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1 Department of Architecture, Yasar University, 35100 Izmir, Turkey
2 Department of Civil Engineering, Gebze Technical University, 41400 Kocaeli, Turkey; o.sisman@gtu.edu.tr
* Correspondence: mauricio.morales-beltran@yasar.edu.tr; Tel.: +90-232-570814

Abstract: To reduce carbon emissions, holistic approaches to design, plan, and build our environment
are needed. Regarding multi-story residential buildings, it is well-known that (1) material choices
and construction typologies play a fundamental role in the reduction of carbon footprint, (2) shifting
from concrete to timber will reduce significantly the carbon footprint, and (3) a building designed to
be disassembled will increase the potential of achieving zero-carbon emissions. However, little has
been said about the consequences of such shifts and decisions in terms of building architecture and
structural design, especially in seismic-prone regions. In this study, an existing 9-story reinforced
concrete (RC) multi-story residential building is redesigned with cross-laminated timber floors and
glue-laminated timber frames for embodied carbon reduction purposes. Firstly, the reasons behind
design decisions are addressed in terms of both architecture and structure, including the incorporation
of specially steel concentrically braced frames for seismic-resistance. Then, the outcomes of life cycle
assessments and pushover analyses show that the RC residential building emits two times more
carbon than the hybrid steel-timber residential building, and that while the hybrid building’s lateral
load-capacity is less than in the RC building, its deformation capacity is higher. These results highlight
the relevance of considering the carbon footprint in combination with the design decisions, which
seems to be the key to introducing circular projects in seismic-prone areas.

Keywords: embodied carbon; buildings; structural design; construction technology; architectural
materials; life cycle assessment; seismic performance; Turkey

1. Introduction

Since the industrial revolution, human activities have been exponentially producing
carbon dioxide (CO2), and today the excessive amount concentrated in the atmosphere is
warming up the planet and irreversibly altering the environment [1–3]. Simultaneously,
the extended urbanizations resulting from an increasing global population and the pre-
dominance of linear economic models, under which products are designed for a single
use, are exhausting our natural resources. Apart from its significant role in generating vast
amounts of waste, the building construction sector, alone, is responsible for 35–40% of the
global energy consumption and its associated carbon emissions [4–8]. Since embodied
carbon emissions are released into the environment during the whole lifecycle of a build-
ing, i.e., production of materials, transportation, construction, assembly, replacement, and
deconstruction phases, focusing on reducing buildings’ embodied carbon footprints could,
therefore, mitigate the negative environmental impacts of the construction sector [9,10].
However, buildings are responsible for carbon emissions throughout their lifecycle: 76%
are operational carbon emissions, resulting from the energy consumed for heating, cooling,
and lighting during building occupancy, and 24% are embodied carbon emissions, resulting
from the energy consumed during production and construction phases during the lifecycle
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stages of a building [8]. Until recently, operational energy was deemed the main contribu-
tor in the environmental impact of buildings, which explains the large number of studies
aiming at reducing it [11]. However, unlike operational carbon emissions, the embodied
carbon footprint cannot be reduced after a building is in use [12,13]. This is because the
main contributor to the total embodied carbon are building materials: CO2 is generated
during the extraction and production of materials, during maintenance and replacement
of building components, and by the end-of-life process [14]. Here, the importance is on
shifting from using processed materials, such as concrete and steel, to natural or less pro-
cessed ones, such as timber, stone, or soil. The later ones have comparatively lower carbon
emissions [10,15,16].

Although shifting from high- to low-carbon emission materials is the first step, in order
to implement effective carbon-mitigation strategies, architects, engineers, and builders
must change the way the physical environment is conceived, designed, and built. The
current way is incorrectly based on the assumption that building construction can be end-
lessly supplied with material resources, which can be disposed by the end of the buildings’
service life, just to add more tons of waste. This linear model, wherein products are made
to be used and thrown away at the end of their service life, will simply not meet next
generations’ demand. Opposed to this unsustainable approach, a circular economy model
is a regenerative system that targets economic growth without overuse of energy nor loss
of resources [17–19]. The model is based on three key principles: designing out of waste,
regenerating natural systems, and keeping material in use [20,21]. These principles merge
in the concept of design for disassembly (DfD), which entails the process of separating the
building into its different components and thus facilitating its deconstruction process. In
the context of circularity, DfD allows to recycle, remanufacture, reuse and repair products
thanks to a flexibility of use, which is provided by design [22,23]. Additionally, the acknowl-
edgement of ‘designing’ as a key factor in achieving low- or even zero-carbon building
emissions, leads to the third main aspect to consider: to minimize their impact, embodied
carbon emission reduction should be considered from the early stages of the design [24–26].
Further embodied carbon reductions can be achieved if, in addition to the introduction of
early structural design decisions and the selection of low-carbon construction materials, the
options to extend buildings’ service life—reuse, recovery, and recycling—are considered at
the beginning of the design process [15].

