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Abstract: This study aimed to determine the difference between two alternatives for pre-stressed
normal-strength concrete beams according to life-cycle assessments (LCAs): strengthening the
PNSC (pre-stressed normal-strength concrete) beam on one side with a 70 mm width, steel-fibered,
high-strength concrete layer (Case 1) and strengthening the PNSC beams by jacketing on three
sides with 30 mm width, ultra-high-performance, fiber-reinforced concrete layers (Case 2).
We conducted LCAs of these cases using the ReCiPe2016 midpoint and endpoint-single-score
methods. The differences among the beams’ endpoint-single-score results were evaluated using a
two-stage nested analysis of variance. The ReCiPe2016 midpoint results showed that compared to
Case 2, Case 1 reduced the global warming potential, terrestrial ecotoxicity, water consumption, and
fossil-resource-scarcity impacts by 73–80%. The ReCiPe2016 endpoint-single-score results showed
that the environmental damage from Case 1 was significantly lower (p = 0.0003) than that from Case
2. These findings could be promising and useful for studying sustainability in construction.

Keywords: pre-stressed normal-strength concrete; composite beam; steel-fibered high-strength
concrete; ultra-high-performance fiber-reinforced concrete; life-cycle assessment

1. Introduction

In the construction sector, the strengthening of concrete structures is an important issue for both
the repair of deteriorated structures and strengthening of normal-strength concrete (NSC) [1]. One of
the most common strengthening approaches is using steel-fibered concrete, including steel-fibered
high-strength concrete (SFHSC) [2] and ultra-high-performance fiber-reinforced concrete (UHPFRC) [3].
Typically, this steel-fibered concrete is used for additional strengthening layers.

Over the years, researchers have reported that, as a result of steel-fibered concrete-related
strengthening, the mechanical properties and durability of composite beams including at least two
layers—NSC as a core and SFHSC or UHPFRC as a strengthening layer—have been improved [1].
In this respect, the materials, configurations, and widths of the strengthening layer have been
changed from study to study. For example, Al-Osta et al. [1] studied three different strengthening
configurations consisting of a 30 mm width UHPFRC layer used in the NSC experimental
beams—bottom-side strengthening in the tensile zone, two-longitudinal-side strengthening, and
three-side strengthening—and reported increases of about 17%, 46%, and 85% in the load-bearing
capacity, respectively. Iskhakov et al. [4] experimentally researched a pre-stressed normal-strength
concrete (PNSC) beam strengthened on one side by a 70 mm width SFHSC layer in the compressed zone
(PNSC-SFHSC) and reported that the load-bearing capacity of the PNSC-SFHSC was approximately 80%
higher than that of the PNSC. Turker and Torun [5] experimentally studied two different strengthening
widths for UHPFRC layers, 30 and 50 mm, used in NSC beams in the compressed zone (NSC-UHPFRC)
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and reported that the load-bearing capacity of the NSC-UHPFRC beams increased by averages of 11%
and 22%, respectively, compared to that of the NSC beams.

However, both SFHSC and UHPFRC require larger quantities of cement, approximately 450–752
kg/m3 [6,7], which is more than that required for NSC, at approximately 360 kg/m3 [8]. SFHSC and
UHPFRC also use around 40 kg/m3 [9] and 242 kg/m3 [7] of steel fibers, respectively This greater
amount of cement and steel fibers can lead to an increased environmental impact. In addition,
strengthening layers of different configurations and widths require different amounts of SFHSC
and UHPFRC. Therefore, these different strengthening alternatives can lead to various degrees of
environmental damage, which cannot be neglected due to the very high CO2 emissions generated from
their production [7].

In particular, the production of 1 kg of Portland cement and of 1 kg of steel fibers led to 0.833 and
3.44 kg CO2-eq, respectively, thus increasing the potential impact on global warming [7]. The source
of such high CO2 emissions is the high energy consumption during the materials’ production [7,10].
During clinker production, much additional CO2 comes from the calcination of limestone [10]. Thus,
to decrease the environmental impacts from these building materials, the construction industry should
find a way to produce lower quantities of cement and steel. In this respect, much life-cycle assessment
(LCA) research has been focused on studying the possibility of decreasing cement and steel use in the
construction sector.

