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Abstract: The vulnerability of buildings faces further scrutiny as gaps in design, construction,
operation, and maintenance remain. Although there has been noticeable progress in the field, the
frequency and magnitude of building damage during natural events highlight the fact that sustainable
infrastructure has not yet reached all targets. In this study, sustainability aspects of vulnerable
buildings are revisited to propose more robust measures to prevent damage and a lack of functionality.
Those measured are underpinned by the merging of environmental and structural sustainability
for one novel integrated approach. The method devises structural intervention scenarios based on
damage levels and service period. It also aims at reducing resource use and embodied impacts
through the discretization of standard life cycle analysis into customized stages. The integrated
method to evaluate sustainability is tested on two vulnerable buildings in Turkey and Mexico, built
with different codes of practice and having experienced low to medium damage during severe
earthquake events. Research findings indicate that although embodied impacts form a minor part
of the building life cycle environmental impacts, sustainable structural interventions can further
reduce both embodied impacts and demands on natural resources. Hence strengthening vulnerable
buildings can provide an advantage to help the sustainable transformation of cities.

Keywords: vulnerable buildings; structural strengthening; environmental sustainability; life cycle;
environmental assessment; embodied carbon; embodied energy; resource use; Turkey; Mexico

1. Introduction
1.1. Background

Vulnerability is defined for buildings as the degree of loss resulting from a hazard
at a certain severity level [1] and depends on the reduction in resistance and the level of
decay in the structures as a result of constant exposure to environmental factors (such as
seismic actions) [2]. That impact has more than quadrupled between 1970 and 2018 [3],
with the most destructive disasters in the last 20 years starting with events that took place
between 2005 and 2006, which destroyed or heavily damaged the houses of more than
6 million people [4]. Earthquakes are considered as the deadliest phenomena [5], as their
occurrence collapses vulnerable buildings, therefore causing high numbers of casualties [6].
To increase the resistance of buildings, they would naturally need to meet upgraded safety
requirements. However, the necessary progress for pre-disaster preparedness, including
the renewal of building codes, is far behind in developing countries compared to developed
countries [6]. Added to that, post-disaster preparedness is also rare in these countries [7]. A
third factor to consider is the fact that population growing trends concentrate in megacities,
while projections spanning the next 50 years suggest that one earthquake event in one such
a city may cause up to 1 million deaths [8], hence our suggesting that current vulnerable
building stock will increase exponentially.
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The environmental sustainability of the buildings adds problems once the building
sector is highly responsible for world energy consumption and carbon dioxide (CO2)
emissions. While the total energy use during the operation and construction of the building
sector has reached 36% of global final energy use, CO2 emissions from buildings have
generated about 40% of the world’s total emissions [9]. For instance, greenhouse gas (GHG)
emissions are one of the sources of air pollution, and buildings are individually responsible
for more than half of emissions by the built environment. This air pollution caused by
energy use in buildings globally kills half a million each year [10]. To an extent, this
latent problem reflects the inability of construction industries in keeping up or engaging
with other sectors in developing and enforcing sustainability methods and procedures.
In such a context, energy-efficient measures and the efficient use of resources (building
materials) offer opportunities for reducing emissions [11], while life cycle assessment (LCA)
frameworks provide tools and instruments to quantify environmental impacts, taking into
account lifetime flows between nature and building from cradle-to-grave [12].

1.2. State of the Art of the Life Cycle Environmental Impact Assessment of Vulnerable Buildings

Buildings consume energy and emit pollutants throughout their entire life. This oc-
curs through embodied and operational energy and carbon. Embodied impacts span the
manufacturing and end-of-life stages of a building, whereas operational impacts refer to
its use [13]. Figure 1 illustrates this distinction through stages and system boundaries,
including representative modules according to EN 15,978 [14] and Annex 57 [15]. Em-
bodied impacts load the environment through resource depletion and the pollution of
water, air and soil, and embodied energy can constitute 10–20% of the energy demand
of a building from cradle-to-grave (regarding both residential and office buildings) [16].
Carbon emissions occur during manufacturing, on-site construction, repair, deconstruction,
and mainly the construction stage because of the large energy consumption [17]; the manu-
facturing of building materials takes up about 20% of the world’s fuel consumption [18].
Furthermore, the manufacturing phase depletes natural resources and generates significant
amounts of debris from demolition. Evidence of this is the approximately 89 billion tons
(Gt) of natural resources consumed in 2017 globally. The construction sector consumed
44 Gt from the global account of non-metallic materials, and this amount is set to increase
to 86 Gt by 2060 [19]. This adds to the fact that the operation of buildings causes the
highest energy consumption and accompanying GHG emissions amongst other human-led
activities [20]. Therefore, most sustainability initiatives and techniques aim at cutting down
the operational energy to nearly zero while excluding embodied energy.

Modern techniques for reducing energy and carbon emissions related to buildings
focus on energy upgrading. This has revealed that existing building stock could not pro-
vide sufficient energy saving; most crucially, this expansive stock continues deteriorating,
which increases vulnerability to seismic motions [21]. For this reason, Feroldi et al. [22],
Mora et al. [23], Marini et al. [21], Georgescu et al. [24], Basirico and Enea [25], De Vita
et al. [26], Mora et al. [27], and Lamperti et al. [28] have worked to increase structural safety
through energy retrofitting mostly focused on building envelopes that provide thermal
comfort. However, these studies do not foresee merging the assessment of structural and
environmental performance [29] while excluding the embodied carbon and energy caused
by structural deficiencies in reported life cycle analyses.

