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A B S T R A C T

The decision-making process of planning a sustainable and resilient community may often encounter the avail-
ability of different building design alternatives that can make use of different structural solutions, which in-
evitably translate into different environmental impacts and structural performances to natural hazards. To reveal
the trade-offs among different design alternatives and effectively support decision-making, the differences in en-
vironmental and structural performance must be simultaneously accounted so that the environmental benefits
provided by an eco-friendlier alternative do not jeopardize resilience in the form of natural-hazard structural
performance. The objective of this study is to take the first step in creating a multidisciplinary framework that
combines PBD and LCA to enable the direct comparison of the structural performance-based environmental im-
pacts of different building alternatives. Using a developed performance normalization index, the framework nor-
malizes the structural performance of the building alternatives investigated to enable a direct quantitative com-
parison of their environmental impacts. The framework can help decision makers select the most suitable build-
ing alternative for balanced structural performance to natural hazard loads and environmental impacts. For
demonstration purposes, the framework is applied to compare two seven-story building alternatives made from
cross laminated timber and reinforced concrete materials in a tsunami-prone region. The results of the case study
indicated that the normalized environmental impacts of the RC building were lower than the CLT building for
most limit states considered, which may not have been evident without the proposed framework.

1. Introduction

One of the climate change effects accentuated by the degradation of
the environment is the increase in frequency and magnitude of natural
hazard events such as earthquakes, tsunamis, hurricanes, floods, etc.
The damage caused by these events (in the form of economic, down-
time, social disruption, loss of lives, etc.) has been rapidly increasing
due to the urbanization of vulnerable areas. As a result, urban centers
are seeking ways of creating resilient communities that can withstand
extreme situations, such as natural hazard events, while remaining
functional and in a safe state [1]. The built environment of these com-
munities is at the center of this move towards resiliency because it dic-
tates their structural performance and has the potential to significantly
reduce emissions associated with greenhouse effects and climate
change [2].

Regarding the structural performance of building structures, one of
the most promising tools used to reduce the damage and losses resulting
from natural hazards is the performance-based design (PBD) methodol-

ogy [3]. PBD accounts for the inherent uncertainties and risks associ-
ated with natural hazards events and building construction by employ-
ing advanced structural analysis and probabilistic methods to predict a
structure's response more reliably. Compared to traditional prescriptive
design where the building must conform to a series of code require-
ments that results in a hard-to-quantify performance, PBD evaluates the
building to demonstrate that an explicitly defined desired performance
can be achieved [4]. The performance assessment provided by the PBD
methodology has made it a crucial tool in the planning communities'
structural resilience. Recent years have seen the use and expansion of
PBD for the study of several aspects of buildings. Since PBD relies on ad-
vanced structural analysis methods, the efficiency of different analysis
methods ranging from simple static methods to advanced dynamic
analyses has been investigated [5–16]. For many years, earthquakes
were the focus of PBD investigations [17–28] but, more recently, other
natural hazards and multi-hazard events have also been studied
[29–42].
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Regarding their environmental impacts, the building industry is one
of the major exploiters of the environment in the form of nonrenewable
resource depletion, waste generation, energy consumption, and CO2
emissions, resulting in as much as 40% of the world material consump-
tion and 30–40% of the total energy demand and greenhouse gas emis-
sions [2,43,44]. The life cycle assessment (LCA) framework [45,46] is a
valuable tool for evaluating the environmental impacts of products, sys-
tems, or processes while considering its entire life cycle [47]. Many dif-
ferent aspects of building structures have been studied using the LCA
framework. Previous LCA studies have demonstrated that the majority
of buildings’ impacts occur in the material extraction and operational
phases [43,48–51], which fostered the comparative investigation of the
environmental impacts of different building alternatives such as RC
compared to structural steel buildings [52–55], RC compared to wood
buildings [56,57], the use of precast concrete alternatives [58], energy
consumption of buildings with standard or green roofs [59,60], impacts
of low-energy-use [61] and green [62] buildings, and impacts of effi-
cient insulation techniques [63].

The desire to move towards resilient and sustainable communities
has motivated the integration of the performance-based design and life
cycle assessment methodologies. This integration has the potential to
assist in the decision-making process of selecting building designs that
minimize economic losses, downtime, casualties, and environmental
impacts due to natural hazard events while revealing trade-offs among
design alternatives [48]. The LCA-PBD integration also allows for a
more robust environmental analysis that incorporates the concepts of
risk, performance, and probability inherited from the PBD methodol-
ogy. Under this perspective, studies have combined LCA and PBD to cal-
culate the environmental impacts associated with different structural
performances of buildings [64–70]. In addition, retrofitting actions
[47,71–73] and demolition waste [47,72,74,75] resultant from the
damage caused by the extreme loads imposed by natural hazards have
been incorporated in the holistic performance-based environmental im-
pact of buildings.

The above examples illustrate how the PBD and LCA methodologies
are, both separately and combined, powerful tools for the creation of
sustainable and resilient communities of the future. The vast majority
of the existing research, however, has focused on evaluating – or creat-
ing tools and methodologies to allow the evaluation – of the perfor-
mance-based environmental impacts of isolated buildings (e.g., Refs.
[2,48,71]). The decision-making process of planning a sustainable and
resilient community may often encounter the availability of different
building design alternatives – an important area that has received much
less scientific attention. Different design alternatives can make use of
different structural materials and solutions to their gravity and lateral
force resisting systems, which inevitably translate into different envi-
ronmental impacts and structural performances to natural hazards.
Thus, to reveal the trade-offs among different design alternatives and
effectively support decision-making, the differences in environmental
and structural performance must be simultaneously accounted so that
the environmental benefits provided by an eco-friendlier alternative do
not jeopardize resilience in the form of natural-hazard structural perfor-
mance.

