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Abstract: Ultra-High-Performance Fibre-Reinforced Cementitious Composite (UHPFRC) has been
developed to design lightweight structures and enhance existing designs. As the environmental
footprint of the construction industry must be significantly reduced, the potential to lower environmental impacts of structures using UHPFRC needs to be explored. While the greenhouse gas
emissions of a volume of UHPFRC are higher than that of the same volume of concrete, UHPFRC
enables the reduction in the amount of material required in structural designs and improves the
durability of structures. The environmental impacts of structural designs must thus be compared on
the cradle-to-grave use cycle of the design at a project scale. In this study, a methodology is proposed
to evaluate the ecological burdens of several bridge designs involving various structural elements in
UHPFRC. The method proposes an analysis over three time horizons: first, the construction phase,
then including the scheduled maintenance, and finally, adding the elimination. A case study of a
short-span bridge in Switzerland is used to assess three alternatives of bridge designs: a conventional
reinforced-concrete structure, a composite timber–UHPFRC bridge, and a full-UHPFRC solution.
The results show that timber–UHPFRC structures can significantly reduce the environmental impacts
of bridge designs, showing promising results in terms of sustainable development. The use of the
methodology supports bridge owners in assessing the environmental impacts of structural designs.
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1. Introduction
Concrete is currently the most widely used building material in the construction sector.
Cement is the concrete component with the most significant environmental footprint and
accounted for 36% of the 7.7 gigatons of CO2 that the construction industry released in
2010 [1]. Since it represents 8% of global emissions [2], it is crucial to decrease the greenhouse gas emissions of new concrete constructions. The environmental impacts of cement
have been extensively reviewed [3]. Recent studies [4,5] showed that the environmental
impacts are significantly influenced by the cement types and concrete mixes.
Researchers have developed several solutions to reduce the environmental burdens
of concrete structures, such as using alternative binders [6] and substituting cement with
limestone and calcinated clay [7], among others. Then, reusing reclaimed concrete components in new structures is currently attracting much research interest. This practice extends
the use of construction components beyond their initial use in the first structure across new
service cycles [8,9]. The reuse strategy remains very uncommon in practice due mostly
to the low costs of material production and demolition habits [10,11]. Another approach
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is improving the structural efficiency and reducing the amount of material needed in
structural designs through 3D printing and high-performance materials [12].
Among these new high-performance materials, Ultra-High-Performance FibreReinforced Cementitious Composite (UHPFRC) has been used worldwide for 20 years [13].
UHPFRC is made of cement, additives, fine hard particles (with a maximum grain size of
1 mm), water, admixtures, and a large amount of short slender steel fibers [14].
The mechanical properties and structural performance of UHPFRC are summarized
in [15]. This material has a significant resistance, both in compression (up to 150 MPa)
and tension (up to 16 MPa) with Young’s modulus around 45 GPa and a tensile strainhardening domain of 1 to 2 ‰. Adding reinforcement bars (R-UHPFRC) significantly
improves the tensile strength, similar to RC structures [16]. Due to its tensile strainhardening behaviour, UHPFRC structures remain crack-free under service loads [17].
Its surface is thus waterproof under service stresses, providing robust protection again
environmental actions (water and chloride ion ingress) [18]. This has been validated by in
situ measurements of air permeability of UHPFRC reinforcement layers several years after
interventions in Switzerland [19] and France [20].
Due to the large amount of material required, the design of new civil infrastructure
such as bridges should account for the environmental impacts of design alternatives [21].
Life cycle assessment (LCA) is a well-known approach to quantify the environmental
burdens of a given product [22,23]. This assessment method has been extensively used to
compare potential bridge designs [24–27] and bridge rehabilitation interventions [28,29]. A