The study focuses on Turkey, because the Turkish case offers a complex scenario
for implementing circular principles into the building practice, which is responsible for
35% of the total national energy consumption. On the one hand, Turkey presents a rising
demand of building stock and shows no signs of any decrease in the next few years.
Such larger building stock has a significant negative environmental effect due to both
the generation of building waste from building materials and excessive carbon emissions.
This demand is the result of a population increase, which in the period 1990–2015 rose
from 56.47 to 78.74 million. The associated greenhouse gas emissions per capita rose
from 3.88 tons to 6.07 tons in the same period [27]. Moreover, the country population is
expected to reach 94 million in 2045–2050 [27], with a projected demand of approximately
4.0 billion m2 by 2050 [28]. On the other hand, 86% of the total national building stock
comprises residential buildings [29], whose typical building construction methods are
based on reinforced concrete (RC) frames—infilled with masonry brick walls—and raft
foundations. This leads to a high energy consumption and CO2 emissions associated with
the production process of cement, which is required in large quantities. In fact, worldwide,
Turkey is the fourth largest cement producer fourth after China, India and United States
and the seventh largest steel producer [30]. This duality will come to a critical point in the
near future, as in the context of the 2016 Paris Climate Agreement, the Turkish government
targeted a 21% reduction of the national greenhouse gas emissions by 2030 [27,31].

An additional and not minor challenge is posed by the high seismicity of the country.
The existing challenges when implementing timber-based building projects, among others,
are the lack of proper regulations [32], lack of studies regarding the definition of design and
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construction processes [33], and creating sustainable management of the forest resource [34].
Introducing mid-rise timber structures in seismic-prone countries requires rethinking
building codes, including new definitions of structural types, analytical methods, design
rules, and safety factors [35]. For achieving greater heights regarding fire and seismicity,
hybrid timber–concrete or timber–steel building systems are preferable to take advantage
of both materials using RC cores or steel braces in elevator shafts for lateral stiffness
and fire escape routes [36,37]. In Turkey, many RC buildings are built with sub-standard
frames using low-concrete strength and smooth longitudinal steel bars without adequate
transversal reinforcement required for ductility, leading to severely damaged structural
elements in recent earthquakes (see, for example, [38]). Moreover, the necessity of rapid
building reconstruction after the extended level of damage during recent earthquakes in
Turkey opens up new opportunities for the implementation of mid-rise timber structures.
For example, about 700 buildings had to be demolished after the 2020 Aegean Earthquake in
Izmir [39], while about 20% of the building stock in Southern Turkey are severely damaged
after the recent Kahramanmaraş Earthquake, which occurred on 6 February 2023 (Figure 1).
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Figure 1. Seismic damage in buildings in Kahramanmaraş (left) and Antakya (right) [Photos by
the authors].

The aforementioned key actions, shifting from high- to low-carbon emissions material,
implementing DfD, and early design decisions, have been implemented already, thus
evidencing the effectiveness of such strategies in the architectural and structural design of
buildings. However, a multidisciplinary approach is needed to implement circular building
projects in seismic regions, while there is little research on the architectural effects of the
implementation of the strategies. In this study, an existing RC building is redesigned in
a hybrid system combining timber and steel structures, with the purpose of exploring
(1) what are the boundaries imposed to this shift by structural considerations and (2) what
are the effects of early design decisions on defining an architecture for disassembly.

2. A 9-Story RC Residential Building

The structure selected for re-design is a 9-story RC residential building located in
Izmir. In this city, almost 70% of the building stock is based on RC, while 88.5% of
buildings are indeed residential [40]. In the area, most of the multi-story buildings feature
mixed functions, usually including an open ground floor—used for commercial activities—
and upper floors—used for residential purposes. Among several buildings with similar
typologies, the selected case was chosen due to the available data from the first author’s
previous study [41], including architectural and structural drawings. The case study
building was constructed in the 1980s and has nine floors plus one underground, used for
parking (Figure 2). A post office and retail stores are located on the ground and mezzanine
floors, whose layouts differ from the other levels due to their commercial use. Furthermore,
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the building’s ground story with mezzanine is higher than the other floors (5.2 m versus
2.7 m). It should be noted that these combined functions and their implications for the
design will be maintained in the alternative proposal.
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3. Re-Designing for Disassemble and Carbon Footprint Reductions

Timber is chosen as the main material for the new building under the assumption
that its resulting carbon footprint is smaller than that of reinforced concrete [42]. The
production of cement causes greenhouse gases, which absorb heat in the atmosphere [43].
In addition, reinforced concrete is difficult to recycle because concrete-based recycled
materials are of lower quality and performance than the original ones [44]. Opposed to
concrete, carbon is stored in all wood products, including cross-laminated timber (CLT)
and glue laminated timber (GLT). Timber can be reused and recycled multiple times
until incineration. Therefore, atmospheric carbon is stored for years [45]. When biomass
(e.g., leaves, wood) is generated, CO2 is absorbed from the air by photosynthesis; carbon is
kept by the biomass, and oxygen is released into the atmosphere. Consequently, timber
is considered a CO2-neutral construction material [46]. The use of timber minimizes the
usage of non-renewable fuels and non-renewable resource-based products [47]. Moreover,
CLT mid-rise buildings show a large reduction in the overall carbon footprint, compared
against their reinforced concrete versions [48,49].

