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Abstract: This study aims to select an eco-friendly earthquake-resistant design using life-cycle
assessments (LCAs). The study compares LCAs of three retrofitting cases: concrete shear-wall
strengthening (Case 1); reinforced concrete column jacketing with shear-wall strengthening (Case 2);
and high-damping rubber bearing base isolation with viscous fluid damping devices (Case 3). These
cases were applied to a five-story reinforced concrete building built according to the design principles
widely used in Israel in the 1970s. The seismic-bearing capacity of the retrofitted building was
improved in all three cases, where Case 3 was observed as being the most effective retrofitting
measure. The environmental performance of the retrofitting measures was assessed using the ReCiPe
2016 midpoint, which indicated that Case 3 was the best with the least environmental impact,
Case 1 was intermediate with moderate environmental impact, and Case 2 was the worst with
the most environmental impact. However, the ReCiPe 2016 endpoint single-score results showed
that Case 3 caused significantly less damage than Cases 1 and 2, which caused similar significant
environmental damage. These results indicate that LCA should be used to select an eco-friendly
earthquake-resistant design.

Keywords: reinforced concrete; seismic retrofit; life-cycle assessment; two-stage nested ANOVA;
HDRB base isolation; shear-wall strengthening; RC column jacketing

1. Introduction

Seismic retrofitting of old buildings is a pressing problem in many countries. The
conventional retrofitting method involves adding reinforced concrete (RC) stiffening ele-
ments to the structure (concrete shear-wall strengthening) [1]. In Israel, for example, this
approach is widely used as part of a nationwide statutory plan for improving the seismic
capacity of buildings built during the 1970s, also known as Tama 38 [2].

Another well-known RC strengthening strategy is column jacketing. By laminating
existing columns with a layer of RC, composite columns are obtained, providing a lateral
load-carrying system with better load capacity [3]. After the 1985 El Centro earthquake,
this was the preferred alternative for retrofitting of many medium-rise structures affected
by this seismic event [4]. As with every other method, this approach has some pros and
cons, e.g., while it is beneficial in providing a uniform increase in strength and stiffness [5],
it involves severe disruption to the building’s inhabitants during the construction [3].

Over the last few decades, new strategies have been suggested for the seismic retrofitting
of structures. One of these methods is based on energy dissipation by viscous fluid dampers,
which are known to be effective for seismic structural applications [6–8].

An additional retrofitting method is to use base isolation. The main idea is to isolate
the structure from ground motion by adding special devices, such as high-damping rubber
bearings [1,9,10] between the foundations and the structure [11,12].

However, one of the issues with base isolation systems is their performance under near-
fault ground motions. Such motions can cause exhaustion of the isolator’s translation range [13]
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and other severe problems. It was found that adding dampers to an isolation system effectively
reduces the displacement in the isolators and the likelihood of these issues [14,15]. Numerous
works that support this fact can be found in the literature [16–18]. Additionally, recent works
point to base isolation [19] and energy-dissipation [20,21] devices as effective retrofitting tech-
niques for improving the seismic response of existing structures [22]. It was shown that they
can prevent the economic and social consequences related to various problems (e.g., collapse of
nonstructural elements [19], fire [20], energetic and functional points of view [21]).

However, these retrofitting methods consume substantial amounts of concrete and
steel, which might entail significant environmental damage. According to Stengel and
Schiessl [23], cement and steel are the leading building materials in terms of carbon dioxide
emissions from their manufacturing processes. Their high carbon dioxide emissions are the
result of the high energy consumption required for the production of Portland cement and
steel [23,24]. In Portland cement production, the calcination of limestone leads to additional
CO2 emissions [24].

Therefore, the main sustainability goal of the construction industry is to decrease
the quantities of cement and steel as much as possible. This can be approached using a
life-cycle assessment (LCA) methodology that can search for more environmentally friendly
alternatives for retrofitting problems.

Currently, LCA of building-related retrofitting methods is a growing topic of research in
the construction industry. Wei et al. [25] conducted LCA of carbon dioxide emissions caused by
a concrete retrofitting jacketing method. Along with environmental impacts, they also evaluated
the social and economic aspects associated with the different repair techniques.

Vitiello et al. [26] conducted LCAs of four retrofitting methods applied to a building
in Italy: fiber-reinforced polymer (FRP)-based strengthening sheets, FRP-RC jacketing,
insertion of RC shear-wall-based strengthening, and insertion of rubber bearings and
friction isolators. The friction isolators and rubber bearings were the best solution, with
the least environmental damage, whereas the RC shear-wall-based strengthening method
was the worst solution, with maximal environmental damage. Salgado et al. [27] studied
three seismic retrofitting alternatives for an RC building in the US: RC column jacketing,
the addition of RC shear walls, and beam weakening. In these studies, Vitiello et al. [26]
and Salgado et al. [27] concluded that shear-wall strengthening was the worst solution,
with the maximum environmental damage.