main difficulty in the LCA of civil infrastructure lies in integrating scheduled maintenance
that accounts for a significant part of the total environmental impacts [30]. Researchers
have to estimate these uncertainties in maintenance through probability uncertainties [31].
However, the innovation in maintenance solutions and future materials cannot be defined probabilistically.
The environmental impacts of UHPFRC are affected by the high cement and fibre
contents. Its durability benefits may not be justified by the initial environmental burdens [32]. The impacts of UHPFRC production have been extensively reviewed [33] but
without accounting for its influence on maintenance. Several studies have performed an
LCA for structural reinforcement with UHPFRC for concrete beams [34], link slabs [35],
and bridge rehabilitation [36–38]. In these studies, interventions made with UHPFRC
have significantly lowered detrimental environmental impacts compared to a traditional
deconstruction–reconstruction solution.
In addition to existing structure rehabilitations, UHPFRC is also involved in new bridge
designs [13], but the environmental impacts of UHPFRC design options are barely compared
to those of conventional reinforced concrete (RC) solutions. Stengel and Schiessl [33] have
investigated the environmental impacts of UHPFRC bridges with RC structures, but this
study does not account for maintenance and elimination processes.
Due to its low environmental impacts, timber is becoming more and more used for the
construction of new infrastructure [39–41]. However, the durability of unprotected timber
structures may have durability issues and requires specific design concepts and treatment
to have a long service duration [42,43]. The traditional solution to add a cover to the
bridge [44] is appropriate for footbridges but has limitations for road bridges. A composite
solution using timber and UHPFRC has not been investigated in terms of environmental
impacts despite the potential of timber protection made by a UHPFRC deck.
This paper proposes a methodology to assess the environmental impacts of bridge
designs involving UHPFRC components over three time horizons. Three bridge designs
involving exclusively, partially and no UHPFRC components are compared. By accounting
for the impacts of the construction, maintenance, and elimination processes, the methodology helps an accurate environmental impact assessment of bridge designs, leading to
better decision making.
The manuscript is organized as follows. Section 2 presents the methodology to
account for the environmental impacts of UHPFRC in structural design. In Section 3, a case
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Once bridge design alternatives are generated, the system boundaries and the functional unit must be defined for the LCA (Step 2). System boundaries explicitly define
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processes included in the comparison, here, the cradle-to-grave comparison of bridge
designs over a given service duration. Similar processes related to bridge elements involved in all design alternatives, such as bearing devices or railings, can be excluded
from the system as they have a neutral effect on the bridge design comparison in terms of
environmental impacts.
The functional unit quantifies the service provided by the studied system. In the case
of bridge design, a typical functional unit is the use of a bridge during a defined service
duration. This functional unit includes the construction of the bridge, its maintenance
during the service duration, and its elimination at the end of its use.
Then, as a third step, all exchanges between the product system and the environment
are quantified and listed in a life cycle impacts inventory. In Switzerland, Ecoinvent 3 is
a reliable database for impact estimations on material processes, freight transportation,
and waste treatments [45]. This database has been extensively used in LCA studies involving UHPFRC [37,38]. Based on this inventory, the comparative environmental impact
assessment is then conducted.
The comparison can be performed using one or several metrics. For bridge-design
comparison, methods include global warming potential (GWP) expressed in kg CO2
equivalent [46]; cumulative energy demand (CED) expressed in MJ [47]; global indicators
such as UBP for environmental scarcity [48]; and ReCIPe for a global LCA score [49], among
others. The choice of the appropriate metric(s) must be tailored for the bridge-alternative
case study based on discussions with decision makers.
Then, bridge design comparisons using selected methods must be performed on three
time horizons as they involve the following different levels of uncertainties:
1.
2.
3.