According to ISO 14040 [11], LCA is a total “cradle-to-grave” methodology (the whole life-cycle
from raw material acquisition to final disposal is taken into account) that focuses on products as well
as services to evaluate all environmental impacts. LCA collects raw material inputs and gases and
waste output data associated with the product life-cycle and applies scientific models to convert the
output data to environmental impacts and damage. This allows the selection of options with the
least environmental damage, thereby decreasing environmental problems such as global warming,
ozone depletion, fossil-resource scarcity, and water consumption, among others. LCA, the most
comprehensive environmental evaluation methodology today, was thus adopted in the present study.

Habert et al. [12] conducted an LCA of the UHPFRC-based and traditional NSC-based rehabilitation
approaches applied to existing bridges. The authors concluded that the UHPFRC-based approach
released only 0.1–0.3 times more CO2 than the traditional approach due to the much lower volume of
the required UHPFRC compared to that of the required NSC. However, Stengel and Schiessl [7], who
performed LCAs of the existing NSC and UHPFRC bridges with the same deck-slab thickness, reported
that the UHPFRC bridge involved 1.5–2.4 times more global warming potential, ozone-depletion
potential, photo-chemical ozone creation, acidification potential, and eutrophication potential impacts
than the NSC bridge. Hajiesmaeili et al. [13] evaluated LCAs of three different bridge-related restorative
approaches—(i) complete demolition and new reconstruction, (ii) strengthening with UHPFRC, and
(iii) strengthening with ultra-high-performance polyethylene fiber concrete (UHPPFRC)—and reported
that the strengthening with UHPPFRC led to a reduction in global warming potential by 55% and
29%, respectively, compared to the complete demolition and new construction, and strengthening
with UHPFRC.

Beam-related LCAs were presented by Stengel and Schiessl [7] and Zingg et al. [14]. Stengel
and Schiessl [7] evaluated the LCAs of a pre-stressed ultra-high-performance concrete (UHPC) girder
beam and a hot-rolled I-beam with similar heights and reported that the production of the former led
to 5% and 39% decreases in the global warming and acidification potentials, respectively, compared
with that of the latter. Zingg et al. [14] evaluated LCAs of two pre-stressing approaches (steel-
and carbon-fiber-reinforced polymer-pre-stressing) applied to a high-strength concrete (HSC) beam,
and reported that the HSC beam pre-stressed with carbon-fiber-reinforced polymer led to a decrease
(about 50%) in the global warming potential compared to the HSC beam pre-stressed with steel.

We assume that different materials, configurations, and widths for the strengthening layer
can lead to different environmental damage. On the other hand, LCAs of strengthening layers in
composite beams, which have the greatest potential to reduce environmental impacts, have not yet
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been studied. Therefore, the aim of this study was to determine the differences in the LCA results
for two steel-fibered-concrete strengthening alternatives for the PNSC beam, which have the same
load-bearing capacity but extremely different amounts of cement and steel fiber in their strengthening
layer. For this, we used two following alternatives: (i) strengthening a PNSC beam with SFHSC on one
side with a 70-mm width (Case 1) and (ii) strengthening a PNSC beam with UHPFRC on three sides
with a 30-mm width (Case 2). For these two cases, the LCA was conducted based on the beam-related
concrete mixtures described by Iskhakov et al. [4] and Al-Osta et al. [1].

The structure of the paper is as follows: Section 2, Materials and Methods, describes the beams’
designs and concrete mixtures alongside the beams’ LCA and statistical evaluation methods; Section 3,
Results and Discussion, shows the results for the beams’ environmental impact and damage according
to the LCA; and Section 4, Conclusions, focuses on the importance of using environmental assessment
in construction.

2. Materials and Methods

2.1. Beam Designs and Concrete Mixtures

In this study, three pre-stressed NSC (PNSC) beams (with a span of 3000 mm and a 150 × 250 mm
cross-section), of concrete class C40/50 (according to EN-206-1 [15]) were considered: (i) a PNSC beam
(with a span of 3000 mm and a 150 × 250 mm cross-section) (base case); (ii) a PNSC beam strengthened
with SFHSC on one side with a 70 mm width in the compressed zone of the beam section (Case 1)
(with a span of 3000 mm and a 150 × 320 mm cross-section); and (iii) a PNSC beam strengthened with
UHPFRC on three sides with a 30 mm width (Case 2) (with a span of 3000 mm and a 210 × 280 mm
cross-section).