In order to further benefit from the use of timber, buildings must be designed for
disassembly or deconstruction as this allows to reuse building components, thus becoming
a significant factor in minimizing environmental impact during design and construction
processes. To adapt to different circumstances, building components should be allowed
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to disassemble, entailing that from the early stages of the design process, buildings are
conceived not as single masses but as objects made up of shearing layers [22]. These layers
include site conditions, structure, envelopes and roof, building systems, interior layouts,
stuff, and furniture [50]. Since every layer has a different lifespan, buildings should be
designed for disassembly and reuse after the end of their service life. Flexible buildings can
be designed to adapt to changing conditions and their components can be repaired [23].

3.1. Building Structure and Layout Distributions

Although mid-rise CLT buildings have been implemented worldwide in areas with
varied seismicity levels [51], had the new timber building been designed only with CLT
panels, its architecture would have presented an important setback. Given the open nature
of the ground and mezzanine floors, potential locations for CLT walls that must be continu-
ous through the building height would not be enough to provide seismic resistance to the
new timber building. In terms of architectural concerns, the addition of CLT walls would
clash with the idea of open frames, which were required in the ground and mezzanine
floors for commercial functions. Although modifications to the building’s architecture
were on the table from the beginning, maintaining the original building typology as much
as possible was one of the design priorities. For this reason, the addition of RC shear
walls to these two floors was ruled out, as it also raised structural concerns. Adding shear
walls to the lower floors means creating a RC podium structure, which is characterized
for having a larger stiffness than that of the upper floors—built only with CLT walls and
floors. Consequently, an important number of connections would be required to transfer
large shear forces between the RC podium and the CLT structure. Furthermore, the idea
of disassembling and reusing a RC podium structure poses a great deal of challenge to
its design and construction. Even if prefabricated, such RC components must still be
connected by casting them on site, increasing the carbon footprint of the whole system.

Alternatively, the option of a combining CLT floors and GLT braced-frames offered
the possibility of a building design strongly resembling the original architecture of the RC
building. In addition, a structural system composed entirely of linear structural elements—
columns, beams, and braces—offered more design options for disassembly and reuse.
Unfortunately, due to high seismicity of the chosen building location, segmented CLT
shear walls constructed with platform-type and GLT bracing systems were disregarded
due to their overall lack of ductility. Further limitations to the building height were 19.5 m
(65 feet) and 20 m, as described in [52,53] for high level seismic zones, respectively. The
latest Turkish Building Earthquake Code (2018), instead, establishes a 10.5 m height limi-
tation corresponding to building height class 7 for timber lateral-force resisting systems
in seismically active regions [54]. Thus, the team opted for using steel bracings as special
concentrically braced frames (SCBF) with the building height class 4 resulting in a maxi-
mum of 42 m height to provide seismic resistance to the timber structure. In addition to
GLT columns in timber frames, steel columns are required in balconies due to moment
transmitting rigid connections.

The hybrid timber–steel solution is not only cheaper than using only a CLT structure
but also facilitates the redesign of the building and improves the existing spatial distribution
(Figure 3). Since there are 21 apartments in the building, the current Turkish Building Code
demands to install at least 2 elevators [55]. This rule demanded freeing more space in the
core of the existing plan layout, which originally had only one elevator. Such demand
for space forced a redesign of the staircase and the position of the original elevator and
adjustments of the structural axes of the core, which were defined at 6.95 m, leaving enough
space for the braces (5.60 m) and for the opening leading to corridors (1.35 m), which in
turn allowed access to the apartments.

For the design of the floors, three options were evaluated: a CLT + RC composite floor,
a CLT floor and a ribbed slab, and one composed of CLT panels and GLT rib beams. The
last flooring system with 10 cm thick CLT panels and 16 × 32 cm GLT rib beams at 100 cm
was found optimal for reducing both the carbon footprint and total mass of the floor, as



Sustainability 2023, 15, 7273 6 of 21

well as increasing detachability [56]. Despite its depth, the ribbed slab fits well within the
3.10 m floor height.
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The redesign process of the 9-story RC moment frame building as hybrid timber–steel
building structure is based on the following considerations:

• The foundation and basement (underground) remain in RC;
• The ground floor is considered commercial area;
• The mezzanine floor is considered office area, yet live load is assumed equal to

residential floors;
• Seven floors are considered as residential areas;
• Vertical force resisting system is designed in timber;
• Lateral force resisting system is designed as steel concentrically braced frames;
• Fire design strategies are considered.
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3.1.1. Vertical-Force Resistant System