The objective of this study is to take the first step in creating a multi-
disciplinary framework that combines PBD and LCA to enable the direct
comparison of the structural performance-based environmental impacts
of different building alternatives. The framework aims to provide a sci-
ence-based methodology for revealing the trade-offs among different
design alternatives and to effectively support decision-making by simul-
taneously accounting for their environmental impacts and structural
performance to natural hazard loads. Using a developed performance
normalization index, the framework normalizes the environmental im-
pacts of each building alternative investigated based on their structural
performance to enable a direct quantitative comparison. The frame-
work can help better inform decision-makers when selecting the most

suitable building alternative for balancing environmental impacts and
structural performance to natural hazard loads. For demonstration pur-
poses, the framework is applied to compare two seven-story building al-
ternatives made from cross laminated timber and reinforced concrete
materials in a tsunami-prone region.

2. Structural performance-based environmental impact
assessment framework

The proposed framework stems from the need of being able to com-
pare multiple building design alternatives through the calculation of an
index that modifies their calculated environmental impacts based on
the differences in structural performance. As an illustrative example,
when comparing two design alternatives with similar environmental
impacts, the framework aims to account for the detrimental effects of
one of the alternatives having a weaker structural performance by cal-
culating a higher index value that increases its environmental impacts.
As a result, the framework presents environmental impacts for each in-
vestigated building alternative corrected – or normalized – to an equiv-
alent structural performance, allowing a direct comparison analysis for
decision-makers.

As one of the first steps towards the creation of a framework to ac-
count for the structural performance and environmental impacts of
buildings, the authors have set the objective of making the first itera-
tion of this framework as simple and practical as possible. To achieve
that, the framework uses a discrete hazard analysis approach similar to
the first-generation PBD procedures [76] rather than the rigorous prob-
abilistic approach of PBD, as the completion of such process for a given
building requires a very large amount of data gathering and computa-
tional work [7,8,77] and, as such, is not directly applicable to most or-
dinary structures from a practical perspective.

An overview of the framework proposed in this study is shown in
Fig. 1. As for the PBD methodology [78], advanced computational mod-
eling methods are also the foundation of the proposed framework. Con-

Fig. 1. Multidisciplinary framework for the combined structural and environ-
mental assessment of buildings.
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sequently, computational models of each building alternative investi-
gated are first created and subjected to the expected natural hazard
loads. The calculated structural response of each building alternative is
then used to determine the thresholds for their expected damage levels
in order to classify their performance to the natural hazard loads. These
thresholds – or limit states – are used as the basis for two concurrent
processes. In process A, a performance-based LCA analysis of each
building alternative is performed including environmental impacts as-
sociated with identified post-natural hazard-induced damage building
actions. This process is analogous to the PBD-LCA implementation
vastly found in the available literature. In Process B, the difference be-
tween the calculated limit states of the investigated building design al-
ternatives is used to calculate the Performance Normalization Index
(PNI). Finally, the LCA results of Process A are modified by the PNIs cal-
culated in Process B to obtain environmental impacts that are normal-
ized to the investigated buildings' difference of structural performance.
These normalized impacts are then used in the direct quantitative com-
parison of the building alternative's environmental impacts.

2.1. Computational model of the building alternatives

The proposed framework relies on the accurate characterization of
the buildings' responses to predict their performance and damage char-
acteristics. Under natural hazard loads, structures are often subjected to
stress levels that go well beyond the material's elastic limit, causing
residual damage and nonlinear deformations. To capture this behavior
and obtain reliable results, computational models in the form of nonlin-
ear finite element models combined with state-of-the-art material
model formulations are employed for the structural system and materi-
als of the building alternative investigated (e.g., reinforced concrete
moment frames, wood shear wall systems, etc.).

The choice of the finite element model type for a given application
requires a fine balance between accuracy, practicality, and computa-
tional efficiency, subject to the capabilities of available software and
computational resources [79]. For the most accurate results, it is recom-
mended that the building alternatives be modeled and analyzed using
3D approaches. However, depending on the combination of natural
hazard and structural system being considered, the main load-resisting
mechanisms of the building may allow for the use of modeling strate-
gies that reduces computational costs with low accuracy compromises.
In addition to the building alternatives considered, if the building-
foundation interaction is of interest and/or is expected to significantly
influence the building's response – such as during earthquake events –
their foundation may also be included in the model. The boundary con-
ditions are defined as realistically as possible for all the elements of the
building, including the foundation and soil, if considered. Examples of
different modeling strategies are discussed in detail in the case study
sections of this study (see Section 3.1).

2.2. Structural assessment to natural hazard loads

Adequate characterization of the natural hazard load on the struc-
ture is essential to calculate accurate building performance and dam-
age. Natural hazard loads are usually dynamic (i.e., time-dependent) in
nature as they normally develop over a short period of time (e.g., wind-
storm, earthquake, tsunami, etc.). Nonlinear time-history analysis is
broadly adopted in PBD and is considered the most realistic approach to
model natural hazard loads as it imposes time-dependent load behav-
iors such as rate-dependent effects and path-dependent cyclic loads
[79] on the computational building models. This type of analysis, how-
ever, is computationally demanding and can take significant time to
complete depending on the natural hazard, computational building
model, and computational resources. Alternatively, nonlinear static
analysis – where the time-dependent effects are not considered – is a
much simpler computational procedure that, despite its lower accuracy,

can be used when there are limited computational resources and suffi-
cient literature evidence that demonstrate its applicability and limita-
tions to nonlinear time-history analyses [14,80].

