in terms 

of social, environmental, and economic impacts without default to a common, dollar-

based, denominator, and using probabilistic approaches is lacking. Thus, this study 

expands assessment of “green” buildings to include consideration of the environmental 

consequences of hazard resilience. The proposed framework combines environmental 

impact assessment for green building and hazard-performance design objectives, which 

have, up to this point, largely been quantified separately. 

3. Proposed framework for green-resilient building design and assessment 

Figure 1 presents a graphical representation of the so-called “green-resilience” 
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framework developed and applied in this study. The Conceptual Design stage involves 

development of an initial building, designed to meet building codes, hazard 

performance objectives, and green building rating system goals selected by the owner 

and/or building professional as appropriate for the function and location. The second 

stage involves three consecutive, interrelated analyses of the initial design: (1) 

Structural Analysis to predict building response to hazard events, (2) Loss Analysis to 

quantify potential economic losses and material quantities associated with hazard-

related repair needs, and (3) Environmental Analysis to evaluate the life-cycle impact of 

the design decisions, including environmental impacts from potential hazard events. 

The third stage of the framework, Integration of Analysis Results, combines the results 

from the analyses in terms of the multi-objective social, economic, and environmental 

losses and benefits to consider potential outcomes probabilistically. In the final stage, 

Implementation of Green-Resilient Building Design, decision makers evaluate the 

results to develop more holistic building designs. The case study presented here 

illustrates the framework and demonstrates how it can improve understanding of 

potential tradeoffs between designing for green building objectives, such as a green 

roof, and designing for hazard-resistance goals. 
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Figure 1. Framework for “green-resilient” building design  

4. Life-cycle assessment of buildings with green roofs in high seismic areas 

4.1.  Green roofs 

Engineering for green buildings encompasses a wide range of design choices, from 

decisions about structural features, to energy-saving equipment, to building orientation. 

Some of these design options may also impact building performance during hazard 

events. The construction of vegetated (green) roofs in high seismic areas offers both 

potential benefits and tradeoffs for building life-cycle impact. In dense urban 

environments, plants on these roofs can lower ambient building air temperatures, 

reducing heat island effect (Saiz et al. 2006). Green roofs also can help to manage 

stormwater, reducing runoff and slowing release time of precipitation. Other benefits 

include improved air quality, external noise control, and provision of wildlife habitat; 
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green roofs may also improve psychological health for building occupants (GSA 2011). 

Although U.S. adoption of green roofs lags behind Europe, the construction of buildings 

with green roofs is on the rise: Chicago leads the U.S. in terms of square footage of 

green roof coverage (Boeholt and Steuck 2010), while Seattle’s 2009 “Green Factor” 

legislation requires 30% vegetated roof cover for all new development in residential and 

commercial districts (Weiler and Scholz-Barth 2009).  

The basic structure of all green roofs is a plant or grass layer, supported by an 

engineered soil mixture. Protective, insulating, and structural materials placed beneath 

the soil include filter fabrics, foam insulation and root barriers, waterproofing 

membrane, and structural decking (NRCA 2007). In this study, green roof types are 

distinguished by their soil depth following classifications from GSA (2011) and other 

green roof professionals. “Shallow” green roofs, which are used predominately for 

stormwater management and to mitigate heat island effect, are covered by sedum or 

other succulent grasses and defined as those with a soil depth of less than six inches. 

“Deep” green roofs have eight to twenty-four inches of soil and provide the same 

benefits as shallow roofs, along with wildlife habitat and occupant access to green space 

(GSA 2011). For both types, granite pavers or light aggregate act as drainage perimeters 

around green roofs to store excess stormwater before its release into the ground and 

provide roof access (NRCA 2011). All green roofs require supplemental irrigation for 

the first three years after construction, but roofs with deeper growing media and larger 

plants may need permanent irrigation systems (Weiler and Scholz-Barth 2009), 

especially in arid places.  
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4.2.  Building designs 

The proposed framework is illustrated through a case study of four commercial 

buildings in Los Angeles, as shown in Figure 2. The basic design of this modern code-

designed four-story office building is adopted from Haselton et al. (2007; 2011). The 

special reinforced concrete space frame has a floor area of 120 ft. by 180 ft. with six 

frame lines resisting lateral loads in each direction. The story height at the first story is 

15 ft.; all others are 13 ft.; column spacing is 30 ft. The case study site in Los Angeles 

places the building in seismic design category D (ASCE 2010). This site has a design 

spectral acceleration for short periods (SDS) of 1.0g and a design spectral acceleration at 

1s (SD1) of 0.6g. 

4.2.1. Green roof design 

The Control building does not have a green roof. The other three buildings consider 

three different green roof cases. The roof system designs resulted from correspondence 

with practicing engineers and a literature review of common material, structural and 

environmental requirements for green roofs. The Shallow Green Roof building has a 

green roof with 4 inches of soil. The Deep Green Roof building uses 20 inches of soil, 

with around 1,500 ft2 of paved area for occupant roof access. The Shallow and Deep 

Green Roof buildings have larger member sizes and greater amounts of reinforcing steel 

(larger reinforcement ratios) than the Control building to account for the added weight 

and seismic mass. The fourth building is a “green retrofit” case, in which a Shallow 

Green Roof is placed on the building without modification, using the same structural 

system as the Control building.  
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Figure 2. 2D representation of the four study buildings, with plan view of the different 

green roof systems (diagram of green roof based on Sailor 2008) 

4.2.2. Structural design 

The soil, with a saturated density of 120 pcf, is the heaviest component of green roof 

systems. The weight of small plants is less than 10 psf, providing only a small 

contribution to the total superimposed dead load (Shook 2013). In the Shallow Green 

Roof building, the vegetated green roof system covers a roof area of 21,000 ft2. The 

drainage pavers add 1.3 psf along the roof perimeter and are supported by one inch of 

soil. Therefore, considering the entire roof area, the average weight of the shallow green 

roof system is 47.9 psf. The average roof dead load for the Deep Green Roof building is 

200 psf, due to the deeper soil. In addition to the calculated dead loads for each 

building, the International Building Code designates that “where roofs are to be 

landscaped, the uniform design live load in the landscaped area shall be 20 psf” (IBC 

2009). The Shallow Green Roof building is therefore designed for this recommended 20 
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psf of live load, because occupant access is expected to be sparse on these systems. By 

comparison, the Deep Green Roof live load increases to 100 psf across the entire roof 

area, because it is designed to support more frequent roof access by occupants.  

