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ABSTRACT

The costs to maintain Québec’s infrastructure—most of which was built in the 1960s and 1970s—are
considerable, and major maintenance and reconstruction will be required in the coming years. In recent
years, aluminum associations promote the increase of aluminum use in infrastructure and especially in
bridge construction. This research aims to investigate the advantages of using aluminum deck bridges,
which require less maintenance than traditional materials due to the natural resistance to atmospheric
corrosion of aluminum, despite their higher investment costs that may limit their deployment. More
specifically, the study compares for the first time the life cycle costs and environmental impacts of an
aluminum-steel composite deck with a more traditional concrete-steel composite deck and provides a
parametrized model allowing practitioners and designers to perform screening life cycle assessment and
cost of short span bridge based on our data and results. Results show that the initial cost of aluminum deck
is double that of concrete deck, but the overall cost is actually four times lower over the entire life cycle.
The environmental results demonstrate the benefits of aluminum deck. Our main recommendation for future
decision making in road infrastructure management is therefore to systematically expand the scope of the
analysis integrating a full life cycle thinking also including the effects from traffic diversion.

KEY WORDS

Life-cycle cost analysis, life cycle assessment, bridge deck, aluminum-steel composite bridges, steel-
concrete composite bridges.
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1 INTRODUCTION

A large share of Québec’s infrastructure system was built in the 1960s and 1970. After half a century, the
costs to maintain and repair it are increasing considerably. For instance, the road network in Québec,
Canada includes over 9 600 structures and bridges at least 4.5 m long, and 67% of these bridges were built
between the 1960s and the 1980s (Ministere des Transports du Québec, 2018). Major repairs are usually
required 30 years after construction meaning that the actual need for maintenance work is therefore
significant (Ministere des Transports du Québec, 2018). In this context, from a long-term perspective, it
becomes of critical importance to compare the potential benefits of adopting more sustainable materials for
the next generation of infrastructure.

In recent years, aluminum associations promote the increase of aluminum use in infrastructure and
especially in bridge construction (IAI, 2018; European Aluminium, 2019; AAC, 2020; The Aluminum
Association, 2020). Aluminum has potentially several properties that make it desirable for bridge
applications, such as high resistance to weight ratio, good resilience to low temperatures (Viami
International Inc. and The Technology Strategies Group, 2013) and durability due to its natural resistance
to atmospheric corrosion (Vargel, 2002). Current research and design have made aluminum decking an
alternative to the usual reinforced concrete slab, which has been used for decades to build and restore dozens
of bridges in Europe and North America (Siwowski, 2006). Aluminum’s advantageous properties suggest
that aluminum decking would require less maintenance as compared to traditional designs, and lightweight
aluminum deck is easier to transport and install but the initial cost of aluminum decking limits its
deployment. According to estimates by Burgelin (2017a), the initial cost of aluminum decking is 2.6 times
greater than an equivalent concrete decking.

In order to evaluate the relevancy of aluminium as a construction material in bridge, a life cycle thinking is
needed to avoid any potential shifting of the environmental burden to other life cycle phases or impact
categories (Mermer, 2012). In a bridge management perspective, accounting for the full life cycle is highly
relevant because some design options, despite higher initial costs and greater material-related
environmental impacts on a per mass basis, result in lower life cycle costs and reduced environmental
impacts when evaluated over their entire life cycle (Kendall, Keoleian and Helfand, 2008; Kripka, Yepes
and Milani, 2019). Life cycle cost analysis (LCC) and life cycle assessment (LCA) are both tools based on
life cycle thinking and could help the evaluation the performance of aluminium in bridge construction.

Previous LCA on bridges have shown that environmental life cycle profile sometimes shows different
conclusions across impact categories, substantiating the importance of including as many environmental
impact categories to avoid problem shifting (Hammervold, Reenaas and Brattebg, 2013). For this reason,
global warming alone cannot necessarily comprehensively represent the environmental profile of a bridge
(Laurent, Olsen and Hauschild, 2012) and the choice of the impact indicators is critical in representing the
environmental performance of a bridge (Du, Pettersson and Karoumi, 2018). Studies combining LCC and
LCA have shown that best economic option may be different from the optimal environmental choice
(Gervasio and da Silva, 2008; Pang et al., 2015; Kripka, Yepes and Milani, 2019). Concerning the social
pillar of the sustainability, it seems to have a high interrelation between the environmental and social impact
indicators for each life cycle stage of a bridge (Penadés-Pla er al., 2020).

Generally, a product system that has a longer life span and requires less maintenance tends to have a lower
life cycle cost and low environmental impacts (Itoh and Kitagawa, 2003; Mara et al., 2011). However, it is
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impossible to make a general statement about which material provides the best option for bridge design.
Materials that provide the best environmental solution in one project do not necessarily perform better in
another context because every construction project is different (Daniel, 2003). Thus, life cycle analyses
must always be contextualized.

To the best of our knowledge, there has not been studies evaluating both the cost and environmental impact
of aluminum decking for road transport from a life cycle perspective. The goal of this project aims to fill
this gap by comparing two different short-span bridge designs adapted for a rural region in Canada: a
composite aluminum deck on steel beams (AD) and a concrete deck on steel beams (CD) using LCA and
LCC. The comparison between an innovative aluminum deck with a more traditional composite steel-
concrete bridge is suitable because it is the most common type of short span bridge deck in Québec. In
recent years, MTQ has promoted composite steel-concrete design for replacement of concrete bridge.

A life cycle cost and environmental profile of the two bridge designs were first performed to identify
hotspots and key parameters of each system. Environmental and cost results were then aggregated through
the monetarization of environmental externalities. The effects of aluminum sourcing and traffic deviation
and volume were also analyzed through a sensitivity analysis.