The determination of the full response of the building alternatives
from their initial elastic to the near-collapse-nonlinear stages is re-
quired for the characterization of the expected damage levels on each
performance limit state considered (discussed in Section 2.3). To calcu-
late the full building response, each computational model is subjected
to a series of discrete natural hazard loads that range from reasonably
low-intensity values (e.g., 0.5 m tsunami inundation depth, 0.05 g
earthquake peak ground acceleration, etc.) to the intensity that initiates
the building collapse.

2.3. Performance limit states determination

The determination of performance limit states defines thresholds for
the expected damage levels of the building alternatives under natural
hazard loads and is an essential step of the PBD methodology. In the
proposed framework, these limit states are the foundation for the calcu-
lation of the performance-based life-cycle assessment (Section 2.4) and
the performance normalization indexes (Section 2.5). Despite being
subjective to the specific desires of the decision-makers, a set of four
limit states are used in the proposed framework to characterize the
building's performances as recommended in modern PBD guidelines
[3,81]: operational (OP), immediate occupancy (IO), life safety (LS),
and collapse prevention (CP). As shown in Fig. 2, the OP indicates the
state at which the structure has suffered no damage and requires no
evacuation during the natural hazard; the IO indicates the state at
which the structure retains its pre-natural hazard strength and stiffness,
and can be re-occupied immediately; the LS indicates the state at which
the structure has some damaged components but is safe against the on-
set of a partial or total collapse; and the CP indicates the state at which
the structure has suffered major damage, without complete collapse,
and requires a complete demolition [81].

These performance limit states are defined based on engineering de-
mand parameters (EDP) that best represent the effects of the natural
hazard loads on the building (e.g., interstory drift ratios, deformations,
individual element rotations, etc.). To define the EDPs corresponding to
each performance limit state, this study employs a simplified discrete
approach where the computational model of each building is subjected
to fictional loads that aim at primarily engaging their main load-
resisting mechanism for the natural hazard considered. This approach is
similar to analysis procedures available in first-generation PBD manu-
als [82]. To allow capturing the post-peak responses of each building al-
ternative, the fictitious loads are applied in a displacement-controlled
manner. If the main load-resisting mechanism of the building alterna-

Fig. 2. Performance limit states based on structural load-deflection response.
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tive investigated involves complex structural interactions that are not
easily representable by displacement-type fictitious loads, the results
calculated in the structural assessment stage can be used to define the
performance limit states. The case study section of this study provides
an example of EDP determination (see Section 3.4).

2.4. Process A: performance-based life cycle assessment (LCA)

The LCA analysis is used to evaluate the environmental impacts of
each building alternative over its entire lifespan. In addition to the
usual cradle-to-grave LCA analysis of buildings, the calculated natural-
hazard structural performance of each building has a direct impact on
the calculated results, as shown in Fig. 3. If no natural hazard occurs,
the building operates normally until the end of its lifespan, when it is
demolished, and its materials are sent to recycling. In the event of a nat-
ural hazard, the building's structural performance determines the en-
dured damage level (which may include building collapse), and the ap-
propriate post-disaster retrofit measures are performed. Finally, the
LCA results at each building limit state's damage threshold are used to
calculate performance-based environmental impact results (i.e., envi-
ronmental impacts per limit state).

The cradle-to-grave LCA analysis is based on the ISO 14040 [45]
and ISO 14044 [46] guidelines and the functional unit is defined based
on key common properties of the different building alternatives consid-
ered (e.g., total floor area, number of stories, performance criteria used
during design, etc.). In practice, the functional unit should represent a
common goal sought by all the investigated building design alterna-
tives. This definition is essential so that the environmental impacts of
each building alternative can be guaranteed to be the result of the pur-
suit of a common goal, which is essential for their effective comparison.

The proposed framework subdivides the environmental impacts into
six distinct phases: material manufacturing, building construction, use,
retrofit, demolition, and material recycling, as shown bolded in Fig. 3.
The material manufacturing and construction phases group the main
operations required to erect the original and retrofitted (or recon-
structed, in case of collapse) building, including the shipping of the es-
sential materials. The use phase of a building groups the impacts associ-
ated with heating and cooling, electricity use, water use, etc. and can be
omitted in the analysis (dashed line in Fig. 3) if sufficient literature evi-
dence demonstrates similar environmental impacts during this phase
for the different building alternatives considered. In addition, the im-
pacts of the use phase are usually not significant when the damage and
retrofit impacts are assessed in separate phases [83], as in the proposed
framework. The retrofit phase groups the post-natural hazard-induced

operations required to restore any non-collapsible damage. The demoli-
tion phase groups the operations performed to demolish or disassemble
the building at the end of its lifespan or to account for post-disaster op-
erations performed on collapsed structures (e.g., the demolition of any
remaining sections, gathering of debris, site cleaning, etc.). Finally, the
recycling phase is conducted when the building is either demolished at
the end of its lifespan or when it collapses. In the latter case, a reduced
recycling ratio is considered to reflect material losses that might occur
due to the collapse of the building (e.g., damage beyond repair, mater-
ial carried away by the waves/wind, etc.).