Bridge construction—low uncertainties;
Bridge construction and maintenance—medium uncertainties;
Bridge construction, maintenance, and elimination—high uncertainties.

The first time-horizon assessment includes an analysis of the environmental impacts
of the bridge designs until the end of construction. This phase involves the lowest level
of uncertainties as the temporal proximity between the LCA and the construction phase
significantly reduces the possible inaccuracies of LCA results compared to reality. The
second time-horizon assessment includes the impacts of the construction plus those of
the bridge maintenance over its service duration. This phase is closer to a cradle-tograve comparison but requires additional hypotheses on future maintenance schemes.
The third time-horizon assessment involves the bridge construction and maintenance as
well as the elimination processes. At this stage, a comprehensive cradle-to-grave LCA is
performed, but this analysis requires estimations of material disposal impacts that will
occur in several decades. These estimations may be non-trivial, especially for UHPFRC, as
limited experience exists for UHPFRC disposal in the literature [38].
The three-time-horizon comparison provides a comprehensive analysis of the environmental impacts of bridge designs to decision makers. Each comparison delivers
complementary information on the LCA of bridge designs involving various UHPFRC
elements. In order to select the alternative that minimizes the environmental impacts, the
results of the three time horizons must be taken into account.
As the LCA of bridge designs inevitably requires hypotheses, the fourth step involves
a sensitivity analysis on the most relevant parameters. Examples of typical sensitivity
analyses in UHPFRC bridge LCAs are provided below. The environmental impact of
UHPFRC highly depends on the fibre content and fibre origin [33]. Additionally, synthetic
fibres could replace steel ones without significantly affecting mechanical properties [50].
The sensitivity analysis should always include a comparison between the standard and
ecological mix of UHPFRC (eco-UHPFRC).
Another strong hypothesis is the service duration of the bridge. Although bridge
owners typically set a minimum service duration before the construction, it is common
that bridges are not replaced at the end of the theoretical use span [51]. As maintenance
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schemes usually involve recurring interventions, the environmental impacts of a bridge
design may be significantly influenced by the bridge service duration.
3. Results
3.1. Case Study Presentation—Rigi Bridge
In this section, the main characteristics of the site are presented. The new structure
connects the banks of a small river in central Switzerland. The old RC bridge was in bad
Sustainability 2021, 13, x FOR PEER REVIEW
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condition and a repair was no longer reasonable from a technical point of view. The new
structure has a single span of about 10 m for a width of 3.5 m (Figure 2).
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while the elimination impact is equal to zero as it is assumed that all the steel will be
recycled at the time of the bridge’s disposal.
As UHPFRC is not included in these databases, UHPFRC’s environmental impact
information has been collected in the literature [37,38] as these applications have been made
with a similar UHPFRC mix that is considered in this study. The transportation distances
have been estimated based on discussions with engineers and the literature [37,38].
Two environmental impact indicators have been selected to compare bridge designs:
global warming potential (GWP), expressed in kilograms of CO2 equivalent [46], and the
ecological scarcity (UBP scores) [48]. These indicators have been chosen as they provide
complementary information on decisive environmental degradation factors, i.e., greenhouse gas emissions and natural resource scarcity.
3.2. Structural Designs
3.2.1. Concrete Bridge
The first bridge design is a conventional RC structure. This structure involves a caston-site slab (Figure 3). The required concrete volume is 25 m3 , and reinforcement involves
120 kg/m3 , representing 2670 kg of steel. A conventional waterproof layer (5-mm thick)
and an asphalt pavement layer (80-mm thick) are included in the LCA as this pavement is
Sustainability 2021, 13, x FOR PEER REVIEW
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required for RC structures. A conventional C30/37 is considered, and its environmental
impacts are taken from the KBOB database. The mix’s design and the main characteristics
of this mix are presented in Table 1.
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1. Material
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Material Components
CEM I 42.5 R
Water
Sand
Gravel
Superplasticizer

Distance [km]
Material
50
Components
CEM I 42.5 RWater 20
Sand 20
Gravel 30
Superplasticizer

Mix Design [kg/m
Distance
Mix ]Design
350
[km]
[kg/m3 ]
3

50
20
20
30

180
650
1200
5

350
180
650
1200
5

Total
[kg]
Total
7791
[kg]
14,469
7791
4007
14,469
4007
26,712
26,712
111
111

3.2.2. Composite Timber–UHPFRC Bridge
In this section, the timber–UHPFRC composite bridge is presented. In this structure,
the four main girders (depth of 530 mm; width of 260 mm) are made of glued laminated
timber (GL28c) from Swiss wood (Figure 4). The UHPFRC slab has a thickness between
85 and 140 mm. The shear connection between the timber and the UHPFRC is made
through reinforcement bars. The UHPFRC deck is also reinforced transversally using 24
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One constraint of this alternative is that a temporary bridge must be built during
the construction of the new structure. This temporary construction requires bringing and
removing 300 m3 of gravel to the construction site. The environmental impacts of the
temporary bridge are linked to the transportation of the gravel (distance of the closest
material supplier is about 20 km) and the temporary bridge of 20 tons (distance of 50 km),
as well as backfilling activities. The degradation of this temporary bridge has not been
accounted for in this LCA.
3.2.2. Composite Timber–UHPFRC Bridge
In this section, the timber–UHPFRC composite bridge is presented. In this structure,
8 of 21
main girders (depth of 530 mm; width of 260 mm) are made of glued laminated
timber (GL28c) from Swiss wood (Figure 4). The UHPFRC slab has a thickness between
85 and 140 mm. The shear connection between the timber and the UHPFRC is made
through
reinforcement
bars. The
UHPFRC
also reinforced
transversally
using
such situations,
the UHPFRC
deck
requires deck
only aissmall
asphalt pavement
(40-mm
thick)
24without
rebars with
diameters
of
14
mm.
This
deck
is
cast
directly
on
wooden
panels
and
a waterproof membrane thanks to the UHPFRC’s properties.
also serves
as a protective
for structural
the timberdesign
elements,
avoiding
the requirement
of aas
This alternative
is thelayer
as-built
(Figure
5) in order
to have an LCA
waterproofing
layer.
No
maintenance
is
thus
expected
on
the
timber
girders
over
the
representative as possible. The UHPFRC deck thickness could have been optimized
bebridge’s use span as the timber will remain dry thanks to the UHPFRC deck [44]. The
tween the timber girders, but this optimization has not been considered in this study.
UHPFRC top surface is grooved to enable vehicles to pass directly on the deck, avoiding
the necessity of asphalt pavement.
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Table 2. Material mix for the UHPFRC—UHPFRC-timber bridge.
180 to support the timber girders, and connectors between the steel elements, concrete,
Material Componentsand timber.Distance [km]
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composite
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presented
in Table 2.
Timber
75
3000
These
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include
timber,
steel,
concrete,
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well
as
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UHPFRC
mix.
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Rebars and connectors
100
1410 transConcrete
50
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CEM III/N 32.5 N
50
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Silica fume (I)
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391
Fine quartz sand (I)
20
643
2616
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portation distances have been estimated based on bridge-site location and discussion with
involved engineers.
Table 2. Material mix for the UHPFRC—UHPFRC-timber bridge.
Material Components

