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Abstract

Seismic losses due to earthquakes have been shown to have significant economic, social
and environmental consequences. Over recent years, research to predict potential economic
and social impact due to seismic risk has been increasing. Recognizing that the tradi-
tional philosophy of life safety design can lead to extensive damage and demolition which
has a large environmental cost, incorporating environmental impacts associated with the
expected seismic damage over a building’s life is a key step as the building industry moves
towards both sustainable and seismically resilient design. This paper introduces a frame-
work that uses environmental indicators quantifying losses from seismic response that
can then be used to advocate for a change in seismic performance objectives. First, exist-
ing literature and previously developed approaches for quantifying potential environmen-
tal impact due to seismic damage are summarized. Next, performance based earthquake
engineering concepts are used to demonstrate a probabilistic approach to quantify potential
environmental impacts using a range of environmental and resource use indicators over the
life span of a case study building. In addition, a case study is presented to compare different
environmental indicators between a Code Minimum building and the same building rede-
signed for a higher seismic performance. The majority of the composition of the environ-
mental indicator values are from the inclusion of the non-repairable scenario, and from the
repair activities, the majority of the impacts are from damage to drift sensitive components
including curtains walls, partitions and elevators. For the Code Minimum building the non-
repairable scenario contributes to between 8 to 11% the total seismic cost. For the Stronger
Stiffer building, the non-repairable scenario contributes around 3% of the initial impact.
Neglecting non-repairable scenarios does significantly reduce the potential environmental
impacts when analyzing buildings designed for current code minimum structural standards.
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1 Introduction and motivation

The building industry produces significant greenhouse gas emissions, consumes energy,
uses raw resources and is therefore identified as a key contributor to climate change. The
International Energy Agency (2021) estimates that 37% of greenhouse gas emissions
globally correspond to the building sector—of this, the manufacturing of iron, steel and
cement is estimated to be responsible for 10.2% of global greenhouse emissions (Ritchie
et al. 2020). Emissions produced over the life cycle of a building are typically split between
operational and embodied emissions. The breakdown of the building sector emissions is
30% for the manufacturing of construction materials, and 70% from the use of fossil fuels
and electricity use in buildings. Traditionally, building operational emissions have been
considered the main focus for countries committed to climate change agreements (Inter-
national Energy Agency 2021), offering the potential to reduce energy consumption (e.g.
heating, ventilation) or decarbonize the power supply, for example. However, operational
emissions are not the building industry’s only emissions. Design guidelines that are emerg-
ing worldwide now require (or will soon require) reporting on emissions from building
materials, in addition to the operational emissions. To begin to address the construction
sector emissions, several countries have begun enacting legislation to mandate the report-
ing of environmental impacts across the life cycle of buildings. For example, Toronto,
Canada has implemented the Toronto Green Standard that requires a whole building LCA
from 2022 (Toronto Green Standard 2021). In the Netherlands, a building LCA performed
according to the national legislation (MilieuPrestatie Gebouwen—MPG 2021) has been
required since 2018. In New Zealand, the Building Climate Change programme was estab-
lished in 2020 focusing on initiatives to reduce emissions to meet the 2050 net-zero green-
house gas emission goal (MBIE 2021a) to be aligned with the Climate Change Response
Act 2002 (New Zealand Legislation 2021). The objective of those legislations are to align
with the reduction of greenhouse gas emissions targets from the construction industry by
the following decades.

The environmental impact of building materials has received considerable attention as
an opportunity for reducing greenhouse gases (Kayacetin and Tanyer 2020; Malmqvist
et al. 2018). However, this impact traditionally does not incorporate the risk of natu-
ral disasters. Li et al. (2022) highlighted the extra environmental burden resulting from
unexpected events that can have implications for climate change mitigation efforts. Dur-
ing the last decade, devasting earthquakes have severely damaged buildings resulting in
fatalities and significant economic losses. The aftermath of the Canterbury Earthquakes
in New Zealand (2010/2011), the L’Aquila earthquake in Italy (2009) and the 2011 East
Japan earthquake revealed the considerable losses caused by earthquakes. Gonzalez et al.
(2022) investigated the environmental costs of demolitions following the 2010/2011 Can-
terbury Earthquake and demonstrated the significant consequence of premature demoli-
tions following earthquakes resulting from waste management and construction materials.
Wei et al. (2016a, b) questioned whether the building LCA could assess the environmental
performance accounting for natural disasters. Recent trends in the last decade have led to
a proliferation of studies into the environmental impacts of seismic repair activities e.g.
(Chhabra et al. 2018; Huang and Simonen 2020; Welsh-Huggins and Liel 2017).

Investigating the environmental impact of seismicity is a continuing concern and
researchers have developed different seismic loss and environmental impact assessment
methods. However previous work has demonstrated that a number of these methods are
not capable of full and accurate analysis of the environmental performance including

@ Springer



Bulletin of Earthquake Engineering (2023) 21:4385-4428 4387

expected seismic damage across a building life-span (Hasik et al. 2018), this is discussed in
the next section in more detail. This paper introduces a framework that uses environmen-
tal indicators quantifying losses from seismic response that can then be used to advocate
for a change in seismic performance objectives. First, the following section summarizes
the range of approaches used in previous research to incorporate environmental impacts
into loss analysis as well as the available environmental data for analyzing seismic repair
activities. Next, a new methodology that can be used to quantify the environmental impacts
of buildings over their life span is introduced. This methodology can be used to compare
different environmental seismic performance objectives, and this is demonstrated using a
case study building designed to both a code minimum and above code standard. The case
study building is based on a typical office occupancy type located in a high seismic zone
designed in accordance with the New Zealand Building Code B1/VM1 (MBIE 2021c).

2 Literature review

Given the clear worldwide interest in sustainable development, literature on integrating
environmental metrics into seismic loss methods has been growing over the last decade.
Hasik et al. (2018) provide an extensive review of these approaches and conclude that
some approaches are not capable of analyzing the full life cycle of a building. The two
main concepts in previously developed methodologies are based on performance-based
earthquake engineering (PBEE) and building life cycle assessment (LCA). These two con-
cepts are explained in more detail in Sect. 3. The following subsections review approaches
used in previous research in four distinct categories: (1) analysis type, (2) hazard definition,
(3) translation of repair activities to environmental impacts (environmental data), and (4)
inclusion of collapse and/or repairable scenario.

2.1 Analysis type

Researchers have used different analysis types to understand the value of seismic repair
in terms of environmental impact. Structural analysis is used to determine the Engi-
neering Demands Parameters (EDPs) such as storey drift and acceleration. EDPs are
related to each floor and for both orthogonal directions. In the case of planar models,
EDPs will be the same for both directions assuming a regular building, whereas, in 3D
models, EDPs will differ based on direction. The EDPs are used to calculate the poten-
tial environmental impacts according to the aleatory damage state estimated in each
component. The calculation of potential environmental impacts will highly depend on
the building content and distribution of content across the building. Buildings can be
modelled as either equivalent to a single degree of freedom (SDOF) system, a multi-
ple degree of freedom (MDOF) system or using a more detailed approach. A higher
level of complexity is more computationally expensive; however, simplified models are
limited to regular buildings and information on the higher mode effects is lost when a
building is represented as a SDOF model. Several authors have used a representation
of buildings within a SDOF system (Chiu et al. 2013; Menna et al. 2013). Menna et al.
(2013) performed a pushover for the equivalent SDOF system, and potential environ-
mental impacts are assumed to limit states and Chiu et al. (2013) assumed the same
repair cost proportions to environmental cost for damage indexes resulting from the
maximum deformation response of a SDOF system. The implications of running a
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SDOF system for seismic loss estimation is that insufficient information is provided
to calculate specific losses depending on building content, and it relies on assump-
tions of material components needed considering a single metric performance. Planar
(2D) models also have been used for structural analysis in some studies (Chhabra et al.
2018; Hossain and Gencturk 2016; Welsh-Huggins et al. 2020; Welsh-Huggins and
Liel 2018). Tridimensional models have been used for considering optimal retrofitting
of an existing building considering environmental impacts (Clemett et al. 2022). In
another recent approach, for example, Gavrilovic and Haukaas (2021) employed finite-
element models created from BIM models based on visual damage to determine the
cost of environmental damage. This analysis is computationally expensive. However to
date, no literature appears to validate model simplifications and/or its impacts on the
estimated potential environmental impacts due to earthquakes.

