
1 INRODUCTION  

1.1 Motivation 

The earthquake engineer designs for life-safety. The 

architectural engineer and the architect design for energy 

efficiency and aesthetics and social value. Each 

contributes to the life-cycle performance of a building. 

Performance-based earthquake engineering aims to reduce 

the dollars, deaths, and downtime associated with a hazard 

event (ATC 2012a). Green design, meanwhile, strives to 

minimize use of natural resources and provide economic 

gains associated with reduced operating energy or greater 

occupant productivity (USGBC 2009).  In essence, 

hazard-resistant design and green building design seek to 

optimize building performance for different criteria and 

are rarely considered together in building design. 

Although building rating systems (such as LEED) evaluate 

the greenness of new and existing construction, these 

ratings do not measure building hazard performance, 

which can substantially impact building sustainability. At 

the same time, “green building practices […] have the 

potential to compromise a building’s resistance to natural 

hazard events” (ATC 2010).  

The goal of this study is to develop a framework for the 

life-cycle assessment of building design that can be used 

to evaluate and lower environmental impact, while 

improving hazard resistance. This life-cycle assessment 

framework is intended to encourage a more 

interdisciplinary design process. This tool will permit a 

holistic approach to decisions about building design 

alternatives, retrofit and/or insurance, and may aid 

improvements to current building codes and green rating 

systems. Some recent studies, such as the ATC-86 

initiative (ATC 2012b), have considered how the 

environmental impacts of seismic hazard damage may be 

included within the performance-based earthquake 

engineering paradigm. This study, however, investigates 

the environmental impact of seismic hazard damage and 

the structural vulnerability from green building features in 

hazard events.  
The framework is illustrated through case studies in 

Los Angeles—designed with and without a green roof—

and subjected to seismic hazard. Future framework 

applications will provide a comprehensive analysis of the 

environmental and hazard performance impacts of designs 

that are both green and hazard-resistant.  

1.2 Context for green building and performance-based 

hazard-resistant design 

 

This study aims to unite the concepts of green building and 

hazard resilience within a framework for reduced life-

cycle environmental and hazard impacts. “Green” building 

techniques attempt to mitigate threats to human health and 

degradation of the natural environment associated with the 

construction and use of buildings. This can occur through 

more efficient use of water, energy and material resources, 

(Bokalders and Block, 2010). Here, “green” building 

refers to any structure or technology seeking to reduce 

impact on the environment or human health through less-
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resource intensive use of water, energy, and other 

materials.  

Green or vegetative roofs are a relatively common 

green building feature. In urban environments, these roofs 

provide oases of green space that can improve the health 

and productivity of building occupants. Green roofs can 

lead to small reductions in building operational energy; 

they offer larger benefits in lowering ambient air 

temperatures around a building, counteracting urban heat 

island effects. Green roofs are also effective stormwater 

management tools, reducing runoff and slowing release of 

precipitation onto impervious surfaces (GSA 2011).  

The conventional definition of a hazard-resistant 

structure is one with the strength, stiffness, and inelastic 

deformation capacity to withstand a given level of extreme 

loading (MCEER 2010). For this study, a hazard-resistant 

design satisfies pre-design objectives for performance in 

design-life hazard events. These design objectives relate to 

different levels of post-disaster functionality (Goulet et al. 

2007) and involve objectives related to minimizing loss of 

life, damage to built and natural environments, 

socioeconomic impacts from post-event disruptions, and 

downtime relative to conventional construction. In recent 

years, the engineering community has moved beyond 

hazard resistance, to the idea of resilient communities and 

buildings. Here, hazard-resilient design signifies a robust, 

redundant structure that adapts creatively to hazard-

induced damages and losses, with limited loss of post-

disaster functionality (Bruneau et al. 2003).  

2 BUILDING DESIGN 

2.1 Building overview 

The proposed framework is illustrated through a series of 

case studies considering a commercial building in Los 

Angeles. The basic design of this four-story office 

building comes from a previous study by Haselton et al. 

