q

Check for
updates

Assessing the Trade-Off Between Sustainability
and Resiliency of Reinforced Concrete
in Corrosive Conditions: An LCA-System
Dynamics Approach

Erick Daniel Moreno Rangel ™ and David Trejo

Oregon State University, 101 Kearney Hall, 1491 SW Campus Way, Corvallis, OR 97331, USA
{morenore,David.Trejo}@oregonstate.edu
https://engineering.oregonstate.edu/CCE

Abstract. Concrete has been categorized as akey contributor of carbon emissions.
This is mostly associated with the production of the ordinary portland cement. In
response to this, the concrete and cement industries are pursuing a path to reduce
their carbon emissions, generally in accordance with the climate change goals
outlined in the Paris Agreement. These efforts have resulted in the development of
multiple low-carbon concrete systems aimed to reduce the environmental impact
of cement and concrete. However, these new low-carbon concrete systems may not
always result in a more resilient structure, i.e., a more durable and longer-lasting
structure. In fact, some research indicates that the service life of structures con-
taining lower carbon producing alternative cementitious materials may be reduced
based on their performance in corrosive conditions. However, reduced service life
does not necessarily mean there are no carbon emission benefits from the new
material. An objective assessment of the trade-off between improved sustainabil-
ity (i.e., reduced carbon footprint) and reduced resilience (i.e., reduced service life)
is needed. This paper presents a life-cycle assessment-system dynamics approach
to evaluate the trade-off between more sustainable reinforced concrete solutions
and the reduced resiliency of these systems over time. The objective of this paper
is to assess the effect of improved sustainability and the potential reductions in ser-
vice life as a result of corrosion deterioration for low-carbon concrete alternatives.
This paper also aims to provide information to better understand how short-term
sustainability decisions can influence the longer-term sustainability goals when
designing and constructing with reinforced concrete.
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1 Introduction

1.1 Sustainability and Resiliency

Concrete has been categorized as a key contributor of carbon emissions. This is mostly
associated with the production of the ordinary portland cement (OPC). The cement
industry is considered to be a larger contributor accounting for approximately 8% of
global carbon emissions [1]. In response to this, the concrete and cement industries are
pursuing a path to reduce their carbon emissions, generally in accordance with the cli-
mate change goals outlined in the Paris Agreement [18]. These efforts have resulted in
the development of multiple low-carbon concrete systems aimed to reduce the environ-
mental impact of cement and concrete. However, these new low-carbon concrete systems
may not always result in a more resilient structure, i.e., a more durable and longer-lasting
structure. In fact, some research indicates that the service life (SL) of structures contain-
ing lower carbon producing alternative cementitious materials (ACMs) may be reduced
based on their performance in corrosive conditions [3]. The use of purported low-carbon
concrete systems could have unintended consequences. That is, the reduction in SL and
resulting carbon emissions from the needed repairs or rebuilds could off-set the benefits
of the lower initial carbon emissions. Even so, this should not strictly prevent the imple-
mentation of these systems. If significant reductions in initial carbon emissions can be
realized when using low-carbon concrete systems, even with some reduction in service
life (RSL) there could be value. A trade-off analysis is needed. This paper will assess the
trade-off between sustainability and resiliency for these new low-carbon concrete sys-
tems through an innovative approach that combines the principles of system dynamics
(SD), life-cycle assessment (LCA), and SL prediction into one model. This approach is
herein referred to as the life-cycle assessment-system dynamics approach (LCA-SDA).