The timber structure was designed according to TS EN 1995 [57], considering gravity
loading resulting from dead loads of floors and roof being 3.7 kN/m2 and 2 kN/m2—
compared with RC building being 5.6 kN/m2 and 3 kN/m2—respectively. Although live
loads are identical due to the same functional usage, dead loads are significantly lower for
timber structure because of the low weight of engineered wood products. For floors, CLT
panels were 3-ply 10 cm thick with C24 class—pine providing in-plane capacity providing
the diaphragm action and out-of-plane capacity determined by one-way slab behavior—
matching economic design with a low carbon footprint. GLT column sections with GL28h
class–pine change cross-sections every 3 stories as 28 × 48 cm, 28 × 36 cm, and 28 × 24 cm,
respectively. Only one section of 20 × 60 cm GLT beams is used for simplicity of delivery
and consistent site applications. The story height is 3.1 m, with a net story height equal to
2.6 m. For in-plane actions, CLT floor–GLT beam and horizontal CLT panel-to-panel joints
are connected via using fully threaded self-tapping screws with 45-degree inclination to
provide stiffer connection.

3.1.2. Seismic-Force Resistant System of the Hybrid Timber–Steel Building

For the lateral force-resisting system, seismic design forces almost double wind loads
and thus control the design. As highly ductile steel structural systems, SCBFs are expected
to dissipate earthquake energy input with the plastic deformations in braces through yield-
ing and buckling. In contrast, consistent with capacity design philosophy, the structural
members other than bracings are expected to remain elastic. The design of SCBF elements
(Table 1) is conducted according to the capacity–design approach in Turkish Building
Earthquake Code [54], similar to the requirements stipulated in AISC 341-16 [58]. Seismic
design parameters for the target response spectrum were R = 5 (response modification
factor), D = 2 (overstrength factor), I = 1 (importance factor), SD1 = 0.56 g, and SDS = 1.18 g,
chosen for the local soil class of ZD from the seismic hazard map of Turkey [59]. Two SCBFs
are placed for each direction at the core of building (Figure 4). The braces are symmetrically
placed on the plan layout. The lateral force method was applied since the total height of
the new building was 27.9 m. Following the upper limit defined by ASCE 7 [52], T1 = 0.83 s
was considered in the design. Thus, the seismic base shear for a concentric braced frame is
calculated as 751 kN.

Table 1. SCBF design specifications.

Story S235 Braces S355 Columns S355 Girders

G–1 Tube 180 × 8 HE 280 M
HE 180 B brace-intercepted girders

HE 200 B main girders
HE 200 M roof girder

2–3 Tube 170 × 8 HE 240 M
4–5 Tube 170 × 6 HE 180 M
6–7 Tube 140 × 6 HE 120 M

8 Tube 115 × 4 HE 100 M

For the lateral-force resistant system, the use of eccentric steel-braced frames (Figure 5B)
was not considered because of the complexity of the link beam design in addition to high
cost of connections due to the extensive welding labor. Therefore, structural analyses were
carried out on concentric steel-braced frame configurations. To begin with, SCBFs were
proposed as the inverted-V configuration known as chevron. However, given the ~60 cm
depth of the steel girders, this configuration would not allow any opening underneath
for doors (Figure 5A). Since the use of openings on the planes of the braced frames were
finally ruled out, SCBFs with the split-X configuration (Figure 5C) were proposed instead,
as they entailed a reduction of both the girders’ depth and beam section, resulting in a
lower carbon footprint. As a result, the architecture of the floor plans had to be redesigned
to avoid door openings on the brace locations, which led to modifications in the overall
plan layouts.
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3.1.3. Fire Resistant Design

Under the fire safety regulation of Turkey [60] and TS EN 1995-2 [61], and considering
that the total building height is less than 30 m, possible fire protection strategies were
(1) using fire sprinklers, providing protection for 60 min; (2) increasing cross-sections,
providing protection for 90 min; and (3) using additional fire protection layers such as
gypsum boards, providing protection for 90 min. Although, from a carbon reduction
perspective, the obvious choice is a strategy that generates less CO2, each solution presented
varied advantages. For example, using sprinklers implied that no additional fire protection
layer was required for the timber sections. Leaving the timber sections untouched was
deemed to be visually more attractive for the occupants. The shortcomings of this system
were its higher cost and potentially increased carbon footprint due to production and
installation of high-tech equipment. Although exposing the timber elements—rather than
covering them—seemed to be more in-line with raising awareness of the use of timber in
building construction, using a passive fire protection system provided by gypsum boards
was preferred. Increasing the cross sections entailed an increase in the carbon footprint.

Escape routes in the core of the building nonetheless need extra fire resistance provided
by sprinklers, gypsum boards, or fire-resistant paintings. Therefore, additional protection
layers of gypsum boards are required for GLT columns and beams and CLT floor panels.
GLT columns and steel members of SCBF in escape routes are painted with fire-retardant
paint and secondary walls between fire stairs and apartments are covered with gypsum
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board panels in both sides. To ensure extra fire resistance of steel columns in the corners,
some of balconies were made smaller to keep steel columns inside of the building.