For each phase, the environmental impact is evaluated in terms of
the inflow (material and energy consumption) and resultant outflow
(waste generation and emissions) that influences the ecosystem and hu-
man health [71,84]. The inflows are calculated in the life cycle inven-
tory analysis, where all the activities in each LCA phase are identified
and their required amounts of raw material and energy are listed. Fi-
nally, the collected inventory data is evaluated using an impact assess-
ment method (e.g., TRACI 2.1) which translates the LCI input data into
“meaningful” environmental impacts for different categories. The pro-
posed framework includes six impact categories, following the recom-
mendation of FEMA P-58 [83] for the environmental assessment of
buildings subjected to natural hazard loads: global warming potential
(GWP) including and excluding CO2 sequestration by wood products,
acidification (AC) potential, eutrophication (ET) potential, ozone deple-
tion in the air (ODA), and smog air (SA) potential.

2.5. Process B: performance normalization index

Different building alternatives designed to resist the same natural
hazard load can have significantly different structural performances if
they were to be physically tested or numerically analyzed using nonlin-
ear computational models. This occurs because applicable building
codes provide only the minimum design requirements that result in a
hard-to-quantify performance. The main argument of the proposed
framework is that the structural performance of the building alterna-
tives investigated should be equivalent in order to enable a direct quan-
titative comparison of their environmental impacts. While one solution
to this problem would be to iteratively adjust the building designs until
the computational models indicate identical structural performances,
this approach is not feasible due to the high computational and time de-
mand required by nonlinear numerical analyses. To overcome this limi-
tation, this study proposes the calculation of Performance Normaliza-
tion Indexes (PNI), which is a considerably simpler approach that nor-
malizes the performance limit states of each building alternative (Equa-

Fig. 3. System boundary and LCA phases considered.
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tion (1)). As shown in Fig. 4, the PNI represents the magnitude of the
difference in calculated force and EDPs between two building alterna-
tives. Equation (1) also includes weighting factors that allow decision-
makers to express which equation term (EDP or force) to prioritize de-
pending on their desired building performance. For instance, the differ-
ence in the calculated EDP may be prioritized (i.e., it has a higher
“weight” in the decision process) rather than the difference in sustained
force magnitude. If the EDP is to have double the “importance” of the
force magnitude, this priority can be expressed in the PNI calculation
by setting the EDP weighting factor to 2. To calculate the PNI, one of
the investigated building alternatives is treated as the reference build-
ing (e.g., building 2 in Fig. 4) for which the calculation of the PNI is not
required. For all other building alternatives considered (two are consid-
ered in Fig. 4, but more could be added), Equation (1) is used for each
limit state considered.

(1)

where PNIji is the performance normalization index of building j at per-
formance limit state i, bj is building j, bref is the reference building, the
Fbji is the force for building j at limit state i, δedp is the EDP weighting
factor (≥1), and δf is the force weighting factor (≥1). Fig. 4 shows the
visual representation of the PNI where i equals CP, j equals building 1,
and ref equals building 2.

2.6. Normalized performance-based environmental assessment

In the last step of the proposed framework, the calculated PNIs and
environmental impacts are used to obtain the “normalized structural
performance-based environmental impacts” of each investigated build-
ing design alternative. This is achieved by dividing the performance-
based environmental impacts calculated in Process A by the PNIs calcu-
lated in Process B, as expressed by Equation (2). This normalized im-
pact is calculated only for the non-reference buildings, as defined in
Process B, and modifies their environmental impacts to account for the
difference in structural performance. By normalizing to an equivalent
structural performance, a building design alternative can have its calcu-
lated environmental impacts artificially modified (i.e., reduced or aug-
mented) based on the difference in structural performance to the refer-
ence building. For instance, if two design alternatives with similar envi-
ronmental impacts are being considered, the normalized structural per-
formance-based environmental impacts of the design alternative with
better structural performance would be reduced.

Fig. 4. Performance comparison and normalization factors.

(2)

where Epbj is the performance-based environmental impact of building j
at limit state i, Eji is the environmental impact of building j at limit state
i, PNIji is the performance normalization index of building j at limit
state i, and δsp is the structural performance weighting factor (>0).

Similar to the calculation of the PNIs in Equation (1), Equation (2)
also includes a weighting factor that provides flexibility to decision-
makers to express which equation term (i.e., environmental impact or
structural performance) to prioritize. For instance, if structural perfor-
mance has twice the “importance” of environmental impact for a given
situation, the structural performance weighting factor can be set to 2
and the normalized environmental impacts will be doubly affected by
the structural performance difference expressed by the PNIs.

3. Case study: cross laminated timber and reinforced concrete

For demonstration purposes, the proposed framework is employed
to investigate and compare the tsunami structural performance-based
environmental impacts of a seven-story building made of two different
structural materials: cross laminated timber (CLT), which is a relatively
new and eco-friendly material, and traditional reinforced concrete (RC)
materials. While this case study focuses on the structural performance
to tsunami loads, which is a relatively unexplored research area, the
framework could also be applied to other natural hazard loads such as
seismic or windstorm loads.