Distance [km]

Mix Design [kg/m3 ]

Total [kg]

Timber
Rebars and connectors
Concrete

75
100
50

-

3000
1410
6000

1277
96
643
173
42
298

5195
391
2616
704
171
1212

UHPFRC
CEM III/N 32.5 N
Silica fume (I)
Fine quartz sand (I)
Water
Superplasticizer
Steel fibres

50
20
50
21,000

This design does not involve asphalt pavement as mostly industrial vehicles are
expected on this case study. In most bridge cases, a small pavement may be required. In
such situations, the UHPFRC deck requires only a small asphalt pavement (40-mm thick)
without a waterproof membrane thanks to the UHPFRC’s properties.
This alternative is the as-built structural design (Figure 5) in order to have an9 LCA
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as representative as possible. The UHPFRC deck thickness could have been optimized
between the timber girders, but this optimization has not been considered in this study.
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Figure 5. Rigi Bridge and its construction: (a,b) bridge photographs; (c) installation of timber girders;
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Casting
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3.2.3. UHPFRC Bridge
3.2.3. UHPFRC Bridge
The third bridge is made only of reinforced UHPFRC. It involves four main I-shape
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I-shape
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with is
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(FigureUHPFRC.
6). The girder
has a four
height
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mm
precast
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withofa 15.2).
cast-on-site
deck is
(Figure
6). influenced
The girder by
hasthe
a first
height
of bridge
660 mm
(span/height
This design
strongly
road
in
(span/height
ratio of 15.2).designed
This design
is strongly
influenced
the first
UHPFRC in Switzerland
by the
4th author
and built by
in 2020
[53].road bridge in
UHPFRC in Switzerland designed by the 4th author and built in 2020 [53].
With a total substructure weight of 14 tons, this design is approximately four times
lighter than the conventional RC structure (63 tons) and has a similar weight to the timber–UHPFRC solution (14.1). The required amount of UHPFRC is approximately 5 m3,
only 20% higher than required by the composite structures as the deck has been optimized
in this alternative. This design is thus efficient in terms of material required, taking ad-
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Material
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Concrete
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means that 2420 kg of steel reinforcement are required. Additionally, the substructure
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included in this alternative.
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2612
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Pavement
7123
50
In
this
section,
the
main
structural
components
are
summarized
for
each structural
Waterproofing membrane
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Gravel (temporary bridge)
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Table 3. Material quantity required in bridge designs.
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The functional unit is the construction, the use over its service duration, and its

3.4.
Life Cycle
Inventory
disposal
of a bridge.
TheAssessment
LCA is performed according to this functional unit. The environmental
impact evaluations
3.4.1.
Construction
Processfollow the three time-horizon assessments (Figure 1).

section,
environmental
impacts of the bridge-construction phase (first time
3.4. In
Lifethis
Cycle
Inventory
Assessment
horizon,
Figure 1) Process
are evaluated. Tables 4 and 5 present the global warming potential
3.4.1. Construction
(GWP)Inand
scarcity (UBP),
respectively,
for the construction
of
this ecological
section, environmental
impacts
of the bridge-construction
phaseand
(firsttransport
time
materials
each1)design
alternative.
Most
of the
environmental
are
related to the
horizon, for
Figure
are evaluated.
Tables
4 and
5 present
the globalimpacts
warming
potential
(GWP) andofecological
scarcity
(UBP),while
respectively,
for the
construction
and transport
of
fabrication
structural
elements,
GWP and
UBP
of transportation
are relatively
materials
for
each
design
alternative.
Most
of
the
environmental
impacts
are
related
to
low due to the small distance between the construction factory of prefabricated elements
the
fabrication
of
structural
elements,
while
GWP
and
UBP
of
transportation
are
relatively
and the bridge location, and light designs of composite and UHPFRC structures. The only
low due to the small distance between the construction
factory of prefabricated elements
exception
is for the transport of the 300 m3 of gravel required
for the temporary road durand the bridge location, and light designs of composite and UHPFRC structures. The
ing the construction of the concrete bridge. In all structures, most of the GWP is related to
concrete and UHPFRC, while the UBP scores are significantly influenced by the steel reinforcements and UHPFRC. These results show that optimizing structural designs can
substantially reduce the environmental footprint of construction as engineers can reduce
the dimensions (thickness) of structural elements with efficient calculations.