Ribakov et al. [6] continued to conduct LCAs of conventional concrete wall strengthening
(CWS) and modern retrofitting methods. The latter accounted for viscous dampers installed
via steel chevron braces (VD&SB) and viscous dampers installed via concrete chevron braces
(VD&CB). Two additional retrofitting approaches were analyzed by Ribakov et al. [1]: The
base isolation using high-damping rubber bearings (HDRBs), and base isolation using seismic
isolation columns (SICs). These utilization of these modern methods [1,6] was evaluated
for a building in Israel and, compared to the conventional ones, they demonstrated lower
environmental damage.

Despite these well-grounded studies, their findings depend on country-specific build-
ing designs and the possibility of earthquakes [28]. Therefore, there is a need to study such
configurations under local conditions and, thus, to extend the basis of knowledge of how
they will perform in local settings with different buildings and the retrofitting approaches
applied to them.

Thus, this study continues previous LCA studies of the newer retrofitting methods
in Israel (i.e., VD&SB and VD&CB [6], and HDRBs and SICs [1]) by introducing two addi-
tional methods: RC column jacketing with shear-wall strengthening, and high-damping
rubber bearing base isolation combined with viscous fluid damping devices (HDRB&VD).
These structural retrofitting solutions are different from the previously studied retrofitting
approaches. Therefore, this study aims to address this research gap by analyzing these two
additional methods.

Combining RC columns’ jacketing with shear-wall strengthening is a retrofitting
method that has not previously been environmentally evaluated. It uses shear-wall strength-
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ening on the occupied floors in conjunction with jacketing of columns on the ground floor.
This enables balanced distribution of additional stiffness on the ground floor, does not in-
volve blocking of openings, and reduces the disturbance to the structure’s occupants. It also
intrinsically differs from the previously studied measures that involve energy-dissipation
devices or base isolation.

In summary, RC column jacketing, shear-wall strengthening, and hybrid solutions of
the HDRB&VD type are known to effectively improve the performance of old buildings
in seismic-related scenarios. However, their application to buildings built in Israel during
the 1970s has not yet been environmentally evaluated. Furthermore, the analysis here
accounts for the structure’s foundation performance, the retrofitting that these foundations
require in each alternative, and its significance to the LCA. The purpose of this study is to
evaluate three alternatives for earthquake-resistant structures using LCA and to select an
environmentally friendly alternative.

Notably, this study presents a conceptual comparison, rather than a detailed one, for
pointing out the general implications of each of the methods. Such an observation furnishes
a general sense of the environmental impacts of the discussed methods, which is important
when considering them for retrofitting. This is why many structural details that are usually
mentioned in various case studies are absent here. For the sake of maintaining the strategic
level of the discussion, the focus is placed on structural aspects with a major contribution
to the studied aspects, while ignoring those with a minor contribution.

2. Materials and Methods
2.1. Research Framework

This study considers three retrofitting alternatives applied to a typical Israeli residen-
tial five-story RC building (see [6]): (i) concrete shear-wall strengthening (CWS) (Case 1;
Figure 1), (ii) reinforced concrete column jacketing with shear-wall strengthening (Case 2;
Figure 2), and (iii) high-damping rubber bearing base isolation with viscous fluid damping
devices (Case 3; Figure 3). These cases are explained below. A non-retrofitted version
of the original structure serves here as a control case. The structural attributes of this
building resemble those of many old buildings built in Israel during the 1970s. Its first
floor is open and consists of C20-concrete columns, with a 30 × 30 cm square section. The
height of each floor is 2.6 m and the spans are 6 m in both directions. The floor slabs
are 30 cm thick and are subjected to dead and live loads of 4.27 kN/m2 and 0.49 kN/m2,
respectively. This building and others like it were designed and built before the Israeli
standard for earthquake resistance became valid [2]. Consequently, most of them do not
comply with the contemporary seismic provisions, are susceptible to earthquakes, and
require suitable retrofitting.
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Modeling the building’s dynamics requires the presupposition of several engineering
premises. Here, it was assumed that the ceilings are rigid and that the building’s mass
is lumped at the ceilings. Additionally, it was assumed that the column–floor links are
rigid, that the axial stiffness of the columns is much greater than their flexural stiffness,
that the floors remain horizontal during the vibration, and that the floors’ centers of mass
coincide with their centers of rigidity. Based on the above, each floor has three decoupled
DOFs—two lateral and one rotational. Thus, a shear building model with one horizontal
DOF on each floor was used for describing the dynamic properties of the structure in its
plane of symmetry [29]. Both Case 1 and Case 2 included retrofitting of the shear walls.
Figure 1 presents the two types of shear-wall distribution that were used in these cases.
They are referred to as type I and type II distributions. Table 1 associates each case and



Buildings 2022, 12, 1854 5 of 20

floor with the implemented distribution. In Case 1, the ground floor and the 1st floor were
retrofitted by type I distribution and the other floors by type II distribution. All of the walls
were set to have the same thickness (15 cm) and percentage of reinforcement (1%). This
design was conducted concurrently with the numerical time–history simulations described
below in Section 2.2. The walls were designed to reduce the seismic demand on the original
structural elements and keep them elastic during the vibration. Additionally, the shear
walls’ distribution accounted for three issues related to common retrofitting practice.

Table 1. Shear wall distribution in Cases 1 and 2.