(2007) of a reinforced concrete space frame structural 

system. The building floor plan is 120’ by 180’ with bays 

30’ x 30’. The story height at the first story is 15’; all 

others are 13’. The case study site in the south of Los 

Angeles (33.996N, 118.162W) places the building in 

seismic design category D (ASCE 7-10). The site has a 

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

and a design spectral acceleration at 1s (SD1) of 0.6g. 

2.2 Green roof design 

The building is designed and evaluated with and without a 

green roof. This roof is intended for stormwater 

management, but not human occupancy. The green roof 

system considered has a shallow growing medium overtop 

of the roof system. As shown in Figure 1, light grasses 

(“sedum”) cover the top of the green roof, with four inches 

of growing medium underneath. Below the soil are layers 

of filter fabric; moisture-retention layer; aeration layer; 

foam insulation; drainage layer; root barrier; 

waterproofing membrane; and structural deck (NRCA, 

2007). The roof is set on a 1/8” per one foot slope, with 

the highest point in the middle of each roof to encourage 

water drainage into the one-foot perimeter of aggregate. 
Due to the high density of soil (normally 120 pcf), the 

growing medium is the heaviest roof component. The total 

weight of the vegetation, including the soil and sedum 

layer, is 1,000 kips over a roof area of 21,000 ft2. The 

drainage pavers provide an additional weight of 25 psf 

along the roof perimeter, supported by 1” of growing 

medium. The total green roof system weighs 95.4 psf. In 

addition to the calculated dead loads, 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). 

2.3 Structural design 

The preliminary design dead load (unfactored) for the 

control building is 173 psf. The green roof has a dead load 

of 200 psf on all floors and 295 psf on the roof. As 

designed, the two buildings support a live load on each 

floor of 50 psf and the green roof includes a roof live load 

of 20 psf. Seismic design requires calculation of an 

equivalent lateral force, using the expected building 

weight to determine the lateral force experienced during 

an earthquake. Based on early structural design iteration, 

the control model had a, total weight of 929.5 kips and a 

design base shear of 85.9 kips. The heavier load for the 

green roof increased the lateral load distribution, such that 

the model had a total weight 1,195.5 kips and design base 

shear is 110.5 kips.  

The special moment-resisting space frame system of 

these building has a response modification coefficient (R) 

of 8, indicating that stringent capacity design and detailing 

requirements were met in accordance with ASCE 7-10. 

The structural members were designed based on the 

capacity needed to support the demand of the preliminary 

estimation of static loads, the equivalent lateral seismic 

force, and the seismic design and detailing requirements. 

For this illustration, the size of columns and beams was 

assumed to be the same at each story. The control building 

had an 8”-thick floor slab, columns 22” x 22”, and beams 

of 22” x 24”. By comparison, the increased dead load and 

additional roof load for the green roof required larger 

member sizes. This second building had a 10” slab at every 

floor, columns of 28” x 32”, and beams of 24” x 28”. 

 

Figure 1. Green roof design: a) Sedum, b) Growing medium, 
c) Drainage pavers (only present around roof perimeter), d) 
Geotextile, e) Waterproofing/insulation layer, f) Top of 
structural slab 



Revision to the structural design of the two buildings will 

continue as the study progresses.  

3 STRUCTURAL ANALYSIS 

3.1 Seismic hazard and ground motion 

selection 

This analysis investigates the structural response and 

environmental impact of the building at the assumed site 

location. The USGS Hazard Deaggregation tool (2008) is 

employed to quantify the site’s seismic hazard and to 

determine which faults contribute the most to this hazard. 

Quantification of the seismic hazard is required to select 

ground motions for a nonlinear dynamic analysis. 

Many researchers select ground motions to match 

Uniform Hazard Spectra (UHS) at a site of interest (USGS 

2008). UHS, however, does not represent the spectral 

shape of ground motions that will actually occur (Baker 

2011), as such, ground motions selected with this approach 

are not suitable for highly nonlinear structural analyses. 

