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ABSTRACT

This thesis focuses on the life cycle environmental assessment of retrofitting and
reconstruction of an actual substandard reinforced concrete (RC) building. For this purpose,
seismic structural performance assessment of an actual 6-storey RC frame building located
in Istanbul, Turkiye was carried out with respect to Turkish Building Earthquake Code
TBEC (2018). Two different retrofitting approaches as RC jacketing of columns, and RC
shear wall addition and Carbon Fiber Reinforced Polymer (CFRP) wrapping of columns
were then proposed in order to satisfy the requirements of TBEC (2018). Furthermore,
structural design and calculations for reconstructing of the new building for replacement of
the existing substandard building was conducted by taking into consideration of Turkish
Standard for the Design and Construction of Reinforced Concrete Structures Code TS500
(2000) and TBEC (2018). The Finite Element Model (FEM) of the building and required
structural analyses and assessments were carried out using ProtaStructure2022.
Accordingly, the life cycle assessment was figured out by comparing the structural,
environmental and economical parameters obtained for each retrofitting projects and newly
designed building project. For this purpose, the Athena Impact Estimator was employed
for providing insights into Life Cycle Assessment (LCA) measures for each retrofitting
scenario, focusing on metrics such as Global Warming Potential (GWP), Acidification
Potential, and Smog Potential. The results demonstrated that the performance target is
achieved with the recommended retrofitting methods. In addition, the environmental
impact assessment highlighted significant contributions from the manufacturing and
operational phases, emphasizing the roles of material production and energy use. These
findings underscore the importance of integrating sustainable practices and materials in
construction to mitigate negative environmental impacts and ensure compliance with

Turkish standards.

Keywords: Linear Analysis, Seismic Performance, Retrofitting Strategies, Life Cycle
Assessment, Building Rehabilitation, Environmental Sustainability, Athena Impact Estimator
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OZET

Bu tez, mevcut standartalti betonarme bir binanin gii¢clendirme ve yeniden insa edilmesinin
yasam dongiisii cevresel degerlendirmesine odaklanmaktadir. Bu amagla, istanbul'da bulunan
alt1 katli betonarme bir binanin deprem performansinin degerlendirilmesi, Tulrkiye Bina
Deprem Yonetmeligi 2018 TBDY (2018)'e gore yapilmistir. TBDY (2018) gereksinimlerini
karsilamak amaciyla, kolonlarin betonarme mantolanmasi ile betonarme perde eklenmesi ve
kolonlarin Karbon Fiber Takviyeli Polimer (CFRP) ile sargilanmasi seklinde iki farkli
giiclendirme yaklagimi benimsenmistir. Ayrica, mevcut standartalt binanin yeniden insa
edilmesi icin yapisal tasarim, Betonarme Yapilarin Tasarim ve Yapimina Dair Tiirk Standard1
TS500 (2000) ve TBDY 2018'e gore gergeklestirilmistir. Binanin sonlu eleman modelleri ile
gerekli yapisal analizler ve degerlendirmeler, ProtaStructure 2022 yazilimi kullanilarak
gerceklestirilmistir. Yasam dongiisii degerlendirilmesi, benimsenen farkli giiclendirme
projeleri ve yeniden ingaat projesinden elde edilen yapisal, g¢evresel ve ekonomik
parametrelerin karsilastirilmasiyla gerceklestirilmistir. Her giiclendirme durumu icin yasam
dongiisii degerlendirme (LCA) olgiitlerininin anlagilmasinmi saglamak i¢in Athena Impact
Estimator yazilimi kullanilmistir. Bu Olgiitler arasinda kiiresel 1sinma potansiyeli (GWP),
asitlenme potansiyeli ve hava kirlligi potansiyeli gibi 6lgtimler yer almaktadir. Sonuglar,
Onerilen giiclendirme yontemleriyle performans hedefinin  gergeklestirilebildigini
gostermektedir. Ayrica, cevresel etki degerlendirilmesi, malzeme flretimi ve enerji
kullaniminin rollerini vurgulayarak, ingaat ve isletme asamalarinin 6nemli katkilarini 6ne
¢ikarmaktadir. Bu bulgular, olumsuz ¢evresel etkileri azaltmak ve Tiirk standartlaria uyumu
saglamak icin ingaat sektoriinde siirdiiriilebilir uygulamalar ve malzemelerin entegre

edilmenin 6nemini gostermektedir.

Anahtar kelimeler: Dogrusal Analiz, Deprem Performansi, Gii¢lendirme Yaklagimlari,
Yasam Dongiisli Degerlendirilmesi, Kentsel Doniistim, Cevresel Siirdiiriilebilirlik, Athena

Impact Estimator.



1. INTRODUCTION

1.1. Overview

Generally, natural disasters are seen as distinct events like hurricanes, floods,
and earthquakes that can occur during a building's lifetime, leading to significant direct
and indirect economic losses (McDonald, 2007). To manage these risks, it is essential
to evaluate the possible risks to individuals and property (Borghesi and Gaudenzi,
2013). In addition to the structural safety aspect, sustainable construction practices
have become increasingly important in recent years due to growing awareness of the
environmental impacts related with building activities (Ding, 2008; Ortiz et al., 2009).
The construction industry is a significant contributor to environmental degradation,
primarily through the retrieval and processing of raw resources, coupled with energy

utilization, and emissions throughout a building's life cycle (Chau et al., 2015).

Seismic events are intrinsic to the Earth's existence and a sorrowful aspect of
human history. Countless individuals have tragically lost their homes and lives as a
result of earthquake occurrences. For instance, a seismic event Mw 7.7 on the Richter
scale struck Kocaeli, Tirkiye in 1999, resulting in over 17,000 fatalities and
approximately 44,000 injuries. The disaster necessitated emergency housing for more
than 250,000 individuals (Ortiz et al., 2009). Further more, on 6 February 2023, a Mw
7.8 earthquake struck southern and central Tlrkiye. The epicentre was 37 km west-
northwest of Gaziantep. 107213 injured, 53537 deaths and 140 missing. A damage
assessment by the Turkish goverment revealed at least 61722 buildings has to be

demolished.

Turkiye, situated in a region prone to frequent seismic activity, mandates
adherence to seismic safety guidelines outlined in codes. However, many RC
structures were constructed without following the requirements of seismic design
codes enforced their construction times. This deficiency increases the risk of
catastrophic collapse. Therefore, buildings constructed taking into account the current
regulations are esxpected to provide adequate earthquake safety (Ng et al. 2013).
However, the last earthquakes showed that the existing building stock comprises of

many substandard buildings which have not sufficient seismic structural capacity.



Recently, retrofitting has been a practical alternative for enhancing the lateral load

bearing capacity of existing buildings.

The seismic performance of the structures could be enhanced using the retrofitting
approach determined in the Federal Emergency Managment Agency FEMA 356,
Applied Technology Council ATC-40 and TBEC (2018) standards and codes
(Haghpanah et al., 2017; Zhao et al., 2021, Di Ludovico et al., 2017; Woodson, 2009)

With the global push towards reducing carbon footprints and promoting sustainable
development, the need for environmentally conscious construction practices has never
been more critical. As a result, a range of tools and methodologies has been developed
and aimed for assessing and mitigating the environmental impacts of construction
activities (Imran et al., 2014). One such tool is the Athena Impact Estimator for
Buildings, developed by the Athena Sustainable Materials Institute. This software
enables comprehensive environmental impact assessments for a wide range of
construction projects, including new constructions, renovations, and retrofits. The
Athena Impact Estimator uses a detailed database of materials and construction
activities to model and evaluate the environmental impacts from the raw material
extraction phase through to the end-of-life stage of a building. This life cycle approach
ensures that all stages of the building's existence are considered, providing a holistic

view of its environmental footprint (Kaan et al., 2012).

In the context this thesis, the structural integrity and environmental sustainability
of existing substandard reinforced concrete (RC) buildings present significant
challenges. Many buildings, especially those constructed before the implementation of
modern seismic codes like the TBEC (2018), lack the necessary detailing and
reinforcement to withstand seismic events, leading to potential catastrophic collapses.
Additionally, the construction industry contributes significantly to environmental
degradation through material extraction, energy consumption, and emissions over the
building's life cycle. This thesis addresses such dual challenges by evaluating the life
cycle environmental impact and structural performance of retrofitting versus
reconstruction of a substandard RC building in Istanbul. The specific problem lies in
determining the most effective retrofit strategy that not only meets the structural
performance requirements as per TBEC (2018) but also minimizes environmental

impacts.



The study investigates two retrofit methods: RC shear wall addition and CFRP
wrapping of columns and RC jacketing of columns, alongside a complete
reconstruction scenario. The goal is to identify a sustainable approach that enhances
the seismic resilience of building while reducing its environmental footprint. For this
purpose, seismic structural performance assessment of an actual 6-storey RC frame
building located in Istanbul, Tirkiye was carried out with respect to TBEC (2018).
Two different retrofitting approaches as RC jacketing of columns, and RC shear wall
addition and CFRP wrapping of columns were then proposed in order to satisfy the
requirements of TBEC (2018). Furthermore, structural design and calculations for
reconstructing of the new building for replacement of the existing substandard building
was conducted by taking into consideration of requirements of TBEC (2018). The
FEM of the building and required structural analyses and assessmenets were carried

out using ProtaStructure 2022.

Accordingly, the life cycle assessment was figured out by comparing the structural,
environmental and economical parameters obtained for each retrofitting projects and
newly designed building project. For this purpose, the Athena Impact Estimator was
employed for providing insights into Life Cycle Assessment (LCA) measures for each
retrofitting scenario, focusing on metrics such as GWP, Acidification Potential, and
Smog Potential. By comparing the retrofitting strategies with the reconstruction
scenario, the study aims to provide a comprehensive understanding of the trade-offs
involved in choosing between retrofitting and rebuilding. The reconstruction case
involves demolishing the current structure and erecting a new building that meets all
modern seismic and environmental standards. This comparison is crucial for
determining the most sustainable approach to improving the building's
performance.The environmental analysis conducted in this thesis aims to provide a
detailed comparison of the impacts of the two retrofitting scenarios. Employing Life
Cycle Assessment (LCA) methodologies, the research evaluates crucial environmental
impact indicators. By leveraging the capabilities of the Athena Impact Estimator, this
study not only highlights the environmental performance of the retrofitting methods
but also emphasizes the broader implications for sustainable construction practices.
The results of this research highlight the importance of integrating sustainable
materials and practices into construction and retrofitting activities. They also highlight



the necessity for informed decision-making that balances structural performance and

environmental stewardship.

1.2.  Objectives

In the above literature, there are a lot of researchs on the performance of the single
structural element reinforced with CFRP, but most are FEA, experimental work, and

for one specific structural member.

In addition, this thesis aims to make a contribution to the field of sustainable
construction by providing a detailed environmental assessment of retrofitting scenarios
and reconstruction for an existing building in Istanbul. Through the use of advanced
tools and methodologies, the study seeks to promote a deeper understanding of the
environmental impacts associated with different construction practices and to advocate
for more sustainable approaches in the industry. The ultimate goal is to support the
development of buildings that are not only structurally sound and resilient but also

environmentally responsible and sustainable in the long term.

1.3.  Organization of the Thesis

This thesis is organised into five chapters with the following contents:

Chapter 1 is the introduction of the thesis. Chapter 2 provides an overview of
seismic retrofitting systems and also different types of retrofitting systems are
summarised and discussed. Chapter 3 introduces the seismic performance assessment
procedure in TBEC (2018). Design process based on Performance based seismic
design approach of existing building which have been assessed are presented in detail.
Chapter 4 introduces the retrofitting strategies of exsiting building. Design process and
performance based seismic design approach of CFRP with shear wall and RC jacketing
of columns are presented in detail. Chapter 5 introduces the design assumptions, design
process and performance based seismic design assessed for redesigned building.
Chapter 6 introduces the lif cycle evaluatation of existing, retroffiting and redesigened

building. To conclude, Chapter 7 shows a summary and a conclusion of this study.



2. LITERATURE REVIEW

2.1. Studies Related to CFRP Retroffiting Method

The ease of application makes CFRP a preferred material for retrofitting
existing structures with minimal disruption. Studies, such as those by ACI Committee
440 (2008) and Seible et al. (1997), highlight the effectiveness of CFRP jackets in
improving the seismic resilience of RC columns by enhancing confinement and energy
dissipation. Further research, including that by Fardis (2009) and Ghosh (2009),
underscores FRP’s vital role in retrofitting RC buildings to meet modern seismic

standards.

CFRP application can increase the flexural capacity of RC beams, for instance,
Eljufout et al., 2021 investigated the impact of the number of CFRP layers on the
behavior of RC beams strengthened with CFRP. The results showed that the load-
carrying capacity increased with increasing the number of carbon fiber sheet layers.
Shomali et al., 2020 conducted a study investigating the effect of the internal
reinforcement ratio on the behavior of CFRP-strengthened beams. The authors
observed that the flexural strength and stiffness of the strengthened beams improved
compared to the control specimens. Additionally, they noted that with a higher
reinforcing ratio, the failure of the strengthened beams occurred either due to
interfacial debonding caused by a flexural shear crack or interfacial debonding induced
by a flexural crack. Wang and Han, 2013 concentrated on investigating the flexural
performance of pre-stressed concrete hollow slabs after being reinforced with CFRP
following various forms of damage. Using experimental methods, twelve residential
pre-stressed concrete hollow slabs were subjected to a concentrated load at two
symmetrical points to examine both the flexural behavior and the effects of different
bonding techniques. The study concluded that the flexural performance of pre-stressed
concrete hollow slabs reinforced with CFRP showed significant improvement and
proved to be highly reliable (Wang and Han, 2013).

Banjara and Ramanjaneyulu (2017) carried out an experimental program
focusing on beams retrofitted to address shear deficiencies. Their findings emphasized
the significant enhancement of shear capacity in continuous RC beams due to the

application of externally bonded CFRP.



Imran et al. (2014) performed a study on the impacts of eccentric loading on
both unstrengthened and CFRP-strengthened RC beams. The experiments indicated a
shift in behavior from flexural failure to local failure due to variations in eccentricity.
Thus, the effects of eccentricity cannot be overlooked and require careful consideration
before applying a strengthening strategy to RC beams. The RC beams strengthened
with CFRP exhibited significantly enhanced load-carrying capacity, but the influence
of eccentric loading on the ductility and failure mode of RC beams must be taken into

account.

Kaan et al. (2012) evaluated the effectiveness of different methods for
preventing and repairing fatigue damage in welded connections, a frequent problem in
many steel bridges. They conducted both experimental tests and analytical simulations
to investigate the fatigue performance of cover plate specimens with welded
connections reinforced with CFRP overlays. The specimens underwent three-point
bending under cyclic loads to measure the changes in fatigue-crack initiation life of
the welded connections due to the application of CFRP overlays. The results showed
that preserving the bond between the CFRP overlays and the steel was critical, as it
significantly reduced stress demands and extended the fatigue life of the welded
connections from AASHTO fatigue-design Category E’ in the unreinforced state to
the infinite fatigue life range. Furthermore, the introduction of breather-cloth material
within the bond layer greatly enhanced the fatigue strength of the bond layer.

2.2. Studies Related to RC Jacketing of Columns Retroffiting Method

RC jacketing of columns is a technique that nowadays has become very popular in
the strengthening and retrofitting of existing structures. The method involves the
addition of a new layer of concrete with additional steel reinforcement around an
existing structural member in an attempt to enhance its strength, ductility, and
stiffness. The beginning of research studies related to jacketing with reinforced

concrete started in the mid-last century.

Sezen and Whittaker (2006) studied RC jacketing of columns with regard to
buildings damaged in earthquakes. Much of the emphasis in this research has been on
how this technique can regain strength and enhance ductility. The aforementioned

application has been realized after major seismic events in many cases, such as after



the 1999 Kocaeli Earthquake in Tirkiye and the 2003 Boumerdes Earthquake in
Algeria.

Campione and Miraglia (2003) showed that RC jacketing of columns significantly
increased axial and shear strength, thus increasing the strength of the structure in
resisting seismic forces. Moreover, it provided further confinement to core concrete,

minimizing the chances of brittle failure under cyclic loads.

Alcocer et al. (2014) investigated the suitability of high-performance concrete for
use in RC jackets; this increased the resistance and durability of the RC jackets. The
high-performance concrete used would be highly resistant to environmental
degradation that would be dominant in aggressive environments such as in coastal or

industrial areas.

Sakino et al. (2012) investigated hybrid approaches where RC jacketing was
combined with CFRP wrapping and showed better performance compared to seismic
retrofitting. The proposed hybrid technique had taken advantage of the two techniques'

benefits with increased confinement and strength with limited increase in dead load.

2.3. Studies Related to Life Cycle Assesment

The current literature highlights the crucial requirement of sustainable practices in
the construction industry, specifically focusing on retrofitting and using bio-based
materials. By reusing and recycling existing structures and using bio-based materials,
Besana and Tirelli (2022) show that embodied carbon (EC) can be significantly
reduced. They conducted a thorough case study of a Milanese abandoned building and
used one-click LCA software to conduct a building information modeling (BIM)-based
LCA to examine different retrofit solutions. The results showed 91% decrease in EC
compared to new buildings, proving that the "build less, build clever" attitude is
effective. According to this idea, reusing old structures has many benefits, including
EC and a smaller environmental impact. Nevertheless, the present "—1/+1 approach"
to determining the negative carbon contributions of bio-based materials has its
limitations, as Besana and Tirelli point out, and they also mention the continuing
discussion in the scientific community regarding the biogenic materials' long-term
carbon neutrality. Because of this, studies into more accurate ways of accounting for

biogenic carbon sequestration are urgently needed.



The study by Dong et al. (2005) addresses the environmental and economic impacts
of retrofitting versus rebuilding through a comprehensive life cycle assessment (LCA)
and costing analysis of a typical four-bedroom house in Toronto. The LCSconsidered
in their study align with the general stages. These stages include procurement of raw
materials, manufacturing of construction components, construction processes,
operation, and maintenance over the building's service life, and end-of-life processes
such as recycling, reuse, demolition, and disposal. Each stage involves inputs like
energy, water, and raw resources, resulting in outputs such as atmospheric emissions,
solid wastes, and liquid wastes. During the raw materials acquisition stage, the study
considers the environmental impacts of extracting and processing raw materials
required for retrofitting and new construction. In the fabrication of construction
materials stage, the analysis includes the emissions and energy consumption related to
producing the materials used in retrofit and rebuild scenarios. The construction
activities stage examines the environmental impacts of on-site construction processes,
transportation of materials, and the installation of structural components. In the
operation and maintenance stage, the study evaluates the building's energy
consumption, emissions, and maintenance requirements over its service life. Finally,
the end-of-life stage analyzes the impacts associated with the demolition, disposal, and
potential recycling of building materials. Dong et al.'s study underscores the
importance of considering all these stages to assess the environmental and economic

trade-offs between retrofitting and rebuilding.

Additionally, Fnais et al. (2022) provide a comprehensive review of current LCA
applications in buildings, focusing on the limitations of conventional static LCA and
advocating for a dynamic, data-driven approach. They identify several critical gaps in
current LCA research, including the lack of alignment with domain models like BIM,
limited support for temporal information, insufficient consideration of health and well-
being impacts, and difficulties in scaling up LCA from individual buildings to larger
districts. Fnais et al. (2022) champion "semantic-based dynamic (real-time) LCA,"
arguing for a more comprehensive framework that leverages real-time data from
connected devices, semantic models like BIM and GIS, and intelligent decision
support systems powered by machine learning. This approach aims to address the
inherent dynamic nature of buildings and their surrounding environment, providing

more accurate, timely, and actionable insights for optimizing environmental



performance throughout the building's lifecycle. While this call for a dynamic LCA
framework presents a promising direction, the paper leaves several practical
implementation details unanswered. Future research should focus on developing
standardized methodologies and databases for collecting, integrating, and analyzing
dynamic data in the context of LCA while addressing the technical and semantic
interoperability challenges associated with connecting various data sources and

domain models.

Finally, Vitiello et al. (2016) focus specifically on the environmental impact of
seismic retrofitting strategies for existing RC buildings. Using SimaPro software and
the IMPACT2002+ methodology, they conduct a comparative LCA of four different
strengthening solutions for a building in Naples, Italy. Their findings highlight the
importance of incorporating sustainability criteria alongside structural performance in
the decision-making process. The study demonstrates that base isolation, a strategy
focused on reducing seismic demand rather than increasing structural capacity,
achieved the lowest overall environmental impact across various damage categories.
This suggests that choosing less material-intensive solutions, when feasible, can offer
significant environmental benefits. However, the authors acknowledge that the
environmental impact assessment is specific to their case study and might vary
depending on the building's vulnerability, seismic hazard, and the databases used. This
underscores the need for further research to develop comprehensive and
geographically specific databases for LCA applications in seismic retrofitting,
enabling more informed decision-making for a wider range of building types and

contexts.

Ezer (2012) the environmental impact of buildings primarily addresses the
construction of new structures. However, these models often fail to consider variations
in productivity, efficiency, and the short- and long-term effects associated with
rehabilitation efforts related to rehabilitation projects. Therefore, there is a pressing
need to develop a methodology for quantifying resources and calculating

environmental impact specifically tailored to rehabilitation projects.

Itard and Klunder (2007) investigated the environmental impacts throughout the
life cycle of buildings over time. Their research concluded that in a scenario where a

building endures for 100 years, the overall energy consumption during its lifespan is



greater if the building remains in its original state or is demolished and replaced with
new construction, and lower if it undergoes refurbishment. While reconstruction
presents notable environmental consequences, it also provides an opportunity to

enhance the energy efficiency of the building.