Floor Case 1 Case 2

Ground Type I -
1 Type I Type I
2 Type II Type I
3 Type II Type II
4 Type II Type II

The first issue is that many structures in need of retrofitting are already occupied.
Consequently, they have limited access to many structural elements and fewer retrofitting
options. For this, in many retrofitting solutions, bracings are mainly implemented at the
structure’s perimeter and, if necessary, in the internal staircase as well. This issue, however,
leads to the second one: Usually, the perimeter of the ground floor is used for parking spots
for the residents’ cars. This is because the columns in the inner zones of the ground floor
hinder cars from conveniently maneuvering into and out of the parking spots. Additionally,
internal zones usually serve for gardening and/or various facilities. In summary, the
problem is that on the one hand, the ground floor’s perimeter is the most attractive area
for retrofitting, as it is accessible for construction operations and it allows the efficient
continuation of the upper diaphragms down to the ground. On the other hand, this kind
of retrofitting blocks existing parking spots, conflicting with the residents’ right for car
parking. A third issue that is considered here, and was not accounted for in previous
publications [1,6], concerns the impact of retrofitting on the structure’s foundation system.
During the vibration, the high rigidity of the shear walls creates intensive concentrated
reactions at the foundations, thereby necessitating their extensive retrofitting. In the wake of
these problems, RC shear walls were embedded in Case 1 only at the circumferential walls,
and no retrofitting elements were placed in the internal staircase. As for the second and
third issues, by allowing the shear walls to span two bays in the ground floor, the reactions
in the foundations were maintained within reasonable limits, keeping the foundations’
retrofitting practical and leaving the other bays free for parking. This, however, was at
the expense of those parking spots blocked by the added shear walls. Figure 4 illustrates
the change in parking spots between the control case and Case 1. Extensive retrofitting
of the foundation system was required for bearing the vertical force demand. More than
half of the square foundations of the structure were enhanced to the required capacity. The
majority of the work was done in the perimeter of the building, where high vertical loads
are exerted by the shear walls. This includes pulling forces, leading to drilling and casting
of piles at several locations.

Case 2 combined two retrofitting approaches (Figure 3). On the one hand, the ground
floor allowed relatively easy access to structural elements, thereby allowing the use of
column strengthening. On the other hand, the building was assumed to be occupied
during the retrofitting, making construction activities inside the apartments impossible.
Consequently, many retrofitted columns from the ground floor could not be continued into
the floors above. Considering this, in Case 2, an integrated solution was utilized. Similarly
to Case 1, the design was carried out through time–history simulations. Floors 2–5 were
modified using the CWS concept, while the ground floor’s columns were strengthened only
by RC jacketing and without any shear walls. A type I shear-wall distribution was used
on floors one and two, while type II distribution was used on floors three and four. The
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walls’ thickness was set to 15 cm and the reinforcement percentage was set to 1.2%. Such a
retrofitting retains the advantages of an open ground floor while reducing the disruption
to the building’s residents, i.e., the disruption that would have been evoked if RC jacketing
had been applied to the rest of the floors. All of the columns on the ground floor were
jacketed with an 8 cm thick RC coating, using C30 concrete. The jacketing percentage
of the reinforcement was 1.2%. Suitable anchorings for the jacketing’s reinforcing bars
were created in the foundations and ceiling. The presence of shear walls on the higher
floors created large reactions at the relevant columns; as a result, similarly to Case 1,
extensive retrofitting had to be performed at the foundations to allow them to provide the
necessary reactions. Compared to the control case, the arrangement of the parking spots
remained unchanged.
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Figure 4 presents the configuration of Case 3—HDRB base isolation with viscous
fluid damping devices. While the installation of dampers in an existing building is quite
straightforward, placing the isolators is a somewhat more challenging. These are placed
in columns that are already functioning as load-carrying elements and cannot be simply
removed and reconstructed. A possible practice in such cases is to retrofit the columns one
by one, where hydraulic jacks and temporary supports are used for unloading the column.
After the load is transferred from the column to the temporary supports, the column can
be incised in order to place the isolator. Next, the load is gradually transferred back to
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the new column, and the process is repeated on the next column [30]. The high-damping
rubber bearings’ properties were set in accordance with those of commercial ones. Each
isolator had an effective area of 3317 mm2, rubber thickness of 198 mm, and vertical service
load capacity of 1800 kN. Their equivalent stiffness was 656.7 kN/m and their equivalent
damping ratio was 22%. The dead load exerted to the isolator limited the shear strain in the
rubber to 260%. Two pairs of viscous fluid damping devices were installed on the ground
floor. They were coupled with the structure using chevron braces made of C30 concrete.
The dampers’ equivalent linear viscous damping was 4000 kNm/s, their allowable stroke
was ±12 cm, and their maximum load capacity was 2000 kN. Figure 2 shows the dampers’
distribution on the ground floor. As in Case 1, a time–history design was utilized through
simulations of the retrofitted structure to a set of accelerograms. The parameters were set
for obtaining a satisfactory seismic performance of the structural elements. Additionally,
modifications to the foundations’ system were required to cope with the enlarged vertical
reactions during the structural vibration. Another issue was that even though the seismic
loading was substantially reduced, the bending stresses in the ground-floor columns were
still too close to their capacity. One should bear in mind that these columns have a rather
small cross-section and are assumed to be made of low-strength concrete. To solve this
problem, column jacketing was applied to this case as well. Here the jacketing’s thickness
was 4 cm and the percentage of reinforcement was 1.2%. However, it should be emphasized
that unlike Case 2, the jacketing was taken merely as a complementary step and did not
play a major role in the seismic retrofitting. The original non-retrofitted building served as
a control case.