1.2 LCA-SDA

The LCA-SDA focuses on dynamically assessing the trade-off between sustainability
and resiliency of new potentially low-carbon concrete systems that could exhibit a reduc-
tion in SL caused by chloride induced corrosion when used in reinforced concrete (RC)
structures. Unlike static LCA, the approach presented herein uses a dynamic approach
that allows for the implementation of discounting and inflation on carbon emissions.
Static approaches do not discount or inflate carbon emissions [4]. It has been found
that when alternatives have to be compared, discounting and inflation should be applied
to better support decisions and generate more meaningful results [S]. Not discounting
carbon emissions can underestimate the added-value of potentially low carbon-concrete
alternatives when the social cost of carbon (SCC) is considered and there is a potential
RSL. Thus, the LCA-SDA does allow for discounting of carbon emissions. Inflation,
or the increase in SCC values over time, is also considered in the LCA-SDA model
[6]. It is expected that the eventual implementation of this approach will allow design
professionals, policy makers, and other stakeholders to better understand how their deci-
sions regarding materials selection influence future carbon emissions and whether there
is value in implementing these new solutions. Value here is defined as reduced carbon
emissions from materials through the life cycle of the structure compared to a baseline
(e.g., OPC).
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2 LCA-SDA Model Development

The development of the model is divided into two main parts: the conceptual model
development and the quantitative or LCA-SDA model development. The conceptual
model is developed first. However, as the quantitative model is developed, the concep-
tual model is continuously updated; the process is iterative. Multiple versions of both
models have been generated. Given that the models herein are in the initial stages of
development, further development is anticipated. Thus, the model presented here should
not be considered final and careful consideration should be taken when interpreting its
results. The intent is to provide an initial approach for the readers to consider the impact
of their decisions in terms of sustainability and resiliency. The model limitations and
assumptions are presented later. This paper also addresses how future work will address
these limitations and assumptions.

2.1 Conceptual Model Development

A conceptual model is developed to define the relationships and dependencies between
the model components for the sustainability-resiliency trade-off system [7]. Overall,
the conceptual model for the sustainability-resiliency trade-off system is made up of
the sustainability (initial carbon), resiliency (in-service carbon), and design subsystems.
The sustainability subsystem is then reduced into smaller sections: 1. The carbon from
production section, and 2. The carbon from transportation section. The resiliency sub-
system is also reduced into two sections: 1. The corrosion and SL section, and 2. The
in-service carbon emissions section. Due to space constraints, refer to Moreno Rangel
(2023) for more detailed information on this model [7].

2.2 Quantitative Model Development

A quantitative model is developed to quantify the multiple components of the
sustainability-resiliency trade-off system presented in the conceptual model [7]. Again,
due to space constraints, refer to Moreno Rangel (2023) for more detailed information
on this model [7].

2.3 Data Collection

Data are a key element for the proper functioning of the model. The accuracy of the
model outputs is directly related to the accuracy of the inputs coming from the data
collection. The data collected for the model inputs comes from literature and from four
main analyses: mixture proportioning, quantity take-off (QTO), LCA, and SL prediction.

2.3.1 Mixture Proportioning Data

Mixture proportioning data are a key component of the sustainability subsystem. Mix-
ture proportioning data can be obtained by using a volumetric mixture proportioning
method (e.g., ACI 211) [8] or from published literature. For the model herein, the mix-
ture proportioning input data include the OPC proportion, the ACM proportion, the fine
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aggregate proportion, the coarse aggregate proportion, and the water proportion. The
units of these terms are tonnes of constituent material per tonne of concrete. Mixture
proportioning data must also include information on supplementary cementitious mate-
rials (SCMs), admixtures and other additives, if used in the mixture. These inputs are
not considered in the current model. In the current model, ACMs are aluminate-based
systems and are considered separately from SCMs such as fly ash, ground granulated
blast-furnace slag (GGBFS), silica fume, and other SCMs.

2.3.2 Quantity Take-Off (QTO) Data

QTO data can be obtained using plans and specifications from the project. The amount
of concrete on a project is a key input in quantifying how much carbon emissions will
be emitted by the use of the materials in the project. The QTO data needed as inputs for
this model include concrete and reinforcement required for the project (both in tonnes).
Other materials, such as formwork (wood) can also be quantified and included but are
currently not considered.