Verbeeck and Cornelis (2011) conducted an analysis comparing renovation with
demolition and new construction for a portion of the housing stock in Belgium across
various scenarios, considering factors such as energy consumption, economic impacts,
and environmental effects. They determined that the annual energy savings from
demolishing and constructing new buildings did not justify such actions, except in
instances where the building was in extremely poor condition or if renovation costs
were prohibitively high. From an environmental perspective, they concluded that
demolition and new construction might not always be a worse option than renovation.
The potential for energy savings is higher when replacing the building with new

construction that maximizes waste reuse and recycling during the demolition process.

Dobbelsteen et al. (2004) created a methodology for the simplified mathematical
evaluation of the environmental impact of renovation versus demolition and new
construction. This method includes assigning specific environmental costs and annual
environmental costs, where the former pertain to construction, demolition, and
possible renovation, and the latter to the yearly consumption of energy and other
resources. Their model assumes that renovation or new construction should result in
lower annual costs since the renovated or new building is expected to be more energy-

efficient.

Ng et al. (2013) examined the carbon emission determination methods of six
prominent Building Environmental Assessment (BEA) tools and conducted a detailed
study on an office building. They discovered that these tools mainly evaluated carbon
emissions during the operational stage, often qualitatively, rather than considering all
LCS. Additionally, they observed that differences in baseline, benchmarking, and
auditing methods across various tools led to inconsistencies in the assessed carbon

reduction levels of buildings.

Dall’O et al. (2012) investigated the energy-saving potential of retrofitting
residential buildings in five municipalities of Milan, Italy. They concentrated on

retrofit options for the building envelope, such as window replacement, adding facade
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insulation, enhancing roof insulation, and implementing new sealing to reduce
ventilation losses. They introduced a retrofitting factor 'i,’ assumed to be defined by
local authorities, to calculate potential energy savings for each retrofit option.
Additionally, they assessed the economic payback period for each retrofit option under
various tax deduction scenarios. Notably, their study did not include the energy needed
for material production in the calculations, and they analyzed energy and economic

savings separately.

Cellura et al. (2013) conducted a study on the environmental advantages of
retrofitting buildings in Italy and developed an assessment model. They focused on
retrofit measures such as wall insulation, window replacement, installation of solar
thermal collectors for hot water, and the installation of condensing boilers, chosen
based on government-defined actions eligible for tax deductions. Importantly, they
integrated potential changes in consumer behavior into their model by assuming that
consumers might spend additional income from energy savings on other goods. As a
result, they included the environmental impacts of consumer spending behavior in their

analysis.

Asadi et al. (2012) proposed a multi-objective optimization model to assess
building retrofits based on environmental and economic performance. They
investigated retrofit strategies such as external wall insulation, roof insulation, window
replacement, and the installation of solar collectors, considering different materials
and technologies for each approach. Energy savings resulting from retrofits were
estimated using a simplified model adapted from the Portuguese building code. For
the optimization process, they employed the Tchebycheff method and allowed for
variable weights for energy and cost reductions. Their findings revealed that the

optimal retrofit strategies varied depending on the weights assigned.

In their study, Milaj, Sinha, Miller, and Tokarczyk (2017), evaluated the
environmental benefits of replacing steel and concrete with wood in commercial
buildings in Oregon using the Athena Impact Estimator for Buildings. By modeling
six buildings and analyzing their life-cycle impacts, they found that the use of wood
considerably decreased GWP and fossil fuel consumption. (FFC), with an average
GWP reduction of about 60%. These findings align with other studies that demonstrate

wood's lower environmental footprint compared to traditional construction materials,
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emphasizing wood's potential in sustainable commercial construction. The research
highlights wood's viability in reducing the construction sector's overall environmental

impacts, supporting its increased use in commercial applications.

The study by Abouhamad and Abu-Hamd (2020) assesses the environmental
impacts of light steel-framed buildings with cement-based walls and floors using the
Athena Impact Estimator for Buildings. It employs a life cycle assessment approach
(LCA) methodology to analyze the environmental effects from production to end-of-
life stages. The results indicate that cold-formed steel (CFS) systems have lower
embodied GWP and primary energy consumption (PE) compared to traditional
construction materials, primarily due to the high recycled content and efficient
production processes. The study emphasizes the importance of including both
embodied and operational impacts in building assessments to inform sustainable

construction practices.

Chen et al. (2020) performed a comparative life-cycle assessment of a 12-story
mass timber (MT) building and an equivalent RC building using the Athena Impact
Estimator for Buildings (IE4B). The analysis demonstrated that the MT building had
a 20.6% reduction in embodied carbon compared to the RC building for modules A to
C, and a 70% reduction when including module D (beyond the building's lifespan).
Additionally, the MT building stored significant amounts of CO2, resulting in a lower
GWP. These findings underscore the environmental benefits of utilizing cross-
laminated timber (CLT) in high-rise construction, advocating for its adoption in more

sustainable building practices.
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3. SEISMIC PERFORMANCE ASSESSMENT OF ACTUAL RC

3.1.

BUILDING

Seismic Performance Assessment Procedure in TBEC (2018)

In this study, the building was evaluated for seismic performance according to

TBEC (2018). The assessment indicated that the structure is expected to achieve the

"Controlled Damage" Life Safety performance level during a DD2 earthquake, which

has a 10% probability of exceedance within 50 years and corresponds to a return period

of 475 years. The total height of the building, from the basement to the top of the fourth

floor, is 17.40 meters, placing it in Building Height Class BYS 6. According to the

TBEC (2018), a building must satisfy the following criteria to provide “Controlled

Damage” performance.-

At any floor, based on calculations made for each earthquake direction
applied, excluding secondary beams, a maximum of 35% of the beams and
columns as defined in the following paragraph (b) may transition into the
Collapse Prevention Zone.

The combined shear force the contribution of columns in the Collapse
Prevention Zone must not exceed 20% of the total shear force borne by all
columns on any given floor. Moreover, the ratio of the cumulative shear
forces of columns in the Advanced Damage Zone on the top floor to the
total shear forces of all columns on that floor must be limited to a maximum
of 40%.

The proportion of shear forces borne by vertical elements surpassing the
Life Safety limit, both in the lower and upper sections of any floor, must not
exceed 30% of the total shear force borne by all vertical elements on that
floor.

All elements must have sufficient capacity for shear effects.
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3.1.1.Short and 1-Second Periods Factors

From The earthquake map of republic of Turkiye the Ss and S; factors are found to
be

S$:=0.9989;S1=0272¢g

Further more, the local Soil Affect Coefficients (Fs and F1), for soil type: ZB Short
period and 1-second period local soil affect coefficients will be determined as per
(TBEC 2018-2.3.3) as shown in Tables 3-1 and 3-2.

Table 3-1 Short-period local soil affect coefficients (TBEC 2018-Table 2.1)

Yerel Kisa periyot bdlgesi igin Yerel Zemin Etki Katsayist F,

Zemin

Sinifi 5,025 [ S,=050 | 5,=0.75 S, =1.00 S, =125 S, 2150
ZA 08 0.8 0.8 0.8 0.8 0.8
ZB 0.9 0.9 0.9 09 ; 0.9 09
zZC 13 13 12 | 12 12 1.2
ZD 1.6 14 1.2 1.1 1.0 1.0
ZE 24 1.7 13 1.1 0.9 0.8
ZF Sahaya ozel zemin davrany analizi yapilacaktir (Bkz.16.5).

Table 3-2 Local soil affects coefficients for a period of 1 sec (TBEC 2018-Table

2.2)

Yerel 1.0 saniye periyot igin Yere! Zemin Etki Katsayist F,

Zemin

Sunsfi 5 2010 5 =020 S, =030 5, =040 S, =030 S, 2060
ZA 08 _ 08 _08 0.8 08 08
ZB o8 | os 08 | o8 0.8 0.8
ZC 1.5 1.5 1.5 1.5 1.5 14
ZD 24 2.2 2.0 1.9 1.8 1.7
ZE 4.2 3.3 2.8 24 2.2 2.0
ZF Sahaya ozel zemin davranyy analizi yapuacaktir (Bkz.16.5).

Then, Spectral Acceleration values for Design were calculated as per (TBEC
2018-2.3.2)

Sps = Sg X Fg = 0.998g X 0.9 = 0.898 g

Spy =Sy X F, = 0.272g X 0.8 =0.218 g
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Hence, Spectrum Corner periods (Ta ve Tg): (TBEC 2018-2.3.4.1)

T, = 02221 = 02 x 22189 ) 04g
=02—=0.2 X ——— = 0.048 sec
A Sps 0.898¢
Sp;  0.218g
Ty = 221 = 229~ 242
BT S,s  0.898g se¢

3.1.2.Building Usage Class (BKS) and Building Importance Coefficients

The BKS were found for Konut Bina (BKS=3) as per (TBEC 2018-Table 3.1),
and Building importance coefficient : 1=1 as per (TBEC 2018-Table 3.1)

Table 3-3 Building usage class and building importance coefficient (TBEC 2018-

Table 3.1)
Bina Bina Onem
Kullanim Binanin Kullanim Katsayis:
Smifi Amac: 170)

Deprem sonrasi kullamimi gereken binalar,
insanlarin uzun siireli ve yogum olarak
bulundugu binalar, degerli esyanmn saklandig:
binalar ve tehlikeli madde iceren binalar

a) Deprem sonrasinda hemen kullanilmasi gerekli
binalar (Hastaneler, dispanserler, saglik ocaklar.
itfaiye bina ve tesisleri, PTT ve diger haberlegme
BKS =1 tesisleri, ulagim istasyonlan ve termunaller:. enerji 1.5
tiretim ve dagitim tesisleri, vilayet, kaymakambhk 2=
ve belediye ySnetim binalan, ilk yardim ve afet
planlama istasyonlar:)

b) Okullar, diger egitim bina ve tesisleri, yurt ve
yvatakhaneler, askeri kiglalar, cezaevien, vb.

<) Mizeler

d) Toksik, patlayici, parlayici, vb. Szellikleri olan
maddelerin bulundugu veya depolandig: binalar

E Insanlarin  kisa siireli ve yogun olarak
1 Bks=2 bulundugu binalar 1.2
- Aligverig merkezleri, spor tesisleri, sinema, tiyatro, ?
- konser salonlar:, ibadethaneler, vb.
........... l-);g.;;;;i;;l.a.;-""."""""""""""" Ty
- - _— — -
BKS =3 BKS=1 ve BKS=2 igin verilen tamimlara girmeyen 1.0

diger binalar (Konutlar, igyerleri, oteller, bina tiiri
endistn: yapalarn, vb.)

15



3.1.3. Earthquake Design Classes and Bui

Iding Height Classes

Derived from the Building Use Classes outlined in TBEC 2018-3.1.1 and the short
period design spectral acceleration coefficient specified in TBEC 2018-2.3.2.2 for the

DD-2 earthquake ground motion level, the Earthquake Design Classes (DTS) that

govern the earthquake design criteria in this regulation will be determined per TBEC

2018-Table 3.2.

Table 3-4 Earthquake Design Classes (DTS) (TBEC 2018-Table 3.2)

DD-2 Deprem Yer Hareket1 Diizeyinde Kisa Bina Kullanim Sinafi
Periyot Tasannm Spektral Ivme Katsayis: ( 5., ) BKS =1 BES =2 3
S,s<033 DTS = 4a DTS =4
033<5,<0.50 DTS = 3a DTS=3
05058, <0.75 DTS = 2a DTS =2
e O e i) Drs-la .. e

The Building Height Classes for Hy= 17.4 m, Hence

Table 3-5 Building height classes (TBEC 2018-Table 3.3)

Bina Yikseklik Simflan ve Deprem Tasarim Simflarma Gore
Bina Tanimlanan Bina Yiikseklik Araliklar: [m]
Yiiksekhk Smmifi
DIS=1.1a2,2a DTS= 3.3a DIS= 4.,4a
BYS=1 H, >70 H, >091 H, >105
BYS=2 56<H, =70 TO< H, =91 | 91<H =105
BYS= 1 42<H, <56 56<H, <70 | 56<H <91
BYS= 4 2B< H <42 42<H =56
BYS= 5 175<H, <28 B<H, <42
BYS= 6 10.5<H, <175 175<H, <28
BYS= 7 T<H, 2103 105<H, =175
BYS= H, =7 H, 2105
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3.1.4.Building Target Performance Level

The building target performance level were calculated as per (TBEC 2018-Table
3.4-c) and shown in Table 3-6.

Table 3-6 Building target performance level (TBEC 2018-Table 3.4-c)

Deprem DTS=1,2,3, 33,4, 4a DTS =1a, 2a
Yfr H. | Normal Performans Degerlendirme/Tasanm | lleri Performans | Degerlendirme/Tasanm
Diizeyi Hedefi Yaklasim Hedefi Y aklasim
B T Etatatata o aatataaalll - SH $GDT
DD-2 KH SGDT — —
B phbRALEEE LALL L bbb < SGDT

3.1.5.Damage levels of the members Evaluation

TBEC 2018 considers the elements that are inadequate under shear effects directly
as brittle elements. If there is an unsafe element in the building under shear effects, the
earthquake performance of the building is directly determined as "Collapse".

With the Linear Calculation Methods given in Chapter 15 of the TBEC (2018), the
displaced axis rotation demanded by the earthquake from the element under the

bending effect is found for the Earthquake Calculation.

When the bending element undergoes linear elastic deformation, the relationship
between the displaced axis, the nodal rotations at the | end, and the inter-story drift is
established by Equation (3.1.).

— 8, (3.1)

In this equation, Bk is the displaced axis rotation at the | end of the element, A is

the inter-story drift, lc is the element net span, and 8: is the nodal rotation figure 3.1.
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Figure 3.1 Bending member strain properties

After yielding at the | end of the element, the overall rotation of the displaced axis
Is the sum of the yield rotation and the plastic rotation at that point (Equ. 3.2)
Hki = eyi + Hpi (32)

Where, 6,,; : yield rotation and 6,,;: plastic rotation

The displaced axis rotation calculated as a result of earthquake loadings made in
the three-dimensional computer model is compared with the rotation capacities
corresponding to the concrete and reinforcement unit strains Table 3.7 determined by
the damage limits defined by the TBEC (2018), and the expected element damages in
terms of bending effects are determined .

Table 3-7 Strain limits for damage classes of elements

LD CD CP
Concrete 0.0025 | 0.75¢5P efP = 0.0035 + 0.04,/w,,, < 0.018
Reinforcement | 0.0075 | 0.75&¢P efP = 0.4¢g,

The terms in Table 3-7. are explained below:
LD: Limited Damage

CD: Controlled Damage

CP: Collapse Prevention

P . Allowable concrete strain limit for the collapse prevention performance level.
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efP ¢ Allowable reinforcing steel strain limit for the collapse prevention
performance level.

&5, - Reinforcement strain corresponding to maximum strength.

wye - Mechanical reinforcement ratio of effective winding reinforcement.

In this study, the moment and curvature properties of the sections were calculated
using the concrete material model (unconfined concrete model) and the reinforcing
steel material model recommended in the TBEC (2018). The calculated curvature
values were multiplied by the length of the plastic hinge (50% of the section depth in
the bending direction was assumed) and the rotation values were obtained.

Yield rotation (8y:) and plastic rotation (6,:) values at the ends of bending elements
were calculated for all three damage limits (LD, CD, and CP) according to the concrete
and reinforcement deformation limits determined in the TBEC (2018) and listed in
table 3.7. The damaged regions of the elements were determined by comparing them

with the displaced axis rotations at the element ends figure 3.2.

The following notes were considered in the building assessment:

» The bending moment capacity of the vertical structural members is determined
by using axial force which is determined under vertical loads according to Part
5.2.2 in TBEC (2018).

» Basement Shear Walls are modeled as linear elements according to Part 5.4.4 in
TBEC 2018.

Inner Force
& cD CP
LD e » —
Limited |  Significant +  High
Damage : Damage ' Damage Collapse
Region . Region Region ' Region

Transformation

Figure 3.2 Damage regions curve
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3.2.  Seismic Performannce Assessment
3.2.1.Procedure and Methodology

In this thesis, the current performance-based seismic design of a building located
at of Istanbul Province - Kadikdy District. The building whose location is given in

figure 3.3 is used as a residence.

The general view of the building given in figure 3.4 consists of a total of 6 floors,
including a basement, ground floor, and 4 normal floors. The building has a carrier

system formed with a reinforced concrete frame.

Figure 3.3 Building Location map
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Figure 3.4 Building General view

The plan dimensions of the building, which has a rectangular geometry in plan, are
measured as 17.50 m x 17.50 m on the basement floor and 20.50 m x 20.50 m on the
ground and normal floors. The floor heights of the building were measured as 2.40m
in the basement, 3.60m on the ground floor, 2.90m on the 1st-3rd floors, and 2.70m
on the 4th floor. The building floor system is a solid slab in the basement and a mixed
system (one-way ribbed slab and solid slab) on the other floors. On floors where ribbed
slabs are used, the cross-section of ribs is 10x32 cm? and the plate thickness is 7 cm.

a) Loads
The loads and abbreviations taken into account in the analysis and investigations to

determine the current performance level of the building are given in Table 3.8.
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Table 3-8 Loads taken into account in the study

Abbreviation Load Description
DL Self-loads created by the structure's weight
FL Finishing loads (coating, installation dead loads)
LL Live loads
SL snow load
Eax Earthquake effect in the X-direction
Eaqy Earthquake effect in the Y-direction
Eqz Earthquake effect in the vertical direction
Dead Loads

The weights of the elements such as columns, beams, and slabs that make up the
carrier system were calculated with the FE program used. In the calculations, the unit

volume weights of the reinforced concrete elements are taken as 25 kN/m?,

Finishing Loads

Finishing load was taken into account as follows

Floor Finishing Loads (Coating + Plaster + Leveling 1.0 kN/m?

Concrete)
Partition Wall Loads 1.0 KN/m?

Live Loads

Live loads are taken into account following the TS498 standard as follows:

Rooms 2.0 KN/m?
Corridor and Stairs 3.5 kN/m?
Snow Loads

Snow load is taken into account as 0.75 kN/mz following the TS498 standard.
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Earthquake Loads (Egx, Eqy, Eqz)

The building was evaluated for seismic performance according to TBEC
(2018). According to that, the building is expectred to satisfy the requirements of Life
Safety performance level (Controlled Damage) under DD2 earthquake (10%
probability of exceedance within 50 years and corresponds to a return period of 475
years). For the area where the structure is situated, the spectral acceleration coefficients
for short periods (Ss) and for 1 second (S1), the peak ground acceleration (PGA), and
the corner periods of the horizontal elastic acceleration spectrum (Ta and Tg) were
sourced from the 2018 Turkiye Earthquake Hazard Maps. The design values were
obtained by multiplying these values with the local soil effect coefficients specified in
the TBEC (2018) for the ZB class soil. Accordingly, PGA: 0.408, Sps: 0.898 ve Spi:
0.218 Ta:0.048 sec, and Tg:0.242 sec were calculated for the DD2 earthquake level.
The location of the building on the Tirkiye Earthquake Hazard Map is given in figure
3.5 and the horizontal elastic acceleration spectra obtained for the DD2 earthquake

level are given in Figure 3.6.

L

Sanyer
‘ &m i
¥ gazi,

Figure 3.5 Location of the Structure According to Active Faults on the
Tirkiye Earthquake

The vertical earthquake effect (Eqz) has been added to the relevant combinations
as (2/3 x Sps x G)following the article 4.4.3.2 of the TBEC (2018) (G: building
self-weights and finishing loads DL+FL).

23



Table 3-9. Spectral Acceleration and Soil Type Factors for Earthquake Classes

Seismic Ss S1 Fs F1 Sbs Spb1 Ta To T
DD2 0.998 | 0.272 | 0.900 | 0.800 | 0.898 | 0.218 | 0.05 0.24 6.00
1
0.8
’|_\0.6
@* 0.4
0.2
0
0 2 6 8 10 12
Period

Figure 3.6 Horizontal elastic acceleration spectrum of the DD2 earthquake

b) Load Combinations:

In this thesis, the load combinations considered during the current examination

of the structure and after the strengthening are given in Table 3-10.

Table 3-10. Load combinations

y Dead Load Live Load Earthquake Load
Load Combination

DL | FL | LL | QL | SL | Eq | Egq | Eq:

1.4G+1.6Q 14 14 | 16 | 16 | 1.6 - - -
G+Q=Ex+0.3Eq; 1 1 1 1 1 | %10 - +0.3
G+Q+E,+0.3E, 1 1 1|1 ] 1 - | +1.0 | 0.3
0.9G+Ex+0.3Eq; 0.9 0.9 - - - | 1.0 - +0.3
0.9G+Ey+0.3Eq, 0.9 0.9 - - - - +1.0 | #0.3

c) Soil Parameters :

According to the geotechnical parameters of the ground of the region where

the building is located, the local soil class was determined as ZB according to the
TBEC (2018) - Table 16.1. The basic bearing capacity is 9.00 kg/cm? and the
bearing coefficient is 3000 tons/m?®.
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d) Material Mechanical Properties :

The concrete compressive strength obtained from the core test results and the
uncoated concrete stress-strain relationship specified in the TBEC (2018) were
obtained. On the other hand, in the retrofitting and rebuilding systems, C30 Class
concrete and S420 grade structural reinforcement were used. The mechanical
properties of C14 and C30 Class concrete are listed in Table 3-11.

Table 3-11.The properties of concrete

Fex Fed Fetd E
Member Concrete grade
(N/mm?) (N/mm?) (N/mm?2) | (N/mm?)
Existed Building C14 14.00 9.33 0.87 26150
Retrofit and new Building 30 30.00 20.00 1.35 32837

The mechanical properties of the reinforcement considered in the calculations are
given in Table 3-12.