According to Iskhakov et al. [4], the base case beam and the PNSC of the Case 1 beam were made
of concrete class C40/50 under industrial conditions for pre-stressed concrete-element production. The
specimens were compacted by vibration after casting. The pre-stress was transferred to the beams
one day after casting, and the specimens were transported to the university laboratory 2 weeks after
production. At the second stage of the Case 1 beam’s production, the SFHSC layer was cast under
laboratory conditions, from concrete class C90/100 with a steel-fiber ratio of 40 kg/m3, after which it
was compacted by vibration. The specimens were kept for 28 days under normal conditions, similar
to those at the construction site, and all tested 28 days after casting the SFHSC layer (and 6 weeks
after casting the PNSC layer). According to the obtained results [4], the load-bearing capacity of the
Case 1 beam was approximately 80% higher than that of the base case beam: Mcase 1

cd = 108 kNm and
Mbase case

cd = 61 kNm.
An alternative strengthening method using jacketing, made of UHPFRC, was proposed by Al-Osta

et al. [1]. The authors reported that three-side jacketing was the most effective approach and achieved
a similar increase in load-bearing capacity (about 85%). Therefore, in this study, the Case 2 beam was
selected as an additional strengthening alternative for environmental evaluation.

The constructive schemes and concrete mixtures of the base case and Case 1 were based on
Iskhakov et al. [4], while the constructive scheme and concrete mixture of Case 2 was based on Al-Osta
et al. [1]. Figures 1–3 demonstrate the constructive schemes of the base case, Case 1, and Case 2 beams,
respectively. Table 1 shows the concrete mixtures of those three analyzed beams.
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Table 1. Materials required for the production of the following beams: base case, Case 1, and Case 2.

Materials (Per Beam)
Beam

Base Case Case 1 Case 2

Water (kg) 14.96 19.37 25.34
Cement C-2A-LL (kg) 39.38 51.98 39.38

Cement Type I (kg) - - 57.51
Dune sand (kg) - - 64.22

0/2 Sand (kg) 81.02 102.45 81.02
2/8 Gravel (kg) 50.93 64.56 50.93
8/16 Gravel (kg) 72.35 91.98 72.35

Fly ash (kg) 7.88 11.03 7.88
Micro-silica (kg) - - 14.06

Super-plasticizer (kg) 0.95 1.26 3.52
Retarder (kg) 0.26 0.35 0.26

Steel fibers (kg) 0.00 1.26 10.03
Reinforcement steel (kg) 28.23 29.66 28.23

Concrete density (kg/m3) 2380 SFHSC 2429 NSC
2380

UHPFRC 2485 NSC
2380

Super-plasticizer type BV10 BV10 BV10
Super-plasticizer volume

(% of Cem+Ash) 2 2 2

Retarder type VZ1 VZ1 VZ1
Retarder’s volume (% of

Cem+Ash) 0.56 0.56 0.56

Energy for beam
pre-stressing (J) 3426.7 3426.7 3426.7

2.2. Life-Cycle Assessment and Statistical Evaluations

According to ISO 13315-1 [16], a “cradle-to-grave” LCA of concrete elements includes the following
stages: (i) design, (ii) production/execution, (iii) usage, and (iv) end-of-life. However, we considered
that two strengthened PNSC beams (Case 1 and Case 2) would have similar usage stages because they
have similar load-bearing capacities. The end-of-life stage strongly depends on the disposal practices
and involves much less environmental damage than the production/execution stage [17]. Therefore,
we evaluated the production stage only, i.e., performed a “cradle-to-gate” LCA study.

For conducting an LCA, the initial important step is selection of a proper functional unit (FU). ISO
14040 [11] states that “The primary purpose of FU is to provide a reference to which the inputs and
outputs are related.” Thus, the FU was “a beam-related strengthening alternative that can provide the
increased loading-bearing capacity of the PNSC beam—about 85%.” This FU allowed the comparison
of two strengthening alternatives: strengthening a PNSC beam with SFHSC (Case 1) and strengthening
a PNSC beam with UHPFRC (Case 2). As previously mentioned, these two strengthening alternatives
resulted in similar load-bearing capacities, about 85% greater than the load-bearing capacity of an
ordinary PNSC beam (base case).