2.3.3 LCA Data

LCA data can be obtained from the output of LCA software or can be extracted from
published literature. The LCA data to be inputted in this model needs to come from a
cradle-to-gate LCA. For this model, a cradle-to-gate LCA will only consider the pro-
duction process of the material and will not consider its transportation to any location
outside of the production facility. The gate can be thought of as the gate of the production
facility. The LCA data needs to be inputted as a carbon footprint unit weight (CFUW)
for each material. CFUW refers to the amount of carbon that is emitted for every unit
of the material being produced and has units of metric tons of carbon dioxide equiva-
lent (MTCO2e) per unit of material (e.g., OPC in MTCO2e/tonne of OPC).Data from
Sects. 2.3.1, 2.3.2, and 2.3.3 are used to calculate the initial carbon emissions, which is
part of the sustainability subsystem within the sustainability-resiliency trade-off system.

2.3.4 SL Prediction Data

SL prediction data for the systems being analyzed can be obtained from literature or
from SL software such as Life-365 [9]. The end of SL used in this model is assumed to
occur as a result of chloride-induced corrosion. Other mechanisms of deterioration can
be included but are not part of the model herein. The SL input data for the model herein
includes time to corrosion (years) and time from corrosion initiation to initial repair
(years). SL is the sum of these two inputs. The model uses these inputs to determine when
repairs and rebuilds will be needed. In that regard, SL data are used to determine the in-
service carbon emissions and is part of the resiliency subsystem within the sustainability-
resiliency trade-off system.

2.3.5 Other Data

Other data needed for the model include transportation, repair, rebuild, SCC, and dis-
count rate. Transportation data includes resource proximity (distance from plant to site),
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number of round trips (from plant to site), and fuel economy. Only the transport of con-
crete was considered in this study, but the inputs can be adjusted to include transportation
for other materials. Transportation data forms part of the sustainability subsystem.Input
repair data includes percent of SL increased per repair (how much SL is obtained per
repair as a percentage of the initial SL), repairs allowed before rebuild (how many times
can the structure be repaired before needing to be rebuilt), and percent area to repair. The
percent area to repair for this model is assumed to be equivalent to the percent of initial
carbon emissions produced by each repair. For example, if 5% of the structure is repaired,
5% of the initial carbon emissions will be produced by that repair. This assumption is
included within the model and cannot be changed unless the model is modified. Future
versions of the model will allow the carbon emissions emitted per repair to be an input
selected by the user. Repair data are part of the resiliency subsystem.

The SCC data (in $/MTCO2e) are critical inputs for this model. The present SCC
(present refers to 2023 in this model) and the future SCC at three different social damage
discount rates (SDRs), 2.5%, 3%, and 5%, are used. The SCC and SDR data are obtained
from the Interagency Working Group on Social Cost of Greenhouse Gases from the
United States Government (USIWG) [6]. To obtain present SCC values for 2023 and
future SCC values at each time of repair or rebuild, equations were fitted to the data
provided in Table ES-1 of the USIWG document [6] for each SDR. The following
equations are used to determine the

SCC : Future SCC (2.5%SDR) = 75.965 + 1.3466A¢ — 0.00006 A (1)
Future SCC (3% SDR) = 50.974 + 1.0335A¢ + 0.00334Ar? 2)

Future SCC (5% SDR) = 14.167 + 0.45393A¢ + 0.00461 Az> 3)

where At is the difference in years between 2020 and the future year for which the
Future SCC ($/MTCO2e¢) is being obtained. The incorporation of these equations is key
for the determining the SCC in future years. Note that the USIWG only provides data
from 2020 to 2050 [6], so for any year after 2050, the values are extrapolated.

The SCC values from Eqs. 1 through 3 are then used to obtain the future value (FV)
of the social cost of in-service carbon emissions (FVscicg), which is defined as the
product of the carbon emissions at the year of repair or rebuild (FV of in-service carbon
emissions) and the SCC at that same year and at the selected SDR. The FVgcick is then
discounted to the present value (PV) of the social cost of in-service carbon emissions
(PVscice) using Eq. (4).