As sustainability best practice manages to reduce operational energy, the research
focus will slightly shift to tackle material-related embodied impacts [30]. To date, traditional
LCA frameworks have been partially insufficient to assess a building’s environmental
performance accurately, particularly when environmental loss due to destructive disasters
needs addressing [31]. It is worth noting that the quantification of building environmental
impacts includes the entire process from construction to maintenance and replacements [32].
However, no equivalent database exists for the environmental impacts of post-disaster
repair or the reconstruction of buildings in the historical loss data in the form of cost
data associated with damage repair [5]. As a result, various studies have estimated the
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environmental impacts derived from the repair probabilistically. These are mostly focused
on seismic damage, and therefore integrate performance-based earthquake engineering
(PBEE) methods [33]. These use HAZUS and/or PACT tools to calculate earthquake-
induced losses probabilistically, considering uncertainties associated with seismic events,
relate damage probabilities [34,35] and relevant repair costs that can be adopted to calculate
environmental impacts [36]. This adoption has been conducted through three different
pathways [33], namely, repair cost ratio (ratio between repair cost and replacement cost of
a building) [37–40], EIO-LCA (economic input-output life cycle assessment) [41,42], and
LCA according to repair description [5,31,32,36,43–50]. In recent years, the integration
methods and standards have increased substantially; however, no consensus has been
created on the best-integrated approach [33]. Part of the complexity of finding the optimal
approximation is the need to fulfil hazard-resistant design [46], which tends to be a highly
technical subject compared with standard LCA. The hazard-resistant design should also
cover pre- and post-disaster construction and repair for existing vulnerable buildings.

Figure 1. Embodied and operational impacts over building life cycle stages [14,60].

Due to retrofitting of post-disaster buildings being characterized by an extended lifes-
pan, including versatile and adaptable design procedures and solutions, data collection,
and interpretations [51], existing probabilistic assessments may not be sufficient for the
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sustainable transformation of existing vulnerable buildings. At this point, real-world
applications of retrofitting can be investigated to assess their environmental impacts [38].
Some studies [47,51–58] focused on structural retrofitting of the existing building and their
environmental impacts. Some [29,59] combine structural and sustainability metrics with
economic terms implemented by monetizing CO2 emissions. These studies are inherently
specific to a particular region and seismic events, which makes them difficult to use else-
where, as building performance objectives may vary, or conversely, performance-based
standards may target different objectives [34]. The process of recovering existing buildings
requires integrated multidisciplinary approaches; hence it is crucial to identify ongoing
interactions [26]. Existing buildings provide a great advantage to avoid new environmental
impacts. Since they have already released embodied carbon during their construction,
keeping them in service for as long as possible helps to amortize this carbon debt by
avoiding new emissions from demolition or new building construction [12]. Added to this,
the multiple deficiencies that characterize vulnerable infrastructure demand better insight
into the new resilience target in response to a disaster. In this study, these deficiencies
are scrutinized from an environmental sustainability perspective to understand the life
cycle impacts of vulnerable buildings, considering extended and designed service periods.
Therefore, an integrated method is developed that gives a simplified and improved frame-
work based on alternative scenarios considering different damage scales and local codes
for structures, including Pre-LCA and LCA stages.

This study proposes embedding structural interventions for vulnerable buildings
into LCA and evaluates its effectiveness by estimating life cycle-embodied impacts and
resource use through the scrutiny of various scenarios involving customized LCA stages.
Moreover, this investigation identifies the potential advantages of the existing building
stock by increasing its functionality, which, to date, is mostly considered a structural and
environmental burden.

The paper is organized into five sections. Section 2 presents the proposed methodology
and discusses how it could be implemented. Sections 3 and 4 present case studies of low
and medium-damaged buildings, respectively. Section 5 provides a concise discussion and
some final remarks.

2. Proposed Sustainability Framework

The Sustainable Structural Intervention Method (SSIM) prioritizes different ways
to measure the environmental benefits of structural retrofit. It does integrate structural
intervention impacts into the standard LCA framework through the concatenation of Pre-
LCA and LCA stages. Pre-LCA covers the design of intervention scenarios, which leads
to the pursuit of sustainable construction. The LCA stage further scrutinizes the building
life cycle stages for vulnerable buildings from cradle-to-grave according to their service
life. These two stages are interdependent, and therefore require mechanisms to exchange
information. Previous research undertaken by this author presents the simple outline of the
proposed method [61]. The method is further scrutinized and comprehensively developed
in this study and applied to two case studies.

The case studies use old buildings originally designed and constructed under different
paradigms; the aim then was to provide enough durability against severe earthquakes
as defined by local building regulations. In theory, compliance with these regulations
minimizes the direct and indirect impacts of the hazard [49]; therefore, it may not com-
pletely prevent damage. In line with this philosophy, certain levels of damage may occur in
buildings, and one of the solutions is structural strengthening. Demolition is perhaps the
most common end for damaged buildings because of the difficulties related to affordability
for structural retrofitting, or its applicability. In addition, urban transformation projects
can facilitate the demolition of vulnerable buildings. Therefore, the replacement of the
vulnerable building is considered in this study as an intervention scenario to assess the envi-
ronmental impacts of retrofitted and new buildings. The SSIM now includes the evaluation
of potential scenarios by using two alternative paths: to determine (1) which retrofit design
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minimizes environmental impacts (type of intervention to use) and (2) which decisions for
retrofitted or non-retrofitted designs achieve the lowest environmental impacts (end-of-life
procedure). To be able to reflect these different paths, the case studies defined as low- and
medium-damaged refer to “type of intervention to use” and “end-of-life procedure”, re-
spectively. These two paths are unfolded in Figure 2 to better illustrate how the assessment
process spans Pre-LCA and LCA stages—bearing in mind the extended service life and
new design life provided by the latter.

Figure 2. Simplified framework of the proposed method SSIM.

LCA stages are constrained by system boundaries labeled cradle-to-grave in ISO 14040.
However, it has been suggested that system boundaries are shaped alongside the overall
goal of the study [62]. For example, EN 15,978 [14] presents specific LCA stages integrating
the selection of building components and subsequent construction; however, these stages
would need further scrutiny to address specific conditions of damage and the actions to take
during the structural recovery of vulnerable buildings. As structural improvements can
cause a massive intervention in the vulnerable buildings, the full transformation of these
interventions on vulnerable buildings into their life cycle sustainability should be included,
such as retrofit assembly, debris from retrofit assembly and its disposal, and maintenance
of the retrofit. In addition to that, in case of the replacement of the vulnerable building,
the demolition and disposal process of the vulnerable building should be considered. Life
cycle impacts related to disaster damages should therefore add to the standard life cycle
impacts of a building, and altogether be assessed through customized stages [63]. In this
way, particular requirements derived from interventions can become part of an integrated
approach [64]. LCA stages addressing structural interventions should therefore allow the
proper reflection of vulnerability in buildings. This is also reflected in Figure 2, where the
LCA stages of structural intervention branch out into a specific parameterization spanning
between raw material extraction and the end of life.