The CLT building has been constructed as part of a previous study by
others to evaluate the earthquake performance of multi-story CLT
buildings [85], as shown in Fig. 5. It was originally designed following
Eurocode 8 [86] guidelines to resist the peak ground accelerations of
the Kobe JMA earthquake, one of the most devastating earthquakes of
the past decades. Spruce CLT panels are used for the walls, floors, and
roof slabs. Due to different structural needs, several CLT wall thick-
nesses are used on different stories. Self-drilling screws are used to con-
nect floor slabs to CLT walls and adjacent wall/slab panels. In addition,
angle brackets and hold-downs are used to connect the wall panels to
the slabs and the foundation (see Fig. 5a for the distribution of the con-
nections on the first floor of the building). More details on the CLT
building design can be found at [85].

The RC building was designed specifically for this study following
the same guidelines and load intensities used for the CLT building in or-
der to ensure an “equivalent structure”, as shown in Fig. 5. The design
characteristics of each story of the RC moment frame building are
shown in Table 1. Masonry infill walls are used to provide enclosure to
the outer shell of the building while the interior walls are made of non-
structural elements such as drywall or light steel framing.

3.1. Computational models of the building alternatives

As discussed in Section 2.1, the main load-resisting mechanisms of
the RC and CLT buildings allowed for the use of different modeling
strategies to reduce computational costs with minimum accuracy com-
promises. For the moment frame RC building alternative, lateral loads
caused by the tsunami are mainly resisted by the frames in the direction
of the load. In regular moment frame buildings (i.e., box-shaped with
no stepped elevations) such as the one considered in this study, it is
common to analyze only one of the building's bays and reasonably as-
sume the same response for the remaining identical bays (e.g., Refs.
[19,87]). Thus, for this combination of natural hazard and building al-
ternative, a 2D modeling approach was used. On the other hand, in pan-
elized building alternatives such as CLT building, the three-dimensional
interactions between in- and out-of-plane wall panels are the main load-
resisting mechanism. Consequently, a 3D modeling approach was used.
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Fig. 5. –Plan and elevation views of the seven-story (a)–(b) CLT [85] and (c)–(d) RC buildings.

Table 1
Design details of the RC building.

Story Column Beams

Dimens. (m x m) Long. Reinf. Transv. Reinf.

Dimens. (m x m) Long. Reinf Transv. Reinf. BeamX BeamY

1 0.6 x 0.6 12-#11 3-#4@125 mm 0.4 x 0.3 6-#10 6-#11 2-#4@220 mm
2 0.6 x 0.6 8-#10 2-#4@125 mm 0.4 x 0.3 6-#10 6-#11 2-#4@220 mm
3 0.6 x 0.6 8-#10 2-#4@125 mm 0.4 x 0.3 6-#10 6-#11 2-#4@220 mm
4 0.6 x 0.6 8-#10 2-#4@125 mm 0.4 x 0.3 6-#10 6-#11 2-#4@220 mm
5 0.5 x 0.5 8-#10 2-#4@180 mm 0.4 x 0.3 4-#10 4-#11 2-#4@300 mm
6 0.5 x 0.5 8-#10 2-#4@180 mm 0.4 x 0.3 4-#10 4-#11 2-#4@300 mm
7 0.5 x 0.5 8-#10 2-#4@180 mm 0.4 x 0.3 4-#10 4-#11 2-#4@300 mm

The finite element details of each developed model are discussed in
Appendix A.

3.2. Structural assessment to tsunami loads

Characterization of the tsunami load was performed using a triangu-
lar static-equivalent lateral hydrodynamic force, which is the approach
proposed in current design guidelines [88] that has been shown to pro-
vide good predictions of structural responses when compared to a wide
range of dynamic time-history analyses [87]. The force per building's
unit width is calculated based on the tsunami flow regime (i.e., subcriti-
cal or choked). To allow the use of the new tsunami chapter of ASCE 7
[88] to perform the tsunami analysis (which is based on mapped inun-
dation depths of the United States), the structures are considered to be
located in Blaine, Washington. At the building location, the inundation
depth and flow velocity are calculated to be 2.4 m and 4.5 m/s, respec-
tively, using the energy grade line analysis method of ASCE 7 [88],
which results in a Froude number of 0.93. As indicated in Ref. [87], the
critical Froude number for a building located in a sparse environment is
0.68; consequently, the tsunami flow considered in this study is in the
choked regime, and the force per unit structural width was calculated
using Equation (3) [89].

(3)

where F is the tsunami force, b is the width of the building, ρ is the den-
sity of the fluid, u is the flow velocity, h is the inundation depth, g is the
acceleration of gravity, Fr is the Froude number ( ), and λ is the
leading coefficient [89].

In the 3D CLT computational building model, the tsunami force was
applied as a triangular pressure distribution from the bottom of the
building to the inundation depth considered, as shown in Fig. 6. In the

Fig. 6. Tsunami load application approach on (a) CLT and (b) RC models.

RC model, a tributary distance was used to convert the water pressure
into an equivalent triangular force. The tributary distance was consid-
ered before and after the masonry infill walls collapsed due to the
tsunami. Before the infill walls collapsed, they were assumed to effec-
tively transfer the loads to the adjacent moment frames and the tribu-
tary distance was taken as the distance between the moment frames of
the building. After the infill walls collapsed, they were assumed to be
carried away by the wave, making the load affect only the moment
frame itself. In this case, a reduced tributary distance equal to the width
of the RC columns was considered. The maximum out-of-plane load
that the infill walls can resist was calculated using [90].