Seismic design utilizes the equivalent lateral force method (ASCE 2010). The 

special moment-resisting space frame system of these building has a response 

modification coefficient (R) of 8, indicating that stringent seismic capacity design and 

detailing requirements were met in accordance with ASCE 7-10. The Control building 

has a design base shear of 193 kips resisted by each frame. The heavier load for the 

green roofs increases the lateral load, producing a design base shear of 212 and 258 kips 

for the Shallow and Deep Green Roof buildings, respectively. The Retrofit Green Roof 

building is modeled with the same member sizes and ratios of reinforcement steel as the 

Control building, because we assume that the additional roof mass is not accounted for 

in the original design. For each building, the size of columns and beams was assumed to 

be the same at each story, although reinforcement ratios varied (smaller areas of steel 

were placed in the exterior column lines for the Control and Retrofit buildings, and the 

Shallow and Deep green roof buildings have larger areas of reinforcement at upper 

stories to support the heavier roof masses). Key design variables are summarized in 

Figure 3. The member sizes and reinforcement ratios were designed to ensure that 

overstrength and ductility were as similar as possible between the different buildings.  
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Figure 3. Column and beam designs for all four buildings (same size member 

dimensions at each floor for each building, but reinforcement ratios vary depending on 

position in the building). Concrete and steel material strengths are the same for all 

buildings  

4.3. Nonlinear modeling and analysis 

4.3.1. Ground motion selection and scaling 

The seismic response of each of the buildings is simulated using a multi-stripe dynamic 

analysis (MSA) procedure. In MSA, a structure is subjected to a set of ground motion 

records at each of several hazard levels, creating multiple observations of structural 
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response at each hazard level (Jalayer & Cornell 2007). For the purposes of this study, 

the MSA approach is considered superior to Incremental Dynamic Analysis because 

MSA permits the selection of ground motions that more appropriately represent the 

expected spectral shape at each hazard level (Baker 2014).  

This study employs the Conditional Mean Spectrum (CMS) method for selecting 

ground motion records. A CMS represents the expected response spectra shape, 

conditioned on occurrence of a target spectral acceleration value at a period of interest 

for a particular site, corresponding to the hazard level of interest (Baker 2011). Ground 

motion sets are selected to match (in terms of mean and standard deviation) the 

expected shape and amplitude of the CMS following a procedure defined by Lin et al. 

(2013).  For this study, nine levels of seismic hazard, ranging from 50% in 50 years to 

1% in 50 years were chosen (see Table 1). Since the CMS changes shape at each ground 

motion intensity level, we selected a suite of twenty ground motions at each hazard 

level of analysis. The ground motion sets differ between buildings due to the different 

fundamental periods of each building model. Relatively small scale factors (between 0.4 

and 1.9) were applied to ground motion records in this process.  
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Table 1. Hazard levels considered for Los Angeles site  

Hazard Level Sa(T1 = 1.00s) (g) Return Period (years) 

1 0.22 72 [50% in 50 years] 

2 0.40 224 

3 0.48 336 

4 0.55 475 

5 0.65 712 

6 0.74 975 

7 0.86 1462 

8 1.05 2475 

9 1.32 4975 [1% in 50 years] 

4.3.2. Nonlinear building models 

The OpenSEES seismic analysis program (PEER 2014) was used to conduct a nonlinear 

analysis of two-dimensional, three-bay models of each of the four buildings. Beam-

columns are modeled with elastic elements and concentrated hinge springs, i.e. a 

lumped plasticity approach. These hinges were assigned a material model developed by 

Ibarra et al. (2005), which is capable of capturing the effect of strain softening at large 

deformations associated with concrete spalling and rebar buckling. The hinge model can 

also capture cyclic deterioration. The properties of the hinge are calibrated to 

experimental results of more than 250 concrete columns, such that modeling of different 

components represents differences in design and detailing. For dynamic analysis, the 

buildings were assumed to have 5% damping, using Rayleigh damping in the first and 

third modes and assigned only to the models’ elastic elements. More details about the 

structural modeling approach are available in Haselton et al. (2011; 2008). 

 In the OpenSEES models, the green roof is considered only in terms of the 

added mass and its column, beam, and reinforcement sizes. Recent experimental studies 
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of green roof seismic performance suggest that water content in the soil layer may 

provide greater damping during seismic excitation (Carmody et al. 2009), but, to date, 

this effect is poorly quantified and we did not consider it here. 

Eigenvalue analysis was used to calculate the first-mode period of the building 

models, which varies between 1.24 s and 1.35 s. These values account for cracked 

section properties. Static pushover analysis results illustrate the as-modeled properties 

of the buildings in Figure 4, including ductility capacity and overstrength (defined as 

the ratio of peak strength from pushover to design base shear). Table 2 presents the 

overstrength ratio and fundamental period of each building. 

Table 2. Pushover results for case study buildings 

Buildings Overstrength Ratio Fundamental Period (sec.) 
Control 1.64 T1 = 1.24 
Shallow Green Roof 1.74 T1 = 1.31 
Deep Green Roof 1.85 T1 = 1.35 
Retrofit Green Roof  1.49 T1 = 1.33 

The Retrofit Green Roof building was not intended to carry the heavier load of 

the shallow green roof, which gives this building the lowest maximum base shear and 

overstrength values. The building follows a similar ductility trend to the Control 

building, however, and experiences a loss of strength at a roof drift ratio of about 5%. 