Sustainability 2021, 13, 12399

11 of 19

only exception is for the transport of the 300 m3 of gravel required for the temporary road
during the construction of the concrete bridge. In all structures, most of the GWP is related
to concrete and UHPFRC, while the UBP scores are significantly influenced by the steel
reinforcements and UHPFRC. These results show that optimizing structural designs can
substantially reduce the environmental footprint of construction as engineers can reduce
the dimensions (thickness) of structural elements with efficient calculations.
Table 4. Environmental impacts of bridge construction—Global warming potential.
Material

Fabrication
GWP [kg CO2eq ]

Transport
GWP [kg CO2eq ]

Total Construction
GWP [kg CO2eq ]

Concrete
Rebars
Temporary bridge
Asphalt
Waterproofing membrane

4755
1822
247
479
180

582
58
2200
78
4

5337
1880
2447
556
184

Total

7235

3170

10,404

Concrete bridge

UHPFRC bridge
UHPFRC
Steel
Concrete

8340
1650
534

272
53
65

8612
1703
599

Total

10,524

390

10,914

Composite bridge
UHPFRC
Steel
Timber
Concrete

7073
960
945
534

231
31
25
65

7304
992
970
599

Total

9514

352

9866

Table 5. Environmental impacts of bridge construction—environmental scarcity (UBP score).
Material

Fabrication
UBP × 106 [-]

Transport
UBP × 106 [-]

Total Construction
UBP × 106 [-]

Concrete bridge
Concrete
Rebars
Temporary bridge
Asphalt
Waterproofing membrane

3.60
7.16
0.29
0.62
0.29

0.82
0.08
3.06
0.11
0.06

4.41
7.24
3.35
0.73
0.30

Total

11.7

4.36

16.0

UHPFRC bridge
UHPFRC
Rebars
Concrete

7.96
6.48
0.40

0.38
0.07
0.09

8.34
6.56
0.49

Total

14.9

0.54

15.4

Composite bridge
UHPFRC
Rebars and connectors
Timber
Concrete

6.76
3.78
2.86
0.40

0.32
0.04
0.03
0.09

7.08
3.82
2.89
0.049

Total

13.8

0.49

14.3
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When comparing the GWP of bridge construction (Figure 8a), the bridge designs13
have
of 21
similar environmental impacts, between 9900 and 10,900 kg CO2 eq. The full-UHPFRC solution has the largest environmental impacts, while the timber–UHPFRC composite structure
has the lowest impacts. However, UBP scores (Figure 8b) show that the concrete bridge
2.86environmental impacts than
0.03 the composite and UHPFRC
2.89 alternatives.
has slightly higher
0.40
0.09
0.049
The differences between the two environmental impact metrics lie in the environmental
assessment of steel
material has much larger impacts
13.8(Tables 4 and 5), as this 0.49
14.3 in terms of
ecological scarcity than greenhouse gas emissions.
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these
show that composite structures involving timber and UH3.4.2.Altogether,
Maintenance
andmetrics
Deconstruction
PFRC can slightly lower the environmental impacts of the bridge when compared to
In this section, the environmental impacts of the maintenance and elimination proconventional RC designs and full-UHPFRC solutions. This structure presents the benefits
cesses are included in the LCA (second and third time horizon, Figure 1). The maintenance
of timber for main girders, with a slender UHPFRC deck design.
and elimination of elements involved in the bridge are estimated for a use span of 80 years
(requirement
of theand
bridge
owners) (Table 6). Element service durations are directly linked
3.4.2.
Maintenance
Deconstruction
to the structural design. For example, the timber of the composite bridge has a significant
In this section, the environmental impacts of the maintenance and elimination proservice duration as it is expected to remain dry during the service duration since the UHPcesses are included in the LCA (second and third time horizon, Figure 1). The maintenance
FRC layer provides protection. Conversely, the concrete in the concrete bridge will be exand elimination of elements involved in the bridge are estimated for a use span of 80 years
posed to environmental ingress and is expected to deteriorate more rapidly. The mainte(requirement of the bridge owners) (Table 6). Element service durations are directly linked
nance of equipment components, such as joints and railings, are not included as they have
to the structural design. For example, the timber of the composite bridge has a significant
a neutral effect on the LCA comparison of bridge designs.
service duration as it is expected to remain dry during the service duration since the
For the
concrete
bridge,
replacing
the asphalt
and
waterproof
membrane
UHPFRC
layer
provides
protection.
Conversely,
thepavement
concrete in
the
concrete bridge
will
is
assumed
every
20
years.
Their
replacement
is
assumed
with
the
same
materials
as
the
be exposed to environmental ingress and is expected to deteriorate more rapidly. The
ones used during
the construction.
A replacement
of the
concrete
that
particularly
maintenance
of equipment
components,
such as joints
and
railings,
areisnot
included exas
posed
to
environmental
conditions
is
assumed
after
40
years.
This
maintenance
is estithey have a neutral effect on the LCA comparison of bridge designs.
mated
correspond
to 20%replacing
of concrete
environmental
impacts.
Fortothe
concrete bridge,
theconstruction
asphalt pavement
and waterproof
membrane is
The
UHPFRC
and
timber–UHPFRC
bridge
require
almost
no
maintenance
on ones
their
assumed every 20 years. Their replacement is assumed with the same materials as the
superstructure
due
to
UHPFRC’s
properties
[18].
Additionally,
dry
timber
does
not
reused during the construction. A replacement of the concrete that is particularly exposed
quire
any significant
maintenance
[44]. Therefore,
no significant
maintenance
is expected
to
environmental
conditions
is assumed
after 40 years.
This maintenance
is estimated
to
on
both
structures
of
the
UHPFRC
and
the
composite
bridges.
correspond to 20% of concrete construction environmental impacts.
The UHPFRC
elimination
process’s
environmental
impacts
are
takenno
from
the KBOB database
The
and
timber–UHPFRC
bridge
require
almost
maintenance
on their
for
all
elements,
except
UHPFRC.
For
UHPFRC,
no
data
exist
for
the
elimination
superstructure due to UHPFRC’s properties [18]. Additionally, dry timber does notprocess’s
require
GWP
and UBPmaintenance
as this material
only been
recently
and only a few
UHPFRC
any
significant
[44].has
Therefore,
noused
significant
maintenance
is expected
onstrucboth
tures haveofbeen
disposed of.
it composite
is a cementitious
material, similar disposal solutions to
structures
the UHPFRC
andAs
the
bridges.
the concrete are assumed. As UHPFRC has a higher compressive strength than concrete,
more energy is required for disposal [38]. Following this study, it is assumed that the
UHPFRC elimination’s GWP is twice as large as the concrete’s value, while the UBP scores
are equivalent between UHPFRC and concrete.
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Table 6. Global warning potential and environmental scarcity of maintenance and elimination processes for each bridge
design.
Material