2.2 Seismic loss estimation method

In some of the first studies that included seismic damage in LCA, HAZUS loss estima-
tion tool (Schneider and Schauer 2006) developed by the Federal Emergency Manage-
ment Agency (FEMA) was used to estimate damage (Comber et al. 2012; Feese et al.
2015; Sarkisian et al. 2011; Wei et al. 2016a, b). In more recent studies, research-
ers have implemented concepts of PBEE. In comparison to HAZUS, PBEE has been
used for more detailed studies that include a configuration of damageable components,
including the direction of components and floor location of these components (Chhabra
et al. 2018; Clemett et al. 2022; Hossain and Gencturk 2016; Huang and Simonen
2020; Welsh-Huggins et al. 2020; Welsh-Huggins and Liel 2015, 2018). Ramirez
et al. (2012) demonstrated that HAZUS could lead to underestimation of damages and
losses, compared to using the PBEE’s methodology by a factor of 1.6-2.4 times using a
concrete building case study. The authors concluded that methods that facilitate quick
calculations do not capture individual buildings’ structural and non-structural charac-
teristics. A building life cycle assessment provides the option of identification of envi-
ronmental hotspots (e.g. the main contributor of environmental impact as a function
of sensitive or acceleration sensitive components) for a designer to reduce or redesign
the building to meet caps or improve the environmental performance over its life span.
This is only feasible if the analysis considers individual buildings’ characteristics.

Several researchers have performed assessments in terms of environmental metrics
considering different scenarios. Loss scenarios can be performed as intensity-based,
scenario-based, or time-based. However, when the performance assessment is con-
ducted alongside a LCA, the time-based approach is appropriate when the objective
is to represent the life cycle of a building (Hasik et al. 2018). The results from a time-
based assessment capture the seismic losses that a building might undergo for a range
of seismic records that can be incorporated into a cradle-to-grave life cycle of a build-
ing. The intent of intensity-based assessments is to capture a building response to a
specific shaking intensity. Scenario-based assessments evaluate a building subjected
to a specific earthquake occurring at a specific location. Some researchers have con-
ducted scenario-based assessments (Comber and Poland 2013; Simonen et al. 2015)
and risk-based assessments (e.g. time-based, multiple-stripe) (Clemett et al. 2022; Wei
et al. 2016a, b; Welsh-Huggins and Liel 2018).
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2.3 Environmental data

There are many different documented approaches to select environmental data for LCA.
Comber et al. (2012) proposed the use of the Economic Input—Output (EIO) method to
translate repair cost to repair environmental impacts. This method uses regional eco-
nomic and environmental data to map specific environmental impacts on specific indus-
trial sectors to obtain a relationship of environmental impact per dollar spent (Hen-
drickson et al. 1998). Comber et al. (2012) presented a methodology using the HAZUS
methodology and Economic Input—Output (EIO) environmental data for repair activi-
ties. This methodology has been used to translate seismic repair activities to environ-
mental impacts in several studies in the US (Comber et al. 2012; Comber and Poland
2013; Huang and Simonen 2020), and it has been implemented in Performance Assess-
ment Calculation Tool (PACT) (Simonen et al. 2018) developed by FEMA. Clemett
et al. (2022) implemented the EIO approach and adjusted the US cost consequence to
the national context to calculate environmental consequences for repair activities in
Italy. In that work, researchers used the approach by Silva et al. (2020) to translate the
cost of the seismic repairs to European values and use these economic values to calcu-
late environmental metrics for seismic repairs.

Other researchers have used process-based LCA to calculate the consequence of
seismic repair activities. Process-based LCA requires information about the quantity
of material, and processing needs for a product or service. This information is used to
quantify inputs (material and energy resources), and outputs (e.g. emission and waste to
the environment). Some software tools are available to conduct a Process LCA such as
SimaPro (PRé Consultants 2015) or GaBI (PE International 2020). Welsh-Huggins and
Liel (2017) used process-based LCA to estimate the specific materials needed for seis-
mic repair activities. Other researchers have also used this approach; for example Belleri
and Marini (2016) associated embodied carbon dioxide from repair seismic activities
using the database provided by Hammond and Jones (2008). Also, Wei et al. (2016a, b)
used values from the literature to calculate the environmental impacts of concrete struc-
tural components for different earthquake damage states. The authors also calculated the
cost ratio and CO2 emission ratio as a relationship between the repair value versus the
initial cost/emission from the initial construction. The cost ratio calculated was 18% for
a particular damage state, while the CO2 emission ratio is 45%, showing that the rela-
tionship between damage states and initial cost/emission values is not the same for eco-
nomic and environmental metrics. Despite this, several authors have applied the same
ratio for both economic and environmental metrics (Alirezaei et al. 2016; Arroyo et al.
2015; Chiu et al. 2013; Feese et al. 2015; Padgett and Li 2016). Other approaches, for
example, Caruso et al. (2021), compared the carbon emissions resulting from three dif-
ferent damage conversion approaches, including EIO-LCA, assuming material quantities
and using the database by Hammond and Jones (2008), and repair cost ratio applied to
repair environmental ratio. The comparison leads to similar results, however, the inven-
tory of damageable components are limited to drift-sensitive components. Sdynéjoki
et al. (2017) compared results from the process-based LCAs, and the EIO method in
the building sector, showing that the two methods deviate considerably from each other,
with results from the EIO nearly doubling results from the process LCA method. Sdyni-
joki et al. (2017) concluded that the EIO approach is preferred for screening LCAs and
industry-wide studies while a process-based LCA approach is preferred when specific
designs are compared against each other. Sandanayake (2022) recognized the difficulties
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in improving the quality of data for building-construction-emissions as a typical issue
and identified knowledge gaps.

Another difference is seen where studies have used directly calculated single value envi-
ronmental consequence data (Comber et al. 2012; Feese et al. 2015; Hossain and Genc-
turk 2016) while others considered the variability in environmental data, across source and
level of verification (Chhabra et al. 2018). In seismic losses it has been common to intro-
duce uncertainty beyond the consequence to represent data quality, and knowledge beyond
the data (FEMA P-58-1 2018b).

Table 1 summarizes the variety of environmental data used in previous studies. Most
of the studies have focused on the US. It is worth noting the range of gaps between the
study reporting and the repair data used. Some are between a 5-year gap, and some are up
to a 20-year gap. The environmental data is time sensitive as the production of materials
or market change over time; usually, Environmental Product Declarations are valid up to a
certain period (e.g. 5 years). An Environmental Product Declaration is a third-party veri-
fied document containing the output of a LCA of a product or material. The potential envi-
ronmental impacts of seismic repair activities might happen somewhere in the future. The
manufacturing emission of construction materials should be significantly less than manu-
facturing emissions today, due to the trend to the movement towards zero carbon emissions
by 2050. However, the embodied impact data for the materials do not considered future
decarbonization due to significant uncertainties about the rate of progress. The use of envi-
ronmental data of using recent manufacturing and resulting emissions results in conserva-
tive results.