3.2. Envelope, Finishing, and Building Components

Following the original ratio, each apartment is designed with layout areas of 85, 88,
and 92 m2, respectively, and with varied number of rooms to meet different occupation
demands. The living room and kitchen are designed as open spaces and kept as large as
possible for supporting changing demands and provide flexibility. However, to match this
flexibility of use, all components of the building must be designed following disassembly
principles. Within the overall goal of reducing carbon footprint, design for disassembly is
based on the following key design principles:

• Maximizing the use of standard components for increasing potential for disassembly;
• Minimizing energy consumption by reducing post-production of components (e.g., avoid-

ing in situ modifications and/or cutting-offs);
• Minimizing waste generation by adjusting design demands to standard components.

3.2.1. CLT Envelope and Partition Walls

In the original building, the east façade presented a staggered layout. This side was
turned to a straight line in the timber building (Figure 6A) to reduce the amount of scrap and
small pieces of CLT panels and the required electrical power to cut them in different sizes.
Whenever possible, CLT wall panels of 5 m length were used for both easy transportation
and increasing reuse potential in future projects. However, since the rest of the layout was
kept in accordance with the original RC building plan, not all 5 m panels could fit as is in
the new layout. This indicates that a grid system should be considered from the beginning
in order to achieve a full use of standard panels. Yet in this case, those non-standard wall
panels were designed to fit round numbers, e.g., 6 m, 5.50 m, or 5.30 m, so they still have a
high potential for reuse. All CLT wall panels are 8 cm thick with 3-ply to provide standard
sizes for use and reuse. When used for exterior walls, CLT panels were placed outside the
GLT columns, instead of between them, to minimize cuttings and thus save energy. For
the same reason, panels are connected to the external side of the beams. For the partition
walls, panels were placed in front of the GLT columns (Figure 6B). This decision also allows
redesigning the interior layout to meet users’ future needs such as changing from office to
residential building or vice versa. Finally, to be consistent with the use of standard panels,
ceilings were covered with 18 mm gypsum boards. Even though exposed beams are easy to
access for the building’s maintenance during occupation, this option would have required
cutting the panels in irregular patterns for them to match the irregular geometry of the
interior walls. This not only increases energy consumption in both the production and
fabrication processes but also produces customized CLT panels that may be difficult to
adapt for a different project, thus reducing their potential for disassembly.

3.2.2. Openings and Building Components

Another way to reduce embodied carbon from the production process is by reducing
the number of doors leading to the balconies, which were two per apartment in the original
building. In addition, door and window sizes are standard, except for the windows in
the living room, which were designed larger for increasing daylighting gains. Instead of
the existing PVC frames, timber frames were chosen for the windows of the redesigned
residential building. Carbon footprint reduction aside, the use of timber framed windows
has several advantages compared to PVC ones. For instance, PVC windows can generate
toxic materials during the production and end-of-life process, while timber windows have
a longer lifespan than PVC windows [62]. All interior doors are made of timber, and most
of them are placed in the corners of the rooms instead of in the middle of a wall. This
allows for using one whole piece of CLT panel instead of small ones.
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There are two exceptions to the overall use of timber: the exterior doors of the apart-
ments and the balustrades used in balconies and stairs. Despite their larger carbon footprint,
exterior doors are made of steel because they are widely available in Turkey, making them
the most common type of door in residential buildings. Balustrades were designed with
recyclable steel and stainless steel cable mesh, because at this scale, these components
can be disassembled by means of detachable connections and reused in a different project.
Therefore, embodied carbon resulting from the production process can be stored during
the lifetime of the product. Finally, although a steel staircase was studied, the comparative
low carbon footprint of the timber one made it the most suitable choice (Table 2).

Table 2. Carbon Footprint of Staircases (one story, factors from the ICE Database [63]).

Staircase Type Material
Distribution Mass (kg) Carbon Factor

(kgCO2e)
Embodied Carbon

(kgCO2e)
Total Embodied

Carbon (kgCO2e)

Hybrid
Timber–Steel

Timber Tread 137 0.493 67.6
31,095Steel Stringer 157 1.55 243.35

Steel Only Steel Tread 314 2.46 772.44
101,579Steel Stringer 157 1.55 243.35

Timber Only Timber Tread 137 0.493 67.6
16,911Timber Stringer 206 0.493 101.51

4. Life Cycle Assessment of the Buildings

Following the standard procedures of life cycle assessment (LCA) of building compo-
nents outlined in the Institution of Structural Engineers’ guide book [14], the embodied
carbon emissions of a building are calculated by stages, considering the contribution of
each material, as expressed in the following simplified relationship:

