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Abstract

Purpose The objectives of this study are to evaluate life cycle
assessment (LCA) for concrete mix designs containing alter-
native cement replacement materials in comparison with con-
ventional 100% general use cement concrete and to evaluate
the interplay and sensitivity of LCA for four concrete mix
designs and six functional units which range in degrees of
complexity and variables.

Methods Six functional units with varying degrees of com-
plexity are included in the analysis: (i) volume of concrete,
(ii) volume and 28-day compressive strength, (iii) volume and
28-day rapid chloride permeability (RCP), (iv) volume and
binder intensity, (v) volume and a combination of compressive
strength and RCP and (vi) volume and a combination of bind-
er intensity and RCP. Four reference flows are included in the
analysis: three concrete mix designs containing slag, silica
fume and limestone cement as cement replacement and one
concrete mix design for conventional concrete.

Results and discussion All three alternative mix designs were
evaluated to have lower environmental impacts compared
with the base 100% general use cement and so are considered
to be ‘green’ concrete. Similar LCA results were observed for
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FU,, FU, and FUy,, and relatively similar results were obtained
for FUs, FUs and FU4. LCA conducted with functional units
which were a function of durability exhibited markedly differ-
ent (lower) LCA compared with the functional units that did
not capture long-term durability.

Conclusions Outcomes of this study portray the interplay be-
tween concrete mix design materials, choice of functional unit
and environmental impact based on LCA. The results empha-
size (i) the non-linearity between material properties and en-
vironmental impact and (ii) the importance of conducting an
LCA with a selected functional unit that captures the con-
crete’s functional performance metrics specific to its applica-
tion and expected exposure conditions. Based on this study, it
is recommended that a complete LCA for a given concrete
mix design should entail examination of multiple functional
units in order to identify the range of environmental impacts or
the optimal environmental impacts.

Keywords Compressive strength - Concrete - Durability -
Functional unit - Life cycle assessment - Limestone cement -
Rapid chloride permeability - Silica fume - Slag

1 Introduction and background

In life cycle assessment (LCA) studies, a functional unit ‘de-
fines the quantification of the identified functions (perfor-
mance characteristics) of the product’ (International
Organization for Standardization (ISO) 2006). The selection
of a functional unit is an important step in defining the scope
of an LCA study. The purpose of the functional unit is to
provide a basis for the quantification of all inputs and outputs
(i.e. a reference point for which data is collected) and to allow
for comparison of LCA results based on equivalent functional
performance of different processes or products. The challenge
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for practitioners is how to select a functional unit when a
product or process has multiple identified functions and ulti-
mately how to determine the influence of such a choice on the
results.

1.1 General guidance for the selection of a functional unit

Despite the fundamental importance of the functional unit in
LCA studies, the ISO standards that relate to LCA (ISO 14040
and ISO 14041) provide only general guidance. For example
the International Organization for Standardization (ISO)
(1998) states that functional units shall be (i) consistent with
the goal and scope of the study and (ii) clearly defined and
measurable. The International Organization for
Standardization (ISO) (1998) also briefly refers to scenarios
where more than one function is performed by a system, stat-
ing that when two systems are compared, it must be ensured
that the functional units for each system account for the same
number of functions. The ISO standards, however, are meant
to serve as a framework and not as explicit guidelines for LCA
studies and so, appropriately, they provide general guidance
only with regard to functional unit selection. LCA studies by
nature need to be framed within the context of highly specific
geography, technology and time periods. Any selected func-
tional unit must reflect this context, and so general statements
as in the ISO documents do not necessarily always provide
sufficient guidance. A more nuanced discussion of the selec-
tion of the functional unit is required when specific LCA stud-
ies are developed.