This study selects a suite of ground motions using the 

Conditional Mean Spectrum (CMS) method. The CMS 

represents the expected shape of the ground motion 

response spectra at a particular site. This response spectra 

is conditioned on the intensity of the seismic hazard level 

of interest and the building period and accounts for the site 

seismic hazard deaggregation (Baker 2010). Nine levels of 

seismic hazard, ranging from 50% in 50 years to 1% in 50 

years were selected for use in analysis. These hazard levels 

were deaggregated at a period of T = 1 sec. and twenty 

different ground motions are used to represent the CMS at 

each hazard level. Since the CMS changes shape with 

ground motion intensity level, different ground motions 

are selected at each hazard level. Forthcoming work will 

select two ground motion sets conditioned for fundamental 

periods of T = 1.0 sec and T = 0.5 sec to better capture the 

respective responses of the two building designs in the 

structural analysis.  

3.2 Nonlinear building models 

The OpenSEES structural seismic analysis program 

(PEER 2014) was used to conduct a nonlinear analysis of 

a two-dimensional, three-bay model for both versions of 

the building design. Beam-column elements are modeled 

with elastic elements and concentrated hinge springs 

(known as the 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 for more than 250 

concrete columns, such that modeling of different 

components represents differences in design and detailing. 

More detail about the structural modeling approach is 

available in Haselton et al. (2011).  

Eigenvalue analysis was used to calculate the first-

mode period of the building models. The control building 

(without the green roof) has a period of 0.91 sec. Due to 

its larger structural members and mass, the green roof 

model is stiffer and has a smaller period of 0.51 sec. These 

values assume cracked section properties (Haselton et al. 

2008). The buildings were analyzed at 5% damping. 

Recent studies of green roof seismic performance suggest 

that water content in the growing medium may provide 

greater damping during seismic excitation (Carmody et al. 

2009), but the current analysis does not model this effect. 

Static pushover analysis was used to illustrate the as-

modeled properties the buildings in Figure 2. The results 

suggest that the control model maintains its lateral strength 

until a roof drift ratio of around 4%, with a maximum base 

shear of 229 kips (when all six frame lines are considered). 

This yields an overstrength ratio (maximum base shear 

over design base shear of 2.7). Static pushover for the 

green roof model predicts a maximum base shear of 544 

kips for the building, with loss of lateral load carrying 

capacity occurring at a roof drift ratio of just over 5%. The 

overstrength ratio between design and maximum base 

shear for this building is 5. This larger overstrength 

indicates that the design for the green roof led to 

substantial increase in lateral resistance. There may also 

be some additional conservatisms in the design of the 

green roof building. These will be investigated in more 

detail at later stages of the study.  

3.3 Multiple stripe structural analysis 

The selected ground motions are applied through multiple-

stripe dynamic analysis (MSA). In MSA, each hazard level 

is represented by a stripe of ground motions selected to 

match that hazard level (Jalayer & Cornell 2007). MSA 

creates multiple observations of structural response at each 

hazard level (Baker 2014). Our MSA utilized 20 ground 

motions for each hazard level, the selection of which was 

described previously. This approach is unlike incremental 

dynamic analysis, in which ground motions are scaled 

repeatedly to find the level at which each causes collapse.   

As expected, the drifts in the building tend to increase 

with higher ground motion intensity. The heavier roof 

mass of the green roof requires larger beams and columns, 

producing lower interstory drifts (Figure 3) than the 

control building (Figure 4) at the same intensity levels.  

Neither building collapsed under these ground motions, 

even at the highest hazard level. The collapse performance 

 

Figure 2. Static pushover results for the building models. 



of the same control four-story space frame was analyzed 

under more extreme ground motions in Haselton et al. 

(2011) resulting in an estimated median collapse capacity 

of Sa(0.91s) = 1.59g. At the hazard levels assessed in this 

study, all below this median collapse intensity level, the 

lack of collapse is considered reasonable. 