ECTOTAL = ECA13 + ECA45 + ECC, (1)

where EC = embodied carbon, while A and C refer to the different stages. Product stage
(A1–A3) is based on total EC of materials or components production including extraction,
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transportation, and manufacturing. Construction stage (A4–A5) comprises carbon emissions
generated by transportation of materials to the construction site and construction activities.
End-of-life stage (C) accounts for those carbon emissions produced when building material or
component complete their service life. Following common practices in LCA, use stage (B) is
not considered in this study, since it includes carbon footprint generated during occupation,
which contributes in a comparatively small percentage to the total carbon emissions. Stage
D, beyond the building life cycle, includes all CO2 emissions produced by reusing, recovering,
and recycling building components. Despite its importance in the buildings’ potential for
circularity, related carbon factors are not always available. For this reason, when available,
the embodied carbon generated by stage D is noted separately, thus not included in the
total building’s EC. Since reusing, recovering, and recycling are actually decreasing the
carbon footprint, related factors are negative.

In order to compute the total EC of a stage for each material, the following general
formula applies:

ECstage,i = Mi × CFi, (2)

where stage refers to stages A, C, or D (when data are available), M is the mass in kg of
the material (which, depending on the related carbon factor definition, can be replaced
by the number of components (e.g., doors) or other measurement units (e.g., distance)),
CF is the related carbon factor (usually expressed in kgCO2e/kg), and i is the related
material, component, or process. The carbon factors of each material are obtained from the
aforementioned guide and its recommended source, The Inventory of Carbon and Energy
(ICE) database [63]. If the carbon factor is not available in those references, the Turkish
Environmental Product Declaration (EPD) of the specific product is used. If there are no
available data for a product in the EPD Turkey, international EPD documents are used. For
timber, carbon sequestration is considered −1.64 kgCO2e per kg of timber [14].

4.1. Assumptions

To provide a comparative framework for the LCA being both consistent and coherent
with the purposes of the studies, the following assumptions are made:

• The original RC basement is kept the same in the new design. Because of the topogra-
phy, three sides of the basement floor are underground; hence, it is very likely that this
underground area will be still designed in RC even when the upper structural frame
is timber. Since both basements are the same, their total carbon footprint would also
be the same. Therefore, their carbon emissions are not considered in calculations.

• For consistency, foundations are also kept the same in the new building. However, had
a new foundation been designed, a reduction of embodied carbon can be expected [64].
This is because the reduced weight of a hybrid timber–steel structure, compared with
that of the RC building, would require smaller foundations, reducing the amount of
concrete and steel bars and thus bringing in a reduction in the overall carbon footprint.

• The contribution of the embodied carbon of the insulation materials for the walls
is not considered in the RC residential building. This is an effect of the old Turkish
codes, which did not require buildings to have insulated facades. However, they were
added in the timber building to assess their environmental impact in terms of carbon
footprint and to serve as a design example of a timber building’s façade.

• The embodied carbon produced by the production and use of elevators in the buildings
is not considered. The reason is that in the existing building there is only one, whereas
in the alternative building there are two, resulting from the application of current
Turkish norms.

4.2. Results

According to the results displayed in Table 3, the total embodied carbon of the re-
designed hybrid steel–timber residential building, without considering module D, is half
of that produced by the original RC building. As expected, when considering only stages
A1–A3, the RC building generates twice as much embodied carbon than the hybrid timber–
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steel building due to the high carbon emissions of reinforced concrete. On the other hand,
the carbon footprint resulting from the stages C1–C4 is higher in the hybrid timber–steel
building. This is because C3–C4 carbon factors of timber materials were considered with
a default value, which is much higher than that of other materials (1.64 against 0.013
kgCO2e/kg). However, it should be noted that assuming this factor entails considering
timber reaching the end of its service life as building material, i.e., that it will be incinerated.
Since in this case the timber components are designed to be disassembled, the carbon se-
questration factor applies, and, thus, the building almost reaches the zero-carbon emissions
target.

Table 3. Distribution of Embodied Carbon per Stage.

Stage
Carbon Emissions (kgCO2e)

Reinforced Concrete Hybrid Timber–Steel

Products/Materials (A1–A3) 1,345,225 622,207
Transport/Construction (A4–A5) 162,946 24,290

End-of-life Disposal (C1–C4) 244,004 1,033,557
Carbon Sequestration −64,922 −876,950

Total Embodied Carbon 1,692,256 803,104
Module D −64,922 −139,590

In terms of distribution per building component (Figure 7), structural elements in the
RC building (concrete and reinforcement bars) take up more than half of the total carbon
footprint, whereas structural elements in the hybrid building account for about a third
of the total—all this despite the fact that the hybrid building includes not only timber
floor panels and frames but also steel elements in the SCBFs. Finishing components, such
as plasterboards, insulations, claddings, parquet, ceramic tiles, and paint, comprise the
largest contributor of embodied carbon in the hybrid building. The comparatively large
increase can be partially explained by the fact that no insulation was considered in the RC
building—as described in Section 4.1—whereas in the timber–steel hybrid building, these
components accounted for 195,165 kgCO2e. Finally, the significant reduction in infills is the
result of shifting from using brick infills to CLT partition walls.
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5. Effects of Early Design Decisions on the Seismic and Functional Performance of
the Building
5.1. Seismic Performance

Nonlinear static (pushover) analyses were conducted to compare the seismic response
of both buildings. The modelling of the RC building and pushover analyses are thoroughly
presented in [41]. For this reason, a brief summary is presented here:

• Structure was modelled with and without infills;
• Equivalent C18 and S220 materials were used for concrete and rebar, respectively;
• Plastic hinges were defined at the end of beams and columns; shear hinges were

applied to shear walls.