Element Service
Duration

Maintenance
GWP [kg CO2eq ]

Maintenance
UBP × 106 [-]

Elimination
GWP [kg CO2eq ]

Elimination
UBP × 106 [-]

Concrete bridge
Concrete
Rebars
Asphalt
Waterproofing
membrane

40
80+
20

589
0
1799

0.59
0
2.34

556
0
43.4

1.33
0
0.02

20

2008

1.62

483.6

0.23

4391

4.55

1083

1.73

0
0
0

0
0
0

259
0
62

0.67
0
0.16

0

0

322

0.84

0
0
0
0

0
0
0
0

220
0
363
62

0.57
0
0.26
0.16

0

0

645

Total

UHPFRC bridge
UHPFRC
Steel
Concrete

80+
80+
80+

Total

Composite bridge
UHPFRC
Steel
Timber
Concrete
Total

80+
80+
80+
80+

The elimination process’s environmental impacts are taken from the KBOB database
for all elements, except UHPFRC. For UHPFRC, no data exist for the elimination process’s
GWP and UBP as this material has only been used recently and only a few UHPFRC
structures have been disposed of. As it is a cementitious material, similar disposal solutions
to the concrete are assumed. As UHPFRC has a higher compressive strength than concrete,
more energy is required for disposal [38]. Following this study, it is assumed that the
UHPFRC elimination’s GWP is twice as large as the concrete’s value, while the UBP scores
are equivalent between UHPFRC and concrete.
Figure 9 presents the comparison of the bridge designs’ environmental impacts over
the total use span (Step 3, Figure 1). When adding maintenance and elimination processes
to construction, the conventional concrete structure has a larger environmental footprint
than the composite and UHPFRC bridges for both the GWP and UBP metrics. For the
concrete bridge, the maintenance represents approximately 30% of the total GWP and 20%
of the total UBP score, while maintenance processes have no impact for both metrics on
the two other bridges. This result shows that maintenance must be considered in the LCA
of bridge designs as this process represents a significant part of the total environmental
impacts over the bridge service duration, especially for conventional RC designs.
When the bridge deck is made of UHPFRC, the global warning potential and ecological
scarcity of maintenance processes are significantly reduced as the pavement is not required
and because the maintenance of the deck is avoided due to the durability properties
of UHPFRC.
The composite timber–UHPFRC structure has the lowest environmental impacts in
terms of the GWP. This structure reduces the global warming potential of the bridge by
34% and 6% compared to the conventional and full-UHPFRC structures, respectively.
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the maintenance scheme in the analysis, an important assumption of
this LCA
is
the
bridge
service
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Bridge owners
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use
span, but
When including the
maintenance
in the analysis,
important
assumption
this
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barely
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of this LCA is the bridge service duration. Bridge owners require a minimum use span,
Thelimit
environmental
impactsinofpractice.
bridge design are therefore assessed with respect
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service
duration in
Figureof10,
as maintenance
is typically
performed
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impacts
bridge
design are therefore
assessed
with regularly.
respect to
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the
concrete
bridge,
it
is
assumed
that
the
asphalt
pavement
and
waterproof
layer
the service duration in Figure 10, as maintenance is typically performed regularly. For
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Since the first maintenance, the environmental impact of the concrete bridge is more
significant than the UHPFRC solution. The conventional bridge design thus has a larger
environmental impact than the solutions involving UHPFRC and is not recommended. If
at least one maintenance was expected on the concrete bridge, the environmental impact
of this alternative would be the largest. These results confirm that the composite bridge
has smaller environmental impacts even if the service duration of the structure is small or
the maintenance on the other alternatives is reduced.
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impactsof
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designs.