2 MATERIALS AND METHODS

2.1 GENERAL FRAMEWORK AND SCOPE OF STUDY

Two general frameworks were used in the study: the ISO 15686-5 standard (2017) for the LCC, and the
ISO 14040 standard (2006) for the LCA. A common scope (function, functional unit and system
boundaries) was developed to ensure consistent integration between the LCC and LCA, despite a few
methodological differences between the two approaches.

The function of the product system is to ensure the continuity of road transport between two roads over an
obstacle. This leads to the following functional unit: ensure normal traffic on two lanes over an obstacle
over a distance of 20 metres for 75 years. A service life of 75 years has been chosen because it corresponds
to minimum lifespan of a bridge prescribed by the Canadian Highway Bridge Design Code (SCC, 2014).

The product system fulfilling the functional unit includes unit processes and their respective elementary
and product flows throughout the entire life cycle (ISO, 2006). The abutments of the bridge are excluded
from the product system because they are considered identical between both systems. We subdivided the
product system into three different scopes of analysis as shown in Figure 1. The first scope encompasses
the initial construction. The second scope includes the first and additionally includes all maintenance and
end of life-related processes. The third scope expands on the second one by including the effects of the
traffic diversion caused by the maintenance work. The aim of separating the product system into three
different boundaries is to develop a better understanding of the life cycle impacts and identify potential
trade-offs.



Scope 1
[ simcnre_}
\ [ Transport }
| Deck I
f/ /
/ ~ workee V'
Safety barriers | [ Construction works }

e
/

]

'

'

L}

\ '
.. ‘\n N\ '
\ '
\{ Materials ] *,{ Initial construction }:
-/ S/ y
|
J

'

'

'

Figure 1: Representation of product system with three different boundaries

Regarding traffic diversion, parameters referred to a specific context were used: a bridge located in the
municipality Lac-Brome, Québec, Canada with an annual average daily traffic flow (AADT) of
2 500 vehicles, of which 7% are trucks with an average load of 9.5 t. The length of the traffic diversion is
25 km, with vehicles travelling at an average speed of 50 km/h. An annual 1% increase in AADT was
assumed.

We also assumed that metals, steel and aluminum are recycled at the end of the bridge’s life, while other
construction materials are sent directly to landfill. The multifunctionality problem of recycling materials in
LCA is addressed by system expansion using the end-of-life recycling approach.

For the LCC, the end of life stage was excluded from the system boundaries because they are similar for
the two bridges decks and because they contribute less than 1% of the total life cycle cost (Eamon et al.,
2012; Pang et al., 2015).

2.2 BRIDGE DECK DESIGN

The superstructures were designed according to the standards of the Canadian Highway Bridge Design
Code CSA S6-14 (SCC, 2014) using the simplified method of analysis for longitudinal stresses. We
designed a mixed steel/concrete deck using studs welded to the steel flange to connect the two materials (a
single neutral axis) while the geometry of the aluminum decking was provided by a related research project
(Djedid et al., 2019).

The design phase was carried out to determine the quantities of materials used for each of the bridges in the
study. The design of the girders for the aluminum deck bridges met the standard's values of truck load
fractions. In fact, under the standard, the values of the truck load fractions for an aluminum deck are the
same as those used for a wooden deck, despite evidence that an aluminum deck offers better transverse
stiffness than a wooden one. The cautious approach taken by the standard is likely a result of the lack of
solid evidence on aluminum at the time the project was carried out. Since then, research has shown that the



values to be used are similar to, or even lower than, those calculated for a concrete slab bridge (Burgelin,
2017b; St-Gelais, 2018). From these revised values, we obtained similar steel sections for the aluminum
and concrete decks.

The stress calculation was estimated using finite element analysis with a high mesh density. Thus, the
resistance to fatigue has been carefully considered following requirements from section 17.20, focusing on
fatigue design, of the Canadian Highway Bridge Design Code CSA S6-14 (SCC, 2014).

Figure 2 shows the cross-section and overall dimensions of each bridge deck design. With a total distance
length of 21.8m and a total width of 11.5m, both bridge decks have an area of 250.7 m?.
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Figure 2: Section details and main dimensions of bridge deck design: a) concrete-steel composite bridge and b) aluminum-steel

composite bridge

2.3 DEFINITION OF MAINTENANCE SCENARIOS

Maintenance scenarios were defined for the two bridge decks (i.e., the nature, frequency and duration of
maintenance operations) in order to identify all costs over the life cycle. All routine maintenance
operations (i.e., inspection, cleaning, etc.) are the same regardless of the bridge type and therefore



excluded from the study. The same assumption applies to the demolition costs. Maintenance scenarios are
described in

Table 1. Scenarios were established in discussions with committees of expert engineers from the
Ministere des Transports du Québec (MTQ) to obtain a consensus on the nature, frequency and duration
of maintenance operations. For aluminum, the scenario was established based on a literature analysis of
the durability of aluminum bridges (Mader and Pieper, 2006; Siwowski, 2006; Beaulieu, Internoscia and
Hartileb, 2015; Freeman and Potter, 2017).

Table 1: Maintenance scenarios for concrete and aluminum decks

Maintenance work Frequency Requires bridge Length of
[years] closure work [days]
o Concrete protection 10 No -
g Pavement 12.5 Yes 2
=
S § Pavement and deck repair 25 Yes 21
@4 o
§ Replacement of the concrete slab 50 Yes 55
« Painting of steel structure 50 No -
g Pavement 25 Yes 1
g
g § Bolt replacement under the deck 25 No -
=]
< Bolt replacement 50 Yes 5

Steel-Concrete decks generally require more maintenance work compared to aluminum decks due to the
lower durability of concrete decks; such decks are particularly vulnerable to corrosion damage when
exposed to de-icing salts. The maintenance works contribute to extend the service life of the structure to
the 75 years prescribed by the code. Aluminum has a higher corrosion resistance leading to a reduced
need for maintenance work.