2.4 Inclusion of non-repairable or collapse scenario

Including scenarios where a building will no longer be repairable or will face demolition
can lead to significant changes in the annualized losses. Welsh-Huggins and Liel (2018)
calculated the environmental and economic losses of different building designs showing
that the collapse scenario could represent 35% of the total post-earthquake emissions over
its life span, considering a threshold of 12% inter-story drift. Chhabra et al. (2018) included
the collapse scenario with a threshold of 7% peak interstorey drift, and the repairable sce-
nario was included with either a residual inter-story drift ratio threshold of 1% (median), or
a repair cost greater than 40%. Huang and Simonen (2020) have used the PACT database
for ten archetype buildings, including a collapse scenario, and concluded that reducing the
environmental impact of seismic hazards should focus on avoiding collapse as the highest
priority. Including a collapse or non-repairable scenario plays a fundamental role in the
environmental annualized risk mainly because the potential environmental impact is con-
siderably higher than the seismic repair activities. The PACT tool allows the user to define
non-repairable or collapse scenario through a maximum residual story drift ratio, a mon-
etary threshold and/or using collapse fragility functions (FEMA P-58-1, 2018b). However,
to date no previous study has shown how environmental annualized risk can vary with the
selection of collapse threshold when including the non-repairable scenario.

2.5 Study recommendations
Based on the review of existing literature, the following was selected for use and/or evalu-

ation in this work, (1) time-based scenario analysis will be used to identify the hazards
across the building life span, (2) environmental indicators will be evaluated using a process
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LCA taking into account uncertainties in the environmental data, and (3) the effects of both
neglecting and including collapse or non-repairable scenarios on annualized risk will be
evaluated.

3 Proposed framework

This section introduces the proposed framework for quantifying potential environmental
impacts resulting from probabilistic earthquake damage to a building across its design
life. Here, the potential environmental impact is measured using ‘Indicators’ that encom-
pass core environmental and resource use metrics—Global Warming Potential (GWP),
Depletion Potential of the Stratospheric Ozone Layer (ODP), Eutrophication Potential
(EP), Acidification for Soil and Water (AP), Formation Potential of Tropospheric Ozone
(POCP), Abiotic Depletion Potential (ADP-elements) for Non-fossil Resources, Abiotic
Depletion Potential (ADP-fossil fuels) for Fossil Resources, Total primary energy (TPE),
divided into Total use of non-renewable primary energy resources (TPE,,) and Total use of
renewable primary energy resources (TPER) herein these are referred to as the Indicators.
The framework has seven steps as summarised in Fig. 1: (1) Goal and scope definition, (2)
Hazard definition, (3) Structural Analysis, (4) Damage Analysis, (5) Inventory analysis,

Module Detailed Procedure
The goal is to identify the environmental impacts due to seismic repair activities
Goal and. . and possible outcomes after a series of different intensities of ground shaking that
Scope Definition a building might experience over its life cycle.
Hazard Definition Probabilistic Seismic Ground Motions
Hazard Analysis Selection/Scaling
tructural i
Structural Analysis f/l lCJ‘CU_ a Obtain _demand par_ameters .
odelling from nonlinear dynamic analysis
. Definition Inventory of structural and non-structural | | Damage
Damage Analysis Non-repairable scenario components (Fragility data) Analysis
Inventory for Material Quantities Initial Construction LS of'Env!ron.mena'll .Impacts
. . B of repair seismic activies
Environmental Impacts of building Environmental Impacts .
for inventory
. Loss Analysis Loss Analysis
Loss Analysis (Non-repairable scenario) (Repair Activities)
Annuallzeq Total Ios§ ApaIyS|s Impact Assessment '
Loss Analysis considering Interpretation
] (LCIA)
and Interpretation hazard frequency
LCA PBEE O ' PPN :
‘ related ‘ related [ _P_a?t_ 4 ! I-Vl-o-n-te? -C-a-rl-o-:

Fig. 1 Framework to include environmental metrics into the PBEE methodology
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Hazard Structural Damage Loss
Analysis Analysis Analysis Analysis
Selection of Dynamic Fragilities Expected
hazard Non-linear Curves Losses
curve and Analysis Curves
catalogue of
earthquakes

Fig.2 PBEE [modified from Moehle and Deierlein (2004)]

Fig.3 Overview of LCA frame-
work [modified from ISO (2006)] Goal and
Scope Definition \
Inventory Analysis Interpretation
(LCI)
Impact Assessment //
(LCIA)

(6) Loss Analysis, and (7) Annualized Loss analysis and Interpretation. To incorporate the
complexity of environmental data requirements and probabilistic seismic loss, the frame-
work uses a traditional PBEE methodology (indicated by green in Fig. 1) and LCA (indi-
cated by blue in Fig. 1). Detailed information regarding each module in the framework is
included in the following subsections.

A PBEE method was selected for this framework as it accounts for specific structural
and non-structural characteristics of a building and allows design outcomes to be com-
municated based on simple performance metrics (e.g. environmental indicators in this
case) (Moehle and Deierlein 2004). The PBEE method used here measures building per-
formance in terms of potential environmental impacts, using four typical PBEE main steps
(illustrated in Fig. 2): (1) hazard analysis, (2) structural analysis, (3) damage analysis and
(4) loss analysis. The seismic loss analysis is conducted using LCA, which is a formal-
ized method to identify environmental impacts/resource use indicators across a product or
service. ISO (1997, 2006) standardized the LCA framework into four phases as illustrated
in Fig. 3: (1) goal and scope definition, (2) life cycle inventory, (3) life cycle impact assess-
ment, and (4) interpretation. Specific standards have been developed for the application of
LCA to building and civil engineering works, for example, EN 15978. Subsidiary stand-
ards/product category rules (PCRs) have been (and continue to be) developed to provide
common rules that should be followed to ensure declared building environmental impacts
are consistent and robust. Building LCA is broken into the following life cycle stages: pro-
duction (modules A1-A3), construction (modules A4—-AS5), use (modules B1-7), end-of-
life (modules C1-4). Additionally, potential benefits/loads beyond the building life cycle
may be separately considered (module D). LCA standards (CEN 2021a) provide environ-
mental metrics that should be included.
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3.1 Goal and scope definition (LCA)

The goal and scope of an LCA study explicitly states the reasons for carrying out the
study and the intended applications of the results (e.g. information about a specific prod-
uct or comparison between products). Possible applications of LCA in buildings include
identifying elements responsible for a large share of environmental impacts (Hollberg
et al. 2021) or comparing different structural systems (Saade et al. 2020). In the frame-
work presented here, the objective is to evaluate and compare buildings with the same
use, structural system, floor area, and location, but designed for different seismic per-
formance levels. The scope of the LCA includes initial construction materials including
structural and non-structural components as well as the seismic repair activities for both
structural and non-structural components across the building life span resulting from
expected seismic damage, considering possible demolition or non-repairable outcomes.

3.2 Hazard definition

To evaluate seismic losses over a building life span, it is necessary to assess the building
performance for a range of possible seismic intensities using time-based scenario analy-
sis. For a time-based scenario analysis, a Probabilistic Seismic Hazard Analysis (PSHA)
is performed at the location of interest, considering the local soil conditions and rup-
ture forecast models representing ground motion predictions over a specific time. Rec-
ommendations about the selection of record motions can be found in (FEMA P-58-1
2018b). A hazard curve can be developed to represent the distribution of ground motion
level per year from all potential seismic sources to estimate the intensities consider-
ing local conditions (e.g. soil type, ground fault rupture). A hazard curve is a relation-
ship between ground motion shaking acceleration (Sa) and annual rate of exceedance.
For each intensity, a uniform hazard spectrum is developed that is used for scaling the
selected seismic records. The scaled seismic records are applied to the structural model
to obtain the building performance over a range of scenarios.