To evaluate its nonlinear seismic response, a numerical model of the hybrid timber–
steel building consisting of a steel braced bay was developed as in [65]. Due to the symmet-
ric locations of braced frames in the building core, a 2D numerical model is generated in
Perform-3D [66], with a rigid leaning column representing the mass of the hybrid building.
Hence, P-delta effects were considered. However, the influence of the GLT frames is not
considered in the lateral response due to the use of simple shear tab connections. Based
on the corresponding tributary areas, gravity loads were calculated and applied to the
SCBF and the leaning column. Floor and roof masses were assumed to be lumped at the
joints. Following the Turkish Seismic Code [54], the effective seismic mass is assumed
equal to a third of the total live load. Steel girders and columns were considered to have a
post-yield stiffness of 3% of their initial stiffness, and material nonlinearity was idealized by
the concentrated plasticity technique employing P-M hinges. SCBF girders were composed
of elastic beam components with moment releases at the ends and zero-length P-M plastic
hinges at the center to check the effects of unbalanced forces. Since splices were arranged
every two floors at 1.2 m above the top of the concrete slabs, two separate column cross-
sections and corresponding zero-length P-M plastic hinges were included in the elastic
segment and end regions, respectively. In the SCBFs, column bases were modelled as
fixed, and lateral supports were defined at each joint to prevent out-of-plane movement.
Roof displacement was selected to control the pushover, and floors were considered as
rigid diaphragms.

Through modal analyses, the periods of the first two modes were determined as 0.98
and 0.21 s, with effective mass factors of 75% and 18%, respectively. The first mode period
is larger than that of the RC building (Table 4). Although 0.98 s is also higher than the
empirical upper limit period accepted for SCBFs as stated in ASCE 7 [52] the design of
the hybrid timber–steel building is acceptable, as the seismic base shear demands are on
the conservative side due to the lower seismic mass. Similarly, the reduction in shear
capacity can be explained by the fact that steel structures are ductile and, compared with
the RC building, there is a significant reduction in the building mass due to the use of fewer
structural elements, which also have smaller sections (Figure 8). As a result, the lateral
capacity of the hybrid timber–steel building is found to be adequate.
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Table 4. Pushover Parameters.

Building Configuration T (s) Base Shear (kN)

RC
With infill walls 0.62 7357

Without infill walls 0.67 7282
Hybrid Timber–Steel SCBF 0.98 2500
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indicated by the legend Tube.

The analyses’ results of the RC Building are presented with and without infill walls,
for consistency. The lateral capacity of the hybrid building is assumed to be equal in both
directions as two identical SCBFs are placed at the core. Pushover curves and inter-story
drift ratios of RC frames and SCBFs are presented in Figure 9. In the case of the RC building,
the lack of infill walls increases inter-story drifts and top story displacements. The inter-
story displacements show an increase in the second and third stories when the infill walls
are removed. The increase in drift and the decrease in displacement responses are due to
the fact that some ground floor columns display plastic behavior after removing the infill
walls. However, in the case of the SCBF, buckling first appears in the braces of the third and
fifth stories, under compression (Figure 10). Then, the load-carrying capacity continued
to increase with a lower stiffness. At the peak load, a reduction in the lateral capacity
occurred after the yielding of the multiple story braces at the second mechanism-leading
stage. Therefore, the inelastic deformations are concentrated on low-to-mid story levels,
and the lateral load-carrying capacities of SCBFs are gradually increased due to the steel
frame action as a seismic back-up until the third mechanism-leading stage. Then, the
capacity is reduced suddenly while plastic hinges representing post-buckling behavior
are formed in the braces of second and third stories due to large shortening strains. In
summary, although drift ratios are higher in the hybrid structure, this is due to the plastic
deformation capacities of steel braces. Thus, SCBF’s lateral load-capacity is less than in the
RC building, but its deformation capacity is much higher.
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5.2. Functional Performance

A qualitative description focused on variation of architectural aspects, functional
performance, and flexibility of spaces addresses the effects of the early design decisions for
disassembly. Minor effects are observed at the level of building components. Shifting to
timber staircases and window frames facilitates a reduction in carbon footprint, yet steel is
chosen for balustrades to increase the potential for disassembly. In addition, the redesigned
low-carbon timber window frames allow for enlargements bringing more sunlight into the
rooms. Major effects are observed in the core and entrance areas of the hybrid building,
which are enlarged thanks to the increased number of elevators and the consequent longer
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span between columns. The enlarged core provides a comfortable circulation area, meeting
needs such as the placement of mailboxes and bicycle storage for the apartment residents.