Table 3-12. Properties of longitudinal and transverse reinforcements

Member Rebar grade Fyk (N/mm?) E (N/mm?)
Existed Building S220 220 200000
Retrofit and new Building S420 420 200000

e) FE Modeling

The FEM of the structure was established using the ProtaStructure software (Figure
3.7). The linear calculation method specified in the TBEC (2018) was used while
determining the earthquake performance of the building for the current situation,
retrofit, and new situations. The mode combining (superposition) method was used in
the analysis of earthquake effects. While calculating the earthquake forces, 95% mass
participation was achieved in both main directions. In the FEM, the existing columns
and beams are modeled as bar elements and walls and slabs are modeled as shell

elements. The assumptions made during modeling are presented below:

e The damping ratio was taken as 5% for DD2 earthquake effects.

e During the determination of earthquake effects, the live load participation
coefficient was taken as n=0.3.
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e Effective section stiffnesses are included in the calculations according to
TBEC (2018), and listed in Table 3.12.
Building Target Performance Level in ProtaStructure are shown in Figure 3.8.

Figure 3.7 FEM of an existing building in ProtaStructure Software

For further structural plans of the existing building modeled using ProtaStructure, please
refer to Appendix B.
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Table 3-13. Effective section stiffnesses are taken into account in the calculations

Effective Section Stiffness Multiplier
Shear wall- slab (In-Plane) Axial Shear
Shear Wall 0.50 0.50
Basement Wall 0.80 0.50
Slab 0.25 0.25
Shear wall- slab (Out of Plane) Bending Shear
Shear Wall 0.25 1.0
Basement Wall 0.50 1.0
Slab 0.25 1.0

Parameters | Analysis Structural Irregularities = Settings

SN NS NN NN NSNS ENSNEENSNEENEEEEEEEEEEEEEEEEEQ

TBEC Design Spectrum, DD-2, ZB, R=8, D=3, |=1, SDs=0.898, SD1=0.218 .
Spectrum Angle (): 0.0 90.0 LR RN NN NN NN NN RN RRNRRRRRRRRNNRRRRRRNN
mEssEEEEEEEEEEEEEEn,
u
SoilClass: |ZB AL ] .
n
mMEssssssssssmEEEEEn
Speciral Accelerations and Soil Factors (DD-2"; Design EQ) o
Earth Ss 51 Fs F1 SDs sD1 Ta ™
DD-1 1.811 0.503 0.500 0.800 1.630 0.403 0.045 0.2497 |~
AN NN SN EEE SN NN NN NN EEENEEENEEEEEEEEEEEEEENWEER 0.8 |
DD*2* 0998 0.272 0.500 0.800 0.898 0.218 0.048 0.242 bl
L assssENENNEEREEEEEEEEEEEEsEEssmEsEsssEsssEEne’ |
DD-3 0.409 0.110 0.900 0.800 0.368 0.088 0.048 0.238 0.75 %
DD-4 0.268 0.070 0.900 ©0.800 0.241 0.056 0.047 0.234 |~ 0.7
Seismic Hazard Map Pick from offiine map. .. ¢
A N EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEER 0.65
"
. Building Usage Class: [BKS=3 ~{ @ |=1 TL=6 : 0.6
" . ' :
®
= Earthquake Design Class: DTS =1 [ ] E
= . 0.55
u Building Height: 17.40m B BYS=6 E .
C . E 05 §5%
SssssssssssssssssssssssEssEsEsEEsEsEEEEEmEEnd b
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'S
Structural System Type: (Dir 1): |A11 v|@| r= 80| b= 30 04
Structural System Type: (Dir 2): |A11 v R= 80| D= 30 035 + &
(i | Infill Wall Connections: (* Inflexibly Connected (~ Flexibly Connected 0.3 v

Live Load Participation Factor can be defined using the "Edit Storey" dialog separately for
each storey.

DTS =1ve BYS =6i 5 A g
3.5. 1. 1. Yapi sahibinin istedine badh olarak deprem dizeylerine kargik gelen

daha ileri performans hedefleri secilebilir. a
DD-3 DD-2 DD-1
Tleri Performans Hedefi SH(S) KH(@D® KH(S) - B,
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Figure 3.8 Earthquake parameters and building performance level in
Protostructure software.
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3.2.2. Existing Building Performance Evaluation Procedure and Results

In this study, existed building performance level evaluation procedure was shown
in Figure 3.9. Building performance level is a function of stiffness which directly
affects story drift and lateral displacement of the building and member’s shear strength
which affects the damage levels of the members (LD, CD, CP).

Collec.tm.g data. fr.om the Finite Element Model Existed Perform-ance Level
existing building Evaluation

e I I

Properties System TBI;DY 2018 limits for damage
( gz of elements
used
LD CD CP

5 0.75s5P
Concrete 0.0025 0o

reinforcement 0.0075 0.75¢£7 e£F =04y

Figure 3.9 Existed building performance level evaluation

According to linear analysis results calculated using Protastrucutre software, the
damage levels of the members that occurred in beams and columns are summarized in
Table 3-14 for exited building. Based on the results, for the existing building, the 2nd
story was the most critical. Three columns reached collapse pervention damage and
one column reached collapse performance level. In addition, one column reached
collapse pervention and one column reached collapse performance level in the 3rd
story, while only one column reached collapse performance level in the 4th story.
Hence, as shown in Table 3-14 , the number of vertical members in the failure region
and the shear contribution of the vertical members exceed the controlled damage
region at both ends. The actual performance level was determined to be ‘collapse’,
whereas the required performance goal is controlled damage according to (TBEC 2018

- 15.8.4). Therefore, building performance goals are not satisfied.

The results showed that, in the the existing building, the strengths of steel and
concrete are around 220 and 14 MPa respectively, which is contrary to modern
earthquake codes. This problem caused an excessive rotation of the vertical structural

members .
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Therefore, the results showed that rotation failure was considered in the beams. This
failure typically more gradual and associated with excessive bending or lateral
displacement, which can lead to ductile failures, but may also result in progressive
collapse if plastic hinges form. As a result, the increase in the shear strength of

collapsed columns and the decrease in the rotation of beams should be considered.

Table 3-14. Damage levels of the members for existing building

Member Quantity Member Shear Forces Ratio
Storey | Member

Total| LD CD CP C LD CD CP C
Columns:| 32 14 18 0 0

1 0.7051 0.2905 |0.0000| 0.0000
Beams: 14 0 14 0 0
Columns:| 26 0 22 3 1

2 0.0000 0.8196 |0.1374| 0.0429
Beams: 17 0 17 0 0
Columns:| 26 1 23 1 1

3 0.0033 0.7613 [0.1237| 0.1117
Beams: 17 0 17 0 0
Columns:| 26 1 24 0 1

4 0.0044 0.8772 |0.0000| 0.1184
Beams: 17 0 17 0 0
Columns:| 26 0 26 0 0

5 0.0000 1.0000 |0.0000| 0.0000
Beams: 17 0 17 0 0
Columns:| 26 0 26 0 0

6 0.0000 1.0000 |0.0000| 0.0000
Beams: 17 0 17 0 0

No. of Beams in Limited Damage Region: 0/99 =0 (0 %)

No. of Beams in Controlled Damage Region: 99/99 = 1 (100 %)

No. of Beams in Collapse Perevention Region: 0/99 = 0 (0 %)

No. of Beams in Collapse Region: 0/99 =0 (0 %)

No. of Vertical Members in Limited Damage Region: 16/162 = 0.098 (9.8 %)

No. of Vertical Members in Controlled Damage Region: 139/162 = 0.858 (85.8 %)

No. of Vertical Members in Collapse Perevention Region: 32/162 = 0.025 (2.5 %)

No. of Vertical Members in Collapse Region: 3/162 = 0.019 (1.9 %)

Determined Building Performance Level: Controlled Damage (TBEC 2018- 15.8.4)

From ProtaStructure software the maximum lateral, X, and Y-displacements are
considered for both Ex+ and Ey+ load combinations and the results are listed in Table

3-15. This result showed that tt the top of the building the displacements were 1.9657
mm and from 95.081 mm in X- and Y- directions, respectively.
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For further details on the structural analysis tables of the building generated using
ProtaStructure software , please refer to Appendix A.

Table 3-15. Story displacements results

Load Existed Building

Case Storey Displacement-X (m) Displacement-Y (m)
Ex+ 2.9644 E-04 -3.9205 E-07
Ey+ ! 1.2571 E-05 1.2739 E-04
Ex+ 1.9997 E-02 -1.9124 E-04
Ey+ ? -1.8684 E-04 1.9952 E-02
Ex+ 4.5220 E-02 -5.4595 E-04
Ey+ 3 -5.8077 E-04 4.3810 E-02
Ex+ 7.0144 E-02 -9.7260 E-04
Ey+ ! -1.0541 E-03 6.6142 E-02
Ex+ 9.0694 E-02 -1.4102 E-03
Ey+ R -1.5372 E-03 8.3893 E-02
Ex+ 1.0468 E-01 -1.8033 E-03
Ey+ p -1.9657 E-03 9.5081 E-02
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4. RETROFITTING OF THE ACTUAL RC BUILDING

4.1. RC Shear Wall Addition and CFRP Wrapping of Columns Retrofitting
Alternative

4.1.1.Procedure and Methodology

CFRP wrapping was applied to the ground story columns with three layers, as well
as selected columns in the first story. Additionally, three shear walls were incorporated
into the structural retrofit. RC shear wall addition and CFRP wrapping of columns

were applied to limit the excessive rotation of the vertical structural members.
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Figure 4.1 RC shear wall addition and CFRP wrapping of columns retrofit’s FEM.
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a) CFRP Application

In this study a 3 layers CFRP for the ground floor columns and only one column in
the 1st story has been used. The characteristics of the CFRP sheets were selected
according to Inci et al. 2021 and summarized in Table 4-1. Then shear contribution
and compressive strength were calculated as per TBEC 2018 Eqgs (15B.1 -15B.7). As
an example shear contribution and compressive strength calculations are summarized
in Table 4-2 and Table 4-3.

Table 4-1. The characteristics of the CFRP sheets

Structural Parameters Symbol Unit Value
Number Of Layers Nt 3.0
Effective Thickness t mm 0.165

Strip Width Wi mm 100.0
Fillet Radius rc mm 30.0
Modulus of Elasticity Et N/mm? 240000.0
Ultimate Strain &fu 0.02
Strain Limit & 0.004
—
A ¢
= i

Figure 4.2 CFRP Confinement of Rectangular Columns



Vo = Ve + Vyy + V5 < Vs TBEC 2018 (15B.1)

. anthfEfé‘fd
= Sf

Ve TBEC 2018 (15B.2)

The maximum effective strain was calculated using TBEC 2018 Eqgs. (15B.3 and

15B.4)

g < 0.004 TBEC 2018 (15B.3)
g = 0.50gp, TBEC 2018 (15B.4)

The compressive strength was calculated using TBEC 2018 Eq. (15B.5)

foo = fem[1+24("/c )| 212fn  TBEC(15B5)
The lateral pressure by CFRP was calculated using TBEC 2018 Eg. (15B.6)
fi = 5 KapsEres TBEC (15B.6)

The shape factor was calculated using TBEC 2018 Eq. (15B.7)

1

b
K, = /h TBEC 2018 (15B.7)
1— (b—21c)?+(h—21()?
3bh

Example C1-in story No. 1

Table 4-2. Shear Contribution Calculations

Structural Parameters Symbol Unit X Y
Effective Depth of Member d mm 413.0 413.0
Shear Contribution Vs kN 193.12 193.12
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Table 4-3. Compressive Strength Calculations

Structural Parameters Symbol Unit Value
Unwrapped Concrete Compressive Strength cm N/mm2 | 14.00
Shape Effect Factor Ka 0.50
Volumetric Ratio Of LP Pt 0.002
Lateral Pressure By LP f1 N/mm?2 0.57
Calculated Compressive Strength fec N/mm2 | 16.80

b) Sizing and Locating Shear Walls

In this study, RC shear wall addition and CFRP wrapping of columns were applied

to limit the excessive rotation of the vertical structural members, the dimensions and

location of shear walls were selected based on the following points:

1. Achieve the performance goal,

2. Provide symmetry in X and Y direction,

3. Keep the distance of the centre of gravity and resistance near to each other.

Hence trial-error method was used until the final dimension and positions achieved
the performance goal. In this study, the RC shear wall addition and CFRP wrapping of

columns retrofit building performance evaluation procedure was shown in Figure 4.3.

For illustrative examples of reinforcement detailing of shear walls, please

refer to Appendix C.
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Existed Performance Level

Finite Element Model — .
Evaluation

Adding CFRP
o

Sizing and locating of shear

Performance level

Achieved
NO
If no, the dimensions of shear wall and the YES
mumber of layers of CFRP change
|

Figure 4.3 RC shear wall addition and CFRP wrapping of columns retrofit building
performance level evaluation

4.1.2.Seismic Performance Level Evaluation Results

According to linear analysis results calculated using Protastrucutre software, the
number of plastic rotation occurred in beams and columns are summarized in Table 4-

4 for RC shear wall addition and CFRP wrapping of columns retrofit building.

As shown in Table 4-4, the using of RC shear wall addition and CFRP wrapping of
columns retrofit significantly decreased the shear capacity of the members, and all
damage levels of the members are located in the limited and controlled damage level.
Table 4-4 shows that there are no vertical members in the collapse pervention damage
region nor failure region and the shear contribution of the vertical members which
exceeded the controlled damage region at both ends was less than 30%. Hence the
overall building performance satisfies the requirements of controlled damage
performance level according to (TBEC 2018 -15.8.4).

35



Table 4-4. Damage levels of the members for RC shear wall addition and CFRP
wrapping of columns retrofit building

Member Quantity Member Shear Forces Ratio
Storey | Member

Total LD CD CP C LD CD CP C
Columns: | 32 32 0 0 0

1 1.0000 0.0 0.000 0.0
Beams: 14 4 10 0 0
Columns: | 27 9 18 0 0

2 0.6695 0.3305 0.000 | 0.000
Beams: 16 5 11 0 0
Columns: | 27 24 3 0 0

3 0.9545 0.0455 0.000 | 0.0000
Beams: 16 7 9 0 0
Columns: | 27 25 2 0 0

4 0.9809 0.0191 0.000 | 0.0000
Beams: 16 4 12 0 0
Columns: | 27 26 1 0 0

5 0.9867 0.0133 0.000 | 0.0000
Beams: 16 5 11 0 0
Columns: | 27 19 8 0 0

6 0.7965 0.2035 0.000 | 0.0000
Beams: 16 8 8 0 0

No. of Beams in Limited Damage Region: 33/94 =0.351 (35.1 %)

No. of Beams in Controlled Damage Region: 61/94 = 0.649 (64.9 %)

No. of Vertical Members in Limited Damage Region: 135/167 = 0.808 (80.8 %)
No. of Vertical Members in Controlled Damage Region: 32/167 = 0.192 (19.2 %)
Determined Building Performance Level: Controlled Damage (TBEC 2018- 15.8.4)

From ProtaStructure software the maximum lateral, X, and Y -displacements are
considered for both Ex+ and Ey+ load combinations and the results are listed in Table
4-5. This result proved that CRFP with shear wall retrofits significantly decreased
building lateral displacements in the upper stories. At the top of the building the
displacement were decreased from 1.9657 mm to 1.5453 mm and from 95.081 mm to
35.586 mm in X- and Y- directions, respectively. In other words, building the
displacement was decreased by 21.4% and 62.6% in X- and Y- directions,
respectively. This significant decrease was mainly due to the addition of shear walls
increasing the building stiffness and reducing the eccentricity between the center of

gravity and the center of rigidity. For further For further details on the structural
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analysis tables of the building generated using ProtaStructure software , please refer
to Appendix A.

Table 4-5. Story displacements results

Load RC shear wall addition and CFRP wrapping of columns
Case Starey Displacement-X (m) Displacement-Y (m)
Ex+ 6.7900 E-04 4.7867 E-06
Ey+ ! 5.4415 E-06 5.0989 E-04
Ex+ 1.2303 E-02 6.7839 E-05
Ey+ 2 1.6506 E-04 6.4438 E-03
Ex+ 2.6106 E-02 2.0268 E-04
Ey+ 3 4.1684 E-04 1.3246 E-02
Ex+ 4.1526 E-02 3.8082 E-04
Ey+ 4 7.5817 E-04 2.0924 E-02
Ex+ 5.7205 E-02 5.8486 E-04
Ey+ > 1.1580 E-03 2.8765 E-02
Ex+ 7.1027 E-02 7.9040 E-04
Ey+ g 1.5453 E-03 3.5586 E-02

4.2. RC jacketing of columns Retrofitting Alternative
4.2.1. Procedure and Methodology

The column’s jacketing increased both the building’s lateral stiffness and increased
the column’s shear strength capacity. The following points were considered in

modeling column’s jacketing:

* RC jacketing was applied on columns only.

* RC jacketing was applied to all columns on the underground floor, ground
floor, and first floor, as well as to one column on the second floor.

» The thickness of the jacketing was selected to be 150 mm in each dimension
correspondingly the reinforcement was determined.

* The interaction diagram method was used to calculate the final column

capacity after jacketing.
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Figure 4.4 Jacketing retrofit’s FEM of the building in ProtaStructure Software

Figures 4.5 and 4.6 show the columns’s jacketing and used interaction diagram.
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Figure 4.5 column’s jacketing

Figure 4.6 used interaction diagram
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In this study, the procedure used for determining the performance level for the
jacketing retrofit building is shown in figure 4.7.

Existed Performance Level

Design RC Jacketing —_— Finite Element Model BV AR

limits for damage
of elements

LD cD | cP

0.75¢5P £EP = 0.0035 + 0.04/@re
Concrete 0.0025 c S

cp P _
reinforcement = 0.0075 0.75¢s i =0y

Figure 4.7 Column’s jacketing retrofit building performance level evaluation

4.2.2. Seismic Performance Level Evaluation Results

According to linear analysis results calculated using Protastrucutre software, the
damage levels of the members that occurred in beams and columns are summarized in
table 4.6 for RC jacketing of columns retrofit building. RC jacketing of columns was
applied for columns in the ground stroy and one column only in the first story, quite
enhanced the shear capacity of the members and most of the damage levels of the
members occurred are located in the limited damage level, and a small amount are
located in the controlled damage level as it is shown in Table 4-6 , the results show
that there are no vertical members in the collapse pervention region or failure region,
and the shear contribution of the vertical members that exceeded the controlled damage
region was less than 30%, the total building performance goals was life safety and
satisfied according to (TBEC 2018 -15.8.4) requirements.

Similar to RC shear wall addition and CFRP wrapping of columns retrofiting
method, the addition of RC jacketing of columns method significantly improved the
resistance to collapse of columns and indirectly reduced the rotational deformation of

beams, and which successfully increased the overall building performance level.

39



Table 4-6. Damage levels of the members for RC jacketing of columns retrofit building

Member Quantity Member Shear Forces Ratio
Storey | Member

Total LD CD CP C LD CD CP C
Columns:| 60 60 0 0 0

1 1.0000 | 0.0000 | 0.0 0.0
Beams: 14 5 9 0 0
Columns:| 52 50 2 0 0

2 0.8993 | 0.1007 | 0.0 0.0
Beams: 17 12 5 0 0
Columns:| 27 14 13 0 0

3 0.4796 | 0.5204 | 0.0 0.0
Beams: 17 15 2 0 0
Columns: | 26 20 6 0 0

4 0.6953 | 0.3047 | 0.0 0.0
Beams: 17 10 7 0 0
Columns:| 26 26 0 0 0

5 1.0000 | 0.0000 | 0.0 0.0
Beams: 17 13 4 0 0
Columns:| 26 26 0 0 0

6 1.0000 | 0.0000 | 0.0 0.0
Beams: 17 9 8 0 0

No. of Beams in Limited Damage Region: 64/99 =0.646 (64.6 %)

No. of Beams in Controlled Damage Region: 35/99 = 0.354 (35.4 %)

No. of Vertical Members in Limited Damage Region: 196/217 = 0.903 (90.3 %)
No. of Vertical Members in Controlled Damage Region: 21/217 = 0.097 (9.7 %)
Determined Building Performance Level: Controlled Damage (TBDY 2018

15.8.4)

From ProtaStructure software the maximum lateral, X, and Y-displacements are

considered for both Ex+ and Ey+ load combinations and the results are listed in Table

4.7. For RC jacketing of columns retrofit system, the building displacement at the top
slightly decreased from 1.9657 mm to 1.9652 mm and from 95.081 mm to 85.704 mm

in X- and Y- directions, respectively. This small decrease in the lateral displacement

was becuase RC jacketing of columns was applied to the second story columns. For

further details on the structural analysis tables of the building generated using

ProtaStructure software , please refer to Appendix A.
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Table 4-7. Story displacements results

Load Jacketing Retrofit Building

Case Storey Displacement-X (m) Displacement-Y (m)
Ex+ 6.2079 E-04 1.6649 E-06
Ey+ ! 1.3089 E-05 2.7000 E-04
Ex+ 8.5559 E-03 -8.5206 E-07
Ey+ ? -3.1082 E-05 6.9148 E-03
Ex+ 2.8618 E-02 -1.3644 E-04
Ey+ 3 -6.9121 E-05 2.6486 E-02
Ex+ 5.6647 E-02 -3.8238 E-04
Ey+ ! -5.6109 E-04 5.1551 E-02
Ex+ 8.2660 E-02 -6.0000 E-04
Ey+ > -1.2827 E-03 7.2540 E-02
Ex+ 1.0137 E-01 -8.1726 E-04
Ey+ ° -1.9652 E-03 8.5704 E-02

41




5. RECONSTRUCTION ACTUAL RC BUILDING

5.1. Procedure and Methodology

One of the suggested alternatives is re-designing the building since the existing
building has some deficiencies in the structural system Figure 3.16. The following

mistakes are listed below:

1. The lacking of the proper reinforcement and lack of the confinement.

2. The strengths of steel and concrete are around 220 and 14 MPa respectively,
which is contrary to modern earthquake codes.