3.3 Structural modelling

A structural model is required to obtain the Engineering Demand Parameters (EDPs).
Typical EDPs include peak floor acceleration, and inter-story drift. The EDPs are cal-
culated from a model that is capable of capturing non-linear behavior and the dynamic
performance of a building in response to representative seismic records. The non-line-
arity can be included as concentrated, distributed inelasticity (fibre) and/or continuum
models. While continuum models’ behavior depends on material properties, concen-
trated non-linearity models are associated with the observed behavior of testing com-
ponents. Considering the computational efficacy, concentrated plasticity was adopted to
obtain EDPs in the case study in the following section, however any validated nonlinear
approach can be used. The analysis selected for this framework is non-linear dynamic to
obtain the building global performance to identify damage of drift-sensitive and accel-
eration-sensitive components.
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3.4 Damage analysis

Estimating expected damage to structural and non-structural components is required
to evaluate the repair and/or replacement activities following an event. A fragil-
ity approach to estimate damage is adopted for this framework. The damage analysis
module includes the selection of fragilities curves for building components. Fragil-
ity curves are developed from experimental data, previously documented earthquake
data, engineering judgement, or a combination of all three. The fragility curves rep-
resent the probability that a component will exceed a specific damage state at a spe-
cific demand (e.g. inter-story drift, or peak ground accelerations). Fragility curves are
selected according to the most representative local practice or component character-
istic within the building. FEMA contains an extensive library of fragility curves for
structural and non-structural components. It is worth noting that the fragility curves
are defined by log normal distribution curves using a mean and dispersion values.
The dispersion depends on the quality of the data. An inventory of non-structural and
structural components is used for the damage analysis with data about the location
and directionality of the components. The damage analysis is performed using PACT.
PACT uses a Monte Carlo procedure to assess the statistical distribution of component
responses to a unique set of EPD (Yang et al. 2009). The number of realizations (on
the order of several hundred or thousand) depends to the uncertainties in the defined
per example fragility relationships or building model.

3.4.1 Non-repairable scenario

Non-repairable scenario is included in the proposed framework. Previous research
has demonstrated that it is important to include this scenario because they can signifi-
cantly influence the environmental indicators. Environmental repair activities are not
likely to exceed the 20% initial carbon construction cost in MCE events (Huang and
Simonen 2020), however in a collapse or non-repairable scenario the potential environ-
mental impact is 100% of the initial environmental impacts assuming a similar build-
ing replacement. Evaluating the collapse scenario is relatively simple in that collapse
can be determined either using a numerical approach that captures the nonlinear build-
ing response through collapse or using a collapse fragility function. Determining the
non-repairable scenario is somewhat more complex. There is limited research on non-
repairable threshold limits such as residual displacements, maximum inter-story drifts,
or percentage of loss in lateral strength. Several studies have considered collapse sce-
nario assessments, considering drift threshold for example 5% (Yeow et al. 2018b), or
12% (Welsh-Huggins et al. 2020). Recent work from Murray et al. (2022) suggests that
story drift higher than 2% would result in a building that might require major repair for
structural safety. In lieu of robust guidance on non-repairable threshold limits, a rea-
sonable value should be used based on characteristics of the structural system and rel-
evant literature. This scenario can be added in the analysis when running the damage
analysis in PACT where the outcomes are either repairable or non-repairable scenarios.
For repairable scenarios, the repair activities are quantified and defined by a log nor-
mal distribution, while in non-repairable scenarios, the total rebuild cost is assumed.
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3.5 Inventory for environmental indicators

Seismic repair activities result in environmental impacts and use of resources due to the
repair process, material replacement and waste management associated with the demolition
of the damaged elements. The impacts associated with these activities is quantified consid-
ering available local data, or its conversion from available databases. In the traditional LCA
of buildings and construction materials, the LCA may use the CEN standard (CEN 2021a),
where the quality of environmental data for the construction sector is classified as (1) site-
specific, (2) average, or (3) generic data. The quality of the environmental data depends on
the objectives of a particular study as well as the quality of the available data sets. Several
tools are available to obtain environmental data. Selection of such tools should focus on
the study location and geographical coverage. For example, Homestar (NZGBC 2022) rec-
ommends some tools over others, considering whether they have tailored their data to be
New Zealand specific (NZSGBC 2021). Even though some tools are easier to implement,
it is important to account for local characteristics in the data, e.g. the electricity grid dif-
fers significantly between countries or regions which can result in different results when
considering the production of materials. It is inevitable there will be gaps in the available
environmental data (e.g. there is very limited data on the environmental indicators of seis-
mic repair activities). Section 4.5 explains how data gaps were filled in the case study here.

A system boundary defines the processes to be included in the system model, for exam-
ple a cradle-to-gate system boundary may only include consideration of modules Al to
A5, whilst a cradle-to-grave system boundary would include modules from A to C (and,
optionally, D). Figure 4 shows the proposed system boundary for seismic repair activities.
The boundary includes the production of materials and transport to products to construc-
tion site. The environmental data for the repair activities can be classified by (1) complete
replacement of the original, (2) partial replacement of the original, or (3) repair of the
original. In cases where replacement of the original is required such as partition damage
beyond superficial damage, data for the initial construction material is used. In cases where
partial replacement of the original is required, such as an elevator where it might be pos-
sible to damage specific components, component material volumes and material data can
be used to conservatively estimate the environmental indicators. In this case a sensitivity
analysis with alternative data sources should be conducted to evaluate the influence of the
results at the building level. Finally in the case where only repair to the original is required,
such as a steel beam with buckled elements that needs to be straightened and painted,

LCA system boundary for repair seismic activities

Production of materials Transport "
: (Raw Material Supply, —>  (Productto —»: Lemslien peEsEs —> Repair process
: Transport, Manufacturing) construction site) ;Damaged Components

Debris Transport

’

Waste management

Fig.4 System boundary for repair seismic activities (Component level)
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material quantities used for the repair should be used along with material data to estimate
the impacts. The environmental indicators determined for these three repair cases are com-
bined with the dispersion to account for uncertainties in the material data to complete the
following phases of the framework. In the non-repairable scenario, the framework assumes
a like-for-like replacement of the building. The system boundary for the non-repairable
scenario is shown in Fig. 5. The environmental indicators include reconstructing the initial
building with the same characteristics, including the impact of the production of materi-
als and their transport to the construction site. The impacts due to initial construction are
considered not only for the non-repairable scenarios but also to compare between differ-
ent building designs and/or weight the seismic repair environmental consequences against
initial construction impacts. Waste Managements and Demolition process have not been
included in either the repairable or non-repairable scenario, covering the demolition, trans-
port of demolition materials or waste management. Calculating the potential environmen-
tal impacts of waste management is complex and requires the spatial distribution of mate-
rials, the pathway by which the materials reach their end of life state, and the recycling
rates. Previous work has shown that the environmental impacts from this module account
for approximately 5% of the total life cycle emissions (Gonzalez et al. 2022), and for this
reason have been excluded here, but could be included in future analyses. In cases where
comparisons are being made between different structural materials, the inclusion of the
recycling process should be included to capture full life cycle impacts, for example the end
of life impacts for a steel building considering recycling and waste management could be
significantly different than for an equivalent concrete building.

3.5.1 Selection of environmental indicators

The version of EN 15,048:2012+ A2:2013 includes seven core indicators that describe envi-
ronmental impacts (CEN 2013). The selection of a single environmental indicator when
comparing products risks missing other potentially significant environmental impacts. For
example, sustainably grown forestry used to supply material for construction timbers and engi-
neered woods can be considered to sequester atmospheric carbon dioxide, which is retained in
the products for at least the time they are used in a building. However, wood-based materials
may have other impacts, such as eutrophication of waterways or acidification of soil and water

LCA system boundary for non-repairable scenario

: Production of materials Transport
Demolition process———> (Raw Material SUPP'}" —> (Productto i
: Transport, Manufacturing) construction site)

Debris Transport

Waste management

Fig.5 System boundary for non-repairable scenario
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(EPD White Cypress Timber 2022). Several approaches have been proposed to consolidate
multiple environmental indicators into a single environmental metric, however, this is volun-
tary. For example, accreditation for reduction of environmental metrics for Green Star rating
in New Zealand (New Zealand Green Building Council 2017) proposes a points based system
where points are assigned proportionally to the total percentage of reduction across the envi-
ronmental indicators. Laurent et al. (2012) mentions the importance of using more than one
indicator when evaluating environmental impacts to limit unintentional burden-shifting, where
decisions could reduce impacts according to one indicator, but cause larger negative impacts
across other indicators. In the case study here (Sect. 4) the seven core environmental indi-
cators and three resource use metrics were evaluated, and different behaviors were observed
across the indicators, demonstrating the importance of including various environmental indi-
cators when assessing potential environmental impact.