2.4 LIFE CYCLE COST ANALYSIS

2.4.1 Cost calculation

Following our 3 scopes previously defined, the cost has been divided into initial costs, maintenance costs
and costs caused by traffic diversion during construction and the maintenance activities. To ensure
comparability between the costs incurred in different years over the life cycle, the net present value of future
costs must be determined. In doing so, we acknowledge that money available at the present time is worth
more than the identical sum in the future. We apply the net present value method to convert all future
economic flows into the year of construction of the structure by applying a discount rate, as per equation
(1). This rate thus acts as a conversion rate between the future and present.

NPV_;—(1+r)t (1)

where NPV net present value; r: discount rate; t: year considered and C; : sum of all cash flows in year t.
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For this study, the life cycle cost is therefore the sum of the three types of cost converted into NPV as per
equation (2).

ml(t ) road closure ml(t )
LCC =C, + Z . Z n 2)
Q+nr)t o (1+nr)t

With:

- LCC, life cycle cost

- C,, initial construction cost

- Gy, (t;), maintenance cost in year i

- 71, discount rate

- t;, year considered

- Croad closure,m;(ti), road closure cost associated with maintenance in year i.
The choice of discount rate is likely to have a significant impact on investments in the industrial sector.
This is especially the case for projects that are part of a sustainable development approach, such as this
research project. Indeed, the aim of discounting is to reduce the significance of the future cost: the further
the cost horizon, the smaller the future cost will be. While the issue of what constitutes an appropriate
discount rate value is much debated in the economics community (Gollier, 2013), there is a consensus that
a discount rate that is too high introduces a bias that favours a short-term view, since it would erase the

importance of future costs by reducing them to almost zero in the long term and ultimately negate the value
of an LCC.

In the context of a public sector investment, Moore et al. (2004) distinguish two types of projects:
intragenerational (T < 50 years) and intergenerational (T > 50 years). With a functional unit of 75 years,
the bridge is considered an intergenerational project, and the suggested range of discount rate is between 0
and 3.5 percent (Moore et al., 2004). Following discussion with the MTQ, a discount rate of 2.37% was
selected. A sensitivity analysis with variations of + 0.5% and 1% was conducted to test the impact of this
arbitrary choice of discount rate on the LCC results.

2.4.2 Costs description and data collection

Initial costs and maintenance costs are both direct costs that affect the owner of the structure. On the other
hand, cost caused by traffic diversion are indirect costs borne by users of the bridge. Scope 1 and scope 2
of the analysis only take the direct cost in consideration while a mix of direct and indirect costs is made
with the scope 3.

Data collection for the direct costs are determined through an inventory of the construction and maintenance
costs paid by the MTQ for all the projects undertaken each year, which includes unit costs for every
operation (e.g., resurfacing costs per unit area of surface, concrete pouring costs per unit of volume poured,
etc.). These unit costs are calculated based on the nature of the work, maintenance scenarios, unit values of
the various works and unit values of indirect costs.

The cost of traffic diversion was calculated based on the user delay cost (i.e., time wasted in traffic
diversions), the operating costs attributable to additional fuel consumption and the additional cost related
to vehicle depreciation.

User delay costs are determined at a specific time as per equation (3)



(Laetour — Loriage) X 2 X AADT X (1 + h)(tim2018) x N x 3)
with
- Lgetour, the length of the detour when the bridge is closed due to construction or maintenance
- Lbridge, the length of the bridge
- AADT, the annual average daily traffic per lane, differentiated according to the vehicle type
(vehicle flow rate and truck flow rate)
- h, the growth rate of the AADT
- t;, the year of the operation

- N, the number of days of road closure
- a, user delay cost per kilometer based on an average occupation rate of 1.23 (MTMDET, 2016)

Operating costs (fuel consumption) are calculated as per equation (4).

(Laetour- —Lbriage) X 2 X AADT X (1 + h)E=2018) x N x B, “4)
where f is the cost of fuel in $/km for a specific speed.
Operating costs (vehicle depreciation) are calculated as per equation (5),

(Laetour — Loriage) X 2 X AADT X (1 + h)(tim2018) x N x (5)

where y is the distance-based cost for depreciation, maintenance and tires in $/km.

All parameters (unit cost data) required to assess these costs are taken from the MTQ's cost-benefit guide
(MTMDET, 2016) while they are the most appropriate data for Quebec, the region where the bridges are
evaluated. The data used to calculate the LCC associated to a speed of 50 km/h are grouped in Table 2.

Table 2: Cost per kilometer of extra distance caused by traffic diversion with an average speed of 50 km/h. Total cost is the sum
of fuel cost, maintenance cost and time wasted.

Car ‘ Truck
Laetour Length of the detour [km] 25 km
Liridge Length of the bridge [m] 20 m
AADT annual average daily traffic per lane [ u/ day] 2325 ‘ 175
h the growth rate of the AADT 1 %
a user delay cost per kilometer [$ / km] 0.322 | 0.9716
B cost of fuel [$/ km] 0.171 | 0.412
y cost for depreciation, maintenance and tires [$ / km] 0.110 | 0.210

2.5 LIFE CYCLE ASSESSMENT

2.5.1 Inventory

The foreground data of the study (i.e., the quantification of the main flows needed to complete the functional
unit) were developed based on the design of the deck, expert opinions from the MTQ and historical data.
The main foreground flows and their quantities are presented in Table 3. The pavement of the aluminum



deck is made with Bimagrip LS®, a three-component polyurethane system, which, when combined with an
aggregate, creates a high friction, anti-skid surface on the deck bridge (VinMar, 2019).