3. The continuity of frames does not exist, most of the columns were offset.

4. Some of the columns are in the middle of slabs, connceting columns by beams
increases the lateral stiffness.

5. The sections of the second story are not efficient for the large height of the story,
hence soft story irregularity has been considered.

6. The distribution of columns was random, so the rigidity center of the building
was far away from the building center causing additional torsional force in the

building due to the earthquake story forces.
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Figure 5.1 Rebuilt building’s FEM of the building in ProtaStructure Software

During the design of the new building, the following criteria for the RC frame-wall

system are followed:

1. The continuity of frames is taken into consideration to provide an efficient

lateral diaphragm.
2. Columns are uniformly distributed to get continuous frames.
3. Beam sizes are kept constant to help in rebar distribution.

4. Core shear wall around stairs zone and normal shear wall were added to,
maintain the rigidity (Stiffness) of the building and to keep the centre of mass
in the middle of the building.

The structural design and calculations for the reconstruction of the new
building, intended to replace the existing substandard structure, were
conducted in accordance with TS500 (2000) and TBEC (2018).
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The procedure used for determining the performance level of the new building is
shown in figure 5.2.

Sizing and distributionof Finite Element Model

-

Existed Performance Level
Evaluation

Performance level
Achieved

NO
If no, the columns and beam sized increased l YES

Figure 5.2 Re-designed building performance level evaluation

5.2. Seismic Performance Level Evaluation Results

According to linear analysis results calculated using Protastrucutre software, the
damage levels of the members that occurred in beams and columns are summarized in
Table 5-1 for the re-designed building. Table 5-1 shows that most of the damage levels
of the members are located in the limited damage level and a small amount are located
in the controlled damage level. In addition, Table 5-1 shows that there are no vertical
members in the controlled damage region or failure region and the shear contribution
of the vertical members that exceed the controlled damage region was less than 30%,
the total building performance goals were life safety and satisfied according to (TBEC
2018 -15.8.4) requirements.
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Table 5-1. Damage levels of the members for re-designed building

Member Quantity Member Shear Forces Ratio
Storey | Member

Total LD CD CP LD CD CP C
Columns:| 29 29 0 0

1 1.0000 | 0.0000 | 0.0 0.0
Beams: 18 5 13 0
Columns:| 26 6 20 0

2 0.8085 | 0.1915 | 0.0 0.0
Beams: 20 5 15 0
Columns:| 26 26 0 0

3 1.0000 | 0.0000 | 0.0 0.0
Beams: 20 9 11 0
Columns:| 26 26 0 0

4 1.0000 | 0.0000 | 0.0 0.0
Beams: 20 14 0
Columns:| 26 26 0 0

5 1.0000 | 0.0000 | 0.0 0.0
Beams: 20 14 0
Columns:| 26 26 0 0

6 1.0000 | 0.0000 | 0.0 0.0
Beams: 20 14 0

No. of Beams in Limited Damage Region: 61/118 =0.517 (51.7 %)

No. of Beams in Controlled Damage Region: 57/118 = 0.483 (48.3 %)

No. of Vertical Members in Limited Damage Region: 139/159 = 0.874 (87.4 %)
No. of Vertical Members in Controlled Damage Region: 20/159= 0.126 (12.6 %)

Determined Building Performance Level: Controlled Damage (TBDY 2018 -

15.8.4)

From ProtaStructure software the maximum lateral, X, and Y -displacements are
considered for both Ex+ and Ey+ load combinations and the results are listed in Table

5-2. At the top of the building the displacement were decreased with comparing to the

existed building. For further details on the structural analysis tables of the building

generated using ProtaStructure software , please refer to Appendix A.
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Table 5-2.

Story displacements results

Load Re-designed Building

Case Starey Displacement-X (m) Displacement-Y (m)
Ex+ 5.2385 E-04 -1.7427 E-07
Ey+ ! -8.4525 E-07 2.6542 E-04
Ex+ 8.4878 E-03 9.3159 E-06
Ey+ 2 -8.4720 E-06 7.6052 E-03
Ex+ 1.7721 E-02 1.7480 E-05
Ey+ 3 -1.2184 E-05 1.5856 E-02
Ex+ 2.7811 E-02 -3.1246 E-05
Ey+ 4 -1.3303 E-05 2.4944 E-02
Ex+ 3.7506 E-02 -2.6420 E-05
Ey+ ° -1.3696 E-05 3.4045 E-02
Ex+ 45724 E-02 -3.0097 E-05
Ey+ o -1.3670 E-05 41988 -02
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6. LIFE CYCLE ENVIROMENTAL ASSESSMENT OF ALL
ALTERNATIVES

6.1. Life Cycle Enviromental Assessment Methodology

The section concludes the findings, and the effectiveness of the Athena Impact
Estimator in facilitating data-driven decisions for sustainable construction practices.
Recommendations are provided based on the comparative analysis, suggesting the
most environmentally friendly retrofitting options among the assessed scenarios. The
Athena Impact Estimator for Buildings is a robust software tool designed to provide
environmental impact assessments for various construction projects, including new
constructions, renovations, and retrofits. Developed by the Athena Sustainable
Materials Institute, this tool offers a comprehensive database that spans multiple
materials and construction activities, providing a platform for users to model and
analyze environmental impacts across a project's lifecycle. For a visual reference of
the user interface in the Athena Impact Estimator for Buildings software utilized in the
environmental analysis, please refer to Appendix D. It allows users to assess the
environmental ramifications of different construction materials and methods, thereby
facilitating informed decision-making aimed at sustainability.(Alauddin Ahammed et
al., 2016). the following figure shows the stages of whole-building life cycle
assessment.

Whole-Building LCA quantitatively measures the environmental ramifications
associated with each phase of a building’s existence. This method spans from the
extraction of raw materials to the building's end-of-life, including demolition and
material recycling or disposal. The primary areas of environmental impact assessed
include embodied energy, GWP, and various pollution and resource depletion forms.

Following are the key stages in the Whole-Building LCA

a. Raw Materials: This initial stage involves extracting and processing raw
materials used in building construction.

b. Manufacturing: After the extraction, the raw materials experience different
manufacturing processes to convert them into construction products. This stage
assesses the energy used and emissions released while manufacturing building
components like windows, doors, roofing materials, and insulation.

c. Construction/Installation: This phase evaluates the on-site processes of
constructing the building, which includes the energy consumption and
emissions associated with construction activities, transportation of materials to

the site, and the installation of structural components.
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d. Use & Maintenance: The longest phase of a building's life involves its
operational life. This includes the use of energy for heating, cooling, lighting,
and running appliances and systems. Maintenance, repair, and renovation
activities are also considered, which contribute to the building's overall
environmental footprint over time.

e. Demolition & End-of-Life: The final phase of the life cycle involves the
demolition of the building and the subsequent handling of the waste materials.
This includes assessing the impacts of dismantling the building, transporting

waste, and the potential for recycling or landfilling materials.

Raw Materials

Demolition &
End-of-life

Manufacturing

Use & Construction/
Maintenance Installation

Figure 6. 1 Whole-Building LCA (Bowick et al., 2014)

The importance of LCA in evaluating the environmental sustainability of
construction projects has been well documented in recent literature. The Athena
Impact Estimator facilitates such assessments by incorporating lifecycle inventories
that measure inputs like material usage and waste alongside outputs such as emissions
and energy consumption. For instance, studies like those presented by Ahammed et al.
2016 highlighted the tool's capability to compare different pavement strategies,
focusing on how modifications in materials or processes can lead to significant

environmental benefits (Alauddin Ahammed et al., 2016).
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Figure 6.2 Assessment system boundary based on EN15978 (Chen et al., 2020)

The system life stages according to the European norm -EN15978 framework- are
depicted in the attached diagram. This framework defines the life cycle of a building
into several stages, starting with the Product Stage (A1-A3), which includes raw
material supply (Al), transport (A2), and manufacturing (A3). Following this is the
Construction Stage (A4-A5), which encompasses the transportation of materials to the
site (A4) and the construction installation (AS5). The Use Stage (B1-B7) involves
various phases such as use (B1), maintenance (B2), repair (B3), replacement (B4),
refurbishment (B5), operational energy use (B6), and operational water use (B7).
Finally, the End-of-Life Stage (C1-C4) covers the processes of deconstruction and
demolition (C1), transport of waste (C2), waste processing (C3), and disposal (C4).
Beyond these stages, the framework also considers the potential for reuse, recycling,
and recovery (D) which lies beyond the building's life cycle. This holistic approach
ensures that every phase of the building's life, from the extraction of raw materials to

the end of its life, is assessed for environmental impact. (Chen et al., 2020).
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The assessment involves the following steps:

1. Data Input: Input the detailed materials and construction processes for each
retrofit scenario into the Athena software.

2. Scenario Analysis: Run simulations for each scenario to capture data on
material consumption, energy use, and emissions throughout the lifecycle
phases from material production through to construction, maintenance, and

end-of-life stages.

3. Impact Comparison: by using Athena's comparison feature to juxtapose the
environmental impacts of each retrofit scenario, thereby identifying which
modifications yield the most significant environmental advantages.

The assessment considers four specific retrofitting scenarios: Existed Building, Re-
designed Building, RC jacketing of columns, and RC shear wall addition and CFRP
wrapping of columns. Each scenario is strategically developed to address specific
deficiencies and improve the building's resilience, particularly against seismic

activities, while also considering the environmental impacts.
a) Existed Building:

This scenario serves as the control or baseline, evaluating the building's current
state without modifications. It assesses inherent structural weaknesses, such as
inadequate concrete strength and suboptimal reinforcement detailing, which may

affect the building's performance during seismic events.
b) Re-designed Building:

A comprehensive renovation of the building's structural system addresses and
rectifies the identified deficiencies. This scenario involves reconfiguring the building’s
layout to improve load distribution, enhancing column and beam connections, and

optimizing the structural frame to withstand seismic forces better.

¢) RC jacketing of columns:
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This technique focuses on reinforcing existing columns with additional layers of
construction material, enhancing their load-bearing capacity and stiffness. It is a
targeted approach meant to improve the overall structural integrity and ductility of the

building, contributing to its seismic resilience.
d) RC shear wall addition and CFRP wrapping of columns:

The RC shear wall addition and CFRP wrapping of columns represents a dual
approach to retrofitting. In addition to Athena's impact, a manual calculation for the
CFRP combination environmental impact was conducted based on (Prenzel et al.,
2023). This approach was needed because the Athena Impact Estimator software's
CFRP approximation differed from the project's carbon fiber-reinforced polymer. The
table shows how the manual calculations used Comprehensive quantitative life cycle
inventory (LCI) data to produce one kilogram of carbon fibers from polyacrylonitrile
(PAN). Table 6-1. outlines the inputs required for the production of carbon fibers,
including raw materials like PAN fiber, air, nitrogen, and various chemicals, as well
as the energy consumed during the manufacturing process. Outputs from this process
include not only the carbon fiber but also by-products such as gaseous emissions,
wastewater, and waste heat. This data forms the basis for calculating the environmental
footprint of the CFRP used in the retrofit, allowing for more accurate integration of

these impacts into the overall environmental assessment of the retrofit project.
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Table 6-1 Quantitative Life Cycle Inventory for Carbon Fiber Manufacturing (Prenzel

et al., 2023)
Flow Amount Unit
Input
Polyacrylonitrile (PAN) fiber 1.95 kg/kg CF
Air 9.6 kg/kg CF
Nitrogen [N2] 10.0 kg/kg CF
Electrolyte [Ammonium bicarbonate] 0.03 kg/kg CF
Sizing agent [Epoxy resin] 0.02 kag/kg CF
Water [H20] 55 kag/kg CF
Process energy (electric and thermal) 170 MJ/kg CF
Output
Carbon fiber 1.0 kg
Gaseous carbon emissions [HCN, C2H6, CO2, CO] 0.6 kg/kg CF
Gaseous non-carbon emissions [exhaust air, N2, NH3, H20 (g)] 20.0 kg/kg CF
Wastewater 55 kg/kg CF
Recovered thermal energy 11.2 MJ/kg CF
Waste heat 8.32 MJ/kg CF

Following the method of (Sadhukhan et al., 2021), who presented the Mathematics

of life cycle sustainability assessment, the following calculation was conducted:
Mass per m? (kg/m?) = Density (kg/m®) X Thickness (m)
Total Mass (kg) = Mass per m* (kg/m?) X Area (m?)
kgTotal PAN Fiber (kg) = PAN Fiber per kg CF (kg/kg CF) X Total Mass of CFRP (kg)
kgTotal Water (kg) = Water per kg CF (kg/kg CF) X Total Mass of CFRP (kg)
Total Process Energy (M]) = Energy per kg CF (M] /kg CF) X Total Mass of CFRP (kg)

Total Gaseous Carbon Emissions (kg)
= Gaseous Carbon Emissions per kg CF (kg/kg CF)
X Total Mass of CFRP (kg)

Total Gaseous Non — Carbon Emissions (kg) =
Gaseous Non — Carbon Emissions per kg CF (kg/kg CF) X Total Mass of CFRP (kg)

Total Wastewater (kg) = Wastewater per kg CF (kg/kg CF) X Total Mass of CFRP (kg)
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The LCA measures used in the ATHENA impact estimator are the same as in the
US LCI database and standard EN15978, the following is the definition of the key
LCA measures used in the results from (Alauddin Ahammed et al., 2016; Bowick et
al., 2014; Mancik et al., 2013):

GWP : quantifies the amount of heat that a greenhouse gas retains in the
atmosphere compared to carbon dioxide within a specified timeframe. This metric is
denoted in kilograms of CO. equivalents (kg CO2 eq).

GWP - Calcination: measures the carbon dioxide emissions specifically from the
calcination process, which is the thermal decomposition of materials such as limestone

to produce lime, a key component in cement manufacturing.

Acidification Potential: quantifies the capacity of emissions to induce acid rain,
posing risks to ecosystems, infrastructure, and human well-being. This is usually

denoted in kilograms of sulfur dioxide equivalents (kg SO2 eq).

HH Particulate: measures the potential impact of particulate matter (PM2.5)
emissions on human health. Particulate matter can cause respiratory and
cardiovascular illnesses. This impact is measured in kilograms of PM2.5 equivalents
(kg PM2.5 eq).

Eutrophication Potential: measures the potential for nutrient enrichment in water
bodies, causing an overgrowth of algae and other aquatic plants. This can result in
oxygen depletion and negatively impact aquatic life.lt is expressed in kilograms of
nitrogen equivalents (kg N eq).

Ozone Depletion Potential: evaluates the possible influence of emissions on the
depletion of the stratospheric ozone layer, vital for shielding the Earth from harmful
ultraviolet radiation. This impact is generally quantified in kilograms of CFC-11

equivalents. (kg CFC-11 eq).

Smog Potential: measures The potential of emissions to generate ground-level
0zone, a significant element of smog, leading to respiratory complications and various

health concerns. This is typically quantified in kilograms of ozone equivalents (kg O3

eq).
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Total Primary Energy: quantifies the total amount of energy required from all
sources, both renewable and non-renewable, to produce, use, and dispose of a product.

It is expressed in megajoules (MJ).

Non-Renewable Energy: measures the amount of energy derived from non-
renewable sources, such as fossil fuels (coal, oil, natural gas), utilized throughout the

life cycle of a product. It is expressed in megajoules. (MJ).

Fossil Fuel Consumption: measures the total amount of energy consumed from
fossil fuels throughout the life cycle of a product. It is a subset of non-renewable
energy and is also expressed in megajoules (MJ).

The quantities of all alternatives and re-designed buildings to use them in building

environmental evaluation were investigated and summarized in Table 6.2.

Table 6.2. Quantities required for retrofit and re-design

Retrofitting systems
RC shear R
Price/Unit wall e Existed
; y RC :
Quanity | 27.12.2023) | additon | . Lo | SCUEIC | Building
and CFRP uiiding
. of column
wrapping of
columns
C"(‘l‘;{)ete 1920 3427 50.35 565.88 | 712.909
Steel (ton) 21550 7.5 3.5 129.586 | 114.812
CFRP (m?) 4565 614.82

6.2. Life Cycle Enviromental Assessment Results

The environmental impact assessment for the building using the Athena Impact
Estimator software provided detailed insights into the LCA measures for each
retrofitting scenario. The scenarios examined include the existed building, re-designed
building, RC jacketing of columns, and RC shear wall addition and CFRP wrapping of
columns. Each scenario was assessed based on different environmental impact metrics

across different assembly groups and LCS.
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6.2.1. Existed Building Life Cycle Enviromental Assessment

GWP has been calculated across various building components, with the total
impact measured at approximately 449,000 kg CO> eq. The largest contributions are
noted from the floors, contributing around 303,000 kg CO2 eq., followed by columns
and beams with 112,000 kg CO2 eq., and foundations at 33,600 kg CO2 eq. This
indicates a significant use of materials with high carbon footprints, primarily concrete

and steel, throughout the structure.

The Acidification Potential of the building totals 1,920 kg SO2 eq., with the
floors being the primary contributors, accounting for approximately 1,350 kg SO- eq.
In terms of Eutrophication Potential, a similar trend is observed where the floors
contribute the majority, with a total impact of 291 kg N eq. These impacts are largely
driven by the emissions associated with the production and processing of the building

materials used.

The Smog Potential for the entire building has been estimated at approximately
51,900 kg O3 eq. The minimal Ozone Depletion Potential, measured at 0.0105 kg
CFC-11 eq., suggests limited contributions to stratospheric ozone layer depletion from

the current building materials.

The assessment reveals that the Total Primary Energy consumption of the
building is approximately 4.14 million MJ. A significant portion of this energy is
derived from non-renewable sources, highlighting the need for integrating renewable
energy sources in future construction practices to mitigate environmental impacts.

Table 6 2 shows the LCA Measure Table By Assembly results in the existing building.

Table 6-2 LCA Measure Table by Assembly results in the existing building

LCA Measures Unit Foundations Columns Floors Total
and Beams

GWP kg CO2 eq 3.36E+04 1.12E+05 3.03E+05 4.49E+05

GWP - Biogenic kg CO2 eq 0.00E+00 0.00E+00 0.00E+00 0.00E+00

GWP - Calcination | kg CO2 eq 9.62E+03 2.00E+04 8.67E+04 1.16E+05

Acidification kg SO2 eq 1.35E+02 437E+02 | 1.35E+03 | 1.92E+03
Potential

HH Particulate kg PM2.5 eq 3.48E+01 7.55E+01 3.14E+02 4.25E+02

Eutrophication ke N eq 3.14E+01 9.73E+01 | 2.91E+02 | 4.19E+02
Potential
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Ozone Depletion |y cpcqyeq| — 7.99E-04 2.61E-03 | 7.05E-03 | 1.05E-02
Potential
Smog Potential kg O3 eq 3.54E+03 1.11E+04 3.73E+04 5.19E+04
Total Primary MJ 3.01E+05 1.25E+06 2.58E+06 4.14E+06
Energy
Non-Renewable MJ 2.87E+05 1.ISE+06 | 248E+06 | 3.95E+06
Energy
Fossil Fuel MJ 2.75E+05 1.13E+06 | 2.37E+06 3.78E+06
Consumption

Table 6-3 shows that the manufacturing phase contributes significantly to
GWP, with approximately 334,000 kg CO2 eq. produced, and an additional 8,140 kg
CO2 eq. from the transportation of materials, resulting in a total of 342,000 kg CO2
eq. for the product stage. The construction process adds another 64,000 kg CO2 eq.,
driven by onsite activities and additional transport of materials. This highlights the
considerable impact of material production and construction practices on the

building’s carbon emissions.