The following sections discuss the stages and paths of the SSIM for two damaged
buildings. The first case study is a low-damaged building suitable for two different
retrofitting techniques, and replacement of the building has not been the object. In this
respect, the first case study is shown as an example for the alternative path, type of
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intervention use. In the second case study, a massive structural retrofit was applied, and
the replacement of the building has been considered in the project planning stage. In
this case, this medium-damaged building was deemed suitable for the alternative path,
end-of-life procedure.

3. Type of Intervention to Use

This alternative path was followed for the sustainable design of a low-damaged
building for which at least two different strengthening techniques can be identified. The
below sections highlight the steps to follow during the Pre-LCA and LCA stages of the
interventions.

3.1. Pre-LCA of the Low-Damaged Building
3.1.1. As-Built Information

The case study uses a residential reinforced concrete (RC) building located in Van,
Turkey. This region stands as one of the most seismically active in the world. Past events
include the 2011 Van earthquake, which reached a magnitude of 7.2 Mw and severely
damaged 30% of the buildings in the area [65].

The property comprises a semi-detached building based on rigid frames—see Figure 3.
It has seven floors with a mix of usages. The basement served as a storage area, the ground
and mezzanine floors as commercial, while the four upper floors were for residential use.
After the retrofitting, the usage slightly changed; the top apartment floors were used as
a hotel, whereas the rest of the floors remained operating as before. Architectural and
structural details of the project were outsourced by the project engineer.

Figure 3. Schematic representation of a low-damaged building’s LCA stages over two selected scenarios.

The facility went through a visual inspection to gather initial information, such as
geometry, type, location, and level of the damage, including that to the existing load-bearing
system. Destructive and non-destructive tests were performed to infer the mechanical
properties of materials. Horizontal cracks were observed at the lower and upper ends of
the columns of the basement, ground, and mezzanine floors. There were other cracks on
upper floor slabs, whereas some beams had vertical deflections. The building had some
local floor openings to enable an easy view of the retail store from outside and inside the
building. Added to this, structural beams were not placed in this area for aesthetic reasons.
These failures caused low stiffness at the ground and mezzanine floors. Therefore, the
damage would have been caused by the previously mentioned geometrical irregularities.

The building was constructed in 2001; hence its damage during the earthquake would
not have been expected, bearing in mind that a residential or commercial building is
usually designed with a life span of 50 years [66]. Design service life recommendations for
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buildings are given depending on the procedure applied. For instance, British standards
recommend < 10, >10, >30, >60 and >120 years, and Canadian standards recommend < 10,
10–24, 25–49, 50–99 and >100 years, depending on the building function; however, the
Japanese guides go beyond them and suggest 3, 6, 10, 15, 25, 40, 60, 100 and 150 years [67].
Estimation of service life has subjective values based on various factors, such as quality
of materials, the service life of building components, building facility and environmental
conditions, as interpreted by the designer [68]. According to the project engineer, the
retrofit facility could continue serving for another 65 years.

3.1.2. Assessment of Structural Capacity

The building was constructed following the 1998 earthquake codes, and the quality of
the materials was found to be suitable. The former study determined that floor openings
and other geometrical irregularities prevented a proper transference of seismic forces
amongst structural elements. A post-failure analysis of the structure was completed in
2012 by the project engineer following the 2007 Earthquake Regulations in Turkey. This
included static and dynamic nonlinear analyses, which enabled the conclusion that this
building does not meet the conditions stipulated by the regulation and will not perform
safely in the event of another earthquake. The structure, therefore, required retrofitting to
upgrade its performance level.

3.1.3. Selection of Structural Interventions

To strengthen columns, designers decided to use standard concrete/steel and CFRP
(carbon fiber-reinforced polymers) jacketing methods. They also implemented additional
beams around existing openings to facilitate the load transfer across rigid frames. Upper
floors’ beams and ceilings were also strengthened where some cracking was identified. The
reinforced structure was then modeled to find the most economical and statically correct
system beyond the refinement of the initially proposed retrofit. Derived from this process,
the two retrofit scenarios shown in Table 1 were identified.

Table 1. Selected structural strengthening scenarios for the damaged building.

RC Scenario Steel Scenario

RC jacketing (9 columns) Steel jacketing (11 columns)

RC beam additions (3 of them 40 × 40 cm and
1 of them 70 × 32 cm) for the ground floor

Steel beam additions for the ground floor
(hollow structural steel with 10 mm thickness)
and U-shaped plates to the column-beam joints

in the mezzanine floor
CFPR application to deflected beams and

cracked ceiling concrete
CFPR application to deflected beams and

cracked ceiling concrete
Epoxy application to cracks Epoxy application to cracks

3.2. LCA of the Low-Damaged Building

LCA stages followed to assess the environmental impacts of the two structural in-
tervention scenarios. The same applications in both scenarios were eliminated (CFRP
application to the deflected beams and cracked ceiling surfaces are the same in both sce-
narios), as it would not make a difference for the comparison of the LCA results of the
strengthening scenarios.