Table 3: Main flows and quantities for every scope of the CD and AD systems

Quantity
Flow CD AD Units CD AD Units
Structure | Steel 2.28E+04 | 1.93E+04 | kg 90.95 76.98 kg/m?
_ Aluminum - 240E+04 | kg - 95.73 kg/m?
9 | Deck concrete, 35 MPa 5.11E+01 - m? 0.20 - m3/m?
é Steel 1.15E+04 | 2.77E+02 | kg 45.87 1.10 kg/m?
Bit 3.68E+04 | - k - kg/m?
Pavement 1tumen g 146.79 g/m
ﬁ Bimagrip LS® - 3.17E+03 kg - 12.64 kg/m?
S| & Bitumen 1.84E+05 | - kg 733.94 - kg/m?
g «» ) Bimagrip LS® - 6.34E+03 kg - 25.29 kg/m?
% Maintenance I Concrete, 35 MPa 6.64E+01 | - m’ 0.26 - m’/m?
Steel 1.60E+04 [ 5.11E+02 | kg 63.82 2.04 kg/m?
Recycling scrap steel 5.48E+03 2.21E+04 | kg 21.86 88.15 kg/m?
End of life Recycling aluminum - 2.16E+04 | kg - 86.16 kg/m?
Inert waste 5.02E+05 | 9.51E4+03 | kg 2002.39 37.93 kg/m?
. . Transport, passenger car 1.47E+07 1.11E+06 km 58635.82 4427.60 | km/m?
Traffic diversion -
Transport, freight, lorry 1.05E+07 | 7.90E+05 | tkm 41882.73 | 3151.18 | tkm/m?

A more detailed and complete list of flows for both systems is included in the supplementary information
(SD).

The background data used to model the cradle-to-gate life cycle inventory are from the ecoinvent 3.3 cut-
off version environmental database (Wernet et al., 2016).

2.5.2 Impact assessment

The Impact2002+ (Jolliet ef al., 2003) impact assessment method was used to calculate life cycle impacts
in 14 midpoint categories and 4 damage categories: climate change (CC) with kg CO; eq as unit, ecosystem
quality (EQ) with pdf*m**year as unit, human health (HH) with disability-adjusted life year (DALY) as
unit and resources (R) with MJ as unit. The LCA calculations were performed using openLCA 1.7.4
(https://openlca.org).

2.5.3 Interpretation

The LCA results are interpreted through contribution analyses for each scope. Sensitivity analyses were
also conducted to test the effects of certain assumptions. In order to identify and prioritize the sensitivity
analysis, we first evaluated the data quality of inputs of the LCA model and we then performed a
contribution analysis to identify the most contributing parameters on the results. Finally, we identified the
most sensitive parameters to undergo the sensitivity analysis based on the quality of input data and the
contribution analysis. The data quality evaluation, based on a pedigree matrix (Weidema and Wesnzs,
1996), is available in the last columns of the two tables in SI. As an outcome of this prioritization process
we identified the need to perform a sensitive analysis on the following parameters/scenarios: the traffic
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diversion, the discount rate, the origin of the aluminum, the exclusion of the impacts from the bridge
abutments and the selection of impact assessment method.

An uncertainty analysis was also conducted on the LCA results. A Monte Carlo simulation with a thousand
iterations was carried out on the subtraction of the AD system from the CD system to ensure the
consideration of dependencies between the parameters common in both systems. A negative value indicates
that the impact of AD is higher than that of CD. A normal distribution for all data and parameters was used,
except for recycling yield, which was modeled by a triangle distribution to avoid impossible values for
yield. Three levels of variability were used to estimate uncertainties. Each level was associated with a
coefficient of variation: low (2.5%), average (12.5%) and high (25%).

2.6 MONETARIZATION

Monetarization is the practice of converting measures of social and biophysical impacts into monetary units
and is used to determine the economic value of non-market goods (i.e., goods for which no market exists)
(Pizzol et al., 2015). It makes it possible to compare environmental impact and life cycle cost.

The StepWise2006 method (Weidema, 2009) was used based on a budget constraint approach. Because the
method uses the Euro currency unit at its average value in year 2003, we converted it into Canadian dollars
with the average exchange rate from 2003: 1.58 (Government of Canada, 2005). A conversion of impact
categories was required because the method uses quality-adjusted life year (QALY) to represent human
health (1 QALY= —1 DALY) and biodiversity adjusted hectare years (BAHY) for ecosystem quality (1
BAHY=-10,000 PDF m? years). No conversion was needed for climate change (kg CO> eq).

3 RESULTS

3.1 LIFE CYCLE COST AND ENVIRONMENTAL PROFILE AND CONTRIBUTION

ANALYSIS
The presentation of the environmental and cost results based on our deck design, maintenance scenarios
and traffic assumption are structured according to the three scopes of the analysis. In order to evaluate the
repercussions arising from the choice of scope on the LCA and LCC, a contribution analysis for each scope
is presented.

The results of the contribution analysis of Scope 1 (bridge construction) are shown in Figure 3. The concrete
deck represents 47% of the cost of the aluminum bridge deck. The deck’s aluminum cost is responsible for
over 50% of the overall construction cost. The steel beam structure is also a relevant contributor to the total
costs of both bridges, contributing to 52% and 33% of the CD and AD, respectively. The pavement and
safety barriers represent a relative contribution of less than 10% of the total costs for both options.