1.2 Selection of the functional unit for LCA of concrete
materials

North American Product Category Rules have been developed
to be used to evaluate the environmental impact of concrete
(Carbon Leadership Forum 2012). The Product Category
Rules state that the ‘declared unit’ shall be defined as 1 m’
or 1 yard® of concrete. It is explicitly stated that the ‘declared
unit’ characterises a reference flow of material quantity and is
used instead of a ‘functional unit’ as the Product Category
Rules do not address the use or end-of-life phase for concrete.
There have, however, been many LCA studies (including both
cradle-to-gate and cradle-to-grave analyses) that have focused
on concrete materials and have based their analysis on a func-
tional unit. Table 1 presents a summary of functional units that
pertain to LCA conducted on cement and concrete materials
and products. However, it should be noted that these studies
vary from each other in other ways, for example in the choice
of system boundary or in the geographical context, but for the
purposes of this review, the focus is on the choice of functional
unit. The review is categorised based on three levels of com-
plexity of the functional unit, namely, (i) ‘simple’ functional
unit is composed of a single variable; (ii) ‘moderately
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complex’ functional unit is composed of two variables; and
(iii) ‘complex’ functional unit is composed of three or more
variables. Some of the commonly used functional units report-
ed in the literature pertaining to cement and concrete include:
volume of concrete, mass of cement, volume of aggregate,
compressive strength of concrete, service life, binder intensity
and carbon dioxide content (Brown et al. 2014; Gursel and
Ostertag 2017; Van den Heed and De Belie 2012; Chen et al.
2010a, b; Nisbet et al. 2002; Knoeri et al. 2013; Yang et al.
2015; De Schepper et al. 2014).

Considering the simple functional unit category, the
use of a unit of concrete volume or weight is a straight-
forward approach for measuring the overall environmental
impact of the concrete material or concrete product.
However, using the unit of weight or volume may not
necessarily be the most appropriate choice because it is
not typically the primary function of the concrete. Rather,
the compressive strength of concrete is often seen as a
functional requirement. For example casting concrete cyl-
inders for testing and evaluation of the 28-day compres-
sive strength (or 56-day compressive strength for some
exposure classes (Canadian Standards Association
(2016) is a basis for material acceptance. However, given
that plain (unreinforced) concrete has a relatively lower
tensile strength, it is typically reinforced with steel bars to
provide the tensile strength capacity. The service life of
the steel-reinforced concrete system is typically associated
with the initiation of the corrosion process of the steel
(depassivation of the reinforcement). For example a recent
study by Mistry et al. (2016) examined the LCA and life
cycle cost of a two reinforced concrete piers, one de-
signed with carbon steel and the other designed with
stainless steel for reinforcement. The design was based
on equivalent structural properties of the reinforcement,
the same type of concrete, and both piers had equal
amounts of steel and concrete. The only difference be-
tween the two types of steel is their durability (ability to
resist corrosion). Therefore, service life was chosen as a
suitable functional unit (Mistry et al. 2016). Durability is
multi-dimensional, and for concrete applications can in-
clude resistance to damage as a result of abrasion, freeze-
thaw cycles, sulphate attack and chloride ingress. Often,
durability of concrete is correlated to the permeability of
the materials, as the transport of deleterious substances
through concrete is a critical issue that may negatively
influence the service life of concrete (Muller 2016). This
is particularly the case for reinforced concrete applications
where the protection of reinforcing steel from corrosion is
critical to maintaining the integrity of the structural sys-
tem. The rapid chloride permeability test in accordance
with ASTM C1202 (ASTM International 2012) is a com-
mon test that primarily measures conductivity as an indi-
cator of permeability and durability of concrete. The rapid
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Table 1 Literature review of

functional units pertaining to Source

Functional unit

cement and concrete LCAs

1. Simple functional unit (single variable)

1 m? of ready-mixed self-consolidating concrete

1 kg of cement

Concrete bridge (40 MPa, 100 years. life + recycling, CO, carbonation included)

907 kg (2000 Ib) of cement x 4 types: traditional, blended (natural pozzolans), cement +
sequestration in waste materials, cement + recycled CKD

1 kg of cement clinker, cement, slag powder, silicate fertiliser

1 m® of ready-mixed natural aggregate and recycled aggregate concrete

Celik et al. (2015)*
Chen et al. (2010a)*
Collins (2010)
Huntzinger and
Eatmon (2009)*
Lee and Park (2005)*
Marinkovic et al.
(2010)°
Nisbet et al. (2002)*
Tosic et al. (2015)*
Xing et al. (2008)*

1 m?® of ready-mixed concrete, 100 concrete masonry units, 1 m® of precast concrete
1 m® of ready-mixed natural and recycled aggregate concrete
1 m? building area, steel and concrete office structures

II. Moderately complex functional unit (two variables)

Athena (2005)