Acidification Potential is also notable, with manufacturing and transportation
contributing a combined 835 kg SO2 eq., and the construction process adding another
581 kg SO2 eq. Similarly, Smog Potential is significantly impacted by these stages,
tallying a total of 18,200 kg O3 eq. from both product creation and construction
activities. These metrics underscore the environmental challenges associated with the

early stages of the building's life, particularly in terms of air quality impacts.
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Table 6-3 LCA measures table results by LCS ( A : product and construction process)
for existing building

PRODUCT CONSTRUCTION PROCESS
(Al to A3) (A4 & Ab)
LCA Construction-
Unit | Manufacturing | Transport Total Installation | Transport Total
Measures
Process
kg
GWP CO02 3.34E+05 8.14E+03 | 3.42E+05 4.28E+04 2.12E+04 | 6.40E+04
eq
GWP - kg
Biogenic CO02 0.00E+00 0.00E+00 | 0.00E+00 0.00E+00 0.00E+00 | 0.00E+00
eq
GWP - kg
R CO2 1.11E+05 0.00E+00 | 1.11E+05 5.54E+03 0.00E+00 | 5.54E+03
Calcination oq
Acidification kg
Potential S0O2 7.41E+02 9.42E+01 | 8.35E+02 3.69E+02 2.12E+02 | 5.81E+02
eq
HH kg
. PM2.5 1.26E+02 4.11E+00 | 1.30E+02 2.48E+01 1.14E+01 | 3.62E+01
Particulate eq
Eutrophication | kg N
Potential eq 3.21E+02 5.84E+00 | 3.27E+02 3.55E+01 1.31E+01 | 4.87E+01
Ozone kg
Depletion CFC- 8.04E-03 2.98E-07 | 8.04E-03 4 52E-04 7.64E-07 | 4.52E-04
Potential 1leq
Smog K9O3 | 4 47E404 | 3.03E+03 | 1.78E+04 | 1.15E+04 | 6.69E+03 | 1.82E+04
Potential eq
Tm"é'nzg;‘ary MJ 274E+06 | 1.16E+05 | 286E+06 | 3.25E+05 | 3.08E+05 | 6.33E+05
Non-
Renewable MJ 2.57E+06 1.16E+05 | 2.68E+06 3.21E+05 3.08E+05 | 6.29E+05
Energy
Fossil Fuel MJ 2.42E+06 | 1.16E+05 | 253E+06 | 3.13E+05 | 3.08E+05 | 6.20E+05
Consumption

Table 6-4 shows the operational phase, particularly energy use, is a major

contributor to GWP, adding 298,000 kg CO2 eq. This phase's impact is critical as it

underscores the ongoing energy demands of the building, emphasizing the importance

of energy efficiency measures in reducing overall greenhouse gas emissions. The end-

of-life stage, including deconstruction and waste processing, contributes an additional

43,400 kg CO2 eq. to the GWP, highlighting opportunities for improving waste

management and recycling practices to minimize environmental impacts.
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Table 6-4 LCA measures table results by LCS (B: use and end of life) for existing

building
USE END OF LIFE
(B2, B4 & B6) (CltoC4)
De-
constructio
Replacement | Replaceme | Operationa n,
M:a(s:tﬁ'es Unit | Manufacturin nt | Energy Total Demolition, Trantspor Total
g Transport Use Total Disposal &
Waste
Processing
kg 2.98E+0 8.03E+0 | 4.34E+0
GWP Cco2 0.00E+00 0.00E+00 2.98E+05 ’ 5 3.54E+04 ' 3 ' 4
€q
kg
GWP - co2 | 000E+00 | 000E+00 | 000E+00 | OO0E*0 | gooE+gp | O00E*0 | 0.00E+0
Biogenic oq 0 0 0
kg
GWP - 0.00E+0 0.00E+0 | 0.00E+0
Calcination Ce(;z 0.00E+00 0.00E+00 0.00E+00 0 0.00E+00 0 0
e kg
Acidification | gy | g00E+00 | 0.00E+00 | 7.71E+02 | (TEEF0 | 430Esp | T7SEFO | S.09E40
Potential o 2 1 2
kg
HiY PM2. | 000E+00 | 000E+00 | 621E+02 | O21E*0 | o54psqp | 428E¥0 | 2.59E40
Particulate 5 eq 2 0 2
Butrophicatio | kgN | g 00r400 | 0.00E+00 | 1716403 | MTIEFO | 3ggpigp | 4B1EH0 | 4.36E40
n Potential eq 3 0 1
Ozone kg 2 81E-
Depletion CFC- 0.00E+00 0.00E+00 1.95E-02 | 1.95E-02 1.96E-03 ‘07 1.96E-03
Potential 1leq
Smog k03 | 00E+00 | 000E+00 | 7.68E+03 | OBEFO | qa5pigs | 244E40 | 160E+0
Potential eq 3 3 4
Total Primary MJ 0.00E+00 0.00E+00 5 64E+06 5.64E+0 5276405 1.17E+0 | 6.44E+0
Energy 6 5 5
Non- 5.09E+0 117E+0 | 6.41E+0
Renewable MJ 0.00E+00 0.00E+00 5.09E+06 6 5.24E+05 s s
Energy
Fossil Fuel 1 \13 | 000E+00 | 0.00E+00 | 339E+06 | S39E*0 | 5ogEsps | L7EYO | 6:25E40
Consumption 6 5 5

Table 6-5 shows the impacts beyond the building's operational life, adding
357,000 kg CO2 eq. to the GWP, which brings the total from stages A to C up to

747,000 kg CO2 eq., and the comprehensive total including beyond life impacts to

approximately 1.10 million kg CO2 eq. This table also shows significant figures for

Total Primary Energy and Non-Renewable Energy usage, which are indicative of the

energy demands associated with the building’s materials and construction, totaling up

to approximately 13.4 million MJ when considering the full life cycle.
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Table 6-5 LCA measures table results by LCS (C : beyond building life and total
effects) for existing building

BEYOND BUILDING LIFE

TOTAL EFFECTS

(D)
LCA Measures Unit BBL. BBL Total AtoC AtoD
Material Transport
GWP kg ecqoz 357E+405 | 0.00E+00 | 3.57E+05 7.47E+05 1.10E+06
[ kgco2
GWP - Biogenic eq 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
GWP - KgCO2 | 0oE+00 | 0.00E+00 | 0.00E+00 | 1.16E+05 | 1.16E+05
Calcination eq
Acidification kgSO2 | 7 9e402 | 0.00E+00 7.09E+02 2.70E+03 3.40E+03
Potential eq
kg
HH Particulate | PM2.5 | -2.13E-03 | 0.00E+00 | -2.13E-03 1.05E+03 1.05E+03
eq
Butrophication |\ \eq | 423E+01 | 000E+00 | 4.23E+01 | 2136403 | 2.18E+03
Potential
Ozone Depletion kg
: CFC-11 | -9.73E-09 | 0.00E+00 | -9.73E-09 2.99E-02 2.99E-02
Potential oq
Smog Potential kger3 765E+03 | 0.00E+00 | 7.65E403 | 5096E+04 | 6.72E+04
Totl Primary MJ | 359E+06 | 000E+00 | 359E+06 | O.78E406 | 1.34E+07
Energy
NO”'ERe”e""ab'e MJ 3.73E+06 | 0.00E+00 | 3.73E+06 9.04E+06 1.28E+07
nergy
Fossil Fuel MJ 3.76E+06 | O0.00E+00 | 3.76E406 | 7.17E+06 | 1.09E+07

Consumption
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Figure 6.3 HH Particulate LCA Measure Chart By Assembly Groups existing building
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Figure 6. 4 GWP LCA Measure Chart By Assembly Groups existing building
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6.2.2. RC jacketing of columns Retrofitting Life Cycle Enviromental
Assessment

The LCA results for the Retrofitting by RC jacketing of columns scenario,
detailed in Table 6-6, show the environmental impacts associated with the additional
materials used specifically for this retrofit. This scenario involves the addition of

concrete and steel to enhance the structural integrity of existing columns.

Table 6-6 LCA Measure Table By Assembly Groups RC jacketing of columns

Project Extra
LCA Measures Unit Conlg:;‘::lé;lg and Total
steel S420

GWP kg CO2 eq 2.83E+04 2.83E+04
GWP - Biogenic kg CO2 eq 0.00E+00 0.00E+00
GWP - Calcination kg CO2 eq 7.72E+03 7.72E+03
Acidification Potential kg SO2 eq 1.03E+02 1.03E+02
HH Particulate kg PM2.5 eq 2.15E+01 2.15E+01
Eutrophication Potential kg N eq 2.38E+01 2.38E+01
Ozone Depletion Potential ke CquC_ll 5.65E-04 5.65E-04
Smog Potential kg O3 eq 2.61E+03 2.61E+03
Total Primary Energy MJ 2.50E+05 2.50E+05
Non-Renewable Energy MJ 2.41E+05 2.41E+05
Fossil Fuel Consumption MJ 2.31E+05 2.31E+05

As shown in Table 6-6, the LCA results for the RC jacketing of columns
scenario show that the GWP reached 28,300 kg CO2 eq. This value highlights the
significant environmental impact, largely driven by the use of concrete and steel,
materials known for their high carbon emissions. One major contributor is the
calcination process during cement production, responsible for 7,720 kg CO2 eq. It’s
clear that this stage, which is integral to producing concrete, heavily influences the

overall carbon footprint of the project.

The Acidification Potential stands at 103 kg SO2 eq, a reflection of sulfur
dioxide and similar emissions released during the production and installation of
materials. These emissions have the potential to cause acid rain, which can severely

damage natural ecosystems and man-made structures alike. Similarly, particulate
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matter is a growing concern, with a measure of 21.5 kg PM2.5 eq. This points to the
dust and small particles generated in the production and construction phases that can
harm air quality and lead to respiratory issues. Quite an interesting result is the
Eutrophication Potential of 23.8 kg N eq., showing that not only construction activities
or energy use, but also some materials when used in excess here -concrete and steel-
lead to nutrient runoff. If this runoff was to run off into water bodies nearby, it would
be over-fertilized and algal blooms along with oxygen depletion would severe disrupt
aquatic life. These impacts demonstrate the need to properly manage runoff in an
environmentally responsible manner during and post construction. And finally, the
larger concern is smog formation, with a smog potential of 2,610 kg O3 eq., though
the Ozone Depletion Potential is low at 0.000565 kg CFC-11 eq. This value shows the
effect of VOCs and nitrogen oxides in smog, i.e., photochemical oxidants. That aspect
of these emissions underscores the balance needed between material production and
air in cities.

Error! Reference source not found. outlines the environmental impacts during
the RC jacketing of columns scenario's product and construction process stages. The
GWP for the manufacturing phase alone is recorded at 23,300 kg CO2 eq., while the
total GWP from all stages, including transportation and installation, amounts to 29,800
kg CO2 eq. This significant contribution reflects the emissions associated with
producing and transporting materials like concrete and steel, which are both resource-
intensive and high in carbon emissions. Notably, the calcination process during cement
production accounts for 7,350 kg CO2 eq., marking it as a critical factor in the overall
carbon footprint of the project. acidification potential, the data reveals a combined total
of 51.5 kg SO2 eq. during manufacturing and transport stages, with an additional 26.7
kg SO2 eq. resulting from the construction process. These values highlight the
environmental threat posed by emissions of sulfur dioxide and other acidic
compounds, which contribute to acid rain, leading to soil degradation and building
material corrosion. The smog potential also presents significant concerns, with the
total across the product and construction processes reaching 1,832 kg O3 eq. This value
is largely driven by the release of volatile organic compounds (VOCs) and nitrogen
oxides, which are known precursors to ground-level ozone formation. In Human
Health Particulate measure, recorded at 7.44 kg PM2.5 eq. during the manufacturing

stage and an additional 1.92 kg PM2.5 eq. during construction, draws attention to the
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direct impact of particulate emissions on public health. Particulate matter is known for
its detrimental effects on respiratory and cardiovascular health, and the figures
provided in the table suggest that dust control and air filtration measures will be crucial
during construction to protect both workers and nearby communities. Eutrophication
potential, although lower in comparison to other impacts, is still noteworthy at a
combined total of 24.7 kg N eq. from all stages. This environmental measure points to
the likelihood of nitrogen runoff entering nearby water bodies, potentially leading to
harmful algal blooms and oxygen depletion in aquatic ecosystems. These results
highlight the real environmental issues associated with this RC jacketing of columns
process. From carbon to energy and particulate emissions, all stages of the life cycle
have varying impacts on the environment. Consequently, these results indicate that
although the jacketing of columns has increased the constructive characteristics of
buildings structures especially in earthquake-prone regions much more potential is still
available to realize sustainability by the utilization of energy reduction, controlling
emissions and monitoring responsible procurement implementations.

Table 6-7 LCA measures table results by LCS ( A : product and construction process)
RC jacketing of columns

PRODUCT CONSTRUCTION PROCESS
LCA Construction-
M Unit | Manufacturing | Transport Total Installation | Transport Total
easures
Process
kg
GWP C02 2.29E+04 3.88E+02 | 2.33E+04 1.73E+03 1.25E+03 | 2.98E+03
eq
GWP - kg
Biogenic CO2 0.00E+00 0.00E+00 | 0.00E+00 0.00E+00 0.00E+00 | 0.00E+00
eq
GWP - kg
L CO2 7.35E+03 0.00E+00 | 7.35E+03 3.68E+02 0.00E+00 | 3.68E+02
Calcination oq
Acidification | 9
Potential SO2 4.70E+01 4.50E+00 | 5.15E+01 1.40E+01 1.27E+01 | 2.67E+01
eq
kg
HH Particulate | PM2.5 7.24E+00 1.96E-01 | 7.44E+00 1.24E+00 6.78E-01 | 1.92E+00
eq
Eutrophication | kg N 1.91E+01 | 2.79E-01 | 1.93E+01 | 1.68E+00 | 7.87E-01 | 2.47E+00
Potential eq
Ozone kg
Depletion CFC- 4.50E-04 1.42E-08 | 4.50E-04 2.55E-05 4.58E-08 | 2.55E-05
Potential 1leq
Smog KQO3 | ¢ 67B+02 | 1.45B+02 | 1.01E+03 | 430E+02 | 4.02E+02 | 8.32E+02
Potential eq
TOtE'n'Zg}'/‘ary MJ 178E+05 | 5.54E+03 | 1.83E+05 | 1.75E+04 | 1.82E+04 | 3.57E+04
Non-
Renewable MJ 1.70E+05 5.54E+03 | 1.75E+05 1.73E+04 1.81E+04 | 3.54E+04
Energy
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Fossil Fuel

Consumption M)

1.61E+05 5.53E+03 | 1.66E+05 1.69E+04 1.81E+04 | 3.50E+04

Table 6-8 highlights the environmental impacts during the use and end-of-life stages
of the RC jacketing of columns scenario. The operational energy use is responsible for
a substantial GWP of 298,000 kg CO2 eq., underscoring the energy intensity of
maintaining the building after retrofitting. End-of-life processes, including demolition
and waste handling, contribute an additional 2,060 kg CO2 eq., emphasizing the
importance of sustainable material disposal. Smog potential is also notable, with 7,680
kg O3 eq. generated during the building's use phase, while 765 kg O3 eq. arises during
deconstruction. These figures reflect ongoing air quality impacts, especially in urban
settings. Additionally, acidification (771 kg SO2 eq.), human health particulates (621
kg PM2.5 eq.), and eutrophication potential (1,710 kg N eq.) during the operational
phase highlight the ongoing environmental burdens of energy consumption,

contributing to air pollution and water quality issues.

Table 6-8 LCA measures table results by LCS ( B : use and end of life) RC jacketing

of columns
USE END OF LIFE
De-
constructio
Replacement | Replaceme | Operationa n,
M(Ie_a(s:f\res Unit Manufacturin nt | Energy Total Demolition, Trantspor Total
g Transport Use Total Disposal &
Waste
Processing
kg
GWP CO2 | 0.00E+00 | 0.00E+00 | 2.98E+05 2‘985E+0 1.68E+03 | 3 '792E+0 2‘063E+0
eq
kg
GWP - co2 | 000E+00 | 0.00E+00 | 0.00E+00 | OO0 |6 00pgo | O-00EFO | 0.00E+D
Biogenic eq 0 0 0
kg
GWP - 0.00E+0 0.00E+0 0.00E+0
Calcination CeC(JqZ 0.00E+00 0.00E+00 0.00E+00 0 0.00E+00 0 0
e kg
Acidification | g | 0 00g+00 | 0.00E+00 | 7.71E+02 | TTUER |5 o7g+gr | 3OSEHO | 243E40
Potential o 2 0 1
kg
HH PM2. | 0.00E+00 | 0.00E+00 | 621E+02 | S2EO | o0pgy | 202E- | 122E+0
Particulate 5 eq 2 01 1
Butrophicatio | kgN | 505100 | 0008400 | 171803 | VTUETO |y gipige | 227E- | 204E40
n Potential eq 3 01 0
Ozone kg 1 32E-
Depletion CFC- 0.00E+00 0.00E+00 1.95E-02 1.95E-02 8.96E-05 .08 8.96E-05
Potential 1lleg
Smog kg O3 7.68E+0 1.15E+0 | 7.65E+0
Potential eq 0.00E+00 0.00E+00 7.68E+03 3 6.50E+02 5 2
TolPrimary | yay | 000E+00 | 0.00E+00 | 5.64E+06 | O4EFO |5 sopig4 | 3330 | 3.0SEH0
Energy 6 3 4
Non- 5.09E+0 5.53E+0 | 3.04E+0
Renewable MJ 0.00E+00 0.00E+00 5.09E+06 : 6 2.48E+04 ’ 3 : 4
Energy
Fossil Fuel iy | 00000 | 0.00E+00 | 339E+06 | 330EH | o4ipies | OO2ET0 | 297EHD
Consumption 6 3 4
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Table 6-9 extends the analysis to the environmental impacts beyond the
building's life (BBL) and aggregates the total effects of the RC jacketing of columns
retrofit across all LCS. The BBL section shows a decrease of 7,530 kg CO2 eq. in
GWP, suggesting some carbon offset or material recovery after deconstruction.
However, when considering the entire life cycle from production to disposal, the total
GWP is 319,000 kg CO2 eq., reflecting the comprehensive environmental impact of
the retrofit. Acidification potential across all stages totals 858 kg SO2 eq., indicating
the cumulative contribution to acid rain over the project's life span. This is a significant
rise from earlier phases, pointing to long-term emissions from material decomposition
and processing. Smog potential, another key concern, reaches 10,100 kg O3 eq.,
further emphasizing the ongoing air quality impacts even after the building's
operational life. The overall results from Table 9 demonstrate that while there are
reductions in some emissions post-use, the cumulative environmental footprint of the
RC jacketing of columns retrofit remains substantial across multiple measures,
especially in terms of energy consumption, GWP, and air pollution.

Table 6-9 LCA measures table results by LCS ( C : beyond building life and total
effect) RC jacketing of columns

BEYOND BUILDING LIFE TOTAL EFFECTS
LCA Measures Unit BBL. BBL Total AtoC AtoD
Material Transport
kg CO2
GWP eq -7.53E+03 0.00E+00 -7.53E+03 3.26E+05 3.19E+05
T kg CO2
GWP - Biogenic eq 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
GWP - Calcination kg quOZ 0.00E+00 0.00E+00 0.00E+00 7.72E+03 7.72E+03
Acidification Potential kgeSé]OZ -1.50E+01 0.00E+00 -1.50E+01 8.73E+02 8.58E+02
HH Particulate kg ZZAZ'S 4.49E-05 0.00E+00 4.49E-05 6.42E+02 6.42E+02
Eutrophication
Potential kg N eq -8.93E-01 0.00E+00 -8.93E-01 1.74E+03 1.74E+03
Ozone Depletion KgCFC- | ) 0sE-10 | 000E+00 | 2.05E-10 | 2.00E-02 2.00E-02
Potential 1leq
Smog Potential kg O3 eq -1.62E+02 0.00E+00 -1.62E+02 1.03E+04 1.01E+04
Total Primary Energy MJ -7.58E+04 0.00E+00 -7.58E+04 5.89E+06 5.82E+06
Nong‘g‘;‘;"ab'e MJ 7.88E+04 | 0.00E+00 | -7.88E+04 | 5.33E+06 5.25E+06
CFOSS" Fuel MJ 794E+04 | 0.00E+00 | -7.94E+04 | 3.62E+06 3.54E+06
onsumption
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RC shear wall addition and CFRP wrapping of columns Retrofitting Life Cycle

Enviromental Assessment:

For this scenario the retrofitting LCA simulated in ATHENA environmental
impact software along with manual calculations following the guidelines and data for

the CFRP specifically in (Prenzel et al., 2023; Sadhukhan et al., 2021).

Table 6-10 highlights the environmental impacts of the RC shear wall addition
and CFRP wrapping of columns retrofitting scenario, where advanced materials such
as concrete, steel, and CFRP are used. he overall GWP amounts to 34,700 kg CO2
eq., while the GWP of 5,250 kg CO2 eq. connected to the calcination practice in
cement making. This further reinforces the large carbon footprints from the materials,
primarily concrete. And even in this case, the acidification potential of 156 kg SO2 eq.
shows that acid-rain emission could be significantly higher because different materials
were used together; Particulates (HH Particulate): 38.7 kg PM2. Raising concerns with
and about air quality, mainly during the process of material production and installation.
The moderate eutrophication potential 24.1 kg N eq indicates a possibility for nutrient
runoff to water bodies due to construction material production. It still has large
influence of smog potential (e.g. 3,160 kg O3 eq.), which is also a noticeable category
contributing to urban ground level ozone formation relevant for local air quality
considerations.

Table 6-10 LCA Measure Table by Assembly Groups (RC shear wall addition and
CFRP wrapping of columns)

Project Extra
LCA Measures Unit The Ié/(l)itfrréiéss teel Total
and CFRP

GWP kg CO2 eq 3.47E+04 3.47E+04
GWP - Biogenic kg CO2 eq 0.00E+00 0.00E+00
GWP - Calcination kg CO2 eq 5.25E+03 5.25E+03
Acidification Potential kg SO2 eq 1.56E+02 1.56E+02
HH Particulate kg PM2.5 eq 3.87E+01 3.87E+01
Eutrophication Potential kg N eq 2.41E+01 2.41E+01
Ozone Depletion Potential kg CFC-11eq 5.39E-04 5.39E-04
Smog Potential kg O3 eq 3.16E+03 3.16E+03
Total Primary Energy MJ 3.10E+05 3.10E+05
Non-Renewable Energy MJ 3.01E+05 3.01E+05
Fossil Fuel Consumption MJ 2.89E+05 2.89E+05
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Table 6-11 highlights the environmental impacts during the production and
construction phases of the RC shear wall addition and CFRP wrapping of columns
scenario. The GWP is measured at 27,500 kg CO2 eq. for material manufacturing and
transport, with an additional 3,600 kg CO2 eq. from construction activities. A
significant portion of this comes from the cement calcination process, contributing
5,000 kg CO2 eq. to the total emissions. Acidification potential, which affects air
quality and can lead to acid rain, reaches 87.7 kg SO2 eq., while smog potential totals
1,300 kg O3 eq., with most emissions generated during transport and construction
activities. The particulate matter (PM2.5) released into the air during this phase is 20.3
kg, posing health risks related to respiratory issues. The eutrophication potential,
which reflects the possibility of nutrient runoff affecting water bodies, is 17.8 kg N eq.
for manufacturing and 2.76 kg N eq. for the construction process. Energy consumption
during these stages is high, with a total of 228,000 MJ, mostly derived from non-
renewable energy sources (219,000 MJ), highlighting the reliance on fossil fuels.