11



3.02E+05 6.48E+05 1.00E+05 181E+05 843E+04 6.856+404 1.92E-01 2.74E-01 2.B6E+06 1.91E+06

100% — B
20%
80%
70% - _—
60%
50%
A40%
30%
20%
10%
0%
cD AD cD AD
Cost Climate Change Ecosystermn Quality Human Health Resources
(5] [kg CO2 eq] [pdf*mA2*y] [DALY] [M]
W Structure M Decking  ® Safety barriers Pavement M Transport M Equipment

Figure 3: Comparison of LCC and LCA relative results according to the scope 1 comprising all processes needed for the initial
construction. CD represents the concrete decking on the steel beam system and AD represent the aluminum decking on the steel
beam system.

Scope 1 results show that the aluminum bridge deck performs better than the concrete bridge deck for the
EQ and R indicators. The two other environmental indicators (CC and HH) favour the CD. Like the cost
contribution, aluminum and steel production are responsible for most of the environmental impacts, while
material transport and construction activities have a limited relative contribution. For the resource
indicators, the pavement of the concrete bridge is responsible for 65% of the total potential impacts. This
is explained by the use of pitch derived from petrol for the manufacturing of bitumen adhesive. Results of
the Scope 2 (construction + maintenance + end-of-life, excluding traffic diversions) are shown in Figure 4.
Materials maintenance accounts for additional materials to ensure the operation of the bridge throughout
its entire life cycle. The maintenance work includes work activities and the transport of the material
throughout the entire life cycle. Negative results represent the avoided impacts of new virgin materials,
which are displaced using recycled materials. The end-of-life stage includes the activities for the end-of-
life management of all the materials generated during the bridge’s life cycle.
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Figure 4: Comparison of LCC and LCA relative results according to the scope 2, which is the sum of the initial construction,
maintenance materials and works needed to ensure the operation of the bridge throughout its entire life cycle and the end of life
processes. CD represents the concrete decking on the steel beam system and AD represent the aluminum decking on the steel
beam system.

The life cycle costs of the concrete deck for Scope 2 are still lower than those of the aluminum deck by
37%, despite the fact that the aluminum deck requires less material for the maintenance activities. The cost
of Scope 1 represents the biggest share of life cycle costs for both systems. The discount rate applied on the
future economic flows related to maintenance explain why the initial cost still dominates.

All the environmental impact categories are in favor of the aluminum bridge deck. The total potential impact
of the aluminum deck is 84% for CC, 53% for EQ, 74% for HH and 20% for R as compared to the concrete
deck by normalizing with the total amount of potential impact excluding the credits. The environmental
credit from recycling steel and aluminum and using these to displace virgin material may reduce the
environmental impact scores by as much as 40%. Once again, the maintenance activities contribute little to
the total impacts.

A comparison of the results for Scope 3, which include traffic diversion due to maintenance activities as
well as construction, maintenance and end-of-life, is shown in Figure 5.
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Figure 5: Comparison of LCC and LCA relative results according to the scope 3. The functional unit of both systems is to ensure
a normal traffic on two lanes above an obstacle with a span of 20 meters for 75 years. CD represents the concrete decking on the
steel beam system and AD represent the aluminum decking on steel beam system.

With the specific AADT and length of detours used (2 500 vehicles with a 7% proportion of trucks diverted
over 25 km at a speed of 50 km/h), traffic diversion are responsible for over 90% of each indicator and
consequently, changes the overall conclusion of the LCC; with the AD becoming the better option. The
concrete bridge deck becomes five times more expensive than the aluminum bridge deck, highlighting the
importance of accounting beyond the initial cost and adopting life cycle thinking. The Scope 3 LCA results
confirm that the aluminum deck remains the preferred option in terms of all environmental indicators while
increasing the difference between the two deck options as compared to Scope 2. The results for the three
scopes are shown on the tornado diagram in Figure 6. They are normalized by the results for the concrete
bridge deck (black horizontal line). The initial construction cost (scope 1) of the aluminum bridge deck is
more expensive and has higher environmental impacts in the climate change and human health categories.
By considering the costs throughout the life cycle and potential impacts including maintenance, end-of-life
and traffic diversion, the aluminum bridge is the preferred design option of the two studied.

Initial construction of aluminum decking is four times more expensive than CD decking because aluminum
is more expensive than reinforced concrete. On the other hand, the maintenance activities of AD are
3.5 times lower than for the CD. However, the main cost difference between the two designs lies in the
indirect cost. There is a factor 14 between the costs of traffic diversion due to shorter maintenance periods
for AD.

14



J . Cost
T

_ Climate Change
e e s

| Ecosystem Quality
RS ¥ Q 1y

1111'

Human Health
BT
L . Resources
T T
-14 -12 -10 -8 -6 -4 -2 0 2 4

m Scopel mScope2  m Scope3

Figure 6: AC results normalised by CD results for every scope. When the bar is on the positive side, it shows how many times AC
is higher than CD. When the bar is on the negative side, it shows how many times AC is lower than CD. For example, for scope 1
(initial construction only), AC is two times more expensive than DC, but, for scope 3 (full life cycle and traffic diversion), it is
five times less expensive.

To sum up previous figures, Table 4 shows the results of the LCC and the climate change indicator of the
LCA in absolute and relative (by m?) of the two bridge decks.