3.2.1. Goal and Scope

This case study aims at a sustainability performance comparison of two types of
structural retrofit. The analysis will run from the materials’ production to the end-of-life
stage and beyond building life (BBL) in the LCA boundary system, spanning from A to D,
as shown in Figure 1.
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3.2.2. Life Cycle Inventory (LCI)

LCI includes the quantification of retrofit materials, construction works, transportation,
maintenance, and end-of-life, and feeds into the retrofit’s customized LCA stages. The flow
chart shown in Figure 3 illustrates the steps to follow in the analysis. The bill of materials
(BOM) was generated based on the actual drawings and data collected Pre-LCA, including
information gathered through research as well as a few reasonable assumptions. The latter
was supported by the Athena Impact Estimator for Buildings (AIEB) tool, addressing on-
site construction, related transportation, replacement and maintenance works, demolition,
disposal and recycling (as per the BOM and building’s service life). For the usage stage,
only painting works were included for the hotel’s 65 years’ service life, with a maintenance
frequency set to five years. Only retrofit materials, their deconstruction and final disposal
were considered for the end-of-life stage; the rest of the building components were excluded.
Figure 4 shows the adopted RC and steel-strengthening interventions.

Figure 4. One of the examples of RC and steel reinforcements.

3.2.3. Life Cycle Impact Assessment (LCIA)

The author tested several LCA software programs to finally select AIEB for assessing
environmental burdens induced by material and energy consumption. This is apparently
the only available tool for assessing the whole set of building environmental impacts [69].
This case study incorporates system boundaries established in AIEB into customized LCA
stages. For instance, retrofit assemblies generate construction waste (such as concrete
drilling) that should be removed during the process; hence the construction process in-
cludes disposal in addition to material waste. The LCI profile created with AIEB then
went through filtering so that characterization factors based on TRACI (Tool for Reduction
and Assessment of Chemicals and Other Environmental Impacts) methodologies could
be added [69].

Resource Use Analysis Results

The use of resources for each scenario includes whole stages (A to D). The extraction
of materials for manufacturing and construction involves high material and energy con-
sumption levels, while the end-of-life includes the quantification of energy for material
transport. Table 2 provides the total quantification of resources for both scenarios, showing
that the RC scenario consumes more resources than its steel equivalent.

Table 2. The resource use of both scenarios.

Material Unit
Resource Use

RC Scenario Steel Scenario

Ash kg 5.57E+01 2.25E+01
Bauxite kg 2.64E+01 2.44E+00
Carbon dioxide, in air kg 4.16E+02 1.72E+02
Clay and shale kg 1.18E+02 1.09E+01
Coal kg 3.04E+03 2.85E+03
Coarse aggregate kg 5.40E+04 2.81E+03



Sustainability 2021, 13, 10204 9 of 25

Table 2. Cont.

Material Unit
Resource Use

RC Scenario Steel Scenario

Crude oil L 1.38E+03 5.93E+02
Crude oil as feedstock L 1.85E+02 1.31E+02
Dolomite kg 3.95E+02 7.95E+02
Ferrous scrap kg 6.09E+03 1.05E+04
Gypsum (natural) kg 3.91E+02 3.78E+01
Gypsum (synthetic) kg 4.79E+01 1.90E+01
Iron ore kg 2.70E+03 2.17E+03
Lignite kg 6.73E+01 2.67E+02
Limestone kg 1.14E+04 2.00E+03
Natural gas m3 7.71E+02 2.06E+03
Natural gas as feedstock m3 2.48E+02 1.55E+02
Other kg 9.56E+02 2.89E+02
Peat kg 6.55E−02 2.26E−02
Sand kg 7.77E−04 2.84E−04
Tin ore kg 2.66E−06 3.96E−07
Uranium kg 2.35E−02 3.89E−02
Water L 1.88E+05 1.50E+05
Wood fiber kg 9.89E+02 1.55E+01

Embodied Carbon and Energy Analysis Results

The environmental impacts attributed to each retrofit scenario are presented over
their complete life cycle. The LCI starts with the extraction of raw materials, followed
by waste, energy and land use during extraction before raw materials are transported to
the plant. The construction stage includes on-site construction activities and energy use
for transportation from the manufacturer to the distribution center, and from there to the
building site. Waste generation is also evaluated at this stage [70,71]. The frequency of the
maintenance is set as a function of the building’s service life, the amount of energy required,
the transportation methods, the generated volume of waste, and its final disposition. The
AIEB reports and calculates the end-of-life effects in two ways. The first deals with current
use, including demolition and the transportation of landfill materials. The latter considers
the future usage of materials adding Credit for recycling and reusing beyond the buildings’
life (BBL) [70]. The energy and materials are obtained from demolishing building and
transportation to the destined area, and then the impacts are calculated from landfill of
waste materials, or their disposal or recycling [72]. The environmental impacts are derived
from the building material, demolition energy per unit and an average ratio of waste
discharge for recycling or landfill. The recycling or reuse process follows an open-loop
recycling scenario that expands into the next use. However, metals follow closed-loop
recycling, and the process does not include the next use of the recycled material and its
disposal. The analyses in this study follow closed-loop recycling processes. Metals need to
be subtracted from the LCI values of the steel scrap, and count as a credit (plus) given to the
product system; the net amount of the scrap counts as an avoided burden (minus), which is
the recycling of steel scrap to make a new steel. The Worldsteel database and methodology
are used to determine the LCI profiles in the software [71]. Since recycling is not well
developed and can be expensive, the recycling process results in the production of different
materials of lower quality, called downcycling, such as concrete used as filler material and
concrete aggregate [73]. This end-of-life stage quantifies the net environmental benefit
and loads of all these processes, which subtracts the impacts of the products (secondary
material) of recycling [14]. Table 3 lists the total embodied carbon and energy results of
each stage and process, whereas Table 4 defines the annual embodied impacts of the 65-year
service life, and Figure 5 provides a graphical presentation of the embodied carbon and
energy results of the retrofit scenarios.
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Table 3. Embodied impacts of the scenarios throughout their life span.