 

4 LOSS ESTIMATION 

4.1 Loss estimation methods 

The next step in the proposed framework is the estimation 

of the expected structural and non-structural dollar losses 

for each hazard level, based on the structural analysis 

results. Loss-estimation is used to quantify the potential 

repair needs and economic cost for post-earthquake 

reconstruction. This work is based on the advancements in 

seismic performance and probabilistic loss-estimation 

from the FEMA P-58 project. This study resulted in the 

Performance Assessment Calculation Tool (PACT), 

which integrates building usage, structural and 

nonstructural components, collapse potential, and results 

of structural hazard analysis into predictions of needed 

seismic repairs and the associated costs (ATC 2012a). 

PACT takes an assembly-based approach, where the total 

building repair cost and repair time is a sum of losses 

associated with different building components. PACT 

analysis allows for intensity level, earthquake scenario, or 

time interval assessments. Given our interest in forecasting 

building performance for a specific site and at specific 

hazard levels, this project conducted an intensity-based 

assessment. Our preliminary estimation used a simplified 

analysis, calculated from the median interstory drift ratios 

for each floor, at each intensity level. Later work will 

conduct a more detailed probabilistic loss estimation to 

complement the nonlinear structural analysis.  

Included in the PACT database are fragility curves that 

describe the likelihood of experiencing a particular 

damage state for each type of building component, such as 

roofing or walls, as a function of structural response 

(typically peak interstory drift or floor acceleration). The 

fragility curves are based on empirical and analytical 

observations of component seismic performance. At this 

time, the PACT fragility library does not contain damage 

information for any green building features, such as a 

green roof. As such, the green roof was represented in the 

loss analysis by a large number of concrete roof tiles. This 

assumption is intended to quantify the green roof’s 

potential for damage during an earthquake, recognizing 

that few studies have investigated the seismic fragility of 

green roof systems. 

4.2 Building components 
Loss estimation requires data for structural and 

nonstructural quantities for each floor. The non-structural 

components specified for the building include a traction 

elevator; water piping systems; 5/8” gypsum wall 

partitions; a concrete tile roof (for the control model); and 

exterior curtain walls. The numbers of such components in 

the building are estimated through the PACT tool, which 

provides typical quantities for a building occupancy type 

and gross building area. Previous seismic loss estimation 

studies suggest that repairs after an earthquake are 

dominated by damage to the structural framing system, 

interior partition walls, and interior paint (Mitrani-Reiser 

2007), so it is particularly important to estimate accurately 

the quantity of and possible damage to these components. 

4.3 Predicted losses 

The total replacement costs for the buildings come from a 

study of the same four-story control building (Ramirez et 

al. 2012). The replacement cost for the green roof comes 

from typical green roof system prices (Peck & Kuhn 

2003). The estimated cost of total replacement for the 

control model is $12,500,000 and $13,200,000 for the 

green roof model.  

From the nine original hazard levels, five were selected 

at which to calculate predicted structural and non-

structural losses: 50% in 50 years, 20% in 50 years, 10% 

in 50 years, 5% in 75 years, and 2% in 50 years, designated 

as hazard levels (HL) 1-5. For the control building model, 

the total building repair costs ranged from $115,000 at a 

hazard level of 50% in 50 years (HL 1) to $977,000 at a 

hazard level of 2% in 50 years (HL 5). These losses 

represent the mean predicted costs, should the building be 

affected by ground shaking at the intensity associated with 

the hazard level of interest.   

Figure 3. Peak interstory drift ratios observed for control 
model at Sa(T1) = 1.0sec for nine hazard levels. 

 

Figure 4. Peak interstory drift ratios observed for green roof 
model at Sa(T1) = 0.51sec for nine hazard levels. 



For the green roof model, the total repair cost was 

$56,600 at HL 1 and $170,000 at HL 5, roughly 50% and 

17% of the control model losses. The larger member sizes 

supporting the green roof resulted in better seismic 

performance (i.e., lower seismic losses) at all intensity 

levels compared with the control model. For all hazard 

levels, damage to the green roof model was confined to the 

interior partitions. Similarly, partition damage contributed 

the majority of the losses for the control building, but 

higher hazard levels also damaged the concrete slab, 

beams, and columns, and the exterior curtain walls.  