Table 4: Absolute and relative ( /m? ) cost results and climate change results according different scopes for concrete bridge (CD)
and aluminum bridge (AD)

Total cost CC Cost CC
[10%$] [10° kg CO2 eq] [$/m?] [10° kg CO2 eq /m?]
CD AD CD AD CD AD CD AD
Structure 156 212.9 3.28 2.80 622 849 13.1 11.2
Decking 97.3 391.8 3.20 13.62 388 1,563 12.8 54.3
5 Safety barriers 31.8 17.5 0.79 0.63 127 70 3.2 2.5
S\ & Pavement 16.7 25.4 1.74 0.83 67 101 6.9 3.3
« % 3 Transport - - 040 | 022 - - 1.6 0.9
SR Construction - - 0.74 0.18 - - 3.0 0.7
@ Total Scope 1 301.8 647.6 10.1 18.3 582 2 583 40.5 72.9
Maintenance activities 133.4 37.7 12.3 -6.05 532 150 49.1 -24.1
Total scope 2 435.2 685.3 22.5 12.2 1114 2734 89.6 48.7
Traffic diversion | 3 948.0 272.0 819.6 95.0 1646 2 884 3269.2 378.9
Total scope 3 | 4 383.2 957.3 | 842.0 | 107.2 | 2759 5617 3 358.8 427.7

Finally, the monetarization of the environmental impacts was performed by applying the StepWise2006
method (Weidema, 2009) to aggregate the LCC and LCA results into a single score. The cost of
environmental externalities was thus added to the private costs supported by all stakeholders throughout
the bridge’s life cycle (direct costs supported by the owner of the bridge, plus the direct and opportunity
costs of the users). The resulting single scores represent the total societal cost associated with the two

studied bridge decks. The monetarized environmental impacts added to the LCC result for scope 3 are
shown in Figure 7 .
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Figure 7: Comparison of LCC result and the monetarization of environmental impacts.

Environmental cost represents 40% and 27% of the total cost of the concrete and aluminum decks,
respectively. Nevertheless, the conclusion of the comparison does not change with the integration of the
environmental cost. The concrete decking remains the most expensive option, which is logical because it
also has a greater environmental impact than the aluminum decking.

3.2 SENSITIVITY ANALYSIS

Based on the main contributor of the results, we conducted sensitivity analysis to deepen the
interpretation of the results and their conclusion.

3.2.1 Traffic diversion

Traffic diversion are the greatest contributor to most of the life cycle cost and environmental impacts. A
sensitivity analysis was therefore carried out on this key parameter. Although detour distances and AADT
are specific to each bridge, to facilitate the interpretation of the results using a more universal perspective,
traffic diversion was subdivided into units of traffic diversion. One unit corresponds to the total amount of
traffic diversion in vehicle-kilometers (vkm) caused by maintenance activities over 75 years. Three
parameters characterize the size of the unit: the number of days where maintenance activities required
bridge closure, AADT and detour distance. While the first parameter is dependent on the design of the
bridge, the latter two parameters depend on the location of the bridge, and their variability can be significant.
The costs of one unit of an AADT of 2 500 and detour of 5 kilometers was calculated for each bridge and
is also equivalent to an AADT of 1 000 and detour distance of 12.5 kilometers. By adding multiple units,
it is possible to obtain the tipping point at which the aluminum deck becomes less expensive than the
concrete option (Figure 8).
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Figure 8: Evolution of LCC for different amounts of unit of traffic diversion of an AADT of 2 500 and a detour distance of
5 kilometers. The tipping point occurs at 0.32, meaning an AADT of 800 for a detour of 5 km or any other equal combination.

The tipping point occurs at 0.34 units, which is equivalent to an AADT of 800 for a 5-km detour. Note,
however, that since the units are in vkm, a multitude of combinations of AADT and detour length are also
equivalent.

Another important parameter in traffic costs and impacts quantification is the amount of truck traffic in the
AADT. An average rate of 7% is used in the case study and in the definition of a unit of traffic diversion.
The share of trucks can vary significantly depending on the specific situation. A bridge located close to an
industrial park will have a much higher share of trucks than one near a residential neighbourhood. The
proportion of the cost and environmental impact of trucks and cars was calculated (Figure 9). Even if truck
traffic accounts for only 7% of traffic, it is responsible for 31% of the cost of traffic diversion and between
22 and 45% of the environmental impacts. This is explained by the fact that the economic cost of time
wasted in a traffic diversion by a truck as part of a commercial activity is higher than that of a personal car
(i.e., $13.52/h vs $23.63/h, respectively). There is also a difference in fuel consumption, maintenance costs,
tire use, etc. A sensitivity analysis was carried out to study their influence on the results traffic diversion
with a truck rate of 5% and 10% (Figure 9).
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Figure 9: Sensitivity analysis on impacts and cost life cycle results from a varying composition of the diverted traffic Percentage
values refers to share trucks in the traffic.

With an increase of proportion of 10% of truck instead of 7%, the cost of traffic diversion increases of 11%
and environmental impacts from 7% to 18%. On the other hand, a truck rate of 5% would reduce cost of
7% and reduce environmental impacts between 5% and 12%.

3.2.2 Discount rate

As part of the sensitivity analysis of the discount rate, we tested a variation of = 0.5 and 1 percentage points
on the 2.37% discount rate in the case study. Figure 10 shows the results of the LCC for different discount
rates.
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Figure 10: Sensitivity analysis of the discount rate used in the LCC. A variation of £ 0.5 and 1% shows the high sensitivity of the
parameter but does not change the study conclusions. A lower discount rate increases the gap between the LCC results.

The variations in discount rate do not change the overall conclusions of the comparison. The aluminum
bridge deck is still less expensive when looking at the entire life cycle, regardless of the discount rate. The
life cycle cost difference between the two systems tends to decrease as the discount rate rises. This may be
explained by the fact that the concrete deck requires more maintenance during its life cycle and a higher
discount rate decreases the significance of future costs when converted into a net present value. Figure 11
shows the evolution of the difference in LCC results between concrete and aluminum deck. The findings
are inverted with a discount rate of 10%, which is generally considered too high for a public sector
investment. The sensitivity analysis shows that the conclusions remain the same within a realistic discount
rate.
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Figure 11: Difference between CD and AD LCA results based on different discount rates. AC becomes more expensive than CD
with a discount rate of 10%.