The designs for the Shallow and Deep Green Roof buildings aimed to achieve the same 

ductility and overstrength of the Control building as closely as possible. The Control 

model, and the Deep and Shallow Green Roof models show similar trends in ductility, 

although the Deep and Shallow Green Roof Models experience a slightly earlier loss of 

lateral load capacity at a roof drift ratio of around 4% due to the more significant p-delta 
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effects. Despite this, the Shallow and Deep Green Roof buildings exhibit greater 

overstrength due to the larger gravity loads dominating the design.  

 

Figure 4. Results of static pushover analysis for all buildings 

4.3.3. Dynamic analysis results 

Following the design and preliminary static analysis of the buildings, the framework 

moves into the Analysis stage, beginning with a dynamic Structural Analysis. The four 

nonlinear building models were analyzed under 20 different ground motion records at 

each of the nine levels of seismic intensity. The results of the analysis are compared at 

each intensity level in terms of interstory drift ratios (IDR), maximum floor 

accelerations, and collapse fragilities. As shown in Figure 5, all four buildings 

experience higher IDR and floor acceleration values at increasing levels of shaking 

intensity, with similar results (across all four buildings) at the lower levels of shaking. 

At the two highest levels of ground shaking, however, the IDR results were greatest for 

the Shallow and Retrofit Green Roof buildings, due to the extra mass at the top of the 
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building, which impacted the response in the nonlinear range. Similar trends were 

observed for the maximum floor accelerations: at all but the highest intensity levels, the 

three green roof buildings have maximum floor accelerations similar to those of the 

Control building. Although the Shallow Green Roof building has a stronger gravity and 

lateral system compared to the Retrofit building, at a shaking intensity of Sa(T1 = 1.00s) 

of 1.05g and 1.32 g, the Retrofit building actually showed slightly lower interstory drifts 

and floor accelerations than the Shallow Green roof, likely due to relative differences in 

mass and stiffness and the related nonlinear effects.  

 

Figure 5. Maximum interstory drift ratios as a function of ground motion intensity, for 

(a) Control building, (b) Shallow Green Roof building, (c) Deep Green Roof building, 

and (d) Retrofit Green Roof building (showing only non-collapse results in all cases) 
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Collapse fragility curves, which show collapse probability as a function of 

ground motion intensity are provided in Figure 6. The median collapse capacity of all 

four buildings is similar, ranging from 1.1g and 1.25g. However, the Retrofit model 

experienced the greatest instances of collapse, while the Deep building had the fewest 

instances of collapse. The difference in collapse risk between all four buildings is 

greatest at higher levels of excitation. At low levels of excitation, the Shallow Green 

Roof building has a lower collapse probability than the Retrofit Green Roof building, 

but this performance is reversed at higher levels of shaking, where the Shallow Green 

Roof building demonstrates a slightly higher probability of collapse. 

 

Figure 6. Collapse fragility curves for all four buildings 

Overall, the MSA results demonstrate the complexities of adding green roofs to 

buildings. The “up-sizing” of structural members to support heavier green roof mass 

appears to compensate for the larger mass of the green roof buildings. These buildings 
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could have been designed without larger member sizes, but this would not have satisfied 

building code requirements for lateral force resistance. Conversely, the Retrofit Green 

Roof building was not designed for the green roof. The performance of this building 

demonstrates a potential tradeoff in decreased collapse capacity if additional roof 

support is not provided for a green roof system placed after building service life has 

begun.  

4.4.  Loss analysis 

The next step in the analysis stage of the framework is Loss Analysis. Loss Analysis 

refers to the probabilistic analysis of building performance in terms of damage and 

repair costs. This analysis considers the different possible damage states for structural 

and non-structural components, taking dynamic structural analysis results as input. In 

loss estimation, damage analysis for each building component is based on empirically-

built fragility curves that express the probability that a component is in or exceeds a 

specified damage state as a function of the engineering demands on a building. 

Engineering demand parameters (EDPs) include peak interstory drift ratios and peak 

floor accelerations, depending on to which response quantity a component is most 

sensitive (Mitrani-Reiser et al. 2006). Each damage state for a specific type of 

component is associated with a specific repair action. The consequences of incurring 

this state are quantified in terms of repair costs and repair time (Beck et al. 2002).  

The basis for our Loss Analysis approach comes from advancements in seismic 

performance and probabilistic loss-estimation developed by the FEMA P-58 project 

(ACT 2012a). The FEMA P-58 software, Performance Assessment Calculation Tool 
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(PACT) provides a tool for incorporating building occupancy schedules, inventories of 

structural and nonstructural components, and results of structural dynamic analysis into 

predictions of seismic repairs and associated costs (ATC 2012b). PACT takes an 

assembly-based approach, wherein total building repair costs and repair times are sums 

of losses associated with different building components (Porter et al. 2001). Given our 

interest in forecasting building performance for a specific site and at specific hazard 

levels, we conducted an intensity-based assessment.  

4.4.1. Inputs to loss analysis 

Loss estimation requires data for structural and nonstructural quantities at each floor. 

The structural components considered here are: beam-columns, concrete roof, and 

concrete floor slabs. The non-structural components are: water piping and HVAC 

systems; gypsum wall partitions; raised access office flooring; suspended ceiling 

systems; and concrete roof tiles (for the Control building). The inventory of components 

within the building were calculated from typical quantities provided by PACT that 

depend on building occupancy type and gross building area. Previous studies suggest 

that repair costs after an earthquake are dominated by damage to the structural framing 

system, interior partition walls, and interior paint (Goulet et al. 2007), making it 

particularly important to estimate accurately the quantity of and possible damage to 

these components. 