In this study, the wave was considered to afflict the longest side of
the buildings, as shown in Fig. 6, as this side provides the largest area
for the development of the tsunami pressure. The two building alterna-
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tives were subjected to a series of tsunami inundation depths starting at
0.5 m and increasing by 0.5 m until their collapse. The flow velocity at
each inundation depth was calculated assuming a constant Froude
number, which is considered a realistic assumption as shown in typical
tsunami onshore flow time histories [87].

3.2.1. Calculated buildings’ response to tsunami-load
No significant damage was calculated for the CLT building under in-

undation depths below 3.0 m (i.e., approximately the height of the first
story). As inundation depths increased, an increasing number of CLT
panel connections on the first story of the side afflicted by the tsunami
load failed. With a reduced number of panel connections (after fail-
ures), increased loads were re-distributed to adjacent connections until
the maximum resisted inundation depth of 6.0 m (i.e., approximately
the height of the second story). For larger inundation depths (i.e.,
6.5 m), all of the first story panel connections on the side afflicted by
the tsunami load failed, which significantly increased the stresses and
caused the failure of the long-span CLT wall panels, as shown in Fig. 7a.
The stresses on the short-span walls were not enough to cause their fail-
ure due to the restraint provided by the in-plane walls, which con-
tributed to reducing the span and, consequently, the tsunami-applied
bending moments. Despite the survival of the shorter walls, it was as-
sumed in this study that the failure of the long-span walls would cause
tsunami loads to penetrate the building and fail the interior walls. Since
CLT wall panels comprise the main structural system of the building,
this inundation depth was considered to initiate the building collapse.

For the RC building, no significant damage was calculated until the
tsunami inundation depth reached 2.0 m, where minor cracks occurred
at the bottom of the first story columns. As inundation depths in-
creased, the cracks widened and propagated along the beams and
columns of the first stories. At an inundation depth of 5.0 m, the first re-
inforcing steel yielding occurred at the base of the first story columns.
At the maximum resisted tsunami inundation depth (i.e., 8.0 m), exten-
sive cracking was calculated in the first three stories of the building and
several reinforcing steels experienced post-yield stress levels, with
many approaching the rupture stress, as shown in Fig. 7b. For larger in-
undation depths investigated (i.e., 8.5 m), the building collapsed due to
reinforcing steel rupture and extensive damage to the first story beams
and columns.

3.3. Performance limit states determination

The first story interstory drift (ISD) ratio was selected as the EDP to
define the performance limit states of the two building alternatives. ISD
is the most common EDP for the PBD analysis of buildings and has been
extensively used to investigate the performance under earthquake
loads. Since tsunamis also impose lateral loads, several studies have
used the ISD as EDPs for tsunami performance assessment (e.g., Refs.
[87,91]). Two approaches were used to determine the performance
limit states for the CLT and RC buildings due to the fundamental differ-
ences in their main tsunami load-resisting mechanisms (discussed in
Section 3.1). For the RC building, displacement loads were increasingly
applied at the first story level of the building. This approach is used be-
cause it represents the main tsunami load-resisting mechanism of RC
buildings, which is the first story moment frame lateral resistance (as
indicated by the results of the computational building models discussed
in Section 3.2). Since the main tsunami load-resisting mechanism of the
CLT building involved the interaction between the in- and out-of-plane
panels, a fictitious displacement-type load could not be easily derived.
Thus, the calculated response to the highest imposed tsunami inunda-
tion depth was used. The two buildings responses are shown in Fig. 8.

For the RC building, the ISD ratios corresponding to each perfor-
mance limit state are defined following the recommendations of ASCE
41 [81] as the drift at which: the first cracking occurred for the OP limit
state, minor cracking and limited yielding occurred at a few locations
for the IO limit state; extensive damage to beams, shear cracking in duc-
tile columns, and joint cracks occurred for the LS limit state, and exten-
sive cracking in ductile elements and severe damage in columns for the
CP limit state. For the CLT building, the ISD ratios are defined as the
drift at which: the first connection failed for the OP and IO limit states,
all of the connections of a single wall panel failed for the LS limit state,
and as 75% of the collapse drift for the CP limit state. The ISD values are
summarized in Table 2.

Fig. 9 compares the first story ISD versus the inundation depths cal-
culated in Section 3.2 for each building alternative. Similar ISDs were
calculated until an inundation depth of 5.5 m. At higher inundation
depths, the softer response caused by the damaged beams and columns
caused the RC building's ISD to increase significantly. At their respec-
tive maximum resisted inundation depths, the first-story drift of the RC
building was approximately 4.8 times higher than that of the CLT
building, as shown in Fig. 9, which indicates that the ductility (an indi-
cator of the energy absorbed by the building) of the CLT building was

Fig. 7. (a) CLT and (b) RC building response at the highest resisted tsunami inundation depth.
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Fig. 8. CLT and RC building response to determining performance limit states.

Table 2
Performance limit states for the CLT and RC buildings.

Performance Limit Force (kN) ISD

CLT
Building

RC
Building

CLT
Building

RC
Building

Operational (OP) 2198 3024 0.13% 0.30%
Immediate Occupancy

(IO)
2198 5599 0.13% 0.70%

Life Safety (LS) 4229 7184 0.40% 1.40%
Collapse Prevention (CP) 5583 7688 0.66% 2.30%

Fig. 9. First story drift versus inundation depth response.

approximately 80% lower than that of the RC building. The maximum
resisted inundation depth of the RC building was 1.3 times higher than
that of the CLT building. In addition, the overall structural performance
of the CLT building was considerably lower than that of the RC build-
ing as indicated, for example, at the tsunami inundation depth of
5.8 m, where the CLT building experienced post-LS responses while the
RC building was at the IO performance limit state.