FVscice

PV = 4
SCICE = A EpRY” “4)

where EDR is the emissions discount rate (%), n is the years from initial construction to
the repair or rebuild, FV gcyck is the FV of the social cost of in-service carbon emissions
($), and PVgcick is the PV of the social cost of in-service carbon emissions ($). Given

that the SCC increases over time per Eqs. 1 through 3, the in-service carbon emissions are
inflated when multiplied by the SCC. Thus, both discounting, per Eq. (4), and inflation,
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per Egs. 1 through 3, of in-service carbon emissions are considered in this model.Note
that there are two different types of discount rates in this model. Discount rates published
by the USIWG [6] are herein referred to as SDRs and are used by the USIWG to obtain
present SCC values by discounting the cost of future social damages caused by carbon
emissions. Discount rates used in Eq. (4) to obtain the PV of the future social cost of
in-service carbon emissions coming from repairs or rebuilds are herein referred to as
EDRs. Higher SDRs for discounting cost of future social damages caused by carbon
emissions (as used by the USIWG) would result in lower present SCCs and in turn
would promote the generation of carbon emissions now rather than in the future. Higher
EDRs for discounting cost of carbon emissions would result in lower PV for future
carbon emissions that in turn would promote the generation of carbon emissions in the
future rather than today. EDRs can be selected based on the financial situation of the
user (e.g., minimum attractive rate of return) or in accordance with the published SDRs.
Careful consideration should be taken when recommending discount rates as these rates
have significant implications on carbon emissions. Figure 1 shows how the discounting
process works within this model.In the current model, performing the analysis with a
3% discount rate (DR) means both that the SCC data came from a 3% SDR and that
emissions are being discounted in the LCA-SDA model from a future value to a PV
using Eq. (4) at a 3% EDR. These do not necessarily need to be the same. The SCC
data could come from a 5% SDR and the emissions could be discounted at a 4% EDR.
However, the current model and case study use the same value for both the SDR and the
EDR as itis assumed that jurisdictions will also use the same value. Thus, throughout the
paper, discount rates will be referred to as DRs (DR = SDR = EDR), unless a distinction
between SDRs and EDRs needs to be made. The current model does not have an option
to input SDR and EDR separately; it only allows for the input of DR. In future versions,
these will be separate inputs.

F.V of § M}\ltlply F.V .Of In—Ser\'lce Discount FVgCCE ($) to PV
In-service Carbon Carbon Emissions Times the FVSCICE (), Usine Eq. (4) with the Y ’
(start )—{ Emissions (MTCO2e) [ SCC (SMTCO2e) at the Year 2 Eq. (4) with the Year o
at Year of Repair or of Repair or Rebuild and the Inflated Repair or Rebuild and the
Rebuild Selected SDR Selected EDR
l
PV of In-service Convert PVgCICE ($) to PV of In-Service
End Carbon Emissions Carbon Emissions (MTCO2e) by Dividing Over PVsciIcE (8).
(MTCO2e), the Present SCC ($/MTCO2e) at the Selected Discounted
Discounted SDR and Present Year

Fig. 1. Discounting process.

2.4 Model Simulation and Outputs

The model is simulated over time within Insight Maker (SD software) to provide the user
the ability to dynamically change the inputs and observe their effects on the behaviour
of the system. Simulating systems over time is the basis of SD models [10]. The default
simulation settings include years as the unit of time, simulation time steps of 1 year,
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and the Euler’s integration method as the simulation analysis algorithm. This means that
outputs and other values within the model are calculated and plotted using the Euler’s
method at 1-year intervals. The unit of time, time step, and algorithm can be adjusted
depending on the needs of the project or system. The main two outputs of the model
include the PV of carbon emissions generated by the system over time and the PV of the
total carbon emissions generated by the system. The outputs generated from the model
are dynamically plotted within the software to allow for a preliminary visual analysis
and data check. For further or more advanced data processing, the user has the option to
download the CSV files of the data generated by the model. Section 3 will provide an
example case study application for the LCA-SDA model developed.