The most significant changes are in the plan layouts of the apartments, which are
three per floor. In the original RC building’s plan layout, apartments are 73, 90, and 99 m2

and contain five rooms. Because buildings components are not detachable, modifying
the existing layout would require demolition and then renewal with new materials, thus
increasing embodied carbon and building waste. Since rooms were designed for one
function, flexibility for using flats for different purposes such as office space is limited.
Although in the new residential building apartments are slightly smaller (85, 88, and
92 m2), the most striking feature is that they are designed as open plan to adapt to different
uses (Figure 11). Thanks to detachable CLT panels, spaces can be modified by the users
themselves. Moreover, the entire apartment can be reorganized as office space (Figure 12)
by changing the function of each room (Table 5).
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Number in Plan (Figure 12) Residential Office

1 Open kitchen Kitchenette
2 Dining room Waiting area
3 Living room Meeting room
4 Bedroom Office room
5 Suite bedroom Private office
6 Dining room Working area
7 Studio room Waiting area
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6. Conclusions and Future Research

In this study, an existing 9-story RC multi-story residential building is redesigned
with CLT floors and GLT frames to investigate the effect of architectural and seismic design
on embodied carbon reduction. The results of this evaluation (described next), are valid
within consideration of the following assumptions:

• Underground construction is not considered in these analyses. However, it should
be noted that using CLT instead of RC can potentially reduce embodied carbon due
to the comparatively reduced weight of CLT structures. This can result in the use of
smaller foundations and thinner shear walls, requiring less concrete and RC bars and
thus contributing to an overall reduction in embodied carbon.

• Elevators were not considered in the total carbon footprint to avoid an unfair compari-
son between the existing building, which has one elevator, and the alternative design,
which includes two.

• Since the RC building was built according to the old building codes, no insulation
was applied on the facade. Consequently, insulation materials were excluded from the
computation of the RC building’s carbon footprint. In contrast, the timber building
design incorporated insulation materials to highlight their impact on carbon emissions.
It is worth noting that the addition of insulation materials in the RC building may
result in a greater difference in embodied carbon between the two designs.

• The existing building’s roof was inaccessible for a detailed evaluation. For consistency,
the same timber roof structure was applied in both buildings.

According to the studies conducted in this study, under the aforementioned conditions,
the following conclusions and further research can be elaborated:

• According to the results of the LCA, the RC residential building emits two times more
carbon than the hybrid steel–timber residential building. When examined in terms of
structure, the carbon footprint resulting from the production of concrete beams and
columns is approximately six times higher than the production of timber columns and
beams. This shows that if the building construction industry does not move away
from reinforced concrete, there will be six times more CO2 emissions, leading to more
extreme versions of global warming. As in similar studies [67], LCA is a reliable tool
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to evaluate and optimize architectural and structural engineering design choices to
reduce the environmental impact of buildings.

• The fundamental role of designing for disassembly becomes clear when considering
that, if timber elements are reused, the hybrid building has almost no carbon footprint.
From the lessons learned from the design process, the relevance of considering the
carbon footprint in combination with the design decisions seems to be the key to
introducing circular projects in seismic regions such as Italy, Greece, etc. This is
because not all decisions are based on achieving the lower embodied carbon factor but
rather on those that increase the potential for disassembly throughout the lifespan of
the building.

• Since the study focused on upgrading an existing building, a broader perspective is
needed to validate the large reductions in embodied carbon when shifting from RC
to timber buildings. For example, current building codes demand a larger number of
elevators and skylights and the compulsory use of insulation, which cannot be simply
compared to those resulting from past codes. Similarly, pre-existence entails several
modifications performed by users through time, which are neglected in these studies
for simplicity. However, users’ preferences and actions should be considered as part
of the whole assessment for circularity potentials.

• The complexity and entanglement of several disciplines when transitioning from
demolition to disassembly seem to indicate that a holistic design approach is indeed
required. In this regard, key aspects need to be researched. For instance, following
usual practice when designing the lateral force-resisting system, GLT frames are
assumed unable to transfer moment forces as they are connected with simple shear
tab connectors, available in the market. However, these connections may behave
semi-rigidly, and, thus, the contribution of the GLT frames to the seismic capacity of
the hybrid building system could be also included.

• Fire safety and protection is an import topic considering the relationship between
fire performance levels and carbon footprint assessment. A timber design practice
reported in [11] pointed out that increasing the sections will not largely affect the total
amount of embodied carbon of a timber building.

• Although the study is focused on applications within the Turkish context, its insights
can be extended to regions where RC buildings are also common such as the Balkans,
France, etc. as the hybrid timber–steel building design is based on international
ones [54,57,59].
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