In all of the retrofitting cases, extensive construction operations were executed on the
ground floor, leading to the complete replacement of the asphalt in the parking spaces.
However, the scale of asphalt replacement was identical for all of these cases, making it a
non-relevant factor for comparison of the alternatives. Hence, the environmental damage
associated with the asphalt was not taken into consideration.

Dynamic models of shear buildings were used for Cases 1–3 as well. The masses
were lumped at the ceilings and, in Cases 1 and 2, also included the mass added by the
retrofitting. Proportional damping was assumed, with damping ratios typical of concrete
structures. The lateral stiffness included the rigidity of the original columns, shear walls,
and jacketing. In Case 3, the isolators were modelled as linear springs and dashpots
connected in series with the ground-floor columns.

Each of the retrofits caused a substantial variation in the structure’s dynamic properties.
These are mainly reflected in the modal natural periods and damping ratios shown in
Figure 5. The Case 1 and 2 retrofits, which were based on extensively increasing the
structural rigidity, led to substantial shortening of the natural periods. Conversely, Case 3
caused an increase in the first two natural periods, but almost no change in the others. This
was an anticipated result, considering that this retrofit was based on creating a flexible
interface between the ground and the structure. As for damping ratios, the control case,
Case 1, and Case 2 had similar damping ratios, whereas Case 3 benefited from increased
damping due to the supplementary damping provided by the HDRB isolators and the VDs.
The effective modal masses are given in Table 2.

Table 2. Effective modal masses, as percentages of the total mass.

Mode Control Case Case 1 Case 2 Case 3

1 88.3% 82.14% 91.26% 99.93%
2 8.61% 10.24% 7.3% 0.07%
3 2.3% 7.46% 1.07% -
4 0.66% 0.11% 0.24% -
5 0.13% 0.05% 0.13% -

Note: Negligible values were omitted in Case 3.
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2.2. Seismic Response Analysis

This study places a focus on the environmental performance of Cases 1, 2, and 3.
However, first, the seismic effectiveness of each of the alternatives was verified to provide
a basis for the correct functional unit in LCA evaluation.

The seismic response was examined by originally developed subroutines written
in MATLAB. Then, the LCAs of Cases 1, 2, and 3 were evaluated using ReCiPe 2016
midpoint and endpoint single-score results. Finally, the LCAs of the ReCiPe 2016 endpoint
single-score results of Cases 1, 2, and 3 were compared using a two-stage nested mixed
ANOVA model.

The natural ground acceleration records of the El Centro, Hachinohe, Kobe, and
Northridge earthquakes were chosen as a representative collection of seismic excitations to
evaluate each case. Table 3 provides the main data of these accelerograms.

Pertinent equations of motion were written for each case. Next, linear state-space
models were formed [31], and suitable time–history response simulations were performed
using customary integration methods for linear systems [32].

Usually, when solving a structural design problem, there are many possible solutions.
In order to choose an optimal solution out of the available ones, it is first necessary to define
the nature of the sought optimum. This should be done by quantifying the desired attribute,
which leads to a function, denoted here as the performance index. The performance index
is a function, or a functional, that provides a quantitative evaluation of a given solution
and reflects its fittingness with the design goals [33].
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Table 3. Accelerogram data for the El Centro, Hachinohe, Kobe, and Northridge records that were
used in this study.

Mode El Centro Kobe Hachinohe Northridge

Earthquake name Imperial Valley Kobe Tokachi-oki Northridge
Date (UTC) 18 May 1940 16 January 1995 16 May 1968 17 January 1994
Magnitude 6.9 Mw 6.9 Mw 8.3 Mw 6.7 Mw

Station El Centro (No. 117) KJMA Hachinohe Port Sylmar, county hospital parking lot
Epicentral distance 11.5 km 14.6 km 158 km 15.3 km

Original PGA 0.349 g 0.82 g 0.23 g 0.84 g
Scaled PGA 0.3 g 0.3 g 0.3 g 0.3 g

Record’s duration 50.02 s 59.98 s 36.01 s 60.02 s

Note: The scaled PGA is the one used in this study.

Fifteen types of performance indices suitable for evaluating the seismic response of
controlled structures have been proposed [31]. Here, two representative indices were
chosen. Inter-story drift is a common measure among engineers for assessing how a
dynamic response affects the structure’s carrying elements [34] (Equation (1)):

J1 = max
ElCentro

Northridge
Kobe

Hachinohe

{
max

i

(||di||/hi )

||dmax
n ||

}
(1)

The index measures the improvement in the maximum Euclidean norm of the inter-
story drifts in the retrofitted structure versus the control case. Here, || . . . || stands
for a signal Euclidean norm, di is the inter-story drift on the i-th floor for a prescribed
earthquake excitation input, hi is the height of the i-th floor, and dmax

n is the maximum
angular inter-story drift over the building’s floors, computed in the control case to the same
excitation input as the nominator.