3 LCA-SDA Model Application — Example Case Study

The model presented in this paper was applied for the analysis of an example case
study in which two different bridge deck systems were compared over time at different
reductions in SL for the low-carbon concrete alternative, and at different discount rates.
An OPC concrete bridge deck system is selected as the base case scenario and an ACM,
specifically a calcium sulfoaluminate cement (CSA) bridge deck system, is chosen to
be the low-carbon concrete alternative. Both systems were analyzed over a period of
55 years that included a maximum of 4 repairs for the OPC concrete structure. The
design SL for the base case scenario (OPC system) was selected to be 31 years to assess
the short-term impacts of the sustainability-resiliency trade-off. The SL of the CSA
system varied in this assessment and included SL reductions from the OPC system of
0%, 10%, 20%, 30%, 40%, and 50%. Three DRs = were considered in this assessment:
2.5%, 3%, and 5%.The main two goals of this example case study are to demonstrate
how the model is applied and to assess the sustainability-resiliency trade-off between the
two systems. Figure 2 provides a flowchart summarizing the general process followed
for the application of the LCA-SDA model. Section 3.1 provides information on what
data are collected or selected to be included as inputs. Section 3.2 covers the simulation
settings used and the model outputs, or results obtained from the sustainability-resiliency
trade-off assessment.

3.1 Model Inputs

3.1.1 Mixture Proportioning Inputs

The mixture proportioning data used as inputs for this analysis are taken from the tech-
nical paper published by Cook and Murray [11]. Table 1 provides a summary of the
mixture proportion quantities for the OPC and CSA systems. Cook and Murray roughly
matched the proportions of the CSA system to those of the OPC system and used a
different water to cement ratio (w/c) for each system to achieve a similar flexural and
compressive strength. A 0.40 w/c was used for the OPC system, and a 0.48 w/c was
used for the CSA system. A higher w/c was used for the CSA system to ensure complete
hydration [11].
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Other Data)
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Consolidate all output data
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Fig. 2. General model application process.

Table 1. Concrete mixture proportioning for OPC and CSA systems

Concrete Mixture Proportioning

System Material Ibs/cy kg/m3 Tonnes/Tonne
OPC Cement 660 392 0.164
Coarse Aggregate 1775 1053 0.439
Fine Aggregate 1340 795 0.332
Water 264 157 0.065
CSA Cement 658 390 0.168
Coarse Aggregate 1782 1057 0.456
Fine Aggregate 1156 686 0.296
Water 316 187 0.081
Table 2. QTO for OPC and CSA systems
Quantity Take-Oft (QTO)
System | Material Volume Mass
OPC Concrete 181.44 m3 (237.31 yd3) 434.9 tonnes (479.4 tons)
Carbon Steel Reinforcement | 3.63 m3 (4.75 yd3) 28.5 tonnes (31.4 tons)
CSA | Concrete 181.44 m3 (237.31 yd3) | 420.9 tonnes (464.0 tons)
Carbon Steel Reinforcement | 3.63 m3 4.75 yd3) tonnes (31.4 tons)
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3.1.2 QTO Inputs
3.1.3 LCA Inputs

The LCA data collected for this analysis are obtained from various published sources
which focused on LCA of concrete systems. Table 3 provides a summary of the CFUW
for each product or process along with the sources from which the data are obtained.

Table 3. LCA carbon footprint unit weight data

Product/Process CFUW (MTCO2e per “Unit”) | Sources

Water, tonne 0.0003 [12, 13], and [14]
Coarse Aggregate, tonne 0.046 [13] and [14]
Fine Aggregate, tonne 0.014 [13] and [14]
OPC, tonne 0.761 [13, 14], and [15]
CSA Cement, tonne 0.499 [16, 17,18, 19, 1], and [20]
Carbon Steel Reinforcement 0.731 [21]

(A615), tonne

Concrete Plant, tonne of concrete | 0.005 [13] and [22]
processed

Fuel for Transportation (Diesel), | 0.0027 [23]

liter

3.1.4 SL Prediction Inputs

SL predictions are obtained using Life-365 v2.2.3 [9]. Table 4 shows the parameters
that were selected within Life-365 for the calculation of the SL of the OPC system. An
aggressive environment was purposely selected within Life-365 to evaluate the short-
term effects of the sustainability-resiliency trade-off.

Based on the Life-365 output, the SL of the OPC system is 31 years with 25 years for
corrosion initiation and 6 years for propagation. Six different SLs were considered for
the CSA system: 31 years, 27.9 years, 24.8 years, 21.7 years, 18.6 years, and 15.5 years,
respectively.