3.6 Loss analysis

Loss analysis is a representation of a consequence of damage. Here, loss is measured in terms
of potential environmental consequences as evaluated using various indicators. Consequence
functions are usually represented as log-normal or normal distributions. When developing
consequence functions, it is important that local practice is considered. E.g. Fox et al. (2021)
developed consequence functions for earthquake damaged steel frame buildings that excluded
repair methods not applicable in the New Zealand context such as heat straightening—the
same local context must be applied when developing environmental consequence functions.
The dispersion used when developing consequence functions should be selected according
to the quality of the data. For repair consequence functions, (FEMA P-58-1 2018b) suggests
using Eq. (1) to calculate dispersion where f, is the dispersion for the repair activity, and f,,.
is the repair cost dispersion. The 0.25 factor is included to account for additional uncertainty
associated with environmental impacts. (FEMA P-58-1 2018b) also provides dispersion val-
ues according to the quality rating of the data (summarized in Table 2 where lower disper-
sion values indicate higher-quality data). Fewer realizations are needed to reach convergence
when lower dispersion values are needed, and the final results can provide a better certainty
about the underlying database used. These consequence functions are used to run Monte Carlo
simulations to obtain possible outcomes and posterior fit them in a log normal function. The
uncertainty associated to consequence functions include acknowledged variability, labor trans-
portation, material transportation, site energy use and economies of scale and enabling work

(FEMA P-58-42018).
B, = /P2 +0252 (1)

Table 2 Example of dispersion P
values according to quality rating
(FEMA P-58-1 2018b)

Superior quality 0.10
Average quality 0.25
Limited quality 0.40
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3.7 Annualized loss analysis and interpretation

The frequency of hazards can help quantify the potential environmental impact/resource
use indicators in terms of the annual probability of loss or loss across the life span of a
building. These reference values can help stakeholders compare different designs and the
probability of losses or return period of investment. The losses can be represented using
mean values; however, it is important to consider the dispersion of these values. For exam-
ple, the upfront cost is guaranteed, however, the seismic risk is a probabilistic value that
includes uncertainties in the seismic hazard model, structural modelling, damage analysis,
and other local conditions such as post-earthquake cordons or insurance factors that could
lead to post-earthquake building decisions.

Realizations from the PACT results can be divided into repairable or non-repairable
scenarios. Figure 6 shows the possible simulation outcomes. Figure 6a shows that tradi-
tional LCA considers that a building can last its life span assuming a 50-year design life.
Figure 6b—d schematically demonstrate the probabilistic environmental impact for ground
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motions scaled to consistent intensity levels where the filled curves represent the lognormal
probability density functions, and the lines represent the cumulative distribution functions.
Figure 6b demonstrates the seismic losses for a set hazard level for realizations resulting in
a repairable scenario, while Fig. 6¢c demonstrates the seismic losses for a set hazard level
for realizations resulting in a non-repairable scenario. When looking at the cumulative
distribution function (CDF) in Fig. 6b, it is clear there is a near 0% probability the envi-
ronmental indicators will exceed the total loss of the building. Conversely, in Fig. 6¢ it is
clear there is a 100% probability the impacts will exceed the total loss of the building. This
total loss scenario is a step function, but it is represented as a probability density func-
tion (PDF) with a small standard deviation for numerical convenience. Figure 6d represents
a case where only some of the simulations result in a non-repairable scenario, which is
effectively a combination of the probabilistic loss demonstrated in Fig. 6b, c. The CDF in
Fig. 6d is the sum of the CDF from repairable and non-repairable scenarios. The area under
the cumulative distribution functions can be calculated to obtain a single environmental
value per ground motion intensity considering either mean, median or numerical integra-
tion from these functions. Consequently, this value per intensity can be weighted with their
probability of exceedance to estimate annual effect and the effect over a building life span.

3.8 Decision making

The environmental indicators from this analysis as measured based on seismic loss across
arange of environmental indicators can be used to quantify the environmental implications
of different building design decisions. Figure 7 demonstrates a work flow where two or
more designs can be compared and their seismic performance quantified based on potential
environmental impacts. Within this work flow, hotspots and beneficial changes in materials
or systems (e.g. seismic protection for non-structural components) can be identified to opti-
mize a balance between lower environmental impact and resilient design.

This process and the outcomes will be useful for aligning with national carbon thresh-
olds. Currently in New Zealand embodied carbon caps for new builds are still in the plan-
ning phase, with mandatory reporting targeted to be in place by 2025, and phased lowering
of caps in 2026-2029. The New Zealand Ministry of Business, Innovation & Employment
(MBIE) is responsible for delivering New Zealand’s response for the built environment to
ensure the country meets its commitments under the Paris Agreement. To this end, MBIE
has established a long-term Building for Climate Change work programme (MBIE 2021b),
aimed at reducing emissions from construction and operation of buildings, and to make
sure buildings are prepared for the future effects of climate change. As part of this pro-
gramme, MBIE has stated its future aims to (i) require a carbon footprint to be calculated
to obtain a building consent and, (ii) require that a calculated building carbon footprint is
below a provided cap, which will be lowered in phases over a period of years.

The results of a building LCA empowers the decision making process and facilitates
best practice of sustainable design principles at early stages of design (Najjar et al. 2017;
Vandenbroucke et al. 2015). Currently, without any accepted national threshold limits,
stakeholders involved in design (including the building client) must decide if a building
design is justified, especially when some environmental metrics may be reduced while oth-
ers are increased. In the case of evaluating seismic damage impacts, it is important to con-
sider that the initial construction of a building is in the near future and more certain, how-
ever, the impacts from seismic repair activities are an estimation over a building service
life, which can occur over a long timeframe and with less certainty, requiring additional
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Fig. 7 Methodology for selection
of building design
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assumptions and analysis beyond a traditional LCA (e.g. building modelling, seismic haz-
ard, expected seismic repair activities). Ultimately, designing and occupying buildings that
are more seismically resilient compared to the status quo, provides a potential strategy that
needs investigation to help New Zealand achieve its zero carbon goal by 2050.

4 Case-study example

This section uses a hypothetical case-study building to demonstrate the proposed the
methodology, compare different insights according to the environmental indicators and
compare the lifecycle environmental performance of buildings designed for varying per-
formance objectives. The selected 4-story building was designed by researchers with
industry input regarding typical design and geometry of commercial buildings in New
Zealand (Yeow et al. 2018b). The building was designed to the code minimum ‘life
safety’ structural standard (“Code Minimum”). The floor plan is 24 by 40 m with bays
every 8 m, totaling in a floor area of 960 square meters. The lateral system consists
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of perimeter steel moment frames. The Code Minimum building was designed for the
seismic hazards in Christchurch, New Zealand, for a service life of 50 years. Additional
detail regarding the design of the case study building as well as drawings of the non-
structural fitout can be found in Yeow et al. (2018a).

The Code Minimum building was redesigned using increased lateral demands to
develop a case-study building designed for higher seismic performance (“Stronger
Stiffer””). This was accomplished by simply doubling the earthquake design loads used
in the original case study and resizing the members to create a stronger and stiffer build-
ing. The Code Minimum building was designed for an earthquake load factor of 14% of
the seismic weight, and the Stronger Stiffer building was designed for a factor of 27%.
The Stronger Stiffer building has a fundamental period of 1.14 s, compared to 1.47 for
the Code Minimum building. The columns and beams for the seismic frame in the Code
Minimum and Stronger Stiffer buildings are shown in Table 3.