Results for the five hazard levels are shown in Figures 

5 and 6. Figure 5 provides the estimated repair costs (in 

present value U.S. dollars) for the partition walls at each 

intensity level; Figure 6 compares the total expected 

partition area damaged. The specific quantities of 

damaged areas and total repair costs may change with 

future revisions to the building design, ground motion 

intensities, and modeling assumptions.  

5 ENVIRONMENTAL IMPACT ANALYSIS 

5.1 Environmental impact metrics  

The proposed framework provides a life-cycle assessment 

methodology for evaluating green and hazard-resistant 

building features. For this study, the building life-cycle 

extends through material extraction, product 

manufacturing, material transportation to site, 

construction, operation, maintenance and repairs, and end-

of-life (ATC 2010). In this paper, these stages are referred 

to as product, construction, operations and maintenance 

(O&M), and end-of-life. The buildings’ O&M stage 

includes routine maintenance actions, as well as repair and 

reconstruction after earthquake-induced damage.  

When integrating seismic loss estimation results with 

life-cycle environmental impact, one challenge is the 

selection of metrics for comparison. ATC-86 recommends 

that at a minimum “climate change potential” and 

“primary energy consumption” be considered (ATC 

2012b). Climate change potential (units of tons of CO2 

equivalents) quantifies the amount of greenhouse gas 

emissions released throughout a building life span. 

Greenhouse gas emissions are of particular concern for 

energy-intensive processes to produce materials like the 

cement in the case study concrete buildings. The second 

environmental metric considers fossil fuel consumption 

(units of mega-joules, MJ) as a proxy for total primary 

energy consumed during the building life cycle. 

5.2 Evaluation of Environmental Impacts 

To quantify environmental impacts, the study employed a 

common industry tool for product-based building life-

cycle assessment: the ATHENA Impact Estimator 

(Athena Institute 2013). The Impact Estimator accounts 

for the effects of materials and products during 

construction, repair/replacement, end-of-life demolition 

and disposal, and all related transportation contributions 

over a 60 year building lifespan.  

The main Impact Estimator inputs are the quantities of 

structural and nonstructural building components. The 

outputs from this analysis are fossil fuel consumption (MJ) 

and climate change potential (kg of CO2). Like PACT, the 

Impact Estimator does yet not include green roof 

assemblies in the quantification of environmental impacts, 

so the green roof was represented as fine aggregate and 

natural stone, with a polystyrene membrane underneath. 

These material choices are arbitrary, but considered 

sufficient for preliminary illustration.  

In addition, the Impact Estimator depends first on user-

supplied operating energy information. Here, the 

Department of Energy’s online EnergyPlus Example File 

Generator is used to estimate the annual operating energy 

(DOE 2013). This tool calculates a simplified, but realistic 

measurement of site and source energy usage, in 

compliance with ASHRAE 90.1-2007. It is difficult, 

however, to estimate the operating energy of a building 

with a green roof. Empirical studies suggest that green 

roofs reduce building energy only by about as 1%, with 

reduction to heating and cooling loads dependent on local 

climate (Castleton 2010). For this project, operating 

energy was assumed to remain constant between the 

control and green building models, and is not shown in the 

results. As such, the O&M stage in the life-cycle 

 

Figure 6. Comparison percentage of area damaged for 
interior wall partitions between the two building models. 

 

Figure 5. Comparison of repair costs for interior gypsum wall 
partition damage between the two building models. 



assessment differs in the impacts from material 

replacement throughout the building lifespan.  
This stage in the assessment first established 60 year 

baseline assessments for the operating life of the two 

buildings, without any earthquake risk, but including all 

other life-cycle phases. The baseline life-cycle fossil fuel 

consumption for the control model is 31,600,000MJ and 

36,000,000MJ for the green roof model. Life-cycle climate 

change potential was estimated at a baseline of 3,400,000 

kg CO2 and 3,900,000 kg CO2. The chief environmental 

benefits of the green roof (stormwater management, 

reduced heat island effect, improved occupant health) are 

not modeled in ATHENA. As such, the assessment 

suggests that the environmental impact of the green roof 

building is worse than that of the control, due to the large 

volume of concrete required to support the roof. 