The response intensity is commonly evaluated by inspecting the floor acceleration sig-
nals [31]. These accelerations are assessed by the following performance index (Equation (2)):

J2 = max
ElCentro

Northridge
Kobe

Hachinohe

max
i

∣∣∣∣ ..xai
∣∣∣∣∣∣∣∣∣∣ ..xmax

a

∣∣∣∣∣∣
 (2)

This characterizes the improvement of the maximum Euclidean norm of accelerations,
generated in the dynamic degrees of freedom of the retrofitted structure, compared to
the control case. Here,

..
xai is the absolute acceleration in the i-th floor for a prescribed

earthquake excitation input, and
..
xmax

a is the maximum absolute acceleration over the
building’s floors, computed in the control case to the same excitation input.

The consumption of materials is summed up in Table 4. Case 1 required 56.6 tons
of steel and 1852 tons of concrete in total. Case 2 consumed 2142 tons of concrete and
68 tons of steel in total. In Case 3, 1.6 tons of steel and 6.7 tons of concrete were used for the
dampers and the chevron braces. The base isolation system required an additional 40.2 tons
of steel and 2.59 tons of high-damping rubber. Another 224.7 tons of concrete and 9.3 tons
of steel were required for strengthening the foundations and jacketing the ground floor’s
columns. It might seem surprising that the base isolation system consumes such a large
amount of steel, but a careful look will reveal that each BIS device comprises approximately
671 kg of steel in its flanges and rubber reinforcement. Given 60 columns that require
isolation, this amount is increased by a factor of 60, thereby leading to this figure.
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Table 4. Material consumption in Cases 1, 2, and 3.

Retrofitting Measure
Material per Retrofitting Measure (tons)

Concrete Steel Rubber

Case 1

Shear walls 587 16.6 -
Circumferential beams 401 11.4 -

Foundations 864 28.6 -
Total 1852 56.6 -

Case 2

Columns’ jacketing 52 1.5 -
Shear walls 489 16.6 -

Circumferential beams 401 11.4 -
Foundations 1201 38.5 -

Total 2142 68 -

Case 3

Isolators - 40.2 2.59
Dampers 6.7 1.6 -

Columns’ jacketing 19.7 0.7 -
Foundations 205 8.6 -

Total 231.4 51.1 2.59

Note: The concrete density was taken as 2500 kg/m3 and that of the steel was taken as 7800 kg/m3. The concrete
amounts were increased by 10% to include construction losses. The mass of the isolator’s rubber was computed
by offsetting the steel’s mass in each isolator from its overall mass.

2.3. Environmental Evaluation
2.3.1. LCA Stages

ISO 13315-1 [35] identifies four stages in the evaluation of LCA concrete: (i) design,
(ii) production/execution, (iii) usage, and (iv) end of life [35]. Based on the elastic per-
formance, as shown below in Section 3.1, the cases’ lifetime was assumed to be similar.
Therefore, in this study, the usage stage was excluded from the evaluation. Specifically,
Case 1 and Case 2—concrete shear-wall strengthening and reinforced concrete column
jacketing and shear-wall strengthening, respectively—have a design lifetime of 50–70 years,
while Case 3—high-damping rubber bearing base isolation with viscous fluid damping
devices—has a design lifetime of 50–100 years [36]. The environmental impact associated
with the end-of-life stage is negligible [37]. Therefore, we excluded this stage from the
scope of this study. For example, Scheuer and Keolian [38] evaluated a six-story, 7300 m2

concrete-based university building and concluded that the end-of-life stage (i.e., demolition
and transportation) resulted in only 0.2% of the total LCA. As a result, cradle-to-gate LCAs
(production stage only) of Cases 1, 2, and 3 were evaluated in this study.

2.3.2. Functional Units and System Boundaries

The functional unit (FU) refers to the relationship of inputs and outputs [39]. In this
study, the FUs for comparison were three cases of building renovations that improve the
seismic resistance of the building. For these three cases of building seismic improvements,
we evaluated the stages of production (Table 4) and transportation. We assumed 50 km for
concrete and 200 km for steel and rubber to transport these materials from the factory to
the construction site. The construction stage was excluded from the evaluation, based on
the negligible environmental damage associated with this stage [40].

2.3.3. Life-Cycle Inventory

Life-cycle inventory (LCI) of building components—including concrete, steel, asphalt,
and their transportation—was based on the EcoInvent v3.2 database (Table 5) [41]. This
was due to the lack of local LCI data for study components. The use of the EcoInvent
v3.2 database was considered appropriate in this comparison study with mostly the same
building materials as in Cases 1-3 (i.e., concrete and steel).
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Table 5. Life-cycle inventory (LCI) for Cases 1–3: references from the EcoInvent v3.2 database.

Material/Process Reference

Concrete Pre-cast concrete, production mixture C 20/25/RER U
Steel Steel rebar/EU

Rubber Acrylonitrile–butadiene–styrene copolymer, ABC, at plant/RER U
Transportation Lorry transport, Euro 0, 1, 2, 3, 4 mix, 22 t total weight, 17.3 t

2.3.4. Life-Cycle Impact Assessment

We used ReCiPe 2016 for the life-cycle impact assessment (LCIA) of three cases. [40].
This method includes individualist (I), egalitarian (E), and hierarchist (H) opinions on com-
pensation for damage related to living pollutants: the I view considers only short-term dam-
age (20 years) and the E view considers all possible infinite-term damage (1000 years), while
the H view meets the equilibrium between short- and infinite-term damage (100 years) [42].
For these views, ReCiPe 2016 allows midpoint and endpoint single-score evaluations.