Scenarios Impact
Category

Unit Site Preparation Manufacturing Process Construction Process Total

Disposal and
Waste Processing

Transport Manufacturing Transport Installation
Process

Transport Assembly of
Retrofit

RC Scenario E. Carbon Kg CO2 eq 1.54E+01 1.13E+01 1.25E+04 1.03E+02 1.03E+03 4.81E+02 2.09E+00 1.42E+04

E. Energy MJ 2.30E+02 1.65E+02 1.59E+05 1.51E+03 1.19E+04 6.97E+03 2.76E+02 1.80E+05

Steel Scenario E. Carbon Kg CO2 eq 1.44E+01 1.10E+01 1.63E+04 7.36E-01 3.62E+02 1.63E+02 1.29E+01 1.69E+04

E. Energy MJ 2.15E+02 1.60E+02 2.64E+05 1.07E+01 5.02E+03 2.37E+03 1.70E+03 2.73E+05

Usage Stage Usage Stage

Scenarios Impact
Category

Unit Maintenance
Manufacturing

Transport Total Scenario Impact
Category

Maintenance
Manufacturing

Transport Total

RC Scenario E. Carbon Kg CO2 eq 3.46E+02 2.37E+01 3.70E+02
Steel Scenario

E. Carbon 2.40E+02 1.62E+01 2.56E+02

E. Energy MJ 1.85E+04 3.44E+02 1.88E+04 E. Energy 1.30E+04 2.35E+02 1.33E+04

End-of-Life Stage

Scenarios Impact
Category

Unit Deconstruction,
Demolition,
Disposal and Waste
Processing

Transport BBL Material Total

RC Scenario E. Carbon Kg CO2 eq 5.54E+02 2.17E+02 2.46E+03 3.23E+03

E. Energy MJ 8.20E+03 3.16E+03 1.23E+04 2.37E+04

Steel Scenario E. Carbon Kg CO2 eq 4.54E+02 1.52E+01 −2.74E+03 −2.27E+03

E. Energy MJ 6.61E+03 2.22E+02 −1.26E+04 −5.76E+03
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Table 4. Total and annual embodied impacts of the scenarios.

Impact Category Scenarios Unit Total Impacts Annual Impacts Relative Comparison

Embodied Carbon
RC Scenario Kg CO2 eq 1.78E+04 2.74E+02 20% Increase

Steel Scenario Kg CO2 eq 1.49E+04 2.29E+02 16% Reduction

Embodied Energy RC Scenario MJ 2.23E+05 3.42E+03 20% Reduction

Steel Scenario MJ 2.81E+05 4.32E+03 26% Increase

Figure 5. Comparative embodied carbon and energy graphs of the scenarios.

Figure 5 shows a difference between the selected retrofit techniques of about 16%
and 35% in embodied carbon and energy, respectively, during the construction stage, RC
being more efficient. In contrast, the steel scenario revealed more sustainable performances
during usage and end-of-life. According to these results, the steel scenario embodies 30%
less energy and carbon than RC during the usage stage. Moreover, during the end-of-life
stage, the steel scenario outperforms RC by 170% and 125% for embodied carbon and
energy, respectively. The negative values in the results show the avoided burdens of
recycling steel. Regarding the RC scenario, it involves more solid waste for using as a
landfill material than the steel scenario due to the high amount of concrete used. Regarding
annual impacts, the steel scenario involved 26% more annual embodied energy than the
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RC scenario. Conversely, a 16% decrease was recorded in embodied carbon emissions from
the steel scenario, as presented in Table 4. Therefore, the building’s LCA stages and service
life have a meaningful impact on a building’s life cycle’s footprint.

Figure 6 summarizes the environmental impacts associated with retrofitting chrono-
logically. The horizontal axis of this figure discretizes five-year blocks considering the
above-mentioned embodied impacts but omitting any future changes. From these re-
sults, one can infer that embodied carbon due to maintenance makes a minor contribution
compared to construction and end-of-life stages.

Figure 6. Embodied impacts of the retrofits during the building’s life cycle.

3.2.4. Interpretation

The results above show that the manufacturing process induces the most signifi-
cant environmental impacts, with up to 88% of the total impacts during construction of
the RC scenario, whereas the manufacturing process for the steel scenario exceeds 96%.
Vitiello et al. [55] pointed out that during the construction of RC jacketing, environmental
impacts occur mainly during material manufacturing, and these constitute approximately
50% of the impacts from the construction stage. The manufacturing process also dominates
the steel scenario as the industrial processes consume much energy. Transportation also
causes energy consumption, but in a lower scale, hence not affecting the total results.

As discussed above, the RC scenario is more efficient during the construction stage,
while steel performs better during usage and end-of-life stages. The existence of recyclable
materials contributes to these differences. Furthermore, the benefit of reusing materials
is also observed in the annual impacts, where 16% of the embodied carbon is reduced
when implementing the steel scenario. However, annual embodied energy increased by
26% because of the high use of energy associated with steel production. Similar embodied
energy results are reported by Feese, Li and Bulleit [38], wherein the energy quantified
for repair reached 270,924 MJ; in that case, they were using probability-based pre-code
design recommendations for a concrete building (low-rise office with 60 years’ service life)
damaged during the Northridge earthquake. Our case study is located in Turkey, where
the total embodied energy was found to be 222,500 MJ and 280,540 MJ for the RC and
steel retrofit scenarios, respectively. Similarly, in the study by Feese, Li and Bulleit [38], the
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annual energy consumption was 4103 MJ for the repair of a moderately designed concrete
building, which compares well with the figures estimated in this study, namely, 3423 MJ and
4316 MJ for the RC and steel scenarios, respectively. The case reported in [38] relates to a 6.7
magnitude earthquake that hit Los Angles in 1994. Notwithstanding that the 1994 earthquake
was of lower magnitude than the one for our scenario, the results fall within a reasonable range
of difference, which suggests these could be representative of concrete buildings.

On the other hand, we saw before that the steel scenario imposes larger impacts
during manufacturing, partly due to using resources such as dolomite, ferrous scrap,
lignite, and natural gas. Nonetheless, Table 2 suggests that steel retrofitting techniques
do not require the highest levels of resource across the board, which gives a point of
reference for industrialists that wish to further optimize the use of resources and energy
consumption. According to the results, if the steel scenario is implemented, about 51 tons
of coarse aggregate, 790 L of crude oil, 537 kg of iron ore, 9 tons of limestone, 37,500 L
of water, 973 kg of wood fiber, and much besides can be saved. Furthermore, 3 tons less
embodied CO2 (eq) can be emitted.