Table 6-11 LCA measures table results by LCS (A : product and construction process)
for RC shear wall addition and CFRP wrapping of columns

PRODUCT CONSTRUCTION PROCESS
LCA Construction-
M Unit | Manufacturing | Transport Total Installation | Transport Total
easures
Process
kg
GWP CO2 2.71E+04 3.72E+02 | 2.75E+04 1.89E+03 1.72E+03 | 3.60E+03
eq
GWP - kg
Biogenic C02 0.00E+00 0.00E+00 | 0.00E+00 0.00E+00 0.00E+00 | 0.00E+00
€q
GWP - kg
L CO2 5.00E+03 0.00E+00 | 5.00E+03 2.50E+02 0.00E+00 | 2.50E+02
Calcination eq
Acidification | 9
Potential S0O2 8.35E+01 4.19E+00 | 8.77E+01 1.49E+01 1.82E+01 | 3.31E+01
eq
kg
HH Particulate | PM2.5 2.01E+01 1.89E-01 | 2.03E+01 2.60E+00 9.50E-01 | 3.55E+00
eq
Eutrophication | kg N 175401 | 2.60E-01 | 1.78E+01 | 1.64E+00 | 1.13E+00 | 2.76E+00
Potential eq
Ozone kg
Depletion CFC- 3.71E-04 1.35E-08 | 3.71E-04 2.53E-05 6.56E-08 | 2.54E-05
Potential 1leq
Smog kg O3 1.17E+03 1.34B+02 | 1.30E+03 | 3.78E+02 | 5.77E+02 | 9.56E-+02
Potential eq
TOtE'nZ:gSary MJ 223E+05 | 5.33E+03 | 2.28E+05 | 1.64E+04 | 2.50E+04 | 4.14E+04
Non-
Renewable MJ 2.14E+05 5.33E+03 | 2.19E+05 1.61E+04 2.50E+04 | 4.11E+04
Energy
Fossil Fuel MJ 2.05E+05 | 5.32E+03 | 2.10E+05 | 1.56E+04 | 2.49E+04 | 4.05E+04
Consumption
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Table 6-12 evaluates the environmental impacts during the use and end-of-life
stages of the RC shear wall addition and CFRP wrapping of columns retrofit. GWP
during the operational phase stands at 299,000 kg CO2 eq., indicating the high energy
requirements for maintaining the building over its lifetime. Deconstruction and waste
disposal at the end-of-life phase add another 2,300 kg CO2 eq., emphasizing the
environmental burden even after the building ceases operation. Acidification potential
over the entire life cycle totals 780 kg SO2 eq., with 25.9 kg SO2 eq. from end-of-life
activities, showing ongoing risks for acid rain formation. Human health particulate
emissions (PM2.5) are also a concern, with 625 kg during operation and 11.1 kg from
deconstruction, affecting air quality and respiratory health. The smog potential reaches
7,800 kg O3 eq. during the operational phase, and an additional 786 kg O3 eq. is
generated during demolition, reflecting continued air quality challenges.

Table 6-12 LCA measures table results by LCS (B: use and end of life) RC shear wall
addition and CFRP wrapping of columns

USE END OF LIFE
De-
constructio
Replacement | Replaceme | Operationa n,
MeLa(s:L'JAres Unit | Manufacturin nt | Energy Total Demolition, Trantspor Total
g Transport Use Total Disposal &
Waste
Processing
kg
GWP CO2 | 120E+03 | 9.57E+01 | 2.98E+05 2‘995E+0 1.98E+03 | '2825+0 23 (;EH]
eq
kg
GWP - co2 | 000E+00 | 0.00E+00 | 0.00E+00 | "0UEH0 1 ooop+go | O-00EFO | 0.00E+D
Biogenic eq 0 0 0
kg
GWP - 0.00E+0 0.00E+0 0.00E+0
Calcination CeC(JqZ 0.00E+00 0.00E+00 0.00E+00 0 0.00E+00 0 0
e kg
Acidification | g) | g sopi00 | 1.02E+00 | 7.71E+02 | TSUEF |5 ogpigr | 31OEH0 | 2.59E40
Potential o 2 0 1
kg
HH PM2. | 375E+00 | 525E-02 | 621E+02 | 20| gopigr | 173E- | 1HEHD
Particulate 5 eq 2 01 1
Eutrophicatio | kg N 1.72E+0 1.96E- 2.66E+0
n Potential eq 8.71E-01 6.33E-02 1.71E+03 3 2.46E+00 01 0
Ozone kg L15E
Depletion CFC- 1.61E-05 3.64E-09 1.95E-02 1.95E-02 1.26E-04 .08 . 1.26E-04
Potential 1lleg
Smog kg O3 7.80E+0 9.98E+0 | 7.86E+0
Potential eq 8.51E+01 3.24E+01 7.68E+03 3 6.86E+02 1 2
Total Primary | vy | 4 95403 139E+03 | 5.64E+06 | SOSEY0 | 5 o4pig4 | 47OEH0 | 342E40
Energy 6 3 4
Non- 5.10E+0 479E+0 | 3.40E+0
Renewable MJ 4.76E+03 1.39E+03 5.09E+06 : 6 2.92E+04 ’ 3 : 4
Energy
FossilFuel iy 406E+03 | 139E+03 | 330E+06 | SACEHY | o gopies | 4TSEFO | 3.27EHD
Consumption 6 3 4
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Table 6-13 summarizes the overall environmental impacts of the RC shear wall
addition and CFRP wrapping of columns retrofit, including the "Beyond Building
Life" (BBL) phase. The total GWP reaches 319,000 kg CO2 eq., with the BBL phase
reducing GWP by 13,300 kg CO2 eq., likely due to material recovery or recycling.
Despite this reduction, the cumulative acidification potential still rises to 901 kg SO2
eq., illustrating the long-term risk of acid rain over the building's lifecycle. Smog
potential remains significant, totaling 10,600 kg O3 eq., indicating ongoing air quality
concerns. The project consumes a total of 5.82 million MJ of primary energy, most of
which comes from non-renewable sources (5.25 million MJ), with fossil fuels alone
contributing 3.54 million MJ.

Table 6-13 LCA measures table results by LCS ( C : beyond building life and total
effects) RC shear wall addition and CFRP wrapping of columns

BEYOND BUILDING LIFE TOTAL EFFECTS
] BBL BBL
LCA Measures Unit . Total AtoC AtoD
Material Transport
GWP kg CO2 eq -1.33E+04 0.00E+00 -1.33E+04 3.33E+05 3.19E+05
GWP - Biogenic kg CO2 eq 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
GWP - Calcination kg CO2 eq 0.00E+00 0.00E+00 0.00E+00 5.25E+03 5.25E+03
Acidification Potential kgSO2eq | -2.64E+01 0.00E+00 -2.64E+01 9.27E+02 9.01E+02
] kg PM2.5
HH Particulate 7.92E-05 0.00E+00 7.92E-05 6.60E+02 6.60E+02
eq
Eutrophication Potential kg N eq -1.58E+00 | 0.00E+00 -1.58E+00 1.74E+03 1.74E+03
Ozone Depletion kg CFC-11
i 3.62E-10 0.00E+00 3.62E-10 2.00E-02 2.00E-02
Potential eq
Smog Potential kg O3 eq -2.85E+02 | 0.00E+00 -2.85E+02 1.08E+04 1.06E+04
Total Primary Energy MJ -1.34E+05 0.00E+00 -1.34E+05 5.95E+06 5.82E+06
Non-Renewable Energy MJ -1.39E+05 0.00E+00 -1.39E+05 5.39E+06 5.25E+06
Fossil Fuel
X MJ -1.40E+05 0.00E+00 -1.40E+05 3.68E+06 3.54E+06
Consumption

Calculations for RC shear wall addition and CFRP wrapping of columns Scenario
Mass Calculation per m?:

Thickness = 0.165 mm = 0.000165 m

Density = 1.8 g/cm?® = 1.8 kg/L = 1.8 kg/m*/cm

Mass per m? = Density x Thickness

Mass per m? = 1.8 kg/m? x 0.000165 m = 0.297 kg/m?
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Total Mass for 2830 m*:
Total Mass = Mass per m? x Area
Total Mass = 0.297 kg/m? x 2830 m? = 840.81 kg
Total Inputs and Outputs for 840.81 kg of CFRP:
Total PAN Fiber:
Total PAN Fiber = 1.95 kg/kg CF x 840.81 kg = 1640.58 kg
Total Water:
Total Water = 5.5 kg/kg CF x 840.81 kg = 4624.46 kg
Total Process Energy:
Total Process Energy = 170 MJ/kg CF x 840.81 kg = 142937.7 MJ
Total Gaseous Carbon Emissions:
Total Gaseous Carbon Emissions = 0.6 kg/kg CF x 840.81 kg = 504.49 kg
Total Gaseous Non-Carbon Emissions:

Total Gaseous Non-Carbon Emissions = 20 kg/kg CF x 840.81 kg =
16816.2 kg

Total Wastewater = 5.5 kg/kg CF x 840.81 kg = 4624.46 kg

The results for the RC shear wall addition and CFRP wrapping of columns
retrofit compared to manual calculations to verify that trends and orders of magnitude
were consistent with Athena Impact Estimator calculations. References to manual
calculations suggest the GWP from the simulation (88,500 kg CO2 eq.), are in
reasonable agreement with carbon emissions associated with the cement calcination
process component (5,250 kg CO2 eq.). With the simulation also acidification
potential at 464 kg SO2 eq., it confirmed manual estimates which warn against sulfur
emissions that lead to acid rain. Smog potential are also close to each other, giving
8,470 kg O3 eq the simulation which confirm the doubt from manual calculations
namely with high contribution of volatile organic compounds (VOCs) and nitrogen
oxides (NOx) In general, both methods allow validating the high cut-off point of the

improvement with respect to energy utilization, GWP and air quality weights which
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affirms the outcomes and stresses the importance of sustainable behavioral trek Canlis-

A framework for normalizing source emissions using Canadian urban discharges.

6.2.3. Re-designed Scenario

In the rebuild and redesign scenario, the structural components of the building
were significantly upgraded. The columns and beams were reconstructed with concrete
of grade C30, replacing the previous grade C14, and the steel reinforcement was
upgraded to S420. Additionally, the beam type was modified to Laminated Veneer
Lumber (LVL) / Parallel Strand Lumber (PSL). This scenario aimed to enhance the

building's structural reliability and performance using higher-grade materials.

shows the LCA findings for this scenario, revealing a significant increase in GWP
reaches 890,000 kg CO2 eq., primarily due to the materials used in the foundations,
columns, and beams, which alone account for 491,000 kg CO2 eq. A significant part
of this comes from the cement calcination process, contributing 148,000 kg CO2 eq.
Also, Acidification potential stands at 3,550 kg SO2 eq., reflecting the high emissions
of sulfur dioxide, while the smog potential is considerable at 82,500 kg O3 eq.,
indicating a strong contribution to urban air pollution. Human Health Particulate
(PM2.5) emissions total 493 kg, highlighting the release of fine particles that impact
air quality during construction. Finally, Eutrophication potential, at 735 kg N eq.,
points to the risk of nutrient runoff affecting water ecosystems. Energy use is
substantial, with total primary energy demand hitting 10.9 million MJ, of which 10.2

million MJ are from non-renewable sources, primarily fossil fuels (9.98 million MJ).

Table 6-14 shows the LCA findings for this scenario, revealing a significant
increase in GWP reaches 890,000 kg CO2 eq., primarily due to the materials used in
the foundations, columns, and beams, which alone account for 491,000 kg CO2 eq. A
significant part of this comes from the cement calcination process, contributing
148,000 kg CO2 eq. Also, Acidification potential stands at 3,550 kg SO2 eq., reflecting
the high emissions of sulfur dioxide, while the smog potential is considerable at 82,500
kg O3 eq., indicating a strong contribution to urban air pollution. Human Health
Particulate (PM2.5) emissions total 493 kg, highlighting the release of fine particles
that impact air quality during construction. Finally, Eutrophication potential, at 735 kg

N eq., points to the risk of nutrient runoff affecting water ecosystems. Energy use is
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substantial, with total primary energy demand hitting 10.9 million MJ, of which 10.2

million MJ are from non-renewable sources, primarily fossil fuels (9.98 million MJ).

Table 6-14 LCA Measure Table by Assembly Groups redesign scenario

Columns Project
LCA Measures Unit Foundations Floors Extra Total
and Beams .
Materials
kg CO2
GWP eq 3.50E+04 0.00E+00 2.13E+05 0.00E+00 2.93E+05
o kg CO2
GWP - Biogenic eq 0.00E+00 0.00E+00 -1.45E+05 0.00E+00 0.00E+00
- kg CO2
GWP - Calcination eq 9.60E+03 0.00E+00 2.15E+04 0.00E+00 8.54E+04
Acidification kg 502 1.40E+02 0.00E-+00 1.51E+03 0.00E+00 L31E+03
Potential eq
kg
HH Particulate PM2.5 3.50E+01 0.00E+00 1.53E+02 0.00E+00 3.08E+02
€q
E”ggfehn'tciitl'on kg N eq 3.18E+01 0.00E+00 5.20E+02 0.00E+00 2.84E+02
Ozone Depletion | kg CFC- 8.09E-04 0.00E+00 7.69E-03 0.00E+00 6.89E-03
Potential 1leq
Smaog Potential kg O3 eq 3.66E+03 0.00E-+00 3.59E+04 0.00E+00 3.63E+04
Total Primary Energy MJ 3.20E+05 0.00E+00 5.69E+06 0.00E+00 2.46E+06
Nong]i”r;‘;"ab'e MJ 3.05E+05 0.00E+00 4.64E+06 0.00E+00 2.36E+06
C':OSS" Fuel MJ 2.92E+05 0.00E+00 4.52E+06 0.00E+00 2.26E+06
onsumptlon

The redesign scenario’s environmental impacts during the product and construction
process stages, as shown in -15 highlights key concerns. Manufacturing alone
contributes 309,000 kg CO2 eq. to the GWP, largely due to the energy-intensive
production of concrete C30 and steel S420. While biogenic carbon offsets 235,000 kg
CO2 eq., the overall impact remains high, with calcination adding 111,000 kg CO2 eq.
Acidification potential reaches 1,490 kg SO2 eq., primarily from material production,
contributing to acid rain risks. Smog potential is significant at 30,300 kg O3 eq., driven
by VOC and NOx emissions, which degrade air quality. Eutrophication potential of

716 kg N eq. underscores the risk of nutrient runoff affecting aquatic ecosystems.

Table 6-15 highlights key concerns. Manufacturing alone contributes 309,000 kg CO2
eq. to the GWP, largely due to the energy-intensive production of concrete C30 and
steel S420. While biogenic carbon offsets 235,000 kg CO2 eq., the overall impact
remains high, with calcination adding 111,000 kg CO2 eq. Acidification potential
reaches 1,490 kg SO2 eq., primarily from material production, contributing to acid rain
risks. Smog potential is significant at 30,300 kg O3 eq., driven by VOC and NOx
emissions, which degrade air quality. Eutrophication potential of 716 kg N eq.

underscores the risk of nutrient runoff affecting aquatic ecosystems.
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Table 6-15 LCA measures table results by LCS (A: product and construction process)
redesign scenario

PRODUCT CONSTRUCTION PROCESS
Construction-
LCA Measures Unit Manufacturing Transport Total Installation Transport Total
Process
kg
GWP Cc0o2 3.01E+05 8.03E+03 3.09E+05 4.53E+04 3.58E+04 8.11E+04
eq
kg
GWP - Biogenic COo2 -2.35E+05 0.00E+00 | -2.35E+05 -8.84E+02 0.00E+00 | -8.84E+02
eq
GWP - kg
—— Cc0o2 1.11E+05 0.00E+00 1.11E+05 5.47E+03 0.00E+00 5.47E+03
Calcination oq
Acidification | X9
Potential S0O2 1.40E+03 9.29E+01 1.49E+03 3.96E+02 3.67E+02 7.63E+02
eq
kg
HH Particulate PM2.5 1.57E+02 4.05E+00 1.61E+02 2.54E+01 1.95E+01 4.50E+01
eq
Eiigcation "Gl 7. 11E+02 5.76E+00 | 7.16E+02 4.00E+01 228E+01 | 6.28E+01
Potential eq
Ozone kg
Depletion CFC- 1.20E-02 2.94E-07 1.20E-02 4.71E-04 1.33E-06 4.72E-04
Potential 1leq
Smog Potential kge;)3 2.74E+04 2.99E+03 | 3.03E+04 1.22E+04 1.16E+04 | 2.38E+04
TOtE'nz:é”;aW MJ 6.56E+06 1.ISE+05 | 6.67E+06 3.78E+05 5.20E+05 | 8.99E+05
No”'ERnee”rg‘;"ab'e MJ 5.42E+06 1.ISE+05 | 5.54E+06 3.65E+05 520E+05 | 8.85E+05
FOsEIicl MJ 5.21E+06 1.14E+05 | 532E+06 | 3.57E+05 | 5.19E+05 | 8.76E+05
Consumption

The use and end-of-life stages of the redesign scenario also present significant

environmental impacts, as outlined in Table 6-16. During the operational phase, energy

use contributes a substantial 298,000 kg CO2 eq. to the GWP. The end-of-life stage

adds 151,000 kg CO2 eq., primarily from deconstruction and waste processing. While

biogenic carbon sequestration offsets 90,900 kg CO2 eq., the overall emissions remain

high. Acidification potential reaches 1,471 kg SO2 eq., reflecting emissions during

both use and waste disposal. The smog potential is also notable, rising to 29,800 kg

03 eq., indicating a continued impact on air quality. Total primary energy consumption

during these stages is 9.83 million MJ, with 9.75 million MJ of this from non-

renewable energy, showing a heavy reliance on fossil fuels (9.42 million MJ).
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Table 6-16 LCA measures table results by LCS ( B: use and end of life stages) redesign

scenario
USE END OF LIFE
De-
constructio
Replacement | Replaceme | Operationa n,
M:a(s:tﬁ'es Unit | Manufacturin nt | Energy Total Demolition, Trantspor Total
g Transport Use Total Disposal &
Waste
Processing
kg
GwP CO2 | 000E+00 | 000E+00 | 298E+05 | ZO8EFO | a3pips | B0 | LSIEX
eq
kg
GWP - co2 | 000E+00 | 000E+00 | 0.00E+00 | YOUEH0 | g gopiq | 000EF0 | 9.09E+0
Biogenic oq 0 0 4
kg
GWP - co2 | 000E+00 | 0.00E+00 | 0.00E+00 | OO0 |6 00pgo | O-00EFO | 0.00E+D
Calcination o 0 0 0
T kg
Adidification | g | 00E400 | 0.00E+00 | 7.71E+02 | TUER |6 1gRigy | 840EH0 | T.02E40
Potential o 2 1 2
kg
Wi PM2. | 0.00E+00 | 0.00E+00 | 621E+02 | S2UEH0 |5 ggpigp | 46SEF0 | 291E+0
Particulate 5 eq 2 0 2
Eutrophlc_atlo kg N 0.00E-00 0.00E-+00 L 71E+03 1.71E+0 6.10E+01 5.23E+0 | 6.62E+0
n Potential eq 3 0 1
Ozone kg 3 05E-
Depletion CFC- 0.00E+00 0.00E+00 1.95E-02 1.95E-02 2.92E-03 '07 2.92E-03
Potential 1leq
Smog KgO3 | 00E+00 | 000B+00 | 7.68E+03 | TO8ETO | gopigs | 265EF0 | 217EH0
Potential eq 3 3 4
Total Primary 5.64E+0 1.27E+0 8.98E+0
Energy MJ 0.00E+00 0.00E+00 5.64E+06 6 7.71E+05 5 5
Non- 5.09E+0 1.27E+0 | 8.92E+0
Renewable MJ 0.00E+00 0.00E+00 5.09E+06 : 6 7.65E+05 ’ 5 : 5
Energy
Fossil Fuel | oy | 000E+00 | 0.00E+00 | 339E+06 | S3%EF0 | 73gpss | 127EFO | 8.65E+0
Consumption 6 5 5

The impacts beyond the building’s operational life and the total effects of the
redesign scenario, presented in Table 6-17, emphasize the long-term environmental
footprint of the upgraded materials. The GWP for the beyond building life stage
reaches 146,000 kg CO2 eq., adding to a cumulative total of nearly 1 million kg CO2
eq. across the entire lifecycle. Acidification potential continues to grow, reaching 4,020
kg SO2 eq., due to ongoing emissions from material degradation and waste processing.
The smog potential is also high, totaling 86,600 kg O3 eq., indicating a sustained

contribution to air pollution throughout the building’s lifecycle and beyond.
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Table 6-17 LCA measures table results by LCS (C: beyond building life and total
effects stages) redesign scenario

BEYOND BL(JI;I)_DING LIFE TOTAL EFFECTS
LCA Measures Unit BBL. BBL Total AtoC AtoD
Material Transport
kg CO2
GWP e 1 46E+05 0.00E+00 1.46E+05 8.39E+05 9.85E+05
- kg CO2
GWP - Biogenic e 0.00E+00 0.00E+00 0.00E+00 | -1.45E+05 -1.45E+05
GWP - Calcination | K9 ecqoz 0.00E+00 0.00E+00 0.00E-+00 1.16E+05 1.16E+05
Acidification kgSO2 | o0E+02 | 0.00E+00 | 2.90E+02 | 3.73E+03 4.02E+03
Potential eq
kg
HH Particulate PM2.5 -8.70E-04 0.00E+00 -8.70E-04 1.12E+03 1.12E+03
eq
E“ggﬁ’:ﬂ'giﬁ'o” kgNeq | 1.73E+01 0.00E+00 | 1.73E+01 2.56E-+03 2.58E+03
Ozone Depletion kg CFC-
Potemial 11 eq -3.98E-09 0.00E+00 -3.98E-09 3.48E-02 3.48E-02
Smog Potential kg O3 eq 3.13E+03 0.00E+00 3.13E+03 8.35E+04 8.66E+04
Total Primary Energy MJ 1.47E+06 0.00E+00 1.47E+06 1.41E+07 1.56E+07
NO”'ERnZ”rZ‘;"ab'e MJ 1.53E+06 0.00E+00 1.53E+06 1.24E+07 1.39E+07
Fossil Fuel MJ 1.54E406 | 0.00E+00 | 1.54E+06 | 1.05E+07 1.20E+07
Consumption

The chart in Figure 6.5 shows the distribution of human health particulate (HH
Particulate) emissions across different assembly groups in the redesign scenario. The
floors are the largest contributor, with emissions of 308 kg PM2.5 eq, making up the
bulk of the total particulate matter. Beams and columns follow, emitting 153 kg PM2.5
eq, indicating that a significant portion of particulate matter comes from the
manufacturing and construction of these structural elements. The foundation
contributes a smaller but still notable 35 kg PM2.5 eq. Interestingly, there are no
particulate emissions from project extra materials, roofs, or walls, suggesting that these
components either do not involve processes that release PM2.5 or are managed in a
way that minimizes particulate emissions. On the whole, the total particulate emissions
for the redesign scenario amount to 497 kg PM2.5 eq, indicating an impact on air

quality and human health.