6 INTEGRATED ASSESSMENT OF GREEN 

DESIGN & HAZARD RESILIENCE 

6.1 Integrated quantification of 

environmental metrics and hazard damage 

The baseline estimations (Section 5.2) in which the 

potential for an earthquake is not considered are compared 

to alternative life-cycle cases in which each of the five 

hazard levels lead to damage demanding repairs and 

replacement. These alternate analyses calculate the 

manufacturing and construction impact for the materials 

predicted to need post-earthquake repairs. In short, the 

alternative life-cycles represent cases where one 

earthquake occurs during the building lifespan.  

The environmental impacts of post-earthquake repairs 

are determined by translating the material repair needs, 

specified by PACT, to additional material quantities in the 

alternative Impact Estimator models. The results suggest 

that greater damage occurs as ground shaking intensity 

increases, leading to more structural and nonstructural 

repairs. This, in turn, increases climate change potential 

and fossil fuel consumption. In the life-cycle analysis, the 

impacts of new material production required for post-

earthquake partition replacement is added to the O&M 

stage of each alternate hazard case.  
Figure 7 presents the estimated fossil fuel consumption 

during each life-cycle stage of the two buildings, assuming 

an earthquake with a probability of exceedance of 50% in 

50 years occurs once during the lifespan. At each life-cycle 

stage, the hazard case for each building is compared with 

its equivalent “no-earthquake” scenario. For the hazard 

scenario calculations, the O&M stages considers only the 

addition of post-earthquake repairs to the partitions.  

The inclusion of these post-earthquake repairs results 

in an increase of the environmental burden from the O&M 

stage. During a life-cycle without the potential for an 

earthquake, the control building is estimated to consume 

around 1.2 million MJ of fossil fuels due to routine 

maintenance and repairs. In its O&M stage, the green 

building consumes approximately 1.1 million MJ of fossil 

fuel during its no-earthquake case. At the lowest hazard 

level, HL 1, however, the total fossil fuel consumption for 

the O&M stage rises to 4 million MJ for the control model 

and 4.2 million MJ for the green roof model. As presented 

in Figure 7, the product stage dominates the life-cycle 

environmental impact for the no-earthquake case, but the 

O&M stages composes a larger percentage of the impact 

at increasing levels of seismic intensity. Greater building 

damage necessitates more extensive repair activity. 

Figure 8 compares climate change potential of the 

O&M stages for the building models in the no-earthquake 

case for both buildings and with the earthquake-induced 

repairs to the partition walls at the five intensity levels. 

The CO2 released for each alternative analysis case 

increases with greater level of seismic excitation. A large 

jump in the environmental impact (from both fossil fuel 

consumption and climate change potential) is observed at 

HL 5. This may have occurred because the loss analysis 

indicates a much greater quantity of damaged components 

than at previous levels.   

These results will change with further refinement of the 

design, analysis, and assessment procedure, but the 

increasing trends in environmental impact and seismic 

damage should remain. 

 

Figure 7. Life-cycle fossil fuel consumption for control and 
green roof buildings, including post-earthquake repairs 
assuming a fairly small ground shaking event (HL 1) occurs 
once during the building’s lifespan. 

 

Figure 8. Climate change potential for life-cycle during 
O&M stage due to increased repair needs at five levels of 
seismic hazard. 



6.2 Green resilience assessment 

Upon completion of the life-cycle assessment for hazard 

damage and environmental impact, the proposed 

framework provides a graphical representation of 

integrated building performance for hazard-resilience and 

sustainability. In this trial implementation of the 

framework, we present the results in four categories, two 

each to describe hazard performance and environmental 

impact: repair cost, material damage, percentage of fossil 

fuel consumption (MJ), and percentage of climate change 

potential (kg CO2). The percentages of fossil fuel 

consumption and climate change compare the O&M 

impact from the additional post-earthquake repair needs to 

the no-earthquake O&M stage. Improved green-resilience 

performance can be inferred from lower repair costs, and 

smaller percentages of damaged material quantities, fossil 

fuel consumption, and climate change potential.  