4.1 Goal and scope definition

The goal of this case-study is to identify the environmental indicators of earthquake
damage considering seismic repair activities and upfront cost across the life cycle of
two buildings: one designed to the code minimum performance level in New Zealand
and one designed for a higher seismic performance. This will demonstrate the trade-
offs between up-front environmental costs and environmental costs that result from
potential earthquake damage across a 50 year service life of buildings in moder-
ate and high seismic regions. The environmental parameters were analyzed using the
EN-15804:2012+ A1:2013 (CEN 2013) assessment method, including the environ-
mental impact indicators: GWP, ODP, EP, AP, POCP, ADP-elements, and ADP-fossil
fuels recommended by EN-15084 standards (CEN 2013). Furthermore, three additional
resource use metrics are included, these being: TPE divided into TPE , and TPER. The
authors recognize that EN-15804 has been updated in 2019 with a change to some envi-
ronmental indicators and expansion to include others (CEN 2021b). However, at present,
most Environmental Product Declarations and databases include data which is based on
the 2013 version of this standard. The use stage is excluded from this case study as this
would be identical in both versions of the building. The boundaries in this study include
the initial construction, seismic repair activities and non-repairable scenarios (e.g. total
loss) including structural and non-structural components in the building.

Table 3 Seismic frame sections

for code minimum and stronger Code minimum Stronger stiffer

stiffer building Columns - Floor -4 900WB218 900WB282
Beams - Floor 1 610UB125 T700WB150
Beams - Floor 2 610UB113 700WB150
Beams - Floor 3 530UB92.4 610UB125
Beams - Floor 4 410UB53.7 460UB82.1
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occurrence in fifty years and 50 years (%) ability of occur-
annually for each intensity rence

1 250 1/20

2 200 1725

3 100 1/50

4 50 1/100
5 20 1/250
6 10 1/500
7 5 1/1000
8 3 1/2000
9 1/2500

4.2 Hazards analysis

The ground motions were selected from Yeow et al. (2018a). These records were
selected for Christchurch (43.53°S, 172.64°E) at a shear wave velocity of 450 m/s to
30 m depth from a probabilistic seismic hazard analysis conducted using OpenSHA
(Field et al. 2013). The hazard analysis used specific New Zealand rupture forecast
models (Stirling et al. 2012) and attenuation relationships (Bradley 2013). Additional
information about selected records can be found in Yeow et al. (2018b). These seismic
records were conditioned to the design hazards in NZS 1170.5 (2004) at the fundamen-
tal period of the structures (1.47 and 1.14 s). The conditional mean spectrum (CMS)
provides the mean response from a selection of ground motions that are conditioned on
a target spectral acceleration at the period of interest (Baker 2011). Figure 8 shows the
hazard curve for a period of 1.47 s; 9 intensities were selected with a return period rang-
ing from 20 to 2500 years. Table 4 shows the probability of occurrence for each inten-
sity annually and over a 50-year time frame. Figure 9 shows the 40 seismic records con-
ditioned to the fundamental period of the Code Minimum building and 2.5th and 97.5th
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percentiles for intensity 6 and 9 (return periods 500 years and 2500 years respectively).
The shadow areas show the period range of interest from 0.2 to 1.5 T recommended by
ASCE/SEI 41-17 (2017).

4.3 Structural modelling

The buildings were modeled using a 2D approach in OpenSeesPy (Zhu et al. 2018). An
overview of the model geometry is shown in Fig. 10. The lateral frame was modelled
including the non-linear behavior of the columns, beams, and panel zone hinges. The
non-linear hinges were modeled using zero length elements with "Bilin" material for
column and beam elements and "MultiLinear" material for the panel zone within the
parameters obtained from ASCE/SEI 41-17 (2017). The “Bilin” material uses the modi-
fied Ibarra-Medina-Krawinkler deterioration model with a bilinear hysteretic response,
while the “MultiLinear” material allows for user defined post-yield stiffness degrada-
tion. The contribution of out-of-plane seismic columns and gravity columns were
included. P-delta effects were included for vertical elements to consider geometric non-
linearity. The flexibility of the base was modelled based on the recommendation of the
New Zealand Steel Structures Standard NZS3404 (NZS 3404 1997).

3, Panel Zone

© Hinges

| Out of plane seismic columns
o———oto———0 | Gravity columns
KO———OTO——0

/77 /77 /77 /77 /77 VAN

Fig. 10 Numerical modelling drawing
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4.3.1 Structural response

The EDPs selected for this study were the inter-story drift and total floor acceleration. Fig-
ure 11 shows the peak response across all ground motions, the mean of the peak response,
and the 16th and 84th percentiles for the Code Minimum building at return periods of 20,
500 and 2500 years. The mean values are used to estimate damage states.

4.4 Damage analysis

The quantities of the structural and nonstructural elements considered in the damage analy-
sis are available in Yeow et al. (2018a) and have been summarised in Appendix (Table 5).
Fragility functions were used to estimate damage based on the realizations from the Monte
Carlo Simulation. Each realization contains for each component a specific damage state.
Each realization final result is the sum of the consequences of all components. Damage to
both structural and nonstructural elements was considered. Pact fragilities were generally
used, except where New Zealand specific fragilities were available. Appendix (Table 6)
shows the fragility functions for each component. The inventory and consequence func-
tions underlying environmental data are explained in more detail in Sect. 4.5.

4.4.1 Non-repairable scenario

The non-repairable scenario was calculated using a peak drift threshold of 2.5% which cor-
responds to the maximum allowable drift limit in the New Zealand seismic design standard
(NZS 1170.5 2004). This threshold was selected based on discussions with practicing engi-
neers as there are no robust recommendations for non-repairable drift thresholds for steel
moment frame buildings. The analysis uses the percentage of number of realizations that
exceed this threshold value (Fig. 12a) to develop a non-repairable fragility function. Fig-
ure 12b shows the normal logarithm function with a median value of 0.51 and a dispersion
of 0.256. The components to calculate the upfront potential environmental impacts (which
correspond to the replacement cost and total loss in a non-repairable scenario) are detailed
in Appendix (Table 8). The software used to calculated the environmental upfront cost was
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Fig. 11 Floor Acceleration (g) return period a 20 years, b 50 years, ¢ 2500 years and Interstorey Drift (rad)
return period d 20 years, e 50 years, and f 2500 years
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LCAquick V3.5 (BRANZ 2022) and the quantity of materials were obtained from a BIM
model into Revit software (Autodesk 2022).

4.4.2 Damage analysis

The seismic damage assessment was conducted using the Performance Assessment Calcu-
lation Tool (PACT) based on (FEMA P-58-1 2018b) formulation applying the mean EDPs
obtained from the structural analysis. 5000 realizations were used to ensure the damage
assessment would not depend on the number of realizations. Each realization provided a
specific damage state per component, where a damage state corresponds to a unique repair
action which has associated cost and material quantity.

4.5 Environmental indicators

The damage states of each component were used to quantify the losses based on the afore-
mentioned indicators to evaluate probabilistic environmental consequences. Appendix
(Table 7)details the consequences functions for each component. A Monte Carlo simula-
tion was used to assess the ten environmental indicators by using consequence functions
for the resulted damage states across the different building components using Python 3.8.
The consequence functions were determined for each component based on the median val-
ues and dispersion. There were some limitations regarding a lack of environmental data for
some components in the building. In these instances, conservative values were assumed
for the component based on the primary material of the component and its weight. If the
building-level environmental indicators were not significantly influenced in cases of miss-
ing data, then the analysis was considered complete. The building level influence of each
component depends on how many components are in the building, their location, and
their vulnerability. The take-off materials for each damage state for each component are in
Appendix (Table 9). The environmental data for the materials were taken from LCAQuick
V3.5 (BRANZ 2022). Dowdell et al. (2020) details the supporting data for this New Zea-
land Database. The building service data were obtained from Bullen and Dowdell (2022).
Here it is worth mentioning a limitation of the proposed methodology, which con-
cerns the timing of normal replacement of components with service lives less than the
building service life (50 years), and the need to replace those components when dam-
aged due to a seismic event. Taking carpets as an example, they may be replaced every
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20-years. If there was a scenario where significant earthquake damage occurred in year
19 which required replacement of the carpet, the methodology would consider this as a
seismic loss despite the fact that the carpet has neared the end of its service life. This
has not been incorporated into the probabilistic approach proposed here, but is being
considered for future iterations of the methodology.