Using this FU, we conducted the environmental evaluations in four steps. In the first step, after
the calculation of the energy required for pre-stressing the beams (Appendix A), we performed the
life-cycle inventory (LCI) of the production stage of these three beams (base case, Case 1, and Case
2) (Figure 4). In the second step, we subtracted the environmental damage related to the production
of the base case from that related to the production of Cases 1 and 2, respectively. This resulted in
the environmental evaluation of only the strengthened layers of the Case 1 and 2 beams. Thereby,
in the further steps of the analysis, we worked only with the strengthened layers of Cases 1 and 2.
However, for simplicity, we continue to denote these strengthening alternatives “Case 1” and “Case
2”. In the third step, we converted the LCIs of the strengthened layers, only of Cases 1 and 2, into
life-cycle impact assessments (LCIAs). In the fourth step, we compared the LCIA results between
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the strengthened layers, only of Cases 1 and 2, using a two-stage nested mixed analysis-of-variance
(ANOVA) model.Sustainability 2020, 12, x FOR PEER REVIEW 6 of 15 
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Figure 4. The first step of the environmental evaluations: life-cycle assessment (LCA) boundary
illustrating production of the base case, Case 1, and Case 2 beams (plain line—included processes;
dashed line—nonincluded processes).

2.2.1. The First Step

We used the EcoInvent v3.2 database [18] to model the LCIs of the production of the base case,
Case 1, and Case 2 beam components—including the water, cement, sand, gravel, super-plasticizer,
retarder, steel fibers, and steel bars—as well as to model the pre-stress energy that was transferred to
the beams (Table 2). We used the local distances from the producer/supplier to the base case, Case
1, and Case 2 beam-casting place (the laboratory in Leipzig University of Applied Sciences, Leipzig,
Germany) to model the transportation of the beams’ components (Table 3). The data from the EcoInvent
v3.2 database [18] (Table 2) were used due to the absence of local German data. An analysis of such
secondary data was considered appropriate due to the aim of this study, i.e., to compare different
PNSC beam-related strengthening alternatives with the same components (cement, water, aggregates,
steel fibers, retarder, and super-plasticizer).
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Table 2. The first step of the environmental evaluations: references from the EcoInvent v3.2 database
[18] for modeling the life-cycle inventory (LCI) for the base case, Case 1, and Case 2.

Material/Process Reference

Water treatment Tap water, at user/CH U
Cement, CEM II/A-M with 6–20% granulated slag

and limestone Portland slag sand cement, at plant CH/U

0/2 sand, natural sand, a fraction size of 0 to 2 mm Sand, at mine CH/U
2/8 gravel, gravel, a fraction size of 2 to 8 mm Gravel, crushed, at mine CH/U

8/16 gravel, gravel with a fraction size of 8 to 16
mm Gravel, crushed, at mine CH/U

Super-plasticizer Polycarboxylates, 40% active substance
Retarder Borax, anhydrous, powder

Steel fibers, straight fibers with end hooks, with a
length of 50 mm and a diameter of 1 mm Steel wire rod/EU

Steel bars, normal ductile steel bars Steel rebar/EU

Transportation Lorry transport, Euro 0, 1, 2, 3, 4 mix, 22 t total
weight,17.3 t

Energy for beam pre-stressing Electricity, production DE, at grid DE/U

Disposal of reinforced concrete Disposal, building, reinforced concrete, to final
disposal/CH U

Water treatment Tap water, at user/CH U

Table 3. The first step of the environmental evaluations: transportation distances from the
producer/supplier to the beam-casting place.