The framework’s proposed green-resilience integration 

tool offers a user-friendly scheme, with building 

performance color-coded on a scale ranging from good to 

poor performance (illustrated in Figure 9). As discussed 

above, the performance color in each category indicates, 

for hazard performance, the severity of damage and 

material losses. Similarly, the performance color for 

environmental metrics describes how close or far building 

impacts are from baseline estimates.  These comparisons 

will help design teams identify ways to change structural 

or building system components, to produce a structure that 

is high-performing across all categories. 
Based on the results of the integrated life-cycle hazard 

and environmental analysis, the framework is illustrated 
based on performance of the control and green roof 

buildings during the alternative case of an earthquake with 
probability of occurrence of 2% in 50 years (HL 5). In this 
illustration, repair cost represents the post-earthquakes 
costs for partition replacement. The partition repair costs 
were compared as percentages of the initial cost of 
construction of the entire building. Use of this baseline is 
intended to indicate how the partition cost relates to the 

cost of replacing the entire building. For the control model, 
partition repair costs over $977,000 (8% of the total 
building cost), while repair to the partitions in the green 
roof model costs around $170,000 (1.3% of the original 

total building cost). Building performance by material 

damage describes the quantity of damaged partitions as a 

percentage of the total partition area. At HL 5, 98% of the 

partitions are damaged in the control model, but only 58% 
are damaged in for the green roof model.  

With respect to the environmental metrics, the 
inclusion of post-earthquake repairs to the O&M phase 
adds significant fossil fuel consumption and climate 
change potential emissions. For the control (non-green 
roof) model, the new repair stage estimates for both fossil 

fuel consumption and climate change potential are 2.8 and 
2.7 times greater than the building’s baseline calculation 
for the environmental impact of the O&M stage. The large 
concrete members of the green roof model result in poorer 
O&M environmental performance than the control model. 
In this stage, the green roof model has a predicted fossil 
consumption 2.7 times greater than the baseline (non-

earthquake) case, and a climate change potential 2.6 times 
greater. In terms of fossil fuel consumption at HL 5, the 
green roof building consumes almost 99,000,000 MJ, 
while the control building consumed around 90,000,000 
MJ. Similarly, for climate change potentials post-
earthquake repairs to the green roof model yield over 
10,200,000 kg of CO2, 10% greater than the control 
building’s emissions of 9,300,000 kg of CO2. 

These results illustrate the design complexity for 

balancing structural demands for load capacity and hazard 

performance with tradeoffs in environmental performance 

from greater material usage. In particular, the results 

suggest worse environmental impacts for the green roof 

building than for the control building at this level of 

seismic shaking. The larger volume of concrete in the 

green-roof model contributes to this poorer environmental 

performance. The green-roof design, however, yielded a 

lower level of partition damage, and thus a lower repair 

cost at this hazard level.  

7 CONCLUSIONS AND FUTURE WORK 

The framework presents an innovative methodology in 

which engineers and architects can better assess and plan 

for the complex interactions between building design and 

modeling, structural and environmental analysis, and life 

cycle assessment. The results suggest that green building 

features do impact seismic performance, but that structural 

changes may introduce competing environmental impacts. 

The results presented demonstrate the utility of the 

framework, not final quantitative values.  

 

Figure 9. Example of green-resilience framework for a 

building with “good performance” in all categories.  

 

 

 

 

 

 

 

Figure 10. Integrated seismic losses and environmental 
impact in proposed framework. Considers an earthquake of 
probability 2% in 50 years occurs once in a building life-span. 



Numerous improvements to the framework 

methodology will be made to this methodology in the 

future. Additional case studies will test its application 

under different hazards (such as snow loads) and for other 

green building features (including recycled materials). 

This framework has the potential to revolutionize design 

decision-making, but requires validation and feedback 

from practitioners and multi-disciplinary researchers. 

Significant work is needed still to formalize objective 

baseline references, correlating to measurable outcomes 

for environmental impact and hazard damage. A 

sensitivity analysis would help to determine cutoff points 

for the performance levels at different hazard cases, when 

compared against the baseline values.   
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