the first maintenance,
the environmental
impact of the concrete bridge is more
3.5.2.Since
Environmentally
Friendly UHPFRC
Mix
significant than the UHPFRC solution. The conventional bridge design thus has a larger
An environmentally friendly mix of UHPFRC has been recently developed where
environmental impact than the solutions involving UHPFRC and is not recommended. If
two improvements are made to the standard mix [50]. First, steel fibres are replaced by
at least one maintenance was expected on the concrete bridge, the environmental impact of
ultra-high molecular weight polyethylene (UHMW-PE) fibres. Second, 50% of clinker is
this alternative would be the largest. These results confirm that the composite bridge has
replaced with limestone fillers.
As this ECO-UHPFRC provides similar mechanical properties to the standard mix,
similar bridge designs are obtained. Additionally, the maintenance and elimination processes of UHPFRC are not affected as the durability properties of ECO-UHPFRC are
equivalent to the conventional mix.
The influence of ECO-UHPFRC in terms of global warming potential is presented in
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smaller environmental impacts even if the service duration of the structure is small or the
maintenance on the other alternatives is reduced.
3.5.2. Environmentally Friendly UHPFRC Mix
An environmentally friendly mix of UHPFRC has been recently developed where
two improvements are made to the standard mix [50]. First, steel fibres are replaced by
ultra-high molecular weight polyethylene (UHMW-PE) fibres. Second, 50% of clinker is
replaced with limestone fillers.
As this ECO-UHPFRC provides similar mechanical properties to the standard mix,
similar bridge designs are obtained. Additionally, the maintenance and elimination processes of UHPFRC are not affected as the durability properties of ECO-UHPFRC are
equivalent to the conventional mix.
The influence of ECO-UHPFRC in terms of global warming potential is presented
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Figure 11. Environmental impacts of the construction of the composite timber–UHPFRC and
full-UHPFRC structures are compared using standard (S) and ECO-UHPFRC (ECO) mixes.
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These
results
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compared
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to thestudy
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As
the
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mix has
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on structural-design
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terms of global warming potential
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[52].
this material
choice
should
thus
be
discussed
with
decision-makers
to
reduce
the environAs this database has been built for construction in Switzerland, this assumption
is
mental
footprint
of
new
infrastructure.
made mostly for buildings. However, covered timber bridges have shown very long durability properties [44]. For the composite structure, the timber is effectively protected by
3.5.3. CO2 Stored in the Timber
the UHPFRC deck and will likely remain dry. At the end of the service duration of the
In the
database
[52],
the timber
assumed
to come
from a sustainable
bridge,
it isKBOB
possible
that the
timber
girdersiswill
be in good
condition
and will notharvest
be diswhere
carbon
pool
is kept
Additionally,
assumed
that the
is half
posed the
of but
instead
reused
inconstant.
another structure,
evenitifisthis
hypothesis
has timber
not been
conrecycled and half disposed of. Consequently, an assumption is made in this data that half
sidered in the results of this study. This practice has been documented for the covered
of the timber has a neutral CO2 emission, and for this half, the construction GWP is only
timber bridge of Eglisau [54].
linked to the girder fabrication activities such as the glued-lamination process. For this
In the timber–UHPFRC composite bridge, the assumption to include the CO2 stored
reason, CLT timber has much higher environmental impacts than mass timber both in
in the timber in the LCA could be justified if it is expected that timber girders will be
terms of global warming potential and ecological scarcity [52].
reused. In such cases, the positive environmental impacts of timber could be considered
As this database has been built for construction in Switzerland, this assumption is
in the LCA either partially or completely.
made mostly for buildings. However, covered timber bridges have shown very long
The amount of CO2 stored in wood depends on several factors, such as the tree type
and its age. In this study, a rough estimation is that an equivalent of 1 ton of CO2 is stored
in 1 ton of timber in Swiss construction [55,56].
When including the positive environmental impacts of lumber in the LCA of the timber–UHPFRC bridge, 63% of CO2eq emissions of the composite bridge construction are
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durability properties [44]. For the composite structure, the timber is effectively protected
by the UHPFRC deck and will likely remain dry. At the end of the service duration of