3.1.5 Other Inputs

Other required inputs for this case study included transportation, repair, rebuild, and SCC.
Transportation data for this analysis are only considered for the transport of concrete
and are assumed to be the same for both OPC and CSA systems. Future analyses will
consider the transportation of all resources. The fuel economy input was obtained from
the Alternative Fuels Data Center [24]. Repair and rebuild input data are set by the user
based on experience.
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Table 4. SL prediction parameters for OPC system

OPC RC Bridge Deck

Parameter Value

Type of Structure slabs and walls (1-D)
Deck Depth 215 mm (8.5 in)

Depth to Reinforcement

65 mm (2.5 in)

Area

840 sq. m (9042 sq. ft)

Location and Sublocation

Vancouver, British Columbia

Exposure Type Within 1.5km of the ocean

w/cm 0.4

Steel % 2.00

D28 7.9433E-12 m*m/sec (1.2312E-8 in*in/sec)
m 0.2

Ct (% wt. Conc.)

0.05

Table 5. Other input data

Input Value
Resources Proximity (km) 50
Number of Round Trips 27
Fuel Economy Average for Delivery and Class 8 |2.85
Trucks (KMPL of Diesel)

Percent of SL Increased per Repair (%) 20
Percent Area to Repair (%) 5
Maximum Repaired Area Allowed Before the 20

Rebuild (%)

Present 2023 SCC at Published SDRs*

Refer to data published on [6] and Eq. (1

(U.S. $/MTCO2e) through 3)

Future SCC at Published SDRs* (U.S. Refer to data published on [6] and Eq. (1
$/MTCO2e) through 3)

Emission Discount Rates, EDRs* (%) 2.5,3,and 5

*In the current model and case study, the selected values for EDRs = SDRs = DRs = (2.5%, 3%,

and 5%).

3.2 Model Simulation and Outputs (Results)

The model is simulated using the default Insight Maker simulation settings. This means
that the model was run at 1-year time steps using the Euler’s method as the simulation

algorithm.
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The output data from each simulation were initially visually analyzed within Insight
Maker and then exported as a CSV file into a spreadsheet for further analysis.

Figure 3(a) presents information regarding the PV of carbon emissions at a 3% DR
for the two systems as obtained directly from the model output before correcting for
unused carbon emissions resulting from the remaining SL of the rebuilds or repairs at
the end of the 55-year analysis period. Unused carbon emissions are associated with the
remaining SL of the structure beyond the analysis period.Careful consideration should
be taken when analysing the results shown in Fig. 3(a) as they consider all carbon beyond
the analysis period. Making decisions based on Fig. 3(a) can underestimate the potential
benefits of low-carbon concrete alternatives that exhibit reduced service lives when the
carbon emissions are not corrected for unused carbon emissions. When alternatives with
unequal lives are compared and an alternative’s life is longer than the analysis period,
there is some remaining value at the end of the analysis period and adjustments to the
analysis must be made accordingly [26]. The remaining value in this analysis is in terms
of invested carbon emissions that have not been used (referred herein as unused carbon
emissions) instead of invested money that has not been used as it is typical in a life-cycle
cost and economic analysis.

For example, the CSA concrete option with 20% reduction in SL (24.8 years) will
have an initial construction, 4 repairs, and will have to be rebuilt at 44.6 years (compared
to the 55 years for the OPC option, which is the analysis period). For this case, the
proportion of SL for the rebuild up to year 55 is used as a factor to subtract the unused
carbon emissions. For the 20% SL reduction case, 10.4 years of the rebuild are used up
to the end of the analysis period and therefore only https://doi.org/10.4/24.8 (41.9%)
of the carbon emissions coming from the rebuild should be included in the analysis.
Unused carbon emissions coming from a repair can also subtracted. Figure 3(b) shows
the comparison of PV of carbon emissions for CSA and OPC after correcting for unused
carbon emissions. CSA 20% RSL was corrected for unused carbon emissions from a
rebuild and CSA 40% RSL was corrected for unused carbon emissions from a repair. By
comparing Figs. 3(a) and 3(b) for these two scenarios, it can be noted that the effect of
correcting for unused carbon emissions from a rebuild is more significant than the effect
of correcting for unused carbon emissions from a repair. No correction was needed for
the CSA 0% RSL and the OPC Baseline as the service life of the fourth repair ends at
the end of the 55-year analysis period for both.