1 m’ofl 5, 20 or 30 MPa ready-mixed concrete; precast double ‘T’ beam, precast hollow

deck, standard concrete blocks, cement mortar

Chen et al. (2010a, b)
Hassan (2009)

1 kg of binding equivalent fly ash, slag and CEM 1
5 mm thick surface mix of ultrafine TiO, anatase, cement, filler, and water (0.1:1:3:0.4)

applied on 1 lane-kilometre of pavement surface

Jonsson et al. (1998)
Knoeri et al. (2013)
Liet al. (2015)
Prusinski et al. (2004)

1 m? floor area for seven frame cases over the lifetime of a building

1 m® of a specific strength class of concrete (lean, indoor and outdoor)

1 t of Portland cement, 1 t of Portland cement with 42.5 MPa of strength

1 m® and 1 yard® of 20 and 35 MPa ready-mixed concrete, 50 and 70 MPa precast

concrete, concrete block mix
III. Complex functional unit (three or more variables)

Anderson and Silman
(2009)

Crossin (2012)

De Schepper et al.
(2014)

Garcia-Segura et al.
(2014)

Kawai et al. (2005)

kg CO,

m? year

1 m® of AS 1379/2007 40 MPa concrete for 50 years
Mass of concrete for 1 MPa of strength and 1 year of service life

25 MPa reinforced concrete building column (3 x 0.3 x 0.3 m) during its lifetime

Pre-stressed concrete bridge, overflow dike of dam, retaining wall, secondary lining in

tunnel with specific strength requirements and service lives

Yang et al. (2014)

Binder intensity and CO, intensity concepts (Damineli et al. 2010) in terms of the unit

strength (1 MPa) of concrete

Wang et al. (2013)

4047 m? of permeable pavement and other types of runoff systems sized for runoff
associated with 2.5 cm of rainfall generated over a 0.4 ha (1

acre) watershed

#Sources that base their LCA analysis and calculations on a ‘functional unit’ that do not represent a function but

rather appear to be a reference flow

chloride permeability value is a basis for material accep-
tance by the Ministry of Transportation for many applica-
tions such as high-performance concrete, overlays and
precast elements.

Close review of the studies reported in Table 1 also ex-
posed some scenarios where the selection of a particular func-
tional unit for a particular application had a potential to yield
unclear or misleading, or variable or incomparable LCA re-
sults. Three important aspects that are distilled from the liter-
ature review (Table 1) and warrant attention include: (i) the
selection of a functional unit based on physical characteristics;
(i1) distinction between functional units and reference flows;
and (iii) justification and sensitivity analysis of the selected
functional unit.

(1) Selection of a functional unit based on physical charac-
teristics: the interpretation of LCA results may be perplexing
when the functional unit of concrete is based on physical
characteristics. For example the objective of the Lee and

Park (2005) study is to quantify the environmental credit of
granulated blast furnace slag recycling and to propose the best
recycling option. The analysis is based on four functional
units that correspond to physical, rather than functional,
characteristics: 1 kg of cement clinker, 1 kg of Portland
cement, 1 kg of slag powder and 1 kg of silicate fertiliser.
As a result of choosing four different functional units,
four independent analyses were performed with no appar-
ent basis for functional equivalency. Consequently, it is a
challenge to directly compare the LCA results for the
different materials. The study does, however, present the
relative environmental performance of various recycling
options despite that the results are not exactly aligned
with the definition of the functional unit. Although choos-
ing a physical characteristic may seem to correspond with
the intent of the product category rules for a cradle-to-
gate analysis, using these functional units make it difficult
to interpret the LCA results. The authors also tend
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to refer to these parameters as ‘functional units’ and not
‘declared units’, which is not consistent with the product
category rules.