Material Producer/Supplier
Location Distance (km)

Cement Karsdorf 75
0/2 sand Sand quarry 45

2/8 gravel and 8/16 gravel Brand-Erbisdorf 122
Super-plasticizer and retarder BASF at Staßfurt 98

Steel fibers and steel bars Neidenstein 472
Fly ash Langgons 351

According to the EcoInvent v3.2 database [18], the water production included infrastructure and
energy use for water treatment and transportation to the end user. The cement production considered
the manufacturing processes, mixing, grinding, internal transport, and infrastructure. The sand and
gravel production involved the digging process, internal transport, and infrastructure. The steel bar
and fiber production comprised the coal, iron and ore extraction and scrap processing; coke making;
sinter; a blast furnace; a basic oxygen furnace; an electric-arc furnace; and a rolling mill. The truck was
powered by a diesel engine and was involved in the entire fuel supply chain from the exploration and
production of crude oil to transportation to the consumer. Thus, the production of the beams and the
components’ transportation to the casting site resulted in the LCIs presented in Table 4.
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Table 4. The first step of the environmental evaluations: life-cycle inventory (LCI) for the evaluation of
the base case, Case 1, and Case 2 (EcoInvent v3.2 database [18]).

Production Process GWP 1

(kg CO2)
TE 2

(kg 1,4-DCB 5)
FRS 3

(kg Oil eq)
WC 4

(m3)

Water treatment (1 kg) 0.000171 0.000409 - 0.00448
Cement production (1 kg) 0.192 0.251 - 0.565

Sand extraction (1 kg) 0.00242 0.0067 - 0.026
Gravel extraction (1 kg) 0.00445 0.0167 - 0.081
Super-plasticizer (1 kg) 1.03 5.53 0.476 0.02

Retarder (1 kg) 1.62 2.06 0.484 0.00634
Steel-fiber production (1 kg) 2.32 0.677 0.527 0.0705
Steel bar production (1 kg) 2.31 0.381 0.471 0.00246

Transportation (1 tkm) 0.0663 0.00589 0.0201 0.00000529
Energy for beam
pre-stressing (1 J) 0.00000018 0.000000058 - 0.00000057

1 GWP—global warming potential; 2 TE—terrestrial ecotoxicity; 3 FRS—fossil-resource scarcity; 4 WC—water
consumption; 5 kg 1,4-DCB—1,4-dichloro-benzine equivalent.

2.2.2. The Second Step

As previously mentioned, for the evaluation of the strengthening layers only, we subtracted the
LCIA related to the production of the base case from the LCIAs related to the production of Cases 1 and
2, respectively. Thereby, as previously mentioned, we worked with the strengthened layers only of
Cases 1 and 2 in the third and fourth steps of the analysis. However, for simplicity, we continue to
denote these strengthening alternatives as “Case 1” and “Case 2”.

2.2.3. The Third Step

The LCIs of Cases 1 and 2 were converted into the LCIAs using the ReCiPe2016 method [18],
which allows the consideration of the uncertainty in environmental evaluations through the application
of three perspectives (views on environmental problems), including individualist (I), egalitarian (E),
and hierarchist (H). These perspectives were adopted from cultural theory [19]. The individualist
perspective considers all of the short-term damaging effects. The egalitarian perspective evaluates all
of the possible long-term damaging effects. The hierarchist perspective estimates the balance between
the short- and long-term damaging effects [20].

For the evaluation of these perspectives, both a midpoint and an endpoint-single-score method were
allowable in ReCiPe2016 [18]. The midpoint method assessed 22 environmental impacts, such as the
global warming potential, terrestrial ecotoxicity, fossil-resource scarcity, and water consumption, among
others. The endpoint-single-score method first converts these environmental impacts into damage
to human health, ecosystem quality, and resources. By applying average- and particular-weighting
sets to these damages, a single-score evaluation can then be obtained. The average-weighting set
contains the individualist/average (I/A), hierarchist/average (H/A), and egalitarian/average (E/A)
methodological options, and the particular-weighting set contains the individualist/individualist (I/I),
hierarchist/hierarchist (H/H), and egalitarian/egalitarian (E/E) methodological options.

The midpoint and endpoint-single-score methods have different advantages and disadvantages.
Using the midpoint method brings less uncertainty in environmental evaluations, whereas the
interpretation of 22 environmental impacts is not so easy. Using the endpoint method brings high
uncertainty in environmental evaluations, whereas the interpretation of the three environmental
damage types offered as an endpoint-single-score is less difficult [20].

Therefore, we applied both midpoint and endpoint-single-score methods to convert the LCIs
of Cases 1 and 2 into LCIAs. We analyzed the four most significant environmental impacts (global
warming potential, terrestrial ecotoxicity, fossil-resource scarcity, and water consumption) of the beams
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with the midpoint H method [21]. All six methodological options (I/A, H/A, E/A, I/I, H/H, and E/E)
were evaluated with the endpoint-single-score method.