At this time, the PACT fragility library does not contain damage information for 

any green building features, including green roofs. We created user-defined components 

for the Shallow and Deep Green Roofs based on the limited body of experimental data 
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pertaining to the seismic response of green roofs. Carmody et al. (2009) used a shaking 

table to test green roof scale models with and without plants under varying levels of 

excitation. This study quantified the peak roof acceleration that led to detrimental soil 

displacement, for different fundamental periods of hypothetical buildings. For the 

purposes of our study, the data for the Carmody et al. (2009) roof without the plants is 

assumed to represent the response of a Shallow Green Roof, while the Carmody et al. 

(2009) roof with plants represents the response of a Deep Green Roof. These data were 

used to create fragility functions following recommendations from Porter et al. (2007), 

and produced median detrimental roof accelerations of 0.59g and 0.78g and dispersions 

of 0.39 and 0.40 for the shallow and green roof systems, respectively, as shown in 

Figure 7.  

 

Figure 7. Fragility functions developed for Shallow and Deep Green Roof systems 

(based on data from Carmody et al. 2009) 
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The user-defined green roof fragility function in PACT was completed by 

defining repair costs for damage to green roof components, based on industry standard 

minimum and maximum repair costs per square foot. The fragility functions are based 

on economies of scale. Repairs for roof areas 100 ft2 or less were assumed to cost 

$12.50/ft2 for the Shallow Roof system and $19.90/ft2 for the Deep Roof system. 

Repairs for a roof areas greater than 600 ft2 were assumed to cost $10.30/ft2 for the 

Shallow Roof system and $16.20/ft2 for the Deep Roof system (Peck and Kuhn 2003; 

GSA 2011). The roof pavers around the green roof systems were represented in PACT 

by the existing component for unsecured clay roof tiles.  

The estimated replacement cost for the buildings is $12.5 million for the Control 

building, $12.75 million for the Shallow Green Roof building, and $12.9 million for the 

Deep Green Roof building. The replacement costs come from a study of the same four-

story Control building, which used RS Means to estimate the construction costs 

(Ramirez et al. 2012). It is assumed that total collapse of a building would require the 

total replacement cost, equal to the capital cost. 

4.4.2. Repair outcomes and bill of required materials 

PACT uses a Monte Carlo simulation procedure to estimate a lognormal distribution of 

possible repair outcomes at each of selected hazard levels. At each realization for each 

hazard level, PACT estimates the EDPs in the building from the structural analysis 

results, then simulates the damage states DS ∈ {1, 2, 3, ... , m} experienced by a 

component, based on its fragility functions. Damage states in PACT are sequential, 

meaning that each subsequent damage state cannot be reached until the previous one has 
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been exceeded. Some of the sequential damage states are also divided into mutually 

exclusive damage states, representing two or more distinct sub-states with different 

probabilities of occurrence, where only one state can exist at a time and each represents 

a distinct state of progressive damage. For example, 

𝑃(𝑀𝐸1,2) = 𝑃(𝑀𝐸1,2|𝑆2) ∗ 𝑃(𝑆2)              (Eqn. 1) 

quantifies the occurrence of the mutually exclusive damage state (𝑀𝐸𝑖,𝑘), which is a 

subset of sequential damage state of S ∈ {1, 2, ... , k}. Given a predicted damage state, 

PACT also reports the expected value of the repair cost for the component.  

The loss analysis methodology can be adapted to assess environmental 

consequences associated with earthquake damage. A challenge when conducting this 

integrated environmental Loss Analysis is that the repair estimates in PACT and other 

similar software (e.g. SP3) do not provide bills-of-materials for repair actions (ATC 

2012b). This study remedies this gap by calculating specific material quantities needed 

to conduct repairs, in order to assess the added environmental impacts from each 

possible repair scenario. 

To calculate the material quantities needed for repairs of the damaged 

components, the first step is to determine the number of units of each component type 

damaged in each realization. This information is not directly provided in the PACT 

output. In this study, calculation of the number of damaged units begins with Equation 

2, which states that, for each realization, j, the cost of repairing a given type of 

component, c, from PACT is equal to: 
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𝐶𝑐,𝑗 = 𝑇𝑈𝑐,𝑗 ∗ (𝑈𝐶𝑐,𝑖 ∗ 𝑃(𝑖) + 𝑈𝐶𝑐,𝑖+1 ∗ 𝑃(𝑖 + 1) + ⋯ 𝑈𝐶𝑐,𝑛 ∗ 𝑃(𝑚))         (Eqn 2.) 

where Cc,j is the expected total repair cost for component c. TUc,j is the total number of 

units damaged for component c, and m is the total number of damage states for this 

component. UCc,i is the unit cost for repairs at 𝐷𝑆𝑖, and 𝑃(𝑖) could be either 𝑃(𝑆𝑖) or 

𝑃(𝑀𝐸𝑖), depending on the damage states defined for component c. Equation 2 can be 

rearranged to calculate the total number of damaged units¸ TUc,j, for component type c, 

as well as the number of units within each damage state, based on the repair cost, 

probabilities of the different damage states, and mean unit costs.  

The median damage state for the Shallow Green Roof Buildings illustrates this 

process, shown in Figure 8a as a function of the hazard level. The first sequential 

curtain wall damage state (𝐷𝑆1) describes how the glass will crack at a median story 

drift ratio of 0.021. The second damage state (𝐷𝑆2) is more severe, involving glass 

falling from the curtain wall frame occurring at a median story drift ratio of 0.024. 