The influence of the discount rate on the PV of carbon emissions is shown in Fig. 4.
Note that the values for Fig. 4 are not corrected for unused carbon emissions as the figure
only shows the OPC option. It can be seen in Fig. 4 that as the discount rate increases,
the PV of carbon emissions decreases.

It is important to note that the PV is sensitive to the DR. Different DRs will result in
different outcomes. These DR values are generally defined by governmental administra-
tions and organizations. Different administrations use different discount rates to obtain
the SCC data. In fact, different organizations within the same administration can use
different DR values. The definition of DR values seems to be politicized and fluid.

The example case study presented herein assesses two different systems (OPC and
CSA)ata2.5,3,and 5% DR. A DR of 3% is the value currently being used by the current
administration in the US [6, 25]. Figure 5 shows the trade-off between sustainability and
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Fig. 4. PV of OPC baseline carbon emissions for different discount rates.

resiliency for a CSA system in terms of the change in PV of total carbon emissions
(CCE) from that of the OPC systemas a function of the percent RSL from that of the
OPC system. Note that as the DR increases, the percent RSL at the breakeven point
increases. The breakeven point is the intersection of the 0% CCE line and the CSA
curve at the selected DR. In Fig. 5, these breakeven points occur at percent RSLs of
approximately 22%, 23%, and 28% for the 2.5%, 3.0%, and 5% DR values respectively.
It should be noted that the data used to generate Fig. 5 has been corrected for unused
carbon emissions.

Figure 5 shows that at a 3% DR, there is no value in implementing the low-carbon
concrete alternative if that alternative (in this case, the CSA) reduces the SL by 23%
(23% RSL) or more (i.e., the breakeven point). Thus, the material should not reduce the
SL by more than 23% as this would result in an increase in carbon emissions over the
analysis period. Lower RSLs result in higher carbon savings. Up to this point we have
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Fig. 5. Sustainability-resiliency trade-off curve at different discount rates.

identified a potential low-carbon concrete material and quantified its CCE for several
potential RSLs. As we know the potential low-carbon material that will be used, we can
now assess the actual SL of the low-carbon concrete system and determine if there is
value, i.e., overall reduced carbon emissions.

Ifitis assumed that the RSL for CSA is 10% from the OPC system, it can be seen from
Fig. 5 that the CCE is approximately -15%. The CCE and the RSL, which can together be
referred to as the sustainability-resiliency trade-off, would be -15% CCE: 10% RSL. The
negative sign on the CCE of this sustainability-resiliency trade-off indicates a reduction
in carbon emissions and that the implementation of the low-carbon concrete alternative
(CSA) is value adding. However, the RSL of 10% has only been assumed.

The actual RSL of the low-carbon concrete alternative (CSA system) can be deter-
mined using SL prediction tools such as Life-365 [9] or SL prediction models published
in the literature. Furthering the earlier example, SL prediction results reported by Dev
Vasudevan and Trejo [3] can be used. Dev Vasudevan and Trejo used Life-365 to predict
the SL of both OPC and CSA systems and reported that CSA systems could reduce the
SL by approximately 42% (42% RSL) when compared to OPC systems [3]. In this case,
based on Fig. 5, there would be a 4+ 28% CCE: 42% RSL. This indicates that a 42% RSL
results in a + 28% change in carbon emissions; the positive sign on the CCE indicates
an increase in carbon emissions and that the implementation of the potential low-carbon
concrete alternative (CSA) is non-value adding.