4.5.1 Contribution of components

The contribution of individual building components to the overall environmental impact
as estimated using the ten indicators is shown in Fig. 13 for the Code Minimum build-
ing, where darker colors indicate a higher contribution. The contribution of each com-
ponent depends on the environmental impact/resource use indicator value, the sensi-
tivity to acceleration or drift, and the quantities and location across the building. One
interesting note—at different intensity levels, different components become key con-
tributors to each indicator. E.g. at lower intensities the primary contributor is elevators
(which are commonly damaged in very small events), while at higher intensities there
is a more significant contribution from curtain walls, glazing and stairs across most
indicators. Further, the contributions do vary over the different environmental/resource
use indicators. Elevators have the highest contribution to ADPy; across all hazard levels,
despite having almost no contribution in any other indicators in cases of larger seismic
intensity.

4.6 Loss analysis (results)

A log normal distribution was fitted from the results from all the realizations. The log
normal distribution provides the environmental repair consequence at each intensity
considering the contribution of all components in the building. In addition, the simula-
tions can result in a non-repairable scenario as discussed above. Here, it was assumed
that the building would be replaced like-for-like in the non-repairable scenario, so the
environmental indicators were equal to the upfront environmental costs. Figure 14
shows the functions resulting from repair activities (blue), and non-repairable scenarios
(red line) for GWP for the Code Minimum building as an example. The sum of both
distributions results is the black line, which incorporates both repair and non-repairable
scenarios. This combined cumulative distribution function was used to calculate a mean
loss value for each intensity using numerical integration. The numerical integration was
conducted using the Eq. (2) which was taken from FEMA P-58-2 (2018), where PM is
the mean value, obtained from the total sum of dividing the function into strip of val-
ues P(i), that is multiplied by the central value within each strip PM;. This mean value
is used to evaluate the probable environmental performance of a building over the life
span considering the probable frequency of each seismic intensity.

k
PM = 2 P>i)PM, 2)
i=1
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Fig. 13 Contribution of components for repair activities for Code Minimum building for return period of a p
20, b 25, ¢ 50, d 100, e 250, f 500, g 1000, h 2000 and i 2500 years

4.6.1 Expected loss over building life span

The expected loss over the building lifespan was evaluated for the ten environmental/
resource use indicators for both the Code Minimum and Stroger Stiffer building. Figure 15a
and 16a show the expected mean annual exceedance of loss for each indicator for the Code
Minimum and Stronger Stiffer building, respectively, as a percentage of the initial building
cost. These plots were developed simply by combining the hazard curve and the mean loss
value for each intensity calculated following the procedure discussed in the last section.
The data was fitted to a log-normal distribution defined by a mean value and a disper-
sion. It is worth noting that many of the environmental/resource use indicators have similar
expected mean annual exceedance values for both buildings, however, ADP-elements is
clearly higher in both cases. The mean values for each log—normal function were multi-
plied by 50 to calculate the seismic loss across the lifespan of the building. In addition, a
lower bound of 5% and upper bound of 95% were calculated from the log—normal function
for each indicator. Figures 15b and 16b show the lifecycle losses standardized by the initial
cost for each environmental metric for the Code Minimum and Stronger Stiffer building
respectively. The initial cost is the quantification of potential environmental impacts due
to initial construction of the Code Minimum building. Detailed information about the cal-
culation of initial impacts is explained in Sect. 4.4.1. Note that the values in Fig. 16b have
been normalized to the upfront costs of the Code Minimum building to allow for a direct
comparison. The dispersion values are around 0.7 for the Code Minimum building. The
Stronger Stiffer Building dispersion values are between 0.7 and 1.7.

The seismic loss for the baseline building ranges from 6 to 9% of the upfront costs for
different environmental/resource use indicators, while the seismic loss for the redesigned
building ranges from 2 to 3%. Note that the larger up-front cost in the redesigned build is
due to larger material quantities in the structural components. The data points in Fig. 15a
and 16a were used to calculate the expected annual cost for each indicator, and these val-
ues were multiplied by 50 to calculate the seismic loss across the lifespan of the building.
Figure 17 shows the reduction for the ten environmental/resource use metrics between the
original and the redesigned building. The Stronger Stiffer building has a reduction ranging
from 3 to 8% across the assessed indicators. GWP has a reduction of 4.7%. The higher ben-
efits are for ODP, AP and EP. The lowest reduction is for POCP.

One interesting note is that the magnitude of potential environmental impact differs
from typical economic losses as a function of upfront building costs. Economic losses from
seismic damage in a repairable scenario could exceed 40% of the initial cost (Bradley et al.
2009); however, the environmental repair cost varied from 2 to 11% for the Case Study
buildings.

4.6.2 Contribution of components to life cycle environmental indicators
from seismicity
Figure 18 shows the contribution of components to the potential environmental impact/

resource use indicator over the building life span when considering non-repairable and
repairable scenarios for both buildings. Note that the values of Fig. 18 are the results
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Fig. 14 Loss analysis for GWP for return period of a 20, b 25, ¢ 50, d 100, e 250, f 500, g 1000, h 2000 and
i 2500 years for the Code Minimum Building. Blue points analysis data, blue line (log normal curve fit for
repair data), red line (total cost), black line (combination of repairable and non-repairable scenarios)
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Fig. 15 a Mean annual exceedance in terms of percentage of loss in terms of initial impacts and b Total

loss over the life span of the Code Minimum building

from the data points in Fig. 15a and 16a. These data points were used to calculate
the expected annual cost for each indicator, and these values were multiplied by 50
(life span building) resulting in the empirical data points in Fig. 16a, b representing
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Fig. 16 a Mean Annual Exceedance in terms of percentage of loss in terms of initial impacts and b Total
loss over the life span of the Stronger Stiffer building. NB b is normalized to Code Minimum building ini-
tial impact

Fig. 17 Reduction of potential GWP ]
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the seismic loss across the lifespan of the building. The influence of specific compo-
nents for the final value is difficult to predict at the beginning of collection of data due
to dispersion values, different locations of components, local seismic hazard, and so
on. The identification of principal contributors helps to identify hotspots. The highest
contribution is from the non-repairable scenarios for nine of the ten assessed indica-
tors. The highest contributions from repair activities for the majority of indicators are
from curtains walls, glazing partitions, and sanitary waste piping. The GWP is reduced
from 11.3% for the Code Minimum building to 3.4% to the Stronger Stiffer building.
The highest contribution from repair activities for GWP are from curtain walls, glaz-
ing partitions, and traction elevators. For the ADP,,.,,, the elevators are the main con-
tributor to the total seismic cost. In this example, environmental damage data for the
elevator has a high uncertainty as the values are provided by estimation for material
and weights of components to be replaced. Rodriguez et al. (2020) mentions the lack
of environmental data for this type of components. It is worth to notice than there are
some components that their repair activities consequences are similar between both
design. Per example, the traction elevator is an acceleration-sensitive component, and
located on the ground floor. A thoughtful design could be to reduce the vulnerability of
traction elevators than increase the resistance of the whole building.
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Fig. 18 Contribution of components from repair activities to potential environmental impact/resource use
indicators for Code Minimum building and Stronger Stiffer building using empirical data points
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Fig. 19 Increment to seismic losses due to non-repairable scenario a code minimum and b stronger stiffer
building

4.6.3 Influence of non-repairable scenarios

Including non-repairable scenarios can lead to significantly different results for building
type and environmental/resource use indicator. Figure 19 shows the contribution of the
environmental seismic lifecycle cost across the indicators for the Code Minimum and
Stronger Stiffer buildings normalized according to the upfront costs of the Code Mini-
mum building. For the Code Minimum building the non-repairable scenario contributes
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Fig.20 Comparison of buildings excluding non-repairable scenario a Code Minimum Building, b Stronger
Stiffer Building and ¢ Reduction of potential environmental impact in Stronger Stiffer building

to between 8 and 11% the total seismic cost. For the Stronger Stiffer building, the non-
repairable scenario contributes around 3% of the initial impact.