The midpoint evaluation results in 22 environmental impacts, such as ionizing ra-
diation, stratospheric ozone depletion, human toxicity, and particulate matter. The end-
point single-score evaluation first leads to damage to human health, ecosystem quality,
and resources resulting from the 22 midpoint-evaluated environmental impacts. Then,
damage to human health, ecosystem quality, and resources can be weighted consider-
ing the importance of these types of damage. Lastly, six endpoint single-score evalua-
tions can be obtained: individualist/average (I/A), hierarchist/average (H/A), egalitar-
ian/average (E/A), individualist/individualist (I/I), hierarchist/hierarchist (H/H), and
egalitarian/egalitarian (E/E).

The midpoint evaluation has much higher uncertainty than the endpoint single-score
evaluation, whereas the endpoint single-score evaluation is much easier to interpret than
the midpoint evaluation with 22 environmental impacts [43]. We used both midpoint and
endpoint evaluations. The midpoint H evaluation analyzed global warming potential,
terrestrial ecotoxicity, fossil resource scarcity, water consumption, ionizing radiation, ter-
restrial ecotoxicity, human non-carcinogenic toxicity, and land use (the most significant
environmental impacts).

Table 6 shows the resulting LCIA (midpoint H evaluation) for the production of 1 kg
of concrete, steel, and rubber and the 1 tkm of transportation for moving these materials to
the building retrofitting site.

Table 6. Life-cycle impact assessment (LCIA) of Cases 1–3 (EcoInvent v3.2 database and ReCiPe2016
midpoint H evaluation).

Material/Process Concrete
(1 kg)

Steel
(1 kg)

Rubber
(1 kg)

Transport
(1 tkm)

GWP (kg CO2) 0.122 2.31 4.73 0.376
MRS (kg Cu eq) - 0.049 - -
FRS (kg oil eq) 0.00951 0.471 - -

WC (m3) 0.0000438 0.00246 0.688 0.225
IO (kBq Co-60 eq) 0.00143 0.00371 0.0439 0.047
TE (kg 1,4-DCB) 0.0257 0.381 0.821 1.14

HNCT (kg 1,4-DCB) 0.00244 0.0718 0.0256 0.0813
LU (m2 a crop eq) - 0.0211 0.00166 -

Note: GWP, global warming potential; MRS, mineral resource scarcity; FRS, fossil resource scarcity; WC, water
consumption; IO, ionizing radiation; TE, terrestrial ecotoxicity; HNCT, human non-carcinogenic toxicity; LU, land
use; 1,4-DCB, 1,4-dichloro-benzine equivalent.

2.4. Statistical Evaluation

We developed a framework for comparing the ReCiPe 2016 endpoint results using a
two-stage nested mixed ANOVA [43]. Figure 6 shows an example of such a comparison for
Case 1 and Case 2. [43]. The subunits of the sets of mean and partial weights were arranged
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in the primary sampling unit, and the scores of the six individual subunits (I/A, H/A,
E/A, I/I, H/H, and E/E) were arranged in two subunits. We used this design structure in
studies of replacing virgin building materials with industrial byproducts in concretes and
green roofs [44,45].
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Before statistical analysis, the ReCiPe 2016 endpoint score was multiplied by 103 and
converted to log10. To evaluate the statistical differences between the ReCiPe 2016 endpoint
results of Cases 1 and 2, we used the neo-Fischer paradigm to interpret p-values [46].

3. Results and Discussion
3.1. Seismic Performance

MATLAB [47] code was written for simulating the dynamic responses. Each of the
cases constitutes a dynamic system, represented through a suitable set of equations of
motion. These are defined by mass, damping, and stiffness matrices pertinent to the
case’s attributes and the engineering assumptions. Five horizontal dynamic degrees of
freedom were defined at each slab. They are numbered in increasing order, starting on the
lowest slab.

For the control case, the mass and stiffness matrices are:

Mc =


1904 0 0 0 0

0 1904 0 0 0
0 0 1904 0 0
0 0 0 1904 0
0 0 0 0 1332.8

, [ton]

Kc =


1316.2 −658.1 0 0 0
−658.1 1316.2 −658.1 0 0

0 −658.1 1316.2 −658.1 0
0 0 −658.1 1316.2 −658.1
0 0 0 −658.1 658.1

, [kN/mm]

For Case 1:

M1 =


2110.3 0 0 0 0

0 2110.3 0 0 0
0 0 2065.9 0 0
0 0 0 2065.9 0
0 0 0 0 1494.7

, [ton]
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K1 =


11, 677 −4120.1 61.5 −17.6 31.2
−4120.1 14, 989 −11, 142 −410.3 728.3

61.5 −11, 142 14, 162 −2618.9 −583
−17.6 −410.3 −2618.9 8675.9 −5594.6
31.2 728.3 −583 −5594.6 5357