A clarification and disclaimer are needed here. Dev Vasudevan and Trejo provided
results for 0.42 and 0.485 w/c for the OPC system and w/c values of 0.35, 0.45, and 0.55
for the CSA system. The mixture proportion used in the example case study presented in
this paper uses a w/c of 0.40 for the OPC system and a w/c of 0.48 for the CSA system.
The 42% RSL for this work was determined by comparing the SL of the 0.42 w/c OPC
system with the average SL of the 0.45 w/c and 0.55 w/c CSA systems from the Dev
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Vasudevan and Trejo results [3]. It should also be noted that Life365 was used by the
authors to determine SL and the Life365 program was developed for systems containing
OPC [9]; the applicability to CSA systems is unknown.

It has been shown that the model developed herein can quantify the sustainability-
resiliency trade-off for materials that, when manufactured, are purported to be “low-
carbon” concrete alternatives or “sustainable” due to their reduced carbon emissions
during their production. However, if the new materials result in a reduced life, the
trade-off analysis between the sustainability and resiliency developed herein should be
performed.

Assumptions and potential limitations of the work are addressed next.

4 Model Assumptions and Limitations

The current model is considered a starting point for the assessment of the sustainability-
resiliency trade-off as it still contains multiple assumptions and limitations that need to
be tested and/or corrected. The assumptions for the model and case study include the
following:

Assumption 1: All data for the LCA considers only the carbon emissions coming from
the production of the materials. This assumes the construction methods for both systems
are the same.

Assumption 2: Carbon emissions produced per repair are a percentage of the initial car-
bon emissions equivalent to the area to be repaired; for example, if 5% of the bridge deck
area is repaired, 5% of the initial carbon emissions will be emitted. Carbon emissions
from rebuilds are assumed to be the same as the initial carbon emissions.

Assumption 3: The propagation phase for the time to first repair is 6 years for all
alternatives.

Assumption 4: Five percent of the deck area will be repaired after the end of the SL
and the end of each consecutive repair, and each repair will increase the SL by 20% of
the initial SL.

The limitations of the current model and case study include the following:

Limitation 1: The current model and case study only consider the impact of carbon
emissions coming from the production of the materials, the transportation of concrete,
and repairs or rebuilds as a function of the initial materials production and concrete
transportation emissions. It does not include emissions coming from the construction
process, waste disposal, recycling, or the transportation of materials, other than concrete,
to the site or concrete plant.

Limitation 2: The current model does not include inputs for analyzing the effects
of admixtures, SCMs, and other concrete constituent materials on the sustainability-
resiliency trade-off. It also does not include inputs for other construction materials such
as wood for formwork, curing compounds, etc.
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Limitation 3: The current model can perform assessments up to a 100-year analysis
period and the correction for unused carbon emissions coming from the remaining SL
of rebuilds or repairs needs to be performed separately.

Limitation 4: The current model only allows for the input of DR, which does not allow
for SDR and EDR to be inputted separately (i.e., EDR = SDR = DR).Future work on
further developing the model and its application on real case studies is on-going and is
expected to reduce the number of assumptions and to address most of the limitations
presented herein.

5 Conclusions and Future Work

The LCA-SDA model developed can objectively assess the trade-off between purported
sustainability and resiliency of RC subjected to corrosive conditions. The model output
provides designers with an objective assessment of overall carbon footprint and potential
value of using such materials. Just because a new material exhibits a lower carbon
footprint during manufacturing does not necessarily mean that the constructed system
will exhibit a lower carbon footprint. The resulting SL of implementing the new material
is critical. The incorporation of SD allows for the modeling of the dynamic interaction
between sustainability and resiliency over time through the concept of in-service carbon
emissions resulting from repairs or rebuilds paired with the discounting process. This
dynamic model accounts for the limitations of static models that do not discount or inflate
carbon emissions. This work indicates that the model is sensitive to the selected DR, and
this can influence the outcome; in general, DR values are determined by governmental
agencies and administrations. The results from this model can be used to supplement
other analyses, such as life-cycle cost analysis (LCCA). Note that this is the first version
of the model and results presented herein demonstrate the applicability of the LCA-SDA
model for assessing the sustainability-resiliency trade-off. Future work will focus on
further developing this model and addressing the limitations and assumptions presented
in this study. Its application on real case studies and a sensitivity analysis on its inputs
is also expected in future work.
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