the bridge, it is possible that the timber girders will be in good condition and will not be
disposed of but instead reused in another structure, even if this hypothesis has not been
considered in the results of this study. This practice has been documented for the covered
timber bridge of Eglisau [54].
In the timber–UHPFRC composite bridge, the assumption to include the CO2 stored in
the timber in the LCA could be justified if it is expected that timber girders will be reused.
In such cases, the positive environmental impacts of timber could be considered in the LCA
either partially or completely.
The amount of CO2 stored in wood depends on several factors, such as the tree type
and its age. In this study, a rough estimation is that an equivalent of 1 ton of CO2 is stored
in 1 ton of timber in Swiss construction [55,56].
When including the positive environmental impacts of lumber in the LCA of the
timber–UHPFRC bridge, 63% of CO2eq emissions of the composite bridge construction are
compensated if the ECO-UHPFRC is used. As it is the only bridge alternative involving
timber in this study, this sensitivity analysis provides another argument to recommend this
bridge design based on the LCA.
4. Discussion
This study provides a life cycle analysis of several bridge designs. Three design
alternatives that involve conventional and UHPFRC designs are compared. Over the entire
service duration of the bridge, the composite timber–UHPFRC structure has the lowest
environmental impacts in terms of global warming potential and ecological scarcity.
This study shows that significant differences are obtained between bridge designs in
terms of environmental impacts. This criterion should be considered in the selection of
appropriate bridge designs in addition to traditional design criteria such as construction
costs, structural efficiency, and duration of the construction work.
The environmental impacts of additional kilometres of users due to traffic deviation of
bridge construction have not been taken into account in this study for the following reasons.
The bridge used for the case study is located on a secondary road with little traffic. The
second and third alternatives involve mostly prefabricated elements, while a temporary
road is included in the environmental impacts of the first bridge. These specificities are
expected to lead to a small environmental footprint of the traffic deviation compared to
construction impacts.
In this study, three bridge designs have been considered. In practice, the composite
timber–UHPFRC structure is the design that has been chosen by engineers and bridge
owners, also because the construction cost was lowest, while the concrete structure was
the only other proposed alternative. Other bridge designs, such as steel–concrete and
timber–concrete composites, have not been included in this study. These alternatives were
discarded by bridge owners at an early stage, mainly due to their construction time. A
full-timber structure would not be possible for the required bridge service duration of 80
years due to the durability issues of exposed wood. The third bridge design (full-UHPFRC
structure) has been designed for this study and was not considered by engineers before
construction, as this type of structure has only been built once in Switzerland.
Several parameters of the designs have been made based on engineering judgment.
Since these decisions influence the required quantities of materials, environmental impacts could differ. For instance, glue-laminated timber has been selected over solid timber
for static reasons in the composite bridge. As solid timber has smaller environmental impacts [52], choosing this type of timber would have slightly reduced the total environmental
impacts of this alternative (Figure 8).
Future work consists of the optimization of the UHPFRC bridge design based on
environmental impacts. This optimization algorithm will thus be able to provide an
optimal UHPFRC bridge design given structural, design, and code constraints.
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5. Conclusions
This paper presents an environmental impact comparison of bridge designs involving
UHPFRC over three time horizons. The life cycle analysis is performed using two metrics:
the potential global warming and ecological scarcity. Three bridge designs involving a
conventional reinforced concrete, a composite timber–UHPFRC, and a full-UHPFRC bridge
structure are compared. The following conclusions are made:

•

•
•

Environmental impacts of bridges should include three time horizon assessments: first
considering only the construction phase, then including the scheduled maintenance,
and finally adding the elimination.
Maintenance represents a large part of the impacts of conventional structures. The use
of UHPFRC for bridge decks significantly reduces the impacts of maintenance.
The composite timber–UHPFRC bridge has slightly lower impacts than the fullUHPFRC bridge. Both appreciably reduce environmental impacts when compared
to conventional reinforced concrete structures, showing that using UHPFRC in roadbridge design can lead to less environmentally detrimental bridge construction.
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