Following the trends of the structural analysis, the curtain walls move into more severe 

damage states with larger floor displacements. The Monte Carlo simulation enables 

probabilistic representation of the results, as in Figure 8b which shows box plots (25th, 

50th and 75th percentiles) of the number of damaged curtain walls as a function of the 

hazard level. As for most components, the lower hazard levels have larger coefficients 

of variation. Similar results are observed for all component types. 
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Figure 8. Damage to curtain wall units for Shallow Green Roof building over all 

realizations at each hazard level, showing (a) median damage state and (b) box plot of 

number of damaged units (25th, 50th and 75th percentiles)  

PACT also lists qualitative descriptions of repairs for each damage state of each 

component. We used these descriptions along with industry data sheets for non-

structural components and architectural drawings provided in Building Construction 

Illustrated (Ching 2014) to convert the qualitative repair actions into numerical material 

quantities. Table 3 shows example calculations as applied to exterior curtain walls. The 

PACT repair action description suggests that the damage for 𝐷𝑆1 of the curtain walls is 
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light enough to warrant only replacement of the glass, while 𝐷𝑆2 requires new glass, as 

well as plywood to cover the area during replacement (ATC 2012a). Therefore, repairs 

for a single 30 ft2 unit (the PACT normative unit for this component) of curtain wall 

were converted into material volumes of 2,610 in3 of glass (assuming double glazed 

window thickness of 0.5 inches, from standard industry specifications) for 𝐷𝑆1 and the 

same volume of glass plus a volume of plywood equal to 1,080 in3 (assuming a 

thickness of 0.25 inches) for 𝐷𝑆2. The total volume of required materials to repair the 

curtain walls at each hazard level for the Shallow Green Roof building is shown in 

Figure 9. The results show how damage at the lower hazard levels mainly involves 

repair of the glass, but damage at higher hazard levels also requires plywood, to cover 

damaged openings during more intensive repairs. Similar repair descriptions were 

translated into material quantities at each damage state for each component.  

Table 3. Example calculation of material quantities needed for repair actions for curtain 

wall units 

Damage State Description Repair Action Description 
Material Quantities Needed 

per Damaged 30 ft2 Unit 
DS 1: Glass cracking Replace glass Glass = 2,160 in3 

DS 2: Glass falls from frame 
Replace glass; cover exposure 

in meantime 
Glass = 2,160 in3 
Plywood = 1,080 in3 

Material quantities for repair came from combining repair costs and multi-state 

damage probabilities from PACT with the estimated repair action quantities. We then 

multiplied the estimated damaged unit quantities for each damage state in each 

realization by the material quantities required to repair damaged units of a given 

component. The total number of materials—such as concrete, rebar, and grout for the 
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beam-column components—for a single realization of one hazard level is the sum of 

materials for repair of a given component. 

 

Figure 9. Median repair curtain wall material quantities (including collapse cases) for 

Shallow Green Roof building 

The median repair costs presented in Table 4 are the sum of all component 

repair and replacements costs for each building at each hazard level. At the lower 

hazard levels, the damage is concentrated in the non-structural curtain walls and interior 

wall partitions, while the beams, columns, and floor slabs dominate the losses at higher 

hazard levels. The Retrofit Green Roof building has higher potential median losses than 

the other three buildings. Similarly, while the Shallow and Deep Green Roof building 

have fewer losses at less intense hazard losses, they incur greater potential losses than 

the Control building at hazard levels of 1.05g and 1.32g.  
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Table 4. Median repair costs for total building post-earthquake losses from Monte Carlo 

simulation of all potential component repair costs  

Hazard Levels Control 
Shallow Green 

Roof 
Deep Green 

Roof 
Retrofit Green 

Roof 
1 $ 702,00 $  680,000 $ 571,000 $ 901,000 
2 $ 1,984,00 $ 1,484,000 $ 1,434,000 $ 2,429,000 
3 $ 2,403,000 $ 2,402,000 $ 2,055,000 $ 3,434,000 
4 $ 2,724,000 $ 2,531,000 $ 2,669,000 $ 4,116,000 
5 $ 3,392,000 $ 3,533,000 $ 3,005,000 $ 4,775,000 
6 $ 4,108,000 $ 3,807,000 $ 3,842,000 $ 5,623,000 
7 $ 4,838,000 $ 4,535,000 $ 4,352,000 $ 6,818,000 
8 $ 5,596,000 $ 6,126,000 $ 6,387,000 $ 7,788,000 
9 $ 6,146,000 $ 7,163,000 $ 7,858,000 $ 9,105,000 

4.5. Environmental impact analysis 

4.5.1. Life-cycle boundary and scope 

Following Structural and Loss Analysis, the framework enters the final analysis stage, 

Environmental Analysis. Life-cycle analysis (LCA), in general, begins with definition 

of the functional unit for comparison, the system boundaries, and the impact 

methodology (ISO 2006). In our case, the functional units (Ciroth and Srocka, 2008) for 

comparison are the four buildings. This definition introduces a series of challenges due 

to the inherent complexity of buildings, compared with a simpler product such as a 

plastic cup (Vieira and Horvath 2008). Here, the functional unit of each building is 

broken into separate structural and non-structural components, providing the basis for 

the assessment of the total material quantities associated with manufacturing or repair of 

these components.  

The study takes a “cradle-to-gate” approach in which building performance is 

compared in terms of the impacts produced by the extraction and manufacturing of new 

products and the operating energy, but not routine maintenance activities or end-of-life 
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disposal. The system boundary was determined by identifying those life-cycle stages 

that differ between the buildings. In the Product Manufacturing Stage, the impacts of 

only structural members (beams, columns, and floor slabs) and roofing systems are 

considered, since the structural, but not the non-structural, design varies between the 

buildings. Previous studies (Junilla and Horvath 2003; Bilec 2010) have demonstrated 

that environmental impacts from a building’s Construction Stage, i.e. impacts associated 

with on-site erection of the building, are minimal compared with manufacturing and 

production of raw materials or annual operating energy of a building. As such, 

Construction impacts are not considered.  

The impact of the Transportation stage for initial construction and post-

earthquake repair activity depends on the distance of manufacturing plants to the 

building site, and the weight and volume of material being transported. The impact of 

transportation emissions also depends on the type of freight vehicles, because larger 

vehicles (Class 6) used to transport materials such as steel and concrete typically have 

more stringent emissions standards than smaller vehicles (Class 4), which would be 

used to transport materials such as the green roof soil (U.S. EIA 2012). Transport 

effects are not considered in the present analysis.  