3.4. Process A: performance-based life cycle assessment analysis

The functional unit for the LCA analysis was defined as a 13.5 m x
7.7 m seven-story building designed according to Eurocode 8 [86] to
resist the peak ground accelerations of the Kobe JMA earthquake,
which are common properties of the CLT and RC buildings considered.
The life cycle inventory (LCI) data were site-specific, based on recent
technologies and normal production conditions. The main assumptions
made to compile the LCI inputs and quantify the outputs of each LCA
phase (including the retrofit approaches considered) are discussed in
detail in Appendix B. The environmental impacts were calculated based
on the LCI inputs using TRACI 2.1 [92] characterization factors and the
LCA software GaBi [93]. The use phase was not included in the frame-

work as previous studies have demonstrated similar environmental im-
pacts for CLT and RC buildings (e.g., Ref. [94]).

3.4.1. Reference environmental impact results
Reference environmental impacts (i.e., where no tsunami damage

occurs) are shown in Fig. 10. For each category, the 100% impact is at-
tributed to whichever building alternative with the highest environ-
mental impact for that category. The large amounts of energy required
to produce RC resulted in 81% of the total impacts of the RC building
being attributed to its material manufacturing phase. For some of the
impact categories, this phase alone resulted in environmental impacts
higher than the total impacts of the CLT building. For the CLT building,
the total environmental impacts were better distributed throughout the
different LCA phases with the construction phase resulting in the largest
contribution of, on average, 36% of the total environmental impacts.
The total environmental impacts of the CLT building were, as an aver-
age of all investigated impact categories, 39% lower than those of the
RC building. This result agrees with the findings of previous studies
(e.g., Refs. [95–97]) and validates the life cycle data calculated in this
study. Different from the other impact categories, the ODA and SA im-
pacts of the CLT building were significantly higher and comparable to
those of the RC building. This result occurred due to the large shipping
distance (i.e., 777 km) from the CLT manufacturing plant to the build-
ing site. This is one of the existing limitations of constructing with CLT
materials as only a few manufacturers are currently available in North
America (i.e., about 10) compared to much more prevalent concrete
plants. The detrimental environmental effects of large CLT travel dis-
tances have also been confirmed by previous literature studies (e.g.,
Ref. [98]). In this study, a “favorable” scenario in terms of shipping dis-
tances occurs as most of the CLT plants in North America are located on
the west coast. Consequently, projects in different areas would likely re-
quire longer travel distances.

3.4.2. Tsunami-induced environmental impact results
Fig. 11 shows the environmental impacts associated with the

tsunami-induced damage of the CLT and RC buildings calculated in
Section 3.2. The impacts at the inundation depth of zero meter are
equivalent to the reference impacts shown in Fig. 10, i.e., the refer-
ence impacts. It is shown that the increase in total environmental im-
pacts caused by the retrofit actions on the CLT building was insignifi-
cant when compared to its reference impacts (see the damage and
undamaged results in Fig. 11). A similar result was observed for the
RC building until the point where RC jacketing was required. After

Fig. 10. Life cycle assessment results for CLT and RC buildings.
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Fig. 11. Life cycle assessment for the CLT and RC buildings under different tsunami inundation depths.

this inundation depth, a noticeable increase in the environmental im-
pacts of the RC building (i.e., ~9%) in all impact categories was ob-
served, as indicated in Fig. 11a. The most significant environmental
impact increase for the two building alternatives occurred when the
buildings collapsed due to the tsunami, causing a 30% and 82% in-
crease, on average for the CLT and RC buildings, respectively. The
larger environmental impact increase of the RC building is attributed
to the significant environmental impacts of its material manufactur-
ing phase, as discussed in Section 3.4.1.

For most of the impact categories analyzed, the environmental im-
pacts of the CLT building were sufficiently lower than that of the RC
building to the point that not even its collapse (at 6.5 m) resulted in en-
vironmental impacts above those of the RC building, as shown in Fig.
11a–d. The ODA and SA were the only categories in which this result
was not applicable since, at inundation depths between the collapse of
the CLT and RC buildings (i.e., between 6.5 m and 8.5 m), the CLT
building resulted in higher environmental impacts than the RC build-
ing, as shown in Fig. 11e and f.

The environmental impacts per tsunami inundation depth shown in
Fig. 11 can be categorized by limit state using the values calculated in
Section 3.3, as shown in Fig. 12. As higher tsunami inundation depths
subject the building structures to increased damage and, consequently,
higher limit states, Fig. 12 displays the same relationship between the
RC and CLT buildings discussed in Fig. 11.

3.8. Process B: performance normalization index

Based on the defined ISDs and the corresponding force levels for
each performance limit state (see Fig. 8), Equation (1) was used to cal-
culate the Performance Normalization Indexes (PNI) for the RC build-
ing while the CLT building was treated as the reference building. No
priority was given to force over EDP (i.e., the force and EDP weighting
factors were set as 1). The PNI results are summarized in Table 3.

Fig. 12. Performance-based – Performance-based environmental impacts of the investigated buildings.
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Table 3
Performance normalization indexes for the RC building.