, [kN/mm]

and for Case 2:

M2 =


2024.4 0 0 0 0

0 2110.3 0 0 0
0 0 2065.9 0 0
0 0 0 2065.9 0
0 0 0 0 1494.7

, [ton]

K2 =


11, 730 −7874.3 34.9 3.52 44.5
−7874.3 14, 858 −7064.9 6 75.6

34.9 −7064.9 11, 675 −4784.2 138.7
3.52 6 −4784.2 9285 −4510.3
44.5 75.6 138.7 −4510.3 4251.7

, [kN/mm]

In Case 3, the mass matrix is identical to the control case. The stiffness matrix, on
the other hand, is modified due to the BIS devices that are implemented on the ground
floor. Hence:

M3 = Mc

K3 =


697.5 −658.1 0 0 0
−658.1 1316.2 −658.1 0 0

0 −658.1 1316.2 −658.1 0
0 0 −658.1 1316.2 −658.1
0 0 0 −658.1 658.1

, [kN/mm]

The accelerograms were scaled to a PGA of 0.3 g, in accordance with the peak design
value defined in the Israeli standard [34]. This PGA has a probability of 90% to be the
highest over a reference period of 50 years. Based on the above data, suitable state-space
models were formulated and MATLAB’s lsim command [47] was used for obtaining the
state trajectories.

As stated above, inter-story drift response is a common index of the lateral loading
exerted on the columns during an earthquake. A summary of the peak inter-story drift
responses in all four earthquakes is given in Table 7. In Case 3, the drift represents the lateral
deformation of the columns on the ground floor, after offsetting the isolators’ contribution.
It can be seen that all of the retrofits effectively reduce the inter-story drifts to small
magnitudes, thereby keeping the elements’ response in the elastic zone. It can be seen from
Table 7 that all four earthquakes provide similar inter-story trends. As such a resemblance
was also observed in the other responses, only El Centro responses are provided hereafter.
Figure 7 presents the time–history response of the roof displacement and base shear. High
roof displacement was obtained in Case 3 due to the lateral flexibility of the isolators. Such
a response was anticipated and reflects the proper operation of the isolation system rather
than intensive vibration.

A substantial reduction was observed in Case 3’s base shear response, while there was
an increase in Cases 1 and 2, demonstrating the superiority of Case 3. The increase in Cases
1 and 2 was a consequence of the shortening of the natural vibration periods, causing larger
accelerations in response. This reflects the extensive retrofitting of the foundation system
required in Cases 1 and 2 in order to allow it to bear the increased loads.

The maximal base isolation drift over the four earthquakes was 16 cm, caused during the
Hachinohe accelerogram. This generated a shear strain of 81%, out of the allowable 260%.
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Table 7. Peak inter-story drifts in mm for each of the earthquakes: El Centro, Hachinohe, Kobe,
and Northridge.
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Figure 7. Base shear and roof displacement time–history responses for the El Centro earthquake:
(A) Case 1, (B) Case 2, and (C) Case 3.

Table 8 details the seismic performance assessment results by means of J1 and J2.
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Table 8. Seismic performance evaluation by means of J1 and J2.

Case J1 J2

Case 1 0.32 1.62
Case 2 0.34 1.58
Case 3 0.28 0.27

According to the seismic analysis, all of the cases were found to be effective for
enhancing the building’s safety during an earthquake. However, the most effective of them
was Case 3, as it reduced the displacements and internal forces in the structure as well as
the floors’ accelerations

3.2. ReCiPe 2016 Midpoint Results

Figure 8 shows that Case 1 had the lowest water consumption; Case 3 had the lowest
global warming potential, mineral resource scarcity, and fossil resource scarcity; and
Case 2 had the highest global warming potential, mineral resource scarcity, and fossil
resource scarcity.
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Figure 8. (A) Case 1, (B) Case 2, and (C) Case 3 evaluated with the ReCiPe 2016 midpoint method [42].

Figure 9 shows that Case 3 had the lowest ionizing radiation, terrestrial ecotoxicity,
human non-carcinogenic toxicity, and land use.
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Figure 9. (A) Case 1, (B) Case 2, and (C) Case 3 evaluated with the ReCiPe 2016 midpoint method.

This difference in impact is due to the different quantities of concrete, steel, and
rubber needed for the three retrofitting measures (Table 4). Cement is a well-known
concrete component that releases high amounts of CO2 emissions during its production [48].
According to many studies, cement is the largest contributor of CO2 in concrete production;
relative to the resulting global warming potential associated with concrete production, the
share for cement was 74–93% [49–51]. Steel production is another high-energy process that
has a great environmental impact [52]. The blast furnace process influences global warming
potential (40%), abiotic depletion potential (35%), and human toxicity potential (17%) [53].