3.2.3 Duration of the functional unit

In order to test the 75 years assumption of the FU, a sensitivity analysis presenting results of Scope 2 and
Scope 3 with a 50-year and 100-year service life is presented in SI-3. The analysis shows that changing the
temporal length of the FU would not change the overall conclusions of the comparison, although the relative
difference between the two results would change (see SI-3 for results and additional discussion).

3.24 Aluminum provider

Seeing as aluminum production is energy intensive, the electricity mix used in its smelting is of great
importance. Consequently, we evaluated the gains from sourcing it from Québec, where the electricity mix
is 100% hydropower as opposed to sourcing aluminum from USA where the electricity mix is 49% fossil-
based. An alternative scenario in which the aluminum is sourced from USA was been added in Figure 12.
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Figure 12: Sensitivity analysis of aluminum provenance

According to Scope 2, climate change and human health worsen as compared to the concrete option when
the aluminum is produced in the USA. When the effects of traffic diversions are added, aluminum remains
the best option, regardless of the choice of aluminum supplier.

3.2.5 Comparison with abutment

Another sensitivity analysis was conducted to compare the impact of the abutment and that of the bridge
deck. Abutments were modeled as two blocks of 23.25 m?* of concrete produced in Québec. Materials
production, transport, construction and landfilling were considered in the abutments impacts. Figure 13
shows the comparison of LCA results of the bridge deck and abutments.

100% 2.22E+05 1.24E+05 3.18E-01 1.30E+07
[+]

90%
80%
70%
60%
50%
40%
30%
20%
10%

0%

1.21E+05 1.73E-01

5.69E+04

1.68E+06

2.31E+04 7.23E+03 2.41E-02

.34E+05

Climate change Ecosystem Quality Human Health Resources
[CO2 eq] [PDF*m2*an] [DALY] [nvI]

ECD mAD m Abutments

Figure 13: Comparison between abutments and bridge deck (Scope 2)
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The impacts of the abutments represent less than 10% of the concrete deck for every indicator. By
comparison, abutments are responsible for between 12 and 19% of the total impact for the aluminum deck.
This comparison confirms the assumption made early on to exclude the abutment from the scope of the
study. A decrease in the environmental impact of the bridge deck decreases the impact of the entire bridge.

3.3 LCA UNCERTAINTY ANALYSIS

The results of the uncertainty analysis obtained from Monte Carlo simulation (1 000 iterations) show no
changes to the overall findings of the comparison. Table 5 indicates the difference of impact scores between
the concrete and aluminum deck according to Scope 2. Scope 2 excludes major uncertainties related to
traffic diversion.

Table 5: Deterministic and probabilistic results of the subtraction of the aluminum deck system from the concrete deck system
according to Scope 2. The difference is positive for all indicators, meaning that CD has a greater impact than AD.

Climate Change Ecosystem Quality = Human Health  Resources

[kg CO2 eq] [pdf*m2*an] [DALY] [(MI]
Deterministic result 1.01E+05 6.72E+04 1.45E-01 1.13E+07
Median 1.01E+05 6.79E+04 1.45E-01 1.13E+07
5% percentile 9.03E+04 5.94E+04 1.29E-01 1.09E+07
95 e percentile 1.11E+05 8.36E+04 1.61E-01 1.18E+07

Because the values for all indicators are positive, the environmental impacts of the aluminum deck are
lower than those of the concrete deck, regardless of all the uncertainties. The difference is only greater
when traffic diversion impacts are added.

4 DISCUSSION

4.1 COMPARISON WITH PREVIOUS STUDY

While this is the first LCA and LCC of a short-span aluminium composite bridge deck, it’s still possible to
compare our results and conclusion to existing literature. The comparisons will be first made on a square
meter basis using the climate change indicator. While our analysis have shown a carbon footprint 8 960 kg
CO, eq /m? for CD and 4 870 kg CO; eq /m? for AD according the scope 2 (complete life cycle without
traffic diversion), it is a bit higher than the steel concrete bridge from (Mara et al., 2011) with its 4090 kg
CO; eq/m? and few times higher the concrete slab frame bridges from (Du, Pettersson and Karoumi, 2018)
with its 1 370 kg CO, eq /m?. Study from Hammervold et al. (2013) has a ten times lower carbon footprint
per m? comparison to our study but they considered only routine repair actions and have different bridge
design and length.

The contribution analysis can serve as a comparison criterion. In line with our results, (Pang et al., 2015),
shows that traffic diversion are up to 75% of the CC results. For the construction stage, as our analysis, the
steel and the concrete seem to be the largest contributor (Hammervold, Reenaas and Brattebg, 2013; Du,
Pettersson and Karoumi, 2018).
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About our LCC results, our scope 2 results, 1114 $ /m? for CD and 2734 $ /m? for AD, are comparable to
(Rantala, 2010) with its 1270 and 1470 Euro /m?. About our contribution analysis, (Kendall, Keoleian and
Helfand, 2008) has shown, like us, that traffic related cost can represented up to 90% of the LCC costs.

A comparison per square meter like we did have some limitation because it assumes that material,
maintenance and their associated impact and cost are linearly proportional to the area of the bridge.
However, previous comparisons show that our analysis fit in the existing literature on LCA and LCC on
bridge deck and that aluminium might lead to some benefits in bridge design.

4.2 ALUMINIUM AS CONSTRUCTION MATERIAL IN BRIDGE

Our analysis has shown that using aluminium in a bridge deck has the possibility to reduce the LCC and
the overall environmental impact. However, by looking only at the investment cost, aluminium composite
deck is two time more expensive than more common steel-concrete composite deck. The advantages of
aluminium are perceived when taking account, the full life cycle including the traffic diversion. A similar
trend is observed in the environmental indicators.