4. End-of-Life Procedure

The end-of-life procedure was used here to compare the environmental performances
of retrofitted and non-retrofitted scenarios of a medium-damaged building. The built-up
scenarios involve (i) strengthening the vulnerable building and (ii) demolishing the existing
one and building a new one.

4.1. Pre-LCA of the Medium-Damaged Building
4.1.1. As-Built Information

The building is located in Mexico City, and experienced two major events in 1957 and
1985 (MW = 8.1). It is a hospital complex including four blocks. No original drawings
were available, although qualitative information could be obtained from final year projects
reported by Martinez Vazquez [74] and Almanza [75]. The RC original building had
masonry walls sub-dividing space, although the resisting mechanisms were provided by
rigid frames cast monolithically with slabs. These masonry walls did not have a structural
function, but some concrete walls spread through floor levels provided additional shear
capacity. The four building blocks forming the complex have constructive joints at their
intersection, which made them work independently before any type of load.

The initial inspection of the structure found it was in good conditions, partly due to the
fact that, after the seismic event in 1957, the main RC elements were upgraded. Geotechnical
reports on the substructure and subsoil disclosed material properties. In the 1990s, the
hospital went through a major upgrade due to changes in building regulations after the
1985 earthquake [76]. The building withstood lateral forces that were well above the limit
state of the old regulation; however, leaving it as it was could result in further damage or
collapse in future earthquake events. The building is therefore classified as vulnerable.

The building’s age was 46 at the time of the retrofit. Noting that hospital buildings
in Mexico are designed for a service life of at least 60 years, and given its relatively good
state, the authorities decided to extend its lifespan through retrofit. For this building, it
was assumed that the reinforcement would increase the building’s service life to another
40 years after the retrofit. The purpose of laying out these assumptions is to reflect the
differences between the extended and new service periods of these two scenarios in terms
of their LCA performance.

4.1.2. Assessment of Structural Capacity

The building is located within Zone II (transition) according to the seismic and geotech-
nical zoning of the Mexican regulations. The dynamic analysis, therefore, used the cor-
responding design spectrum to design the retrofit [77]. According to national codes, the
maximum allowable displacement is 0.006 times the height of the building. The maximum
permissible displacement value was obtained as 19.32 cm when considering the masonry
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walls. However, the original structure’s static and dynamic analysis showed that the
maximum displacement exceeded this limit. The maximum displacement was obtained as
32.3 cm and 38.2 cm via static and dynamic analysis, respectively. Therefore, the lateral
rigidity of the structure needed to increase.

4.1.3. Selection of Structural Interventions

The retrofit project re-configured spaces to provide better hospital services, in addition
to complying with the relevant limit states as per the new regulation. The retrofit consisted
of external trusses attached to the mainframes through bolted connections. Each of these
trusses has its own foundation system formed with piles confined with an RC arrangement
at their top, where the truss structure is connected.

The bolted connections amongst truss elements had a certain frictional capacity, which
made them displace once the primary force levels were exceeded. This type of connection
enables joints to dissipate energy during seismic action without damaging the building
and its functionality. All stories across the four building blocks were further strengthened
with internal diagonal steel elements linked to the original structure. This inner retrofit is
balanced with the external trusses referred to above, hence inducing symmetric stiffness to
mitigate torsional effects.

In this study, the first scenario consists of retrofitting the vulnerable building as
outlined above. A second (hypothetical) scenario—referred to as non-retrofitted—consists
of demolishing the vulnerable building to construct a new one. For simplicity, it was
assumed that the new building would have the same architecture as the existing one.
Figure 7 presents the original building and including retrofit elements.

Figure 7. Distribution and placing of reinforced elements for the original building in the first scenario.
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4.2. LCA of the Medium-Damaged Building

This process includes the life cycle environmental assessment of the retrofitted scenario
versus the non-retrofitted scenario.

4.2.1. Goal and Scope

The performance comparison of selected scenarios is aimed at their life cycle impacts,
and the scope of the analysis includes structural retrofitting and new building construction.

4.2.2. LCI

The following analysis adopted the same methods and processes for determining
sustainability impacts as those reported in the previous case study. The two scenarios
considered in the analysis are depicted in the flow diagram Figure 8, whereas Figure 9
illustrates typical connections between the steel retrofit and RC frames. Activities related
to maintenance were considered, given the amount of steel retrofit directly exposed to the
environment. Furthermore, the replacement of fixings and windows was quantified for
the total 60-year service period of the new building. Finally, end-of-life stages included
demolition works associated with either scenario.

Figure 8. Schematic representation of a medium-damaged building’s LCA stages over the selected scenarios.

Figure 9. The 3D and diagonal joints of plates and tubes for the first scenario.
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To work out the quantification of sustainability parameters, the original building was
modeled in the AIEB tool to generate the corresponding BOM. In that platform, retrofit
materials were added as extra materials to simulate structural intervention. On the other
hand, the new building for the second scenario was also modeled with AIEB considering
material types corresponding to the original building, and upgraded designs according to
structural features of hospital buildings in Mexico [78].

4.2.3. LCIA

The system boundaries in AIEB were also applied for this medium-damaged building.
The case study also included the operation energy and carbon related to different service
periods of 40 to 60 years.

Resource Use Analysis Results

Table 5 lists the resources that directly affect the embodied impacts of interventions;
hence the operational energy, site preparation and assembly of the retrofit are not included
in the list. In this analysis, the main contribution is identified during the construction
stages, whereas the usage and end-of-life stages have low impact. The second scenario (hy-
pothetical demolition and new building) would have induced more resource consumption
across the board.

Table 5. The resource use of both scenarios.