75



Beams And Columns

Project Extra Materials

Floors

Foundation

Roofs

Walls

Total

100 200 300 400 500
HH Particulate (kg PM2.5 eq)

Figure 6.5 HH Particulate LCA Measure Chart by Assembly Groups

The chart in Figure 6.6 displays the GWP across various assembly groups in
the redesign scenario. Floors exhibit the highest GWP, contributing 293,000 kg CO2
eq, making them the largest source of emissions in this scenario. Beams and columns
are the second-highest contributors, with 213,000 kg CO2 eq, reflecting the high
carbon footprint of these structural elements. The foundation adds 35,000 kg CO2 eq,
while no emissions are recorded for project extra materials, roofs, or walls in this
context. Overall, the total GWP for the redesign scenario is 541,000 kg CO2 eq, with
most emissions coming from the production and installation of floors and

beams/columns.

Beams And Columns

Project Extra Materials

Floors

Foundation

Roofs

Walls

Total

200,000 400,000 500,000
Global Warming Potential (kg CO2 eq)

Figure 6.6 GWP LCA Measure Chart By Assembly Groups
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6.2.4. All scenarios comparison

The comparison of the different retrofitting scenarios against the redesigned
buildings provides insights into the environmental impacts associated with each
approach. Table 6-18 summarizes the GWP across the LCS for all scenarios, which

serves as a foundational reference for analyzing and comparing the impacts.

Table 6-18 Comparison of GWP By LCS

- Construction TOtE.iI -
Project Unit Product Process Use Operational End of Life Total
Name (Al to A3) (B2 & B4) Energy (Clto C4)
(A4 & Ab)
(B6)
CFRP kg
+Shear CO2 2.75E+04 3.60E+03 1.30E+03 2.98E+05 2.30E+03 3.33E+05
Wall eq
Column kg
Jacting CO2 2.33E+04 2.98E+03 0.00E+00 2.98E+05 2.06E+03 3.26E+05
eq
Re- kg
designed COo2 3.09E+05 8.11E+04 0.00E+00 2.98E+05 1.51E+05 8.39E+05
Building eq

Table 6-18 presents a comparison of the GWP across different LCS for the RC
shear wall addition and CFRP wrapping of columns, RC jacketing of columns, and
redesigned building scenarios. The most noticeable difference occurs in the product
stage (A1 to A3), where the redesigned building shows an exceptionally high GWP of
309,000 kg CO2 eq., a result of the energy-intensive production of materials like
concrete and steel. This contrasts sharply with the RC shear wall addition and CFRP
wrapping of columns and RC jacketing of columns scenarios, which exhibit
significantly lower GWPs of 27,500 kg CO2 eq. and 23,300 kg CO2 eq., respectively.
In the construction process (A4 & AS), the redesigned building again has a much
higher GWP (81,100 kg CO2 eq.) compared to RC shear wall addition and CFRP
wrapping of columns (3,600 kg CO2 eq.) and RC jacketing of columns (2,980 kg CO2
eq.), reflecting the larger scale and complexity of the construction work in this
scenario. During the use stage (B2 & B4), both the redesigned building and RC
jacketing of columns scenarios have no recorded emissions, while RC shear wall
addition and CFRP wrapping of columns has a minor contribution of 1,300 kg CO2
eq. In total, the redesigned building shows the highest GWP, reaching 839,000 kg CO2
eq., while the RC shear wall addition and CFRP wrapping of columns and RC jacketing
of columns scenarios are far lower, at 333,000 kg CO2 eq. and 326,000 kg CO2 eq.,
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respectively, indicating the substantial environmental benefits of retrofitting compared

to full-scale rebuilding.

The chart in Figure 6.7 illustrates the GWP across various LCS for all
scenarios. The redesigned building stands out during the product stage (A1 to A3) with
a GWP of 363,000 kg CO2 eq, a clear reflection of the heavy environmental toll from
producing new materials like concrete and steel. In comparison, the RC jacketing of
columns and RC shear wall addition and CFRP wrapping of columns retrofitting
scenarios demonstrate much lower GWP values during this stage, showcasing their
eco-friendlier nature by significantly reducing the carbon footprint linked to material
production. During the construction process (A4 & AS5), both the redesigned building
and the existing building scenarios maintain higher GWP values compared to the
retrofitting approaches, further underscoring the environmental costs of more
extensive construction activities. Interestingly, the total operational energy (B6)
remains consistent across all scenarios, demonstrating that the energy consumption for
running the buildings over their lifespan is similar regardless of the structural changes
or upgrades. But the end-of-life stage (C1 to C4) tells a different point of view, with
the redesigned building once again showing a higher GWP. This increase points to the
environmental burden associated with deconstruction, demolition, and waste

management.

350,000

300,000

250,000

200,000
kg CO2 eq
150,000

100,000

50,000 I
0 ‘

Product Construction Use Total End of Life
(A1to A3) Process (B2 & B4) Operational (C1to C4)
(Ad & AJ) Energy

(B6)
‘ N CFRP +Shear Wall Column Jacting M Re-designed Building |

Figure 6.7 Comparison of GWP By LCS

The chart in Figure 6.8 breaks down the eutrophication potential across

different stages for each scenario, highlighting the environmental impacts. In the
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product stage (A1 to A3), the redesigned building stands out with the highest potential
for water pollution, mainly due to the use of materials like concrete C30 and steel
S420. On the other hand, the retrofitting scenarios, especially RC jacketing of columns,
show much lower numbers. Moving into the construction process (A4 & AS), the
redesigned building continues to have a bigger impact compared to the other options.
During the use stage (B2 & B4), the pollution potential is small for all scenarios, as
it's mainly tied to operational energy use, which is steady across the board. When it
comes to total operational energy (B6), all scenarios show similar levels, meaning
building operation has a consistent impact no matter which option is chosen. At the
end-of-life stage (C1 to C4), the redesigned building once again has the highest
pollution potential, reflecting the environmental cost of material breakdown and waste
handling. Overall, the data shows that while the redesigned building uses more
advanced materials, it comes with a heavier environmental burden compared to the
retrofitting options like RC jacketing of columns, which prove to be more eco-friendly

throughout the building’s life.

2,000

1,500

kg M eqg 1.000

500

0 : — ; —
Product Construction Use Total End of Life
(A1 to A3) Process (B2 & B4) Operational (C1 to C4)
(A4 & A5) Energy
(B6)
| I CFRP +Shear Wall Column Jacting Il Re-designed Building |

Figure 6. 8 Comparison of Eutrophication Potential By LCS

The smog potential comparison shown in Figure 6.9 shows a clear distinction
between the different scenarios in terms of their contribution to air pollution,
specifically ground-level ozone formation. The redesigned building exhibits the
highest smog potential during the product stage (A1l to A3), with emissions reaching
30,300 kg O3 eq. This is significantly higher than the RC shear wall addition and CFRP
wrapping of columns scenario (1,300 kg O3 eq.) and the RC jacketing of columns

scenario (1,010 kg O3 eq.), largely due to the high emissions from material production,
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particularly concrete and steel. Similarly, in the construction stage (A4 & AS5), the
redesigned building records 23,800 kg O3 eq., which is again much higher compared
to the retrofitting scenarios (956 kg O3 eq. for RC shear wall addition and CFRP wrapping
of columns and 832 kg O3 eq. for RC jacketing of columns).

During the use stage (B2 & B4), the smog potential remains low across all
scenarios, with consistent figures around 7,680 kg O3 eq., reflecting the energy
consumption in building operation. The end-of-life stage (C1 to C4) follows a similar
pattern to earlier stages, with the redesigned building showing a smog potential of
21,700 kg O3 eq., significantly higher than 786 kg O3 eq. for the RC shear wall addition
and CFRP wrapping of columns and 765 kg O3 eq. for RC jacketing of columns. Overall,
the redesigned building generates a total smog potential of 83,500 kg O3 eq., dwarfing
the contributions from the retrofitting scenarios (10,800 kg O3 eq. for RC shear wall
addition and CFRP wrapping of columns and 10,300 kg O3 eq. for RC jacketing of

columns).
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Figure 6.9 Comparison of Smog Potential By LCS

Figure 6.10 compares the acidification potential across the LCS, providing a
clear comparison of the impacts associated with each scenario. As seen, the redesigned
building scenario stands out with the highest acidification potential, especially in the
product stage (Al to A3), with emissions reaching 1,490 kg SO2 eq. This is
significantly higher compared to RC shear wall addition and CFRP wrapping of columns
at 87.7 kg SO2 eq., and RC jacketing of columns at 51.5 kg SO2 eq. The construction
process (A4 & AS5) follows a similar trend, where the redesigned building continues to

exhibit a high acidification potential (763 kg SO2 eq.), while RC shear wall addition and
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CFRP wrapping of columns and RC jacketing of columns display much lower impacts
at 33.1 kg SO2 eq. and 26.7 kg SO2 eq., respectively. Throughout the use stage (B2 &
B4), the acidification potential remains steady across all scenarios, primarily
influenced by energy consumption. The end-of-life stage (C1 to C4) once again sees
the redesigned building as the highest contributor, with 702 kg SO2 eq., far exceeding
the contributions from RC shear wall addition and CFRP wrapping of columns (25.9 kg
SO2 eq.) and RC jacketing of columns (24.3 kg SO2 eq.). Overall, the redesigned
building records a total acidification potential of 3,730 kg SO2 eq., nearly quadrupling
the impacts of the retrofitting alternatives, which hover around 927 kg SO2 eq. for RC
shear wall addition and CFRP wrapping of columns and 873 kg SO2 eq. for RC jacketing

of columns.
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Figure 6.10 Comparison of Acidification Potential By LCS

Figure 6.11 shows the big differences in total energy use across the life cycle
stages between the retrofitting scenarios and the redesigned building. The product
stage (Al to A3) stands out the most, with the redesigned building using 6.67 million
MJ, compared to just 228,000 MJ for the RC shear wall addition and CFRP wrapping of
columns scenario and 183,000 MJ for RC jacketing of columns. This reflects how much
more material is needed for the redesign. During the construction phase (A4 & A5),
the redesigned building again uses much more energy—=899,000 MJ, while RC shear
wall addition and CFRP wrapping of columns and RC jacketing of columns only use
41,400 MJ and 35,700 MJ. The energy use during the operational stage (B6) stays the
same across all scenarios at 5.64 million MJ. However, the end-of-life stage (C1 to

C4) shows the redesigned building requires 898,000 MJ for deconstruction and waste

81



handling, compared to just 34,200 MJ for RC shear wall addition and CFRP wrapping of
columns and 30,500 MJ for RC jacketing of columns. This highlights how much more

energy the redesigned building needs over time.
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Figure 6.11 Comparison of Total Primary Energy By LCS

Figure 6.12 presents a comparison of Human Health Particulate (HH PM2.5)
emissions across different LCS, focusing on particulate matter emissions in various
building scenarios. The redesigned building has the highest emissions in the product
stage, reaching 161 kg PM2.5 eq, due to the use of high-impact materials like concrete
C30 and steel S420. Similarly, the existing building shows notable emissions in this
stage, but less than the redesigned building. In contrast, the RC shear wall addition and
CFRP wrapping of columns and RC jacketing of columns scenarios emit significantly
less particulate matter, with 20.3 kg PM2.5 eq and 7.44 kg PM2.5 eq, respectively,
highlighting their lower environmental burden. The construction process also reflects
higher emissions for the redesigned building (45 kg PM2.5 eq), compared to the lower-
impact retrofitting scenarios. At the end-of-life stage, the redesigned building shows
another spike in emissions (291 kg PM2.5 eq), driven by the energy demands of

deconstruction and waste processing.
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Figure 6.12 Comparison of HH Particulate by LCS (Embodied Effects)
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7. CONCLUSION

In this thesis, an existing six-story concrete building was investigated in terms of

structural performance under seismic effect, and economic and environmental aspects.

Structural performance was studied using linear analysis in Protastructure Software.

Environmental aspects were investigated using a whole-building life cycle assessment

(LCA) by Athena Impact Estimator Robust Software for all alternatives.

Two different retrofit methodology (RC shear wall addition and CFRP wrapping of

columns, and Concrete jacketing) were implemented to enhance the building's overall

performance. In addition to that, the building was re-designed. The life-cycle

enviromental effect of different retrofitting strateges and re-construction of the

building were investigated. The results can be summarized in the following points:

1.

Retrofitting methods successfully helped to enhance the building performance
goal as per TBEC 2018.

Two different approach as RC shear wall addition and CFRP wrapping of columns
and RC jacketing of columns significantly increased the building shear
strength capacity and limited the excessive plastic rotations of the members.
Utilizing RC jacketing of columns for column retrofitting represents the most
cost-effective solution for renovating and strengthening such a building based
on lower consumption and use of building materials compared to other
alternatives.

The study identified that manufacturing and operational phases significantly
contribute to the overall environmental footprint, with retrofitting methods
presenting lower environmental impacts compared to a complete
reconstruction.

Complete reconstruction ensures compliance with modern standards and
offers the highest structural integrity, it also results in the highest
environmental impact due to extensive resource use and emissions.

The retrofitting scenarios, particularly involving RC shear wall addition and
CFRP wrapping of columns and RC jacketing of columns, provide a balanced
approach by enhancing structural resilience and reducing environmental

impacts associated with material production and energy use.
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7.

10.

11.

The importance of integrating sustainable practices in construction and
retrofitting is emphasized. Utilizing advanced materials and methodologies,
alongside tools like the Athena Impact Estimator, can achieve high structural
performance and minimize environmental impacts, supporting the goal of
sustainable development in the construction industry.

The redesigned building, which incorporated big amounts of upgraded
materials like concrete C30 and steel S420, exhibited a substantial increase in
GWHP, acidification potential, and smog potential during the product and
construction stages. This scenario also demonstrated higher total primary
energy consumption, reflecting the energy-intensive nature of producing and
implementing these materials.

The RC jacketing of columns and RC shear wall addition and CFRP wrapping of
columns scenarios, while showing lower impacts compared to the existing and
redesigned buildings, still contributed notably to the environmental burdens,
particularly regarding human health particulate emissions and total primary
energy use.

The comparison of LCS across all scenarios highlighted the importance of
considering both embodied and operational impacts. The product and
construction stages were identified as the most critical phases for GWP,
acidification potential, smog potential, and energy consumption.

The use stage, primarily driven by operational energy demands, remained
consistent across scenarios, underscoring the need for energy efficiency
measures. Due to the deconstruction and waste processing activities, the end-
of-life stage also presented significant impacts, particularly for the redesigned
building.

12. Embodied effects like biogenic GWP were prominent in the redesigned
building scenario, illustrating the carbon sequestration and release associated
with biogenic materials. These findings highlight the need to integrate
sustainable materials and practices in retrofitting projects to minimize

environmental impacts and enhance building resilience.
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APPENDICES

APPENDIX A
Table A.1 Storey seismic weight calculations
RC shear wall addition . . .
Existed Building and CFRP wrapping RC jacketing of Re-dgm_gned
columns Building
of columns
Storey | h (m) W (kN) W (kN) W (kN) W (kN)
6 2.700 3284.66 3499.32 3284.66 2234.61
5 2.900 3308.28 3543.13 3308.28 2272.37
4 2.900 3308.28 3543.13 3306.37 2265.38
3 2.900 3282.51 3520.40 3256.38 2307.43
2 3.600 3410.66 3720.76 4229.71 2426.33
1 2.400 2952.30 3005.10 3571.46 3063.01
Total 19546.71 20831.84 20956.86 14569.12
Table A.2. Story centre of gravity coordinates
RC shear wall . : .
Storey |  EXisted Building | addition and CFRP pe okl R‘*B'Sﬁﬂ?n”ge‘j
wrapping of columns
Xg(m) Yg(m) Xg(m) Yg(m) Xg (M) Yg(m) | Xg(m) | Yg(m)
6 10.299741 | 9.715829 | 10.296680 | 9.988123 | 10.299741 | 9.715829 | 8.750000 | 7.964947
5 10.299389 | 9.718962 | 10.296106 | 10.013576 | 10.299389 | 9.718962 | 8.750000 | 7.955866
4 10.299389 | 9.718962 | 10.296106 | 10.013576 | 10.304478 | 9.715480 | 8.752781 | 7.960908
3 10.300530 | 9.708335 | 10.297120 | 10.011545 | 10.225845 | 9.751759 | 8.730736 | 7.914427
2 10.291758 | 9.731517 | 10.288321 | 10.103726 | 10.277818 | 9.811110 | 8.726811 | 7.887111
1 10.255630 | 9.720244 | 10.255635 | 9.578423 | 10.249363 | 9.757440 | 8.752330 | 7.961352
Table A.3. Story centre of rigidity coordinates
RC shear wall . . .
Existed Building addition and CFRP RC jacketing of Re-designed
: columns Building
wrapping of columns
XRr Yr Xr Yr Xr Yr XR YR
SorY | m | (m) (m) (m) (m) (m) (m) (m)
Storey: 6 | 8.76143 | 9.82874 | 8.750356 | 8.265898 | 8.761434 | 9.828740 | 8.750000 | 6.149620
Storey: 5 | 8.76143 | 9.82874 | 8.750356 | 8.265898 | 8.761434 | 9.828740 | 8.750000 | 6.149620
Storey: 4 | 8.76143 | 9.82874 | 8.750356 | 8.265898 | 8.761434 | 9.828740 | 8.750000 | 6.149620
Storey: 3 | 8.76143 | 9.82874 | 8.750356 | 8.265898 | 7.450784 | 11.216746 | 8.744375 | 6.150461
Storey: 2 | 8.74448 | 9.43290 | 8.749748 | 8.267683 | 8.741853 | 9.338433 | 8.744375 | 6.150461
Storey: 1 | 8.75001 | 1.22932 | 8.750010 | 0.999372 | 8.750047 | 1.294747 | 8.750104 | 1.285589

Table A.4. Eigenvalues and Frequencies

Existed Building RC shear wall addition and CFRP wrapping
of columns
Period Circular Eigenvalue Period Circular Eigenvalue
Mode (sec) Frequency (rad/sec)? (sec) Frequency (rad/sec)?
(rad/sec) (rad/sec)

1 1.095736 5.734214 5.734214 0.684249 9.182603 9.182603
2 1.046868 6.001888 6.001888 0.353455 17.776483 17.776483
3 0.971716 6.466073 6.466073 0.344571 18.234796 18.234796
4 0.318025 19.756901 19.756901 0.155153 40.496733 40.496733
5 0.302961 20.739251 20.739251 0.095358 65.890523 65.890523
6 0.290506 21.628383 21.628383 0.093476 67.216899 67.216899
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Table A.5. Eigenvalues and Frequencies

RC jacketing of columns Re-designed Building
Circular . . Circular .
. Eigenvalue Period Eigenvalue
Period (sec) Frequency (rad/sec)’ (sec) Frequency (rad/sec)?