The Operating Energy of the buildings is presented in order to quantify the 

differences between the green roof and non-green roof buildings in this context. The 

midlife addition of a green roof system on the fourth building requires creation of an 

additional life-cycle stage, entitled midlife Roof Retrofits, which accounts for only 

impacts from the manufacturing and production of materials for the new green roof 

system. In this stage, we assume that the shallow green roof was added five years after 
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initial construction, and that the computed impact from this stage comes only from 

manufacturing the additional materials needed to build the roof.  

The final stage included in the system boundary is Post-Hazard Repairs. Based 

on the Loss Analysis results, this stage considers the impact from the most heavily 

damaged building components: the structural members, wall partitions, exterior curtain 

walls, suspended ceiling tiles, and green roof systems. The raised access flooring, water 

piping systems, and HVAC system units are excluded, because the Loss Analysis 

suggested that most damage for these components could be repaired by manual labor 

(i.e. no material inputs required). Discussion of End-of-Life building disposal is out of 

the scope of the current study, because we chose to focus on in-service building 

performance, not differences between material disposal options and impacts.   

4.5.2. Environmental impact assessment methods 

The environmental impact of a functional unit and its sub-components comes from 

analysis of life-cycle inventory (LCI) data. Process-based LCI describes the main flows 

of energy and materials in and out (e.g., emissions) of the functional unit (EPA 2008). 

Multiple databases estimate energy/material flows, as well as their associated emissions 

to land, water, and soil (Cook 2014). Here, inventory data was gathered using 

Ecoinvent, because it is a well-established and comprehensive source, with over 10,000 

different processes for analysis (Goedkoop et al. 2013). Ecoinvent is a database that 

provides life-cycle inventories for all economic activities at a unit process level 

(Ecoinvent Centre 2013).  
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We allocated the impact of the inventory processes using the EPA’s Tool for the 

Reduction and Assessment of Chemical and other Environmental Impacts (TRACI). The 

TRACI methodology transforms a selected process activity into potential impacts 

associated with raw material production, as well as associated chemical releases (EPA 

2008). While the LCI presents the raw emissions of each process, the TRACI 

methodology is needed to quantify how these emissions combine together into 

environmental impacts, such as Fossil Fuel Depletion or Eutrophication, which are more 

typically presented as LCA results. 

We used the process-based life-cycle software SimaPro (Goedkoop et al. 2013) 

to organize environmental impact calculations for all building materials. Product 

Manufacturing impacts were determined based on unit impacts for the amount of 

concrete, reinforcing steel, and roof materials needed for the initial production of 

building components. In the Post-Hazard Repairs phase, calculations began with 

collection of the material quantities for earthquake-related repairs; here we use these 

material quantities as inputs for the environmental impact analysis. Table 5 shows an 

example of manufacturing environmental impacts, for 1 ft3 each of curtain wall glazing 

and plywood in the Post-Hazard Repair stage. The table presents results for all ten 

different SimaPro environmental impact categories. The remainder of this study focuses 

on only the impact from carbon dioxide (CO2) equivalents at the life-cycle stages of 

interest. Carbon dioxide equivalents compare emissions from different greenhouse 

gases with respect to their contribution to climate change. Embodied carbon is 

considered here as the total amount of greenhouse gas emissions, converted to CO2 

equivalents, required to produce a given material or building product (EPA 2015).We 
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refer throughout this study to the embodied carbon from manufacturing products or the 

CO2 emissions from operating energy consumption and demand as Climate Change 

Potential (CCP), considered in terms of tons of CO2 equivalents. 

For each realization of each hazard level, we multiplied the unit environmental 

impacts by the respective material quantities needed to conduct repairs. The final output 

for each building was a lognormal distribution of the environmental impacts over the 

1,000 realizations of each hazard level. For realizations causing building collapse, it is 

assumed that all of the components need to be replaced, which therefore considers the 

environmental impact from restoring the building to full functionality for the remainder 

of its service life. 

Table 5. Allocation unit environmental impacts for curtain wall repair materials 

Impact Units Glazing (per 1 ft3) Plywood (per 1 ft3) 
Ozone Depletion ton CFC-11 eq. 1.57E-10 2.71E-09 
Carbon  Dioxide Emissions ton CO2 eq. 1.14E-03 1.98E-02 
Smog ton O3 eq. 1.03E-04 2.01E-03 
Acidification ton SO2 eq. 9.89E-06 1.64E-04 
Eutrophication ton N eq. 2.81E-06 1.04E-04 
Carcinogenics CTUh 1.66E-10 9.21E-10 
Non-Carcinogenics CTUh 2.64E-10 1.20E-08 
Fine Particle Emissions ton PM2.5 eq. 9.36E-07 4.31E-05 
Ecotoxicity CTUe 1.12E-02 0.197 
Fossil Fuel Depletion kWh surplus 13.42 310.77 

4.5.3. Energy use assumptions 

The energy portfolio impacts from electricity and natural gas production for building 

operation and the expected annual operating energy at our site are determined from 

assumptions drawn from survey data compiled by the California Energy Commission 

(CEC). In Los Angeles, the typical energy supply mix is: 33% from coal; 21% from 
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natural gas; 13% from wind power; 10% from nuclear power; 5% from biomass and 

natural waste; 6% from hydroelectric plants; and 12% from other energy sources (CEC 

2006).  

Controlling for state-wide differences in climate, the CEC survey suggests that a 

typical mid-sized commercial building consumes annually 17.72 kWh/ft2 in electrical 

energy and 21.80 kBtu/ft2 in natural gas (CEC 2006). From these data, we assume that 

the Control building would consume 1.53 million kWh/year and 1.88 million kBtu/year. 