Material Unit
Resource Use

First Scenario Second Scenario

Aluminium scrap kg 7.36E+03 2.47E+04
Ash kg 3.63E+01 0
Bauxite kg −2.12E+04 −6.02E+04
Carbon dioxide, in air kg 1.91E+04 6.24E+04
Clay and shale kg 1.50E+04 4.47E+05
Coal kg 8.88E+05 3.04E+06
Coarse aggregate kg 2.13E+06 7.35E+07
Crude oil L 4.71E+05 2.08E+06
Crude oil as feedstock L 3.05E+04 4.73E+04
Dolomite kg 9.77E+04 2.14E+05
Ferrous scrap kg 9.54E+05 2.89E+06
Gypsum (natural) kg 1.57E+04 4.63E+05
Gypsum (synthetic) kg 6.67E+01 1.03E+03
Iron ore kg 1.30E+06 2.28E+06
Lignite kg −2.64E+04 −5.63E+04
Limestone kg 5.52E+05 1.54E+07
Natural gas m3 1.53E+05 6.73E+05
Natural gas as feedstock m3 4.09E+04 6.34E+04
Other kg 8.94E+04 8.31E+05
Peat kg 3.83E+00 1.25E+02
Potash kg 2.94E+02 1.12E+03
Sand kg −2.13E+02 −5.48E+02
Tin ore kg 3.92E-04 1.19E-02
Uranium kg 1.25E+00 1.41E+01
Water L 2.70E+07 1.72E+08
Wood fiber kg 1.23E+04 3.65E+05

Embodied Carbon and Energy Analysis Results

In the present case study, 350 kWh/m2 was assumed to be the annual energy con-
sumption of a regular hospital building when calculating its operational impacts. The
value was determined according to [79,80] considering bed number, floor area and climate
zone. Table 6 presents the total embodied and operational impact results for each stage and
process, whereas Table 7 lists the annual impacts of the 40- and 60- year service periods.
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In this set of results, operational carbon and energy only refer to the usage stage. The
operational impacts reported for the first scenario are 33% lower, but are proportional to
the service period identified for the retrofit building (40 years). Table 7 also shows that
the operational impacts surpassed embodied impacts; therefore, the operational phase of
the building is excluded in the life cycle embodied impacts, as seen in Figure 10. Of the
embodied impacts, 52% and 87% were caused by the construction stage for the first and
second scenarios, respectively. It is noticeable in Figure 10 that embodied carbon in the
first scenario is 90% lower than its equivalent amount in the second scenario during the
construction stage during which most of the impact takes place. This relative difference
was also present during the usage and end-of-life stages, although at a lower scale. The
reductions seen in those cases are 58% and 8%, respectively. Embodied energy also shows
a similar pattern, with 84%, 44%, and 3% decreases for the first scenario’s construction,
usage, and end-of-life stages, respectively.
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Table 6. Embodied and operational impacts of the scenarios during their service life.

Scenarios Impact
Category

Unit Site Preparation Manufacturing of Retrofit Construction of Retrofit Total

Disposal and
Waste Processing

Transport Manufacturing Transport Installation
Process

Transport Assembly of
Retrofit

First
Scenario

E. Carbon Kg CO2 eq 1.95E+02 8.17E+01 1.74E+06 2.87E+03 6.25E+04 2.30E+05 7.14E+03 2.04E+06

E. Energy MJ 2.91E+03 1.19E+03 2.49E+07 4.19E+04 7.80E+05 3.27E+06 1.23E+05 2.91E+07

Demolition of the Original Building Manufacturing of the New
Building

Construction of the New Building Total

Demolition,
Disposal and Waste

Transport Beyond
Building Life

Manufacturing Transport Installation
Process

Transport

Second
Scenario

E. Carbon Kg CO2 eq 6.62E+05 2.63E+05 1.10E+06 1.49E+07 1.01E+05 1.28E+06 1.48E+06 1.98E+07

E. Energy MJ 9.83E+06 3.83E+06 4.90E+06 1.23E+08 1.47E+06 1.37E+07 2.14E+07 1.78E+08

Usage Stage

Maintenance
Manufacturing

Transport Maintenance
Process

Operational
Energy Use

Total

First
Scenario

E. Carbon Kg CO2 eq 1.59E+05 2.81E+04 1.24E+03 2.80E+08 2.80E+08

E. Energy MJ 4.72E+06 4.08E+05 2.30E+04 5.19E+09 5.20E+09

Second
Scenario

E. Carbon Kg CO2 eq 3.94E+05 5.68E+04 - 4.19E+08 4.20E+08

E. Energy MJ 8.40E+06 8.24E+05 - 7.78E+09 7.79E+09
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Continuation of Table 6 Embodied and operational impacts of the scenarios during
their service life.

Scenarios Impact Category Unit End-of-Life Stage Total

Deconstruction,
Demolition, Disposal
and Waste Processing

Transport BBL Material

First Scenario
E. Carbon Kg CO2 eq 7.15E+05 2.72E+05 9.92E+05 1.98E+06

E. Energy MJ 1.06E+07 3.96E+06 4.39E+06 1.90E+07

Second Scenario
E. Carbon Kg CO2 eq 7.26E+05 2.88E+05 1.15E+06 2.16E+06

E. Energy MJ 1.08E+07 4.20E+06 4.63E+06 1.96E+07

Table 7. Total and annual embodied and operational impacts of the scenarios.

Impact Category Scenarios Unit Total Impacts Annual Impacts Relative Comparison

Embodied Carbon
First Scenario Kg CO2 eq 4.21E+06 1.05E+05 72% Reduction

Second Scenario Kg CO2 eq 2.24E+07 3.73E+05 255% Increase

Operational Carbon
First Scenario Kg CO2 eq 2.80E+08 7.00E+06 0.2% Increase

Second Scenario Kg CO2 eq 4.19E+08 6.98E+06 0.3% Reduction

Embodied Energy
First Scenario MJ 5.33E+07 1.33E+06 61% Reduction

Second Scenario MJ 2.07E+08 3.45E+06 160% Increase

Operational Energy
First Scenario MJ 5.19E+09 1.30E+08 0.06% Increase

Second Scenario MJ 7.78E+09 1.30E+08 0.06% Reduction

According to the results, the whole life cycle’s embodied carbon and energy constitute
less than 1% of the combined (embodied and operational) impacts of the first scenario, but
these constitute up to 5% and 3%, respectively, in the second scenario. Table 7 also reveals a
drop of 72% and 61% in annual embodied carbon and energy, respectively, with respect to
their total amounts. In contrast, operational energy and carbon did not change significantly.
There, we see a 0.2% and 0.06% increase in the first scenario’s annual impacts because of
the shorter service period.