2.2.4. The Fourth Step

We used a two-stage nested mixed ANOVA model because the ReCiPe2016 endpoint-single-score
results have a two-stage nested (hierarchical) design structure. This two-stage nested ANOVA model
used the following statistical terminology: “sampling frame”, “primary sampling unit”, “subunits”,
and “individual subunits”. The sampling frame is the collection of primary sampling units that belong
to the same sample—a primary sampling unit consists of two or more subunits, and a subunit contains
two or more individual subunits. Measurements were performed on individual subunits [22].

Figure 5 displays two primary sampling units for the application of the ReCiPe2016
endpoint-single-score design structure, which compares the LCIAs of Cases 1 and 2. The primary
sampling unit contained two subunits—namely, the average- and particular-weighting sets—and each
subunit contained three individual subunits. Two subunits contained six individual subunits, namely,
the I/A, H/A, E/A, I/I, H/H, and E/E methodological options of the ReCiPe method. The measurements
were performed according to the six methodological options (i.e., six individual subunits), and two
beam-related strengthening alternatives were compared by applying these six options simultaneously.
Pushkar [21,23] recently used this design structure to evaluate the environmental performance of the
substitution of natural materials with industrial byproducts in concretes and green roofs, respectively.

Sustainability 2020, 12, x FOR PEER REVIEW 9 of 15 

 
Figure 5. A two-stage analysis of variance (ANOVA) hierarchical design structure applied to the 
environmental evaluation of Cases 1 and 2. I/A—individualist/average; H/A—hierarchist/average; 
E/A—egalitarian/average; I/I—individualist/individualist; H/H—hierarchist/hierarchist; and E/E—
egalitarian/egalitarian (the methodological options of the ReCiPe2016 single-score results). 

The ReCiPe2016 endpoint-single-score results were multiplied by 103 and log10-transformed 
prior to statistical analysis. We compared the ReCiPe2016 endpoint-single-score results pairwise 
using a two-stage nested mixed ANOVA [22]. We used neo-Fisherian significance assessments to 
evaluate the statistical difference between two ReCiPe2016 endpoint-single-score results [21,23]. The 
neo-Fisherian paradigm (1) does not fix α, (2) does not describe p-values as “significant” or 
“nonsignificant”, (3) does not accept null hypotheses based on high p-values but only suspends 
judgment, (4) interprets significance tests according to “three-valued logic”, and (5) presents effect-
size information if necessary [24]. Following Hurlbert and Lombardi [24], the p-values were 
evaluated according to three-valued logic: it seems to be positive (i.e., there appears to be an 
environmental-damage difference), it seems to be negative (i.e., there does not appear to be an 
environmental-damage difference), and judgment is suspended regarding the environmental-
damage difference. 

3. Results and Discussion 

3.1. The ReCiPe2016 Midpoint Results 

Figure 6 shows that all four environmental impacts—global warming potential, terrestrial 
ecotoxicity, water consumption, and fossil-resource scarcity—of Case 1 were much lower than those 
of Case 2. In particular, compared to the Case 2 impacts, those four Case 1-related impacts were 
decreased by 78%, 80%, 73%, and 78%, respectively. 

I/A H/A E/A I/E H/H E/I E/A H/A I/A I/E H/H E/I

        Average
    weighting set

      Particular
    weighting set

        Average
    weighting set
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Figure 5. A two-stage analysis of variance (ANOVA) hierarchical design structure applied to the
environmental evaluation of Cases 1 and 2. I/A—individualist/average; H/A—hierarchist/average;
E/A—egalitarian/average; I/I—individualist/individualist; H/H—hierarchist/hierarchist; and
E/E—egalitarian/egalitarian (the methodological options of the ReCiPe2016 single-score results).