Performance Limit Performance Normalization Indexes (PNI)

Operational (OP) 2.7
Immediate Occupancy (IO) 6.0
Life Safety (LS) 3.9
Collapse Prevention (CP) 3.7

3.6. Normalized performance-based environmental assessment

The PNIs were used to calculate the structural performance-based
environmental impacts of the RC building to allow the effective quanti-
tative comparison of the environmental impacts and structural perfor-
mance of the CLT and RC buildings. In calculating the normalized envi-
ronmental impacts for each performance limit state, no priority was
given to structural performance over environmental impacts (i.e., the
structural performance weighting factor was set as 1). The results are
shown in Fig. 13. A direct comparison between the results in Figs. 13
and 12 (repeated in dashed lines in Fig. 13) clearly shows the effect of
the use of the PNIs to obtain the performance-based environmental im-
pact. When the calculated environmental impact results were not nor-
malized using the PNIs, the CLT building resulted in lower impacts than
the RC building in nearly all of the impact categories investigated. In
Fig. 13, where the PNIs have been used to account for the difference in
the structural performance of each building alternative, the RC building
resulted in lower performance-based environmental impacts than the
CLT building for nearly all of the impact categories.

The performance-based environmental impact results in Fig. 13 also
allow in-depth analyses of the two building alternatives considered.
Firstly, for the OP limit state of the GWP (excluding sequestration) and
the ET categories, the CLT building resulted in lower performance-
based environmental impacts. This occurred because, at the first perfor-
mance limit state, the structural performance of the two building alter-
natives were similar, as discussed in Section 3.3 and shown in Fig. 9. In
this case, the difference in structural performance did not play a major
role in the assessment while the difference in sustainability governed
the determination of the favorable building alternative. Secondly, in
the AC, ODA, and SA impact categories, the RC building resulted in
lower normalized environmental impacts for all performance limit
states investigated. This occurred because these impact categories were
the ones with the lowest difference in environmental impacts between

the CLT and RC buildings, as shown in Fig. 11. Consequently, when the
significantly different structural performances of the two building alter-
natives were normalized using the PNIs, the RC building resulted in the
most favorable alternative. Lastly, in the GWP (including sequestration)
category, the CLT building resulted in lower normalized environmental
impacts for all performance limit states considered. This result is di-
rectly related to the majority of the CLT structural system being com-
prised of wooden panels, which act as a carbon sink (i.e., provided that
it comes from sustainably managed forests). This allows the CLT build-
ing to significantly diminish its carbon footprint, especially in compari-
son to traditional material alternatives such as reinforced concrete.

4. Summary and conclusions

This study presented the first attempt at a multidisciplinary frame-
work that combines performance-based design and life cycle assess-
ment to enable the effective comparison of the structural performance-
based environmental impacts of different building alternatives. The
framework relies on the accurate characterization of the building's per-
formances by means of state-of-the-art computational models subjected
to discrete, static-equivalent natural hazard loads. This characterization
is used to define response thresholds of four limit states: operational,
immediate occupancy, life safety, and collapse prevention. The build-
ings responses at each limit state are used for two concurrent objec-
tives: to calculate a performance-based cradle-to-grave life cycle assess-
ment that accounts for natural-hazard induced damage; and to calcu-
late a performance normalization index (PNI), which quantifies the
magnitude of the difference in structural performance to natural haz-
ards between the investigated buildings. Finally, the calculated envi-
ronmental impacts are modified by the PNIs to reflect the investigated
buildings' differences in structural performance.

The contribution of the developed framework in revealing the trade-
offs among different design alternatives and effectively supporting deci-
sion-making processes is demonstrated in the comparison of two seven-
story buildings in a tsunami-prone region: a cross laminated timber
(CLT) building and a reinforced concrete (RC) building. The RC build-
ing was shown to have better structural performance to tsunami loads
while the CLT building had lower environmental impacts. The use of
the proposed framework through the calculated PNIs indicated that,
when the difference in structural performance between the two build-
ing alternatives was considered, the RC building presented lower nor-
malized environmental impacts than the CLT building for the majority

Fig. 13. Normalized performance-based environmental impacts.
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of environmental impact categories and performance limit states inves-
tigated. Thus, the use of the proposed framework indicated that lower
structural performance to natural hazard loads can offset the benefits of
a building alternative with lower environmental impacts. The magni-
tude of the offset depends on the combination of the building alterna-
tives, performance limit states, and environmental impact categories
are considered.

In order to make the first iteration of the proposed framework as
simple and practical as possible, there are limitations to the current
study. First, a discrete hazard analysis approach was considered in the
development of the framework, which reflected the first-generation
PBD procedures. Current-generation PBD approaches already include
stochastic and probabilistic methods that produce statistical outcomes
that account for risk levels associated with the probability of different
natural hazard recurrence intervals on random building alternatives, lo-
cations, and natural hazard load conditions. Second, the framework
considers isolated natural hazards only, while the performance-based
study of multi-hazard events has been significantly developed in recent
years. Third, simplified static-equivalent analyses are used in the frame-
work to obtain building performances, which lack accuracy on building
alternatives with plan and elevation irregularities, or where the contri-
butions of higher mode effects are expected to be significant. Fourth,
the framework's life-cycle assessment includes only environmental im-
pact determination of the structural members of the building. The life-
cycle assessment can be expanded to include non-structural members
and other non-environmental aspects such as economic impacts, soci-
etal impacts, effects of damaged building's downtime, different energy
matrices, etc.
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