Therefore, due to the large quantities of concrete and steel used in Cases 1 and 2
(Table 4), these materials were the main contributors to the global warming potential of
these two retrofitting measures. However, Case 3, which used the smallest quantity of
concrete, was environmentally more attractive than Cases 1 and 2 when evaluating this
impact (Figure 8). A similar effect of concrete was also observed for fossil resource scarcity
due to the consumption of fossil fuels needed for the high-energy production processes of
this material. Steel production requires iron ore depletion [53], thereby increasing mineral
resource scarcity. In this respect, Case 3 is more attractive than Cases 1 and 2. The impact of
water consumption mostly depended on the rubber for Case 3, making Case 1 and Case 2
more attractive. The impact of the transport component of global warming potential and



Buildings 2022, 12, 1854 17 of 20

the scarcity of fossil resources in Case 1 and Case 2 were more evident than in Case 3.
This is due to the large amounts of concrete and steel for Case 1 and Case 2 that must be
transported from suppliers to the construction site.

Ionizing radiation, terrestrial ecotoxicity, and human non-carcinogenic toxicity mostly
depended on the concrete and steel components of the three studied retrofitting measures
(Figure 9). Compared to Cases 1 and 2, Case 3 used less concrete, steel, and transport.
As a result, Case 3 was more attractive than Cases 1 and 2 with regard to these impacts.
Land use depended on the steel component (Figure 9). Compared to Cases 1 and 2, Case 3
used the lowest quantity of steel (Table 4). Therefore, Case 3 was also more attractive than
Cases 1 and 2 when evaluating this impact.

3.3. ReCiPe 2016 Endpoint Single-Score Results

Figure 10 shows the environmental damage of the three retrofitting measures via all
methodological options of ReCiPe2016. Compared to Case 3, Cases 1 and 2 were more
harmful. This was confirmed for six methodological options.
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Figure 10. Environmental damage from three retrofitting measures—(A) Case 1, (B) Case 2, and
(C) Case 3—evaluated using the ReCiPe 2016 endpoint single-score method.

In particular, the difference between the cases was smallest for I/A and I/I (20-year
period, short-lived pollutants), intermediate for H/A and H/H (100-year period, long-
lived pollutants), and largest in E/A and E/E (1000-year time horizon, infinite living
pollutants). This outlines the necessity of application of the ReCiPe2016 endpoint single-
score results with an ANOVA, in which the six methodological options of ReCiPe2015 can
be simultaneously evaluated [54,55].

Simultaneous evaluation of the six methodological options resulted in a negative
difference between Case 1 and Case 2 and in positive differences between Case 1 and Case
3 and between Case 2 and Case 3 of the compared retrofitting measures (Table 9). This
shows that Case 3 is the best measure when evaluating all impacts with the ReCiPe 2016
endpoint single-score method. Cases 1 and 2 were more damaging retrofitting measures
with significantly equal environmental damage. It was found that the ecological preference
of the three cases does not depend on the applied perspective with regard to different views
on the importance of an environmental problem.
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Table 9. The p-values from three retrofitting measures—(A) Case 1, (B) Case 2, and (C) Case 3—
evaluated using the ReCiPe 2016 endpoint single-score method.

Case A B C

A X 0.0807 0.0044
B X 0.0030
C X

Note: Bold font: seems to be positive; regular font: seems to be negative.

3.4. The Effect on the Parking Spots

Each of the retrofitting cases had different implications for the parking spaces. From
the viewpoint of the environmental damage emanating from the consumption of materials,
this factor was identical for Cases 1, 2, and 3. Therefore, it was omitted from the damage
environmental analysis for not contributing to the environmental comparison. However, as
explained above, blocking parking spots is a major practical issue in the seismic retrofitting
of existing residential buildings. In this context, blocking fewer parking spots is a significant
advantage. The original number of parking spots was 24. As shown in Figure 2, the addition
of stiffening walls on the ground floor in Case 1 reduced the number of parking spaces
by 12 and prevented their recreation inside the building’s perimeter. In Case 2, the original
arrangement of parking spaces was retained. In Case 3, the dampers blocked only two
parking spots, but they were recreated at another place, thereby maintaining the original
number of parking spots inside the building’s perimeter. In this regard, Cases 2 and 3 are
superior to Case 1, as they do not require the creation of new parking spots outside the
structure’s perimeter. For example, finding new parking places can be quite complex when
the building is located in a densely populated area.

4. Conclusions

In this study, we conducted environmental evaluations of three retrofitting measures:
(i) concrete shear-wall strengthening (Case 1); (ii) RC column jacketing with shear-wall
strengthening; and (iii) high-damping rubber bearing base isolation with viscous fluid
damping devices (Case 3). The following was concluded:

• Based on the seismic analyses, the three cases improved the retrofitted building’s seismic-
bearing capacity, with a preference for Case 3 as the most effective method. However,
the environmental damage caused by these three cases was completely different.

• According to the ReCiPe 2016 midpoint results, the production of Case 3 caused the
least damage to the environment, while the production of Case 2 caused the most dam-
age to the environment; Case 1’s production caused moderate environmental damage.

• According to the ReCiPe 2016 endpoint single-score results, the environmental damage
in Case 3 was significantly lower than in Cases 1 and 2, which had significantly similar
environmental damage.

Notably, because a variety of seismic and environmental factors are involved in these
analyses, at this stage the conclusions should be considered as being specific to a local Israeli
building, and they may not be pertinent to other countries. Additional investigations should
be conducted to obtain more general results. However, the present results suggest that the
environmental performance of retrofitting measures needs to be carefully considered.
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