The ReCiPe2016 endpoint-single-score results were multiplied by 103 and log10-transformed prior
to statistical analysis. We compared the ReCiPe2016 endpoint-single-score results pairwise using a
two-stage nested mixed ANOVA [22]. We used neo-Fisherian significance assessments to evaluate the
statistical difference between two ReCiPe2016 endpoint-single-score results [21,23]. The neo-Fisherian
paradigm (1) does not fix α, (2) does not describe p-values as “significant” or “nonsignificant”, (3) does
not accept null hypotheses based on high p-values but only suspends judgment, (4) interprets
significance tests according to “three-valued logic”, and (5) presents effect-size information if
necessary [24]. Following Hurlbert and Lombardi [24], the p-values were evaluated according
to three-valued logic: it seems to be positive (i.e., there appears to be an environmental-damage
difference), it seems to be negative (i.e., there does not appear to be an environmental-damage
difference), and judgment is suspended regarding the environmental-damage difference.
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3. Results and Discussion

3.1. The ReCiPe2016 Midpoint Results

Figure 6 shows that all four environmental impacts—global warming potential, terrestrial
ecotoxicity, water consumption, and fossil-resource scarcity—of Case 1 were much lower than those of
Case 2. In particular, compared to the Case 2 impacts, those four Case 1-related impacts were decreased
by 78%, 80%, 73%, and 78%, respectively.Sustainability 2020, 12, x FOR PEER REVIEW 10 of 15 
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Figure 6. The environmental impacts of two PNSC-beam-related strengthening alternatives, Cases 1
(A) and 2 (B), evaluated with the ReCiPe2016 midpoint method.

The abovementioned means that compared to Case 2, Case 1 decreased, by 1.3 times, the concrete
quantity needed for the strengthening of the PNSC beam with SFHSC on one side with a 70 mm
width, and applied the low steel-fiber ratio of 40 kg/m3 [4] in the SFHSC layer versus the 157 kg/m3

used in the UHPFRC layer [1]. In particular, this low steel-fiber ratio of 40 kg/m3 led to 1.5% of the
total Case 1-related global warming potential related to the production of steel fibers. In this respect,
Abdulkareem et al. [25], who also used a similar amount of steel fibers (38.64 kg/m3) for steel-fibered
high-strength concrete (without reinforcing steel bars), reported a somewhat higher percentage, 17%,
of total global warming potential stemming from steel-fiber production. Such a difference is due to the
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different concrete designs, with reinforcing steel bars applied in the present study but not in that by
Abdulkareem et al. [25].

Global warming potential and terrestrial ecotoxicity are among the five main and most-influenced
impacts related to cement production: global warming potential, terrestrial ecotoxicity, photochemical
oxidation potential, acidification potential, and eutrophication potential [26]. Thus, according to
other researchers, relative to the total environmental impacts/damage associated with normal-strength
concrete, the share for cement was 74–93% [27–29].

This abovementioned is because cement production is a highly energy-intensive process and,
therefore, releases much CO2 due to energy production with fossil fuels, such as coal, oil, and gas,
and the cement-calcination process is an additional major source of CO2 [10]. The reinforcement steel
and steel fibers also greatly influenced the global warming potential, with 2.32 and 2.31 kg of CO2 per
1 kg of steel bars and steel fibers, respectively (Table 4).

A similar effect of reinforcement steel and steel fibers was also noticed for fossil-resource scarcity
due to the extraction of iron ore for the production of this component (Figure 6). In particular, the
fossil-resource scarcity related to the production of the 1.26 kg of steel fibers designed for Case 1 was
much lower than that stemming from the production of the 10.03 kg of steel fibers designed for Case 2.
Thus, Case 1 was also more attractive than Case 2 in this regard.

Super-plasticizers have a large influence on terrestrial ecotoxicity, at 5.53 kg of 1,4-DCB per 1 kg of
super-plasticizer (Table 4). Cement also has a significant influence, at 0.251 kg of 1,4-DCB per 1 kg of
cement (Table 4). Thus, the 2.8-times-greater super-plasticizer and 1.9-times-greater cement quantities
needed for the jacketing of the PNSC beam with UHPFRC on three sides with a 30 mm width were the
main factors making Case 2 environmentally less attractive than Case 1 when evaluating the terrestrial
ecotoxicity impact.

Cement also has a large influence on the water consumption impact, with 0.565 m3 of water
required per 1 kg of cement (Table 4) for the mixing and grinding of limestone and aluminosilicate
materials such as clay for clinker production [18]. In this respect, it was observed early on that more
cement was used in Case 2 than in Case 1, making the former less environmentally attractive than the
latter regarding this specific impact.