Figure 11 shows changes between embodied and operational impacts for each sce-
nario over their service periods. As pointed out before, embodied impacts make a minor
contribution to emissions compared to the operational stage, whereas the contribution of
periodic maintenance (every five years) is insignificant, and thus not seen in the figures.
Embodied carbon and energy comprise 0.07% and 0.1%, respectively, of the total impacts
during the same period of use.

4.2.4. Interpretation

In the second scenario, the manufacturing process impacts dominate over the construc-
tion stage due to the material needed to build a new structure. Similarly, manufacturing
caused significant carbon emissions in the first scenario, contributing 85% of the total
emissions during the construction stage. This is consistent with the report by Wei et al. [31],
who estimated that manufacturing materials for a retrofit construction generate up to 84%
of the CO2 emissions. On the other hand, retrofitting constituted approximately 50% of
the first scenario’s total environmental impact throughout its life cycle. When comparing
the impacts of only retrofitting with the new building, while retrofitting made only 10% of
the impact of new building construction (including demolition of the existing building),
it only accounted for 9% of the second scenario’s total embodied carbon. In the study by
Comber and Poland [41], a similar conclusion about environmental impacts was derived
after upgrading a medical building, which reduced its total emissions to around 9%.
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During the usage stage, it is evident that replacement activities, maintenance, and
operation have a larger impact under the second scenario due to the longer service period.
The analysis results also highlight that embodied impacts are much lower compared to
operational impacts. Once again, we see reductions in embodied carbon and energy of
around 72% and 61% annually through implementing retrofit as opposed to the demolition
of the vulnerable structure.

Regarding demolition, the second scenario had a higher environmental impact than
the first scenario, and the main effects of building demolition in the first scenario stemmed
from the existing building. Retrofit produced only an average of 6% of the total environ-
mental impacts of the first scenario.

During the BBL process, the benefit of recycling materials can be seen. The first
scenario had lower environmental impacts than the second. This is mostly because of the
higher recycling potential of retrofitting materials. As seen in the resource use results, the
second scenario involves a higher avoided burden of recycling, shown as a minus, and
this reduces the new building’s environmental impacts slightly compared to the original
building. In addition to that, the second scenario’s resource use turned out to be relatively
high, and most of this amount was due to the construction stage. Embodied impacts have
also been observed, which affected various natural resources and are not limited to energy
resources as operational impacts. Hence, a high amount of resource consumption can
be avoided if the retrofitted scenario is applied; for instance, about 71,370 tons of coarse
aggregate, 14,848 tons of limestone, 520,000 m3 of natural gas, 353 tons of wood fiber and
145 million L of water usage can be saved. Additionally, 157,940 tons CO2 less embodied
emissions can be emitted and 2,739,500 GJ less embodied energy consumed.

Overall, structural retrofitting activities caused 48% of total embodied carbon impacts;
this result is exactly the same as that derived from Hossain and Gencturk’s [48] case study
of a low-cost, low-performance building. Embodied carbon and energy constitute 5%
and 3% of total operational and embodied impacts in the second scenario, while they
share only 1% in the first scenario. The first scenario’s total embodied carbon impacts are
only 19% of the second scenario’s total impacts (5 times lower), and the impact from the
retrofit construction is only one-tenth of that of the new building construction. Therefore,
the retrofitting of buildings provides a great advantage in reducing emissions from new
building construction.

5. Conclusions

The concept of structural intervention in vulnerable buildings is here further scruti-
nized and incorporated into key sustainability metrics. Therefore, an integrated sustainable
structural intervention (SSIM) method was proposed to consider the life cycle environmen-
tal impacts of buildings, scales of damage, service life, and variability of local conditions
regarding structural safety. The study introduced a comprehensive and systematic frame-
work developed in Pre-LCA and LCA stages, considering several design options of retrofit
scenarios and retrofit-versus-non-retrofit scenarios of vulnerable buildings. It also ad-
dressed the resource use of selected scenarios beyond environmental impacts, including
the extended service lives of buildings after retrofitting. Then, the method was applied to
low- and medium-damaged buildings.

According to the results, the steel scenario was the most beneficial option, since it
leads to less resource use and embodied carbon emissions than the RC scenario. Regarding
the second case study, retrofitting according to the proposed method provided an advan-
tage by avoiding constructing a new building, which permits less embodied impacts and
lower resource use. While the lower rate of resource use helped to reduce the embodied
impacts during construction and use, recyclable materials also provided an advantage in
terms of the reuse of resources at the end-of-life stage. The service period significantly
influenced the annual environmental impacts, making notable changes in life cycle as-
sessments. Embodied impacts are a minor part of the building life cycle’s environmental
impacts; however, it has been observed that this impact can be further reduced with a
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sustainable method. In addition to that, reducing embodied impacts help protect several
resources in nature. Therefore, embodied impacts are also unavoidable in the realization of
genuine zero-carbon buildings. It was also found that each strengthening technique should
undergo project-based evaluation due to the differences in their designs according to the
vulnerability of the building.

The proposed method provides a practical and viable framework for improving
vulnerable buildings’ sustainable performance by using the well-explained and defined
steps of an integrated LCA procedure. The results of this study can also contribute to the
historical loss data of environmental impacts associated with the retrofitting of vulnerable
buildings for selected regions, as real case studies were used without using probabilistic loss
estimation. The further refinement of such integrated methods would help in improving
the life cycle sustainability and resilience of buildings by steering countries towards better
approaches; eventually, it will help the sustainable transformation of cities.
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