While the construction cost and some maintenance cost are insured by the owner of the bridge, generally a
government, their evaluation of the best design doesn’t not necessarily consider users cost. This dynamic
would slow down the adoption of aluminium as a material construction in bridge or any kind of bridge
design with higher construction cost but lower life cycle cost. The decision-making process to select the
appropriate design for the construction or the rehabilitation of bridges should increase the weight associated
with user cost and user environmental impacts in order to have a more holistic approach and a more
complete portrait of the situation.

In a broader perspective, the lack of consideration of aluminium in actual construction standards limits
innovation in bridge design and force over specifications in design. With the increasing interest of using
aluminium in bridge and possible reduction of LCC and LCA impacts, standards should be updated to
integrate aluminium as a construction material in bridge.

In the specific context of the province of Quebec, where a significant maintenance deficit in road
infrastructure is observed, short-span aluminium composite bridge resulted being a design in line with two
first orientations of the latest strategic plan of the ministry: (i) to invest in maintaining the infrastructure of
the transport system to ensure a better resilience of the road network and (ii) to ensure an efficient, safe and
low carbon transport system to support a strong economy (Ministére des Transports du Québec, 2019).
With a local sourcing of aluminium, the maintaining of the road infrastructure could leverage the public
founding to not only the construction sector but also the aluminium industry.

4.3 LIMITATIONS

The study involves two key limitations. The first pertains to data availability, particularly the data and
parameters that define the maintenance schedules. Although this work is based on the Canadian Highway
Bridge Design Code, it relies on important design assumptions, such as structural life (75 years) and the
likely oversizing of aluminum extrusion in due to the conservative approach taken by this standard.
Scheduled maintenance of the aluminum deck was estimated by MTQ experts and by the researchers who
designed the decking. For the concrete option, the maintenance schedule was based on historical data from
the MTQ structures division. Owing to the novelty of the aluminum decking, there was no historical data
on the long-term behaviours of the structure. Expert assumptions could therefore have a significant impact
on the results. The conservative assumptions surrounding the design could have overestimated the cost and
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impacts of initial construction of the bridge decks. To work around the limitation of a code-based approach,
future work should develop a holistic method that includes reliable modeling of structural degradation
(Cusson, Lounis and Daigle, 2010)

The second limitation has to do with the long-time horizon of the functional unit. The study covers a 75-
year period, which leads to higher uncertainties and a high variability of some parameters. The use of
current environmental data to model processes occurring in the future (i.e., maintenance work) introduced
some uncertainties into the model.

Road transport electrification could also change the environmental impacts of the bridge detour. Using
TIMES-Canada model, Bahn et al. (2013) generated road transport electrification scenarios based on the
implementation of different policies. According to their model, in 2050, conventional vehicles will
represent 39% of market shares in the baseline scenario and 26% in the energy policy scenario. Knowing
that the potential impacts of electric vehicles are 55 to 80% lower than those of conventional vehicles in
Québec (CIRAIG, 2016), transport electrification would change the overall results of the study, but not the
general conclusions.

The end-of-life treatment of different materials is quite uncertain because waste treatment options are likely
to change over the next 75 years. The environmental credits for recycling were based on the assumption of
displacing the virgin material production, which is a major contributor to the environment result; the credits
were calculated using current data even though the recycling occurs in the future. The aluminum industry
may change with breakthrough technologies such as inert anode and wetted drained cathode. These could
affect the environmental impacts of aluminum production by removing direct emissions and changing the
energy intensity of the smelting process (Obaidat et al., 2018). More broadly, work on the impact of system
expansion in LCA to consider the multifunctionality of recycling with a functional unit with a long temporal
aspect could be addressed. Environmental credits to the product system are based on today’s data, even if
the recycling occurs 75 years later and the environmental impacts materials production are likely to change
in the next decades.

Another time-related limitation is the methodological difference between LCC and LCA. While LCC
applies the discount rate to convert future costs occurring over the entire life cycle to net present value,
LCA considers the discount rate differently by separating the short and long terms in the LCI for some
elementary flows. The impact assessment method then accounts for this difference by applying different
fate factors to short- and long-term emissions. This difference is mainly used for GHG and toxic emissions
(Bulle et al., 2019).

4.4 CONCLUSION

This study is the first complete environmental and economic life cycle analysis of an aluminum-steel
composite deck. It compares two types of composite short-span bridges—aluminum deck on steel girders
and in-situ concrete slab on steel girders—throughout their entire life cycles. Results show that the traffic
diversion caused by maintenance activities is the greatest contributor to the cost and environmental impact
of both bridges. The higher impact and cost at the construction stage of the aluminum bridge deck vs.
concrete slab are offset during the bridge lifetime because a lower maintenance. Aluminum bridge deck
should therefore be promoted when the traffic diversion caused by the maintenance works is more than or
equal to a flow of 800 vehicles of annual average daily traffic and 5 kilometres of detour (or equivalent).

24



From the environmental perspective, a bridge with aluminum sourced from Québec is the better option,
regardless of the traffic situation. For aluminum sourced from countries with a more carbon intensive
electricity mix, the benefits of aluminum decking are less pronounced. Even so, when the indirect impacts
of traffic are included, aluminum is still better than the concrete option.

Our analysis demonstrates that a scope limited to the initial construction (i.e., disregarding maintenance
and resulting traffic diversion) would generate opposite conclusions. It is therefore critical for bridge
designers, decision maker and project leader, to look beyond the purchase and construction costs and
consider all life cycle stages to support well-informed decisions for a more sustainable future. In this respect
this research work provides a parametrized model to easy the extrapolation of the results of this study in
other contexts.
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