(i1) Lack of distinction between functional units and re-
ference flows: in some studies, the lack of distinction be-
tween functional units and reference flows can lead to
challenges with interpretation of the results. Marinkovic
et al. (2010) set the functional unit as 1 m> of ready-
mixed natural aggregate concrete and 1 m® of recycled ag-
gregate concrete. The challenges associated with the choice
of volume as a functional unit is described in the discussion
of Lee and Park (2005) (in point (i)). However, in addition,
the concrete mix designs for the natural aggregate concrete
and the recycled aggregate concrete are different. LCA re-
sults are calculated for these two different mix designs, and
conclusions are drawn with regard to the relative environ-
mental performance. The complexity appears to be that the
selected functional units do not describe nor quantify func-
tional properties of the product (such as compressive
strength) but rather the means by which the function is
achieved. This is actually better correlated to the definition
of reference flows, which ‘translate the abstract functional
unit into specific product flows for each of the compared
systems, so that product alternatives are compared on an
equivalent basis’ (Weidema et al. 2004). As a result, the
comparison of the environmental impact of the different
materials is not made on the basis of a common functional
equivalency. Furthermore, the results may be interpreted as
being relevant to only the specific mix design presented,
with very little latitude for comparison. This is problematic
given the fact that many concrete mix designs can achieve
the same or similar functions. Reference flows and func-
tional units should be clearly distinguished in LCA studies.

Note that in Table 1, references which base their LCA
analysis and calculations on a functional unit that does not
represent a function, but rather appears to be a reference flow,
are indicated with a superscripted lowercase letter ‘a’. The
conflation between functional unit and reference flow is a
common issue of the LCAs of concrete.

(iii) Lack of explanation and sensitivity analysis for choice
of functional unit: for most of the concrete material studies
reported in Table 1, the functional unit is simply stated as part
of the study goal and scope definition. There is little to no
explanation for why any particular functional unit was select-
ed. Furthermore, none of the studies present a sensitivity anal-
ysis for varying functional units. Given the importance of the
functional unit in establishing the basis for the entire LCA
analysis, the selection of the functional unit need be thought-
ful, rigorous and well-documented. Furthermore, for materials
such as concrete which meet more than one function, the sen-
sitivity of LCA results to the choice of various functional units
should be assessed in order to ensure robustness of results and
completeness of interpretation.
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1.3 Motivation and objectives

The wide range of types of functional units, listed in Table 1 as
applied in the literature, partially reflect the fact that over the
past two decades, efforts have been made to green the concrete
industry from material selection, manufacturing and applica-
tion of sustainable concrete products. Concrete has developed
and continues to develop into a multi-faceted construction
material, and in parallel, the construction industry is under
pressure to design resilient structures with higher strengths,
longer lives and lower environmental impacts than ever before
(Tait and Cheung 2016; Celik et al. 2015; Churchill and
Panesar 2013; Hossain et al. 2016; Berndt 2009; Hajek
2016). However, the current challenge we are faced with is
not only to advance construction building material technolo-
gies but to choose among the variety of cement-based material
options available on the market while balancing cost, environ-
mental impacts, ease of constructability, mechanical proper-
ties and long-term durability performance (Shi et al. 2011).
Conducting an LCA which captures concrete’s specific prop-
erties can prove to be powerful and well aligned with
performance-based specifications which are becoming more
and more prevalent in concrete and cement specifications
world-wide (Muller 2016; Fernandez-Ordonez 2016;
Alexander 2016). Therefore, there is a need to investigate
the interplay between concrete mix designs containing alter-
native green materials, the material properties and long-term
performance and implications on environmental impacts.
Aligned with the motivation and gaps in the literature, the
objectives of this study are threefold: (i) to evaluate LCA for
concrete mix designs containing alternative cement replace-
ment materials in comparison with conventional 100% gener-
al use cement concrete; (ii) to develop six functional units that
range in complexity, from simple (one variable) to complex
(three or greater variables), which are a function of volume,
binder intensity, compressive strength and durability; and (iii)
to evaluate the interplay and sensitivity of LCA for four con-
crete mix designs and six functional units.

2 Goal and scope definition
2.1 LCA goal

The selection of an appropriate functional unit in the context
of LCA of concrete materials is explored by evaluating the
LCA results and their sensitivity of six functional units of
varying degrees of complexity. It should be noted that the
compressive strength and rapid chloride permeability mea-
surements are taken at 28 days for all cases.

i.  Volume of concrete
ii. Volume of concrete and compressive strength
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iii. Volume of concrete and rapid chloride permeability

iv. Volume of concrete and binder intensity (defined as
amount of cementing materials per unit of 28-day com-
pressive strength)

v. Volume of concrete and a combination of compressive
strength and rapid chloride