The potential operating energy reduction from the green roof buildings is based on the 

LEEDv4 New Building + Construction Prerequisite for Minimum Energy Performance 

(USGBC 2015). One suggested path in LEED to meet this goal is to follow ASHRAE 

design guides for advanced energy savings (ASHRAE 2011). The Shallow Green Roof 

building was assumed to meet ASHRAE 30% energy reduction standards for mid-sized 

commercial buildings, consuming 1 million kWh/year and 1.23 million kBtu/year. The 

Deep Green Roof building, representing design changes for 50% annual energy savings, 

is assumed to use 765,000 kWh/year and 941,700 kBtu/year, goals that would be 

reasonable to achieve with the chosen green roof systems. We chose not to account for 

future changes in energy efficiency or green building technologies. 

4.5.4. Environmental impact results 

We look first at the LCA results at a building component level for the damaged curtain 

walls. Figure 10 illustrates how the impacts of earthquake damage influence the Climate 

Change Potential, or CCP, (in terms of CO2 equivalents) for curtain walls in the 

Shallow Green Roof building. The results show, at all hazard levels, that the impacts of 
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the glass replacement in the curtain wall dominate the overall component environmental 

impact. At higher hazard levels, where the second, more extensive, damage state is 

more likely to occur, the use of plywood in repair activities begins to make a much 

greater contribution to the CO2 emissions compared with lower hazard levels.  

To study the uncertainty of the results, we also computed the median, 25th 

percentile, 75th percentile, and coefficient of variation (COV) for the total number of 

units damaged and the total environmental impact of each component. For all 

components, we saw relatively small COV values, almost all less than 1, at lower 

hazard levels. However, in some cases, at higher hazard levels, the CO2 emissions COV 

value for the curtain walls was larger than 2, indicating large uncertainties in the 

projected results. In this study, the computation of uncertainty considered variability 

only in the damaged components and material quantities, not in sources of uncertainty 

from the emissions data, so the true uncertainties are likely substantially higher. 
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Figure 10. Tons of CO2 emissions or equivalent (also referred to as “Climate Change 

Potential”) associated with post-earthquake repairs of curtain walls in the Shallow 

Green Roof building (a) deaggregated by material requirement and (b) showing 

uncertainty in the prediction 

We compare now the combined life-cycle environmental impacts for all four 

buildings. Figures 11a, b and c present the CO2 emissions for each building, in terms of 

the life-cycle phases of greatest interest: Product Manufacturing, Operating Energy and 

Post-Hazard Repairs. (The results of the Roof Retrofit stage are not shown because its 

impact is minimal compared to the other stages, and occurs only for the Retrofit Green 

Roof building). We can draw relative comparisons between each of the three life-cycle 
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stages presented. For all four buildings, the life-cycle impacts are dominated by the 

Operating Energy, because the results are shown over the total 50 year lifespan (without 

any discounting). Of all the buildings, the Shallow and Deep Green Roof buildings have 

the highest manufacturing impact for raw materials, due to the larger volumes of 

concrete and reinforcing steel for the initial construction of the beams, columns, and 

floor slabs required to support the extra green roof loads under gravity and seismic load 

cases. Therefore, a decision-making tradeoff appears with respect to the upfront 

environmental impact of the green roof building and the significantly lower annual 

operating energy impacts.  

 

Figure 11. Climate Change Potential (CO2 eq.) from life-cycle stage of: (a) Product 

Manufacturing, (b) Operating Energy and (c) Post-Hazard Repair (mean log values 

from lognormal distribution) for all four buildings after each of the nine earthquake 

scenarios 
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The impacts of Post-Hazard Repairs assume that only one earthquake occurs 

sometime during the building’s service life, after addition of the Retrofit Green Roof. 

(The results below are presented in lognormal space, due to the challenge of comparing 

the scale of the impacts between the lower intensity shaking and higher intensity 

shaking levels.) At all hazard levels, the median impacts are largest for the Retrofit 

building impacts. If an earthquake were to occur with intensity ranging Sa(T1 = 1.00s) = 

0.20g-0.86g, the Control building is likely to have the next largest possible CO2 

emissions. However, at the highest level of shaking the nonlinear effects and weak 

performance of the green roof models result in much higher environmental impact from 

Post-Hazard Repairs. For example, at a hazard level of 0.74g, both the Shallow and 

Deep Green Roof buildings have almost 20% lower CO2 repair emissions than they do 

at the highest level of shaking. The values presented in Figure 11c are the median 

values, but we note that the uncertainty and variability in the results increase with 

greater level of shaking. However, similar trends between buildings are observed in the 

other percentiles.  

At low levels of ground shaking, the results suggest positive tradeoffs between 

the upfront material choices for the green roof buildings: these buildings provide both 

lower annual operating energy demand, costs, and emissions, and fewer post-earthquake 

losses and environmental impacts. Although the Control and Retrofit Green Roof 

buildings have lower upfront material production impacts, they trade this low upfront 

impact for greater operating energy impacts and higher earthquake losses. The Retrofit 

Green Roof building in particular demonstrates a decision-making dilemma, in that the 

building can achieve a mid-life reduction in operating energy with the addition of the 
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green roof, but the building would perform relatively poorly during any significant 

earthquake event. Design decisions must weigh the costly investments in green design 

practices, which may not benefit hazard performance in high consequence, low 

probability events, but may provide smaller annual operating benefits over the total 

lifespan of a building.  

We demonstrate these tradeoffs through an environmental impact exceedance 

curve, putting the results in terms of a fragility function for CCP (CO2 eq.) at varying 

hazard levels. Figure 12 presents the CCP fragility function for the probability that post-

earthquake repair actions for four buildings exceed 100 tons of CO2 equivalents based 

on the analysis conducted here (without fitting to a probability distribution).  