In the case where the non-repairable scenario is not included the lifecycle seismic
environmental implications when comparing the two designs differ significantly from
the cases where the non-repairable scenario is included. Figure 20a, b, shows the poten-
tial environmental impacts/resource use indicators when non-repairable scenarios are
neglected for the Code Minimum and Stronger Stiffer building, respectively. Figure 20c
shows the reduction across environmental metrics between the Code Minimum and
Stronger Stiffer building. From this figure, it is clear that when the non-repairable sce-
nario is neglected, the Stronger Stiffer building performs worse than the Code Minimum
building across nearly all indicators. This is because the initial environmental impact
is higher for the Stronger Stiffer Building, and any benefit across the building life does
not exceed this additional upfront impact. The benefit of increasing the stiffness of this
building is not captured if the non-repairable scenarios are not taken into account.
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4.7 Comment on non-repairable thresholds

For the case study building the results showed that the non-reparable scenario is the
main contributor to the annualized potential environmental impacts. For the case study
building, the results showed that the non-reparable scenario is the main contributor to
the annualized potential environmental impacts. To evaluate the appropriateness of the
2.5% story drift threshold that was used in this study, a nonlinear pushover was con-
ducted on the code-minimum building. The results of the pushover (shown in Fig. 21)
demonstrate that at the 2.5% threshold, the building has developed significant plastic
hinging and is in the post capping region of the global pushover curve. This indicates
that for this structure, 2.5% is not unreasonable as a non-repairable threshold. How-
ever, there still exists significant uncertainty on what the non-repairable threshold value
should be more broadly, and additional work is planned to quantify the influence of the
selected value. Based on evidence from Christchurch demolition data, this parameter is
not necessarily tied to structural performance, but is influenced by other factors includ-
ing insurance cover, building functionality and fitout, neighboring building performance
and surrounding infrastructure.

5 Conclusion

This study presented a detailed framework to quantify the environmental impacts/
resources across indicators of seismic building damage. The framework was demon-
strated using a case study building designed for two seismic performance objectives,
Code Minimum and Stronger Stiffer. Based on the results of the case study, the follow-
ing conclusion are reached:

e The relative potential environmental impacts from seismic damage vary depending
on the indicators used to assess loss.

e Neglecting non-repairable scenarios can significantly influence the loss estimates
especially when comparing the performance of two buildings with respect to envi-
ronmental impact. In this case, the building designed for a higher seismic perfor-
mance (Stronger Stiffer) performed worse than the Code Minimum building when
the non-repairable scenarios were neglected.

e It is clear the magnitude of potential environmental impact differs from the eco-
nomic losses as a function of upfront building costs. Economic seismic losses due
to repair activities could exceed 40% of the initial cost; however, the environmental
repair cost varied from 2 to 11% for the Case Study buildings.

e The GWP was reduced from 11.3 to 3.4% from the Code Minimum building to the
Stronger Stiffer Building. This results are exclusive to this building. Additional
research is needed for different structural lateral systems to explore environmental
indicators performances.
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Appendix
See Appendix Tables 5, 6, 7, 8 and 9.
Table 5 The inventory of components used for the seismic loss
Component type Quantity*  Unit* Sensitive Quantity per Floor
direction
X Y
Column base plates 1 Unit Drift 8 8 1
RBS connections (1 side) 1 Unit Drift 4 4 14
RBS connections (2 sides) 1 Unit Drift 4 4 14
Precast cladding 3.8 m length  Drift - 12 14
Curtain walls 2.8 m?area  Drift 104 1-4
Glazing partitions 2.8 m?area  Drift 16 5 14
Full-height partitions 1.2 m length  Drift 14 35 14
Partial-height partitions 1.2 m length  Drift 18 34 14
Stairs 1 Unit Drift 1 1 14
Ceiling (area <23 m?) 1 Unit Acceleration 6 1-4
Ceiling (area>23 m?) 1 Unit Acceleration 3 1-4
Ceiling (bracing) 1 Unit Acceleration 34 1-4
Traction elevators 1 Unit Acceleration 3 Ground
Water pipe system (piping) 305 m length  Acceleration 2 1-4
Water pipe system (bracing) 305 Pipingm Acceleration 2 1-4
length
Sanitary pipe system (bracing) 305 Pipingm Acceleration 1 1-4
length
HVAC—chiller capacity 100-350 1 Unit Acceleration 1 Ground
HVAC—cooling tower capacity 1 Unit Acceleration 1 Roof
100-350
HVAC—coils 10 Unit Acceleration 5 1-4
HVAC—ducts <6 ft2 305 mlength  Acceleration 1 1-4
HVAC—drops and diffusers 10 Unit Acceleration 10 1-4
HVAC—VAV boxes 10 Unit Acceleration 2 1-4
HVAC—air handling units 10,000— 1 Unit Acceleration 2 Roof
25,000 cfm
Fire sprinklers—pipes 305 mlength  Acceleration 2 1-4
Fire sprinklers—drops 10 Unit Acceleration 10 1-4
Transformers 100-350 kVA 1 Unit Acceleration 1 Ground

*This quantity and unit refers to unit of measurement of a component used for the fragility and consequence

functions
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Table 6 The fragility functions used for the seismic loss

Component type Sensitive Fragility functions
DS1 DS2 DS3 DS4
Column base plates Drift B1031.011a?
RBS connections (1 side) Drift B1035.001*
RBS connections (2 sides) Drift B1035.011%
Precast cladding Drift 0.42 (0.4)° 0.75 (0.4)°
Curtain walls Drift B2022.001*
Glazing partitions Drift B2023.001*
Full-height partitions Drift C1011.001a*
Partial-height partitions Drift C1011.001b*
Stairs Drift C2011.011b%
Ceiling (A <23 m?) Acceleration  C3032.001a*
Ceiling (A>23 m?) Acceleration  C3032.001b*
Ceiling (bracing) Acceleration  0.72 (0.4)°
Traction elevators Acceleration D1014.011*
Water pipe system (piping) Acceleration D2021.013a?
Water pipe system (bracing) Acceleration D2021.013b*
Sanitary pipe system Acceleration D2031.013b*
HVAC—chiller capacity 100-350 Acceleration D3031.013¢*
HVAC—cooling tower capacity 100-350 Acceleration  D3031.023¢?
HVAC—coils Acceleration D3041.001¢?
HVAC—ducts <6 ft2 Acceleration D3041.011c*
HVAC—drops and diffusers Acceleration D3041.032¢*
HVAC—VAYV boxes Acceleration  D3041.041b*
HVAC—air handling units 10,000-25,000 cfm  Acceleration D3052.013¢*
Fire sprinklers—pipes Acceleration D4011.023a*
Fire sprinklers—drops Acceleration D4011.033a*
Transformers 100-350 kVA Acceleration D5011.013¢?

NB There are cases where there are two values. The first value is the mean value, and the number on the
brackets is the dispersion value

#Pact library code
®Baird (2014)
“Dhakal et al. (2016)
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