3.2. The ReCiPe2016 Endpoint-Single-Score Results

Figure 7 shows that compared to Case 2, Case 1 led to lower environmental damage. This difference
held for all six methodological options; according to the six options evaluated simultaneously,
the difference between Cases 1 and 2 was found to be positive (p = 0.0003). This confirmed the
preferability of Case 1 as a less-damaging strengthening alternative, as revealed by the ReCiPe2016
midpoint results (Figure 6). In addition, the ReCiPe2016 endpoint-single-score results present evidence
that Case 1′s environmental preferability was found to be independent of the applied perspective with
regard to different views on the significance of the environmental problem.

4. Conclusions

In this study, we conducted environmental evaluations of the following two PNSC-beam-related
strengthening alternatives: (i) the strengthening of the PNSC beam on one side with an SFHSC layer
(Case 1), and (ii) the strengthening of the PNSC beam by jacketing on three sides with UHPFRC layers
(Case 2). Based on the results presented by Iskhakov et al. [4] and Al-Osta et al. [1], Cases 1 and
2 provided similar increases in the load-bearing capacity of the strengthened PNSC beams (about
85%). However, the environmental benefits of these two cases of PNSC-beam-related strengthening
alternatives were not the same. Specifically, the following results were obtained.
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Figure 7. The environmental damage from two PNSC-beam-related strengthening alternatives, Cases 1
(A) and 2 (B), evaluated using the ReCiPe2016 endpoint-single-score method.

According to the hierarchist (H) methodological option of the ReCiPe2016 midpoint results,
the replacement of Case 2 with Case 1 strongly decreased the global warming potential, terrestrial
ecotoxicity, water consumption, and fossil-resource-scarcity impacts, by about 73–80%. This is because
of the decreased cement quantity and low steel-fiber ratio used in the SFHSC strengthening layer
compared to in the UHPFRC strengthening layer. This evidence of the environmental preferability
of the Case 1 PNSC-beam-related strengthening alternative was also confirmed by the ReCiPe2016
endpoint-single-score results. We found that the environmental damage caused by production of Case
1 was significantly lower than that for Case 2. In addition, this result was found to be consentient
among three different interpretations (egalitarian, individualist, and hierarchist) of the significance of
the environmental problem.

We found a significant difference between the studied PNSC-beam-related strengthening
alternatives. As the construction industry uses many other configurations and widths for NSC-
and PNSC-beam-related strengthening alternatives, seeking to improve mechanical properties and
durability, the environmental performance of the applied alternatives should not be neglected.
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Appendix A

Energy Required for Pre-Stressing the Beams

External forces, acting on elastic body and yielding deformations, produce work at appropriate
displacements. As a result, the potential energy of deformations occurs in an elastic body. In the
case when a tensile force P acts on a rod made of homogeneous material (Figure A1), longitudinal
displacement ∆l occurs.
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According to Hooke’s law, normal stresses σ in the cross-section are directly proportional to the
strains, ε:

σ = Eε

where E is the material modulus elasticity.
The normal stresses are equal to the ratio of the acting force P to the rod’s cross-sectional area, A:

σ =
P
A

.

The strains are equal to the ratio of the displacement ∆l to the original rod’s length, l:

ε =
∆l
l

.

Thus, the rod’s displacement could be found as follows:

∆l =
Pl
EA

.

The work, required for rod extension by a force P, is equal to the area of the triangle 0AB (Figure A2)
under the displacement graph:

U =
1
2
·P·∆l.
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In our case, the data on the pre-stressed cables is presented in Table A1.
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Table A1. Data on pre-stressed cables.

Cable Length l, m Cable Diameter ∅, mm Pre-Stressing Stress σ,
MPa

Modulus of Elasticity,
E, MPa

3 12.5 1100 195,000

Therefore, the cable elongation is:

∆l = σ
l
E
= 1100·106

·
3

195000·106 = 0.017 m.

The acting pre-stressing force is:

P = σA = 1100·106
·π·

(
12.5·10−3

2

)2

= 134.99 kN.

Finally, the energy, required for pre-stressing the cables per one beam (for three cables) was equal
for each of the three investigated cases:

U =
1
2
·134.99·103

·0.017·3 = 3426.7 J.
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