 

Figure 12. Environmental impact exceedance curve (CO2 emissions fragility function) 

for exceedance of 100 tons of CO2 during post-earthquake repairs 
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5. Limitations 

We note here several limitations of the current study. First, there exists a 

significant challenge in comparing environmental and economic impacts at different 

points in time. Discounting could have been used to place all impacts in the same 

temporal boundary, but this introduces an ethical debate with respect to selection of 

appropriate discounting factors (Vieria and Horvath 2008). Due to the social and ethical 

complexities of discounting environmental impacts, we chose to exclude discounting for 

all results and instead deaggregated the impacts in the different stages.  

Second, the environmental impact from temporary and permanent irrigation of 

the green roof systems, as well as changes in stormwater management, was excluded 

from the scope. Inclusion of this component in the analysis would better quantify the 

benefits of the green building for comparison with the other buildings. Third, additional 

experimental studies are needed to better represent the response of green roof systems 

under seismic excitation. More broadly, as many communities seek to “build green” 

while facing a simultaneous risk of major hazard events, greater experimental testing 

and computational modeling is needed to study the behavior of green building features 

under extreme hazard events.  

Finally, the specific building-to-building findings presented in this paper may 

not necessarily be generalized across all building configurations and uses. However, the 

results provide valuable relative metrics of performance for evaluating the tradeoffs 

associated with green roof buildings in high seismic areas. Refinements in the 

procedures may alter some of the specific quantitative values, but not the relative 

positions of the comparison between buildings. In addition, the case study serves to 
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illustrate the green-resilience framework, providing a novel tool that can be employed 

for various building types, locations, and types of hazards.  

6. Concluding remarks 

This paper presents a new framework for the joint assessment of building environmental 

impact and hazard performance, in the context of green building design choices and 

earthquake hazard risk. The framework is illustrated through an examination of the 

seismic performance of office buildings with green roofs with different characteristics, 

examined through nonlinear dynamic analysis and assembly-based loss analysis and 

environmental impact assessment.  

The third stage of the proposed green-resilience framework, before final 

implementation of the design, is Integration of Analysis Results. The findings of this 

study demonstrate key tradeoffs between design choices for green building objectives 

and performance goals for post-hazard functionality, which are summarized in Table 6 

and Figure 13. The results of each building’s performance in six different arenas, 

Collapse Capacity, Construction Cost, Post-Hazard Cost, Construction CCP, Post-

Hazard CCP, and Operating Energy CCP, are normalized against the values for the 

Control building.  The results presented here are for an earthquake with shaking of 

Sa(T1 = 1.0 s) = 0.86 g, but similar plots can be made for each hazard level.  

The results from these buildings illustrate the challenging tradeoffs presented for 

building design decision-makers, as each building offers varying economic, 

environmental, and hazard performance strengths and weaknesses. Although the 

Control building performs moderately well under low probability, high intensity 
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earthquake events, in terms of post-earthquake economic losses and environmental 

impact from repair activities, these strengths are counterbalanced by the building’s 

relatively worse performance under high probability, low intensity earthquake events 

and its large annual operating energy consumption. Conversely, all three of the green 

roof buildings offer significant environmental benefits during the life-cycle of a 

building, provided an earthquake does not occur. This is a scenario under which green 

buildings, and especially those with green roof systems are normally considered. The 

results of our case study, however, suggest that significant environmental impact may 

result from repair actions due to low probability, high intensity earthquakes, making the 

green roof buildings, in effect, less “green” than their Control counterpart when 

considering post-hazard repairs. In addition, the green roof buildings come with 

additional material expenditures due to the larger beam and column sizes required to 

support the more massive roofs under gravity and seismic loads.  
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Table 6. Strengths and weaknesses identified during life-cycle assessment of building 

design tradeoffs for environmental impact and hazard performance 

Building Strengths Weaknesses 

Control 

-Lower up-front environmental 

impact from structural design 

than Shallow and Deep green roof 

buildings 
-Lower collapse risk in rare 

earthquake events than Green 

Roof buildings 

-Worse performance under 

frequent earthquake events than 

Shallow and Deep green roof 

buildings 

Shallow Green Roof 

-Lower annual operating energy 

than control building 
-Stormwater management/heat 

island mitigation 
-Lower environmental impact at 

high frequency earthquake events 

than Control and Retrofit 

buildings  

-Larger upfront environmental 

impact from structural materials 

than Control building 
-Worse performance in rare 

earthquake events (potential for 

significant economic losses and 

environmental impact) than 

Control 

Deep Green Roof 

-Lowest annual operating energy 

than Control building 
-Added occupant comfort from 

access to green roof 
-Lower environmental impact at 

high frequency earthquake events 

than Control and Retrofit 

buildings 

-Worse performance in rare 

earthquakes (potential for 

significant economic losses and 

environmental impact) than 

Control 

Retrofit Green Roof 

-Lower up-front environmental 

impact than Shallow and Deep 

Green roof buildings  
-Mid-life reduction in operating 

energy 

-Larger potential economic and 

material losses and environmental 

impact at all levels of earthquake 

hazard than Control 
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Figure 13. Radar plot showing tradeoffs in building performance (where repairs are 

considered after an earthquake of Sa(T1 = 1.00 s) = 0.86 g) and environmental impact is 

considered in terms of Climate Change Potential (referred to as CCP and in terms of 

CO2 equivalents) 

The framework presented in this paper advances the science of building design 

and assessment, through an integrated, multi-criteria life-cycle assessment procedure for 

buildings that includes green building design decision-making. The 21st century 

building stock faces the challenge and opportunity of a growing number of green 

buildings, coupled with greater vulnerability to extreme earthquake events from 

expanding populations and dense urban environments. In order to support development 

objectives for both sustainability and resilience, the proposed framework encourages 

decision-makers to assess the environmental impacts and hazard-resistance of their 

buildings in tandem, rather than as isolated considerations. Future work will explore 

other design decisions that contribute to the tradeoffs associated with green-resilient 

building design.   
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