(rad/sec) (rad/sec)
1.083045 6.80497 6.80497 0.556404 11.292482 11.292482
1.13959 7.160255 7.160255 0.379149 16.571797 16.571797
1.252955 7.872546 7.872546 0.266663 23.562312 23.562312
3.78855 23.80416 23.80416 0.152097 41.310392 41.310392
3.879535 24.375834 24.375834 0.086269 72.832355 72.832355
4.208867 26.445091 26.445091 0.076062 82.60571 82.60571

Table A.6. Modal Participating Factors

Existed Building RC shear wall addition and CFRP wrapping
of columns
Mode Period (sec) X-dir Y-dir Period (sec) X-dir Y-dir
1 1.095736 19.153434 4.009972 0.684249 36.314517 0.483258
2 1.046868 29.237758 -9.452819 0.353455 1.075642 -1.310523
3 0.971716 5.907865 34.241725 0.344571 -0.542493 36.424489
4 0.318025 -0.41117 -2.817408 0.155153 17.568999 0.301869
5 0.302961 13.789291 -1.97011 0.095358 0.411785 0.765136
6 0.290506 1.837769 12.893089 0.093476 -0.153961 18.207448
Table A.7. Modal Participating Factors
RC jacketing of columns Re-designed Building
Period (sec) X-dir Y-dir Period (sec) X-dir Y-dir
1.083045 23.312627 1.095668 0.556404 11.816216 -0.01362
1.13959 23.831352 -4.531419 0.379149 -0.00178104 28.81692
1.252955 2.558263 33.271962 0.266663 26.367527 0.003095
3.78855 4.067425 2.453518 0.152097 -5.77084 -0.038947
3.879535 16.462356 -1.51395 0.086269 -0.016859 13.705915
4.208867 0.841332 15.265314 0.076062 -0.74066 0.000581918

Table A.8 Modal Participating Mass (%)

Existed Building RC shear wall addition and CFRP wrapping
of columns
Mode | Period (sec) X-dir Y-dir Period (sec) X-dir Y-dir
1 1.095736 20.156815 0.883509 0.684249 67.348943 0.011927
2 1.046868 46.969588 4.909659 0.353455 0.059089 0.087712
3 0.971716 1.91774 64.422841 0.344571 0.01503 67.757467
4 0.318025 0.009289 0.436142 0.155153 15.763922 0.004654
5 0.302961 10.447502 0.21326 0.095358 0.00866 0.029898
6 0.290506 0.185571 9.133613 0.093476 0.001211 16.930446
Table A.9 Modal Participating Mass (%)
RC jacketing of columns Re-designed Building
Period (sec) X-dir Y-dir Period (sec) X-dir Y-dir
1.083045 27.710699 0.06121 0.556404 10.419531 1.38432E-05
1.13959 28.957589 1.046968 0.379149 2.36721E-07 61.970704
1.252955 0.3337 56.444531 0.266663 51.8836 7.15028E-07
3.78855 0.843537 0.306933 0.152097 2.485246 0.0001132
3.879535 13.818122 0.116866 0.086269 2.12119E-05 14.018688
4.208867 0.036091 11.881645 0.076062 0.040938 2.52706E-08
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Table A.10 Cumulative Modal Participating Mass (%)

Existed Building RC shear wall addition and CFRP wrapping
of columns
Mode | Period (sec) X-dir Y-dir Period (sec) X-dir Y-dir
1 1.095736 20.156815 0.883509 0.684249 67.348943 0.011927
2 1.046868 67.126403 5.793168 0.353455 67.408032 0.099639
3 0.971716 69.044143 70.216009 0.344571 67.423062 67.857106
4 0.318025 69.053432 70.652151 0.155153 83.186984 67.86176
5 0.302961 79.500934 70.865411 0.095358 83.195644 67.891658
6 0.290506 79.686505 79.999024 0.093476 83.196855 84.822104
Table A.11 Cumulative Modal Participating Mass (%)
RC jacketing of columns Re-designed Building
Period (sec) X-dir Y-dir Period (sec) X-dir Y-dir
1.083045 27.710699 0.06121 0.556404 10.419531 1.38432E-05
1.13959 56.668288 1.108178 0.379149 10.419531 61.970718
1.252955 57.001988 57.552709 0.266663 62.303131 61.970719
3.78855 57.845525 57.859642 0.152097 64.788376 61.970832
3.879535 71.663646 57.976508 0.086269 64.788398 75.98952
4.208867 71.699737 69.858153 0.076062 64.829336 75.98952
Table A.12 Weak Storey Irregularity (B1) Check for X-Direction
RC shear wall
. - addition and RC jacketing of Re-designed
frsted Bully CFRP wrapping (J:olumnsg Buildigng
of columns
Storey No nc nc 1c 1c
Storey: 6 - - - -
Storey: 5 1.000 > 0.80 1.000 > 0.80 1.000 > 0.80 1.000 > 0.80
Storey: 4 1.000 > 0.80 1.000 > 0.80 1.000 > 0.80 1.000 > 0.80
Storey: 3 1.000 > 0.80 1.000 > 0.80 1.083 > 0.80 1.098 > 0.80
Storey: 2 1.182>0.80 1.148 > 0.80 2.989 >0.80 1.000 > 0.80
Storey: 1 2.308 >0.80 2.073>0.80 1.530>0.80 2.315>0.80
Table A.13 Weak Storey Irregularity (B1) Check for Y-Direction
RC shear wall
. - addition and RC jacketing of Re-designed
Storey No Existed Building CFRP wrapping (J:olumnsg Buildigng
of columns
nc nc nc nc
Storey: 6 - - - -
Storey: 5 1.000 > 0.80 1.000 > 0.80 1.000 >0.80 1.000 >0.80
Storey: 4 1.000 > 0.80 1.000 > 0.80 1.000 > 0.80 1.000 > 0.80
Storey: 3 1.000 > 0.80 1.000 > 0.80 1.083 > 0.80 1.106 > 0.80
Storey: 2 1.182 >0.80 1.111 >0.80 2.989 > 0.80 1.000 > 0.80
Storey: 1 3.048 >0.80 1.988 > 0.80 1.800 >0.80 3.233>0.80
Table A.14 Torsion irregularity (Al) check for X-direction
. — RC shear wall addition and RC jacketing of Re-designed
Storey Existed Building CFRP wrapping of columns (J:olumnsg Buildigng
nb N M M
Storey: 6 1.102<1.20 1.021 <1.20 1.244>1.20 1.697 > 1.40
Storey: 5 1.078 <1.20 1.019<1.20 1.200 >1.20 1.773>1.40
Storey: 4 1.066 <1.20 1.018<1.20 1.149<1.20 1.822 >1.40
Storey: 3 1.047 <1.20 1.016 <1.20 1.074 <1.20 1.859 > 1.40
Storey: 2 1.010<1.20 1.006 < 1.20 1.066 < 1.20 1.818 > 1.40
Storey: 1 1.073 <1.20 1.147<1.20 1.029 <1.20 1.097<1.20
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Table A.15 Torsion irregularity (A1) check for Y-direction

RC shear wall addition
. - and RC jacketing of Re-designed
Existed Building CFRP wrapping of (J:olumnsg Buildigng
columns
Storey Mb Mb Nb Nb
Storey: 6 1.058 <1.20 1.007 <1.20 1.070<1.20 1.001 <1.20
Storey: 5 1.056 <1.20 1.005 <1.20 1.073<1.20 1.001 <1.20
Storey: 4 1.056 < 1.20 1.004 < 1.20 1.089 < 1.20 1.000 < 1.20
Storey: 3 1.047 <1.20 1.002 <1.20 1.123<1.20 1.001 <1.20
Storey: 2 1.025<1.20 1.001 <1.20 1.080 <1.20 1.003 <1.20
Storey: 1 1.001 <1.20 1.004 <1.20 1.083 <1.20 1.001 <1.20
Table A.16 Relative storey drift check for X-direction
RC shear wall
addition . .
Existed Building And CFRP RCJacketing of | e designed Building
wrapping columns
of columns

Storey MO / h) effective MO / h) effective MO / h) effective MO / h) effective
Storey: 6 0.002315 < 0.008 V 0.002109 < 0.008 0.003527 < 0.008 0.002257 < 0.008
Storey: 5 0.003092 < 0.008 V 0.002223 < 0.008 0.004389 < 0.008 0.002633 < 0.008
Storey: 4 | 0.003704 <0.008 0.002184 < 0.008 0.004516 < 0.008 0.002804 < 0.008
Storey: 3 0.003682 < 0.008 0.001950 < 0.008 0.003008 < 0.008 0.002660 < 0.008
Storey: 2 0.002227 < 0.008 V 0.001309 < 0.008 0.000950 < 0.008 0.001807 < 0.008
Storey: 1 0.000054 < 0.008 V 0.000132 < 0.008 0.000108 < 0.008 0.000097 < 0.008

Table A.17 Relative storey drift check for Y-direction

RC shear wall
. 4 addition RC jacketing of Re-designed
ExisuiUilding And CFRP wrapping (Jzolumnsg Buildigng
of columns

Storey MO / h) effective MO / h) effective M / h) effective MO / h) effective
Storey: 6 | 0.001768 <0.008 0.001026 < 0.008 0.002103 < 0.008 0.001188 < 0.008
Storey: 5 | 0.002608 < 0.008 v 0.001096 < 0.008 0.003132 < 0.008 0.001267 < 0.008
Storey: 4 | 0.003279 <0.008 v 0.001072 <0.008 0.003789 < 0.008 0.001265 < 0.008
Storey: 3 | 0.003474 <0.008 0.000948 < 0.008 0.003057 < 0.008 0.001149 < 0.008
Storey: 2 | 0.002276 < 0.008 0.000665 < 0.008 0.000804 < 0.008 0.000825 < 0.008
Storey: 1 | 0.000021 < 0.008 v 0.000086 < 0.008 0.000049 < 0.008 0.000045 < 0.008

Table A.18 Earthquake parameters and base shear for Load Case (Ex+)

Model Period Limit Effective Total Base Min. Base Added Roof
(sec) Period (sec) PGA (g) Shear (kN) | Shear (kN) Load (kKN)
Existed 1.047 1.193 0.208 3785.75 653.89 170.36
building
RC shear
wall addition
And CFRP 0.684 1.193 0.321 6276.29 703.50 282.43
wrapping
of columns
RC jacketing 0.878 1.193 0.248 4864.27 704.64 218.89
of columns
Re-designed 0.267 1.193 0.822 11017.19 481.44 495.77
Building
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Table A.19 Earthquake parameters and base shear for Load Case (Ey+)

Dir Period Fl;el :?(;g Effective | Total Base Min. Base | Added Roof
(sec) (sec) PGA (g) | Shear (kN) | Shear (kN) Load (kN)
Existed building 0.972 1.193 0.226 4108.24 653.89 184.87
RC shear wall
addition
And CFRP wrapping 0.345 1.193 0.634 12422.33 703.50 559.00
of columns
RC jacketing of 0.798 1.193 0.275 5391.24 704.64 242.61
columns
Re-designed Building 0.379 1.193 0.576 7717.17 481.44 347.27
Table A.20 The distribution of forces to stories for load case (Ex+)
RC shear wall
addition . . .
. - RC jacketing of Re-designed
Existed Building And CF_RP columns Building
wrapping
of columns
Storey Fx (kN) Fx (kN) Fx (kN) Fx (kN)
6 1192.35 1968.25 1489.92 3365.33
5 870.15 1443.40 1082.19 2469.85
4 698.48 1158.64 868.69 1982.65
3 522.37 873.89 644.05 1520.96
2 367.09 620.85 575.21 1083.94
1 135.32 211.26 204.20 594.45
Total 3785.75 6276.29 4864.27 11017.19
Table A.21 The distribution of forces to stories for load case (Ey+)
RC shear wall
addition . . .
Existed Building And CFRP RC jacketing of Re-d§3|gned
Storey - columns Building
wrapping
of columns
Fy (kN) Fy (kN) Fy (kN) Fy (kN)
6 1293.92 3895.65 1651.33 2357.30
5 944.27 2856.84 1199.43 1730.05
4 757.98 2293.24 962.80 1388.78
3 566.87 1729.65 713.82 1065.38
2 398.36 1228.82 637.53 759.26
1 146.84 418.13 226.33 416.39
Total 4108.24 12422.32 5391.24 7717.17
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Figure B.1 Basement floor plan view

95

®

>

Q @ @ ® ©

p

®

@@®

@

® ®



@ ® ® ® @

®@ @@

»

@ ®

©® ®6 900 O @@@@ﬁ@@

<
©D0D ®6F @O0 O WO m™m ®» © @®

Figure B.2 Ground floor plan view

96

| Fiy % ] [T s & 9 [ 1% 5 m w [ BE il [
i " #
B B *
_ B 4 = B =
g IR E E g ] g g
VZ0B B0z = sins E V208 B0 KZ10 80 Eszgu KZ11 6032 n KZ1ZE0E
[ L ] w
:!_ ™ a - a ] Jla ] Ll ] a - [] a
H
g o E B E [ = a 4
— £ 2 g z =
! & b B 5 5 | R b I .
+3 43 - 2
3 b = E
SI06 "] . SZE
BEI25 L BHZE}
a | : : | a
H H
izeee | o KZ14 6832 u| VZ16 B KZ16 662 u[ KIiTEER W 2 | KoiBmm
g 7 = E 4
[ = s707 5206 s |
@ B 636
B = ¥ 3 3 ¥ x — e
AL B 3] L E %
* 4 s A j+ -
| ] 5% m [ ] -] a = [] m [ ¥ I} |a|
ks | = ks
| 7|
. X Wmes s713 e - 6 -
WE10 B2 Wz 3 VZ2t B k2555 ey ST KREEEIE HZ24EBI
A [ o Zil E| o o) | A
o 2 o
(— iy b : I gy N B
I i 3 J[;g' L— 5713 s714 2 Z B
o j+3 BN 025 E0iz8 = 2 ¥ e o
l 4 | wl| B = ] o] o =
ETEE) : < -
KZ B0 P =3
i PN A = EmET= fot = |
— [ L =raT =g 5717 W — AL . e
@ Sy 2! = -sio ¥
o] & ol I - ] . EAiBD|
g -
El | L] I3 ] = % m K o = n = o " - I fa| E
5 2 Q S f i
b/ e TR R | N 1 4 L1 1z g2 A :5: —
% fg%g. == ﬁn
= e 2 =
i i gl /o| &
F' B E = =
E 2 S | ﬁ'
= — |
B H = |
g o o e
m - m =
______ 4sis  f B = . L= .
2 KzZaT sz E W36 B o sz24 8235 KZSS-E;SZ B
E _________ TYR 370 L I .
! ki o |
g ¥ 3 E g2
e “TmEm s r e
B T
150 M B ] LH i) E. 9 [t} 1% ] 18 [} [ 8 I 15

Q @ ® ®

@ @E@E



® ©® ® 60 WL O @@@@ﬁ@@ ® ©

Q@ 6 & ® 6

@@®

&)

15
1% ™ [ [T] [ m_m| m . B 7 VT [ [ i 180
‘{ ‘ ar
- — EIAREE L1 1 — B 145 1 M | M =
% B Eva o 4 ! i > § |
2 ] 2 B B Z
. o H o | B : B s " |E ;
B = 2 M z 3
[ b ® ® 2 [ * A b 1§
" S04
K107 S0z K106 3z | s‘gg@ Koo Bovak Ko i G Es K111 0z 8 K112 6032
[ £ ] ! &
ul  w - - ] I | ] Al ] - " n
T o o T [ o o
§ E i =| = E E = = ]
2 2 g E
I5 o B E Hi B ol & 3t
B z H = - z £ |
® ey ; : |
F2iEe 3 3] S106 |
{5 B6125 |
a ! - - g !
™ . ). w
ki | B K114 5732 ul = ke KBS copen | KlTEEE I
@ b 2107 | 5106 W B |
I 3 5530 | Esia0 & |
= ™ ™ (] o -
- g B B g
= B i 8 8 Sl B F f
E Fl B 2 El |
@ z | B z = L HEH 2 ]
530 211
8 [ m ) ™ ® ' 5 - ® m o | w065 "
2
= -l
KHE S WD EEEE al B4 HARHESAE, [ y =142 = =
@ I‘“W Wizess mﬁfm Lak<p-—xr = KIHEE32
| = . i - . w Sl —
@ g %'—- L 8 - J[.Q' f éﬂ_g T T & . . g El
F = -3 1 = =
Z ol e 8 :
= | & § | & ] ]
2 ;* J[ ml J ]
o | | | |
I | A L3 T ‘D’ﬂu 1 ! =) =)
B L] = ke o - ° kuosos B —
. 0B 502 - I R T m
© | (el teEes g 1L, I § @
16 TTAT 1l =
& B4 E al = H | 40
o) 8 7
8 =
2 0| b = -] =] 3 = L] 3 ] ™3 ['r] [ =) I ] i ] 3
l 3 i : i
@ + * e ssaz | PR =R ki 3632 W
E il 12 Sz b ®
s 407300 [: E
k| § = § |
& o B E
= o :—3 ) = fe!
Al 5 &
A 2 = 2
& il il o
® m 5 4] n .1 '
@ “ '
E PrEp— iz s g maz G Keomaz
5126 .
@ B | 300D | L By |
: | ol |
2 2 | o | E I
'3 1 £
== = —
@ [RENFERH Wz e - = Lldilon, 7 e Maszeaze] [RITFERR
150 m B 1] [ M |&, 83 | B 17 3, 115 B *® [ 4 150
15

® ©® ®® POV ®©®®m@® ® ®

Figure B.3 Repeated floor plan view for first, second, third and fourth floors
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APPENDIX C
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Figure C.1 Reinforcement detailing for shear walls 1 and 2
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Figure C.2 Reinforcement detailing for shear walls 3 and 4
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Figure C.3 Reinforcement detailing for shear walls 5 and 6
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Figure C.5 Reinforcement detailing for RC jacketing of columns 2
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Figure C.6 Reinforcement detailing for RC jacketing of columns 3
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Figure C.7 Reinforcement detailing for RC jacketing of columns 4
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Figure C.8 Reinforcement detailing for RC jacketing of columns 5
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Figure C.9 Reinforcement detailing for RC jacketing of columns 6
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APPENDIX D

Athena Impact Estimator for Buildings - [Detailed LCA Measure Table By Lifs Cycle ]
(1 File Edit Reports Tools Window Help -8
RESESHEQ D copy 11 paste | Q add [ Modify ) Duplicate ) Delete | 4 Previous wp Next | @
Estrator for Buldings ' Hle B0 BB MR- = oa Lk
??m-g;ua(umurmuwwmnml Hasay st 0 B0 AR voox 4.l
3 Extra Matenas (10064 T H R
E3 oyl Detailed LCA Measure Table By Life Cycle Stages

@ {3 Foors (390 09 Tonnes) Project: CFRP +Shear Wall

<1 Re-designed Buiding (638 64 Tonnes of Giobal Warming Potential)
@i Columns and Beams (108 68 Tornes) J )
1 Erep e provucy coNsTRycrION pRocess 02,555 0oy
@3 Foundations (5291 Tonnes)
Fyseriiivitnivadi o Consructon- coeratons
LCA Measures Unit Transport | Total e Transport | Total R m“ b4
Global warming Potential kg CO2 eq 6.71E+04| 1.106+03| 6.826+04|  5.69E+03| 3.44E+03| 9.13E+03 5.526+03 4416402 2.98€+05
GWF - Biogenic kg CO2 eq 0.00E+00| 0.00E+00| 0.00E+00|  0.00E+00| 0.00E+00| 0.00E+00 0.00E+00 0.00+00|  0.00£+00
GWP - Calcination kg CO2 eq 1.16E+04| 0.00E+00| 1.16E+04 5.79E+02| 0.00E+00 5.79E+02 0.00E+00 0.00E+00| 0.00E+00
Acidification Potential kg SO2 eq 2.696+02| 1.23+01| 2.81E+02|  4.556+01| 3.61E+01[ B.16E+01 3.906+01 470400  7.71€+02
HH Particulate kg PM2.5 eq 8.11E+01 5.66E-01| B.17E+01 1.00E+01| 1.89E+00 1.19E+01 1.72E+01 2.42E-01 6.21E+02
Eutrophication Potential kg Neq 4.91E+01 7.60E-01| 4.99E+01 4.82E+00| 2.24E+00 7.06E+00 4.00E+00 2.91E-01 1.71E+03
0zone Depletion Potential | kg CFC-11 eq 1.016-03| 4.026-08| 1.016-03|  7.546-05| 1.306-07| 7.56E-05. 7.426-05 1.676-08|  1.956-02
Smog Potential kg 03 eq 3.60E+03| 3.93E+02| 4.00E+03 1.04E+03| 1.15E+03 2.1BE+03 3.88E+02 1.49E+02 7.68E+03
Total Primary Energy M 4.86E+05| 1.59E+404| 5.026+05|  4.45E+04| S.00E404| 9.44E+04 2.256+04 6.406+03|  5.64E+06
Non-Renewable Energy M 4.53E+05| 1.59E+04| 4.68E+05|  4.36E+04| 4.99E+04| 9.36E+04 2186404 6.406+03|  5.09E+06
Fossil Fuel Consumption M 4.30E+05| 1.59E+04| 4.46E+05|  4.15E+04| 4.99E+04| 9.18E+04 1.956+04 6.396+03|  3.39E+06
Printed By: AMER-PROPOSAL\propo Printed On 6/2/2024 12:02:56 PM

Figure D.1 ATHENA impact estimator for building during the LCA stages
analyzing

Athena Impact Estimator for Buildings - [Compar >bal Warming Potential By Life Cycle Stage]

File Edit Reports Tools Window Help
BEESEHQ D copy 1) raste | Q) add [P Modity () Duplicate ) Delete | 4u Previous wp Next | @

= 1 Impact Estimator for Buldings { 41 k1 b M| % = - | [5% Find | Next
&-[]p CFRP +Shear Wall (100 64 Tomes of Giobal Waming Potertal) : = = e8m" - _ .
&-{[p existng (5655 Tonnes of Giobal Waming Potentia) Comparison of Global Warming Potential By Life Cycle Stage
& (P Redesgned Buidng (638 64 Tonnes of Giobal Warming Potential
4P Column Jacting (104.72 Tonnes of Global Warming Potential)
402 000 T
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- [I
|
100 000
04 ) . -—. — 1 _‘ . .
Product Construction Use Totsl End of Lite Beyond
Ao A Process many Operational Clocy Building
(M8 A5 Energy Lite
) o
. CFRP +Shear Wal Column Jactng B exstog B Re esgned Buidng
Total Beyond
Construction Operational Building
Product Process. Us Energy End of Life Life
Project Name Unit {Ato A3 (A48 A5) (828 B4 88) C1ocy [ Total
|CFRP +Shear Wall kgClleq B82E+04) 9.13E+03| 5 98E +03| 298E+05 5226403 T O1E+04) A 62E+08
|Column Jecting kgCQ2eq 8.35E+04) 8.74E+03| 0 00E+00| 298E+0%| 0. 5TE+03 5 12E+04] A28E+085
|existing kgCQReq 3208 B.40E+04| 0.00€ +00) 298E+0%| 4 34E+04| 3 5TE+08) 1.90E+08{
[Re-0s igned Buiding kgCO2eq 3 e3E 0| 71E+04) 0.00E+00) zseem's'[ & 126404} 2726408 1.06E+08]
[Total g CO2 eq 8.37E+05| 1.49E+05| 5.96E+03| 1.19E+08| 1.16E405| T5TER0S|  2.06E+08)

Figure D.2 ATHENA impact estimator for building during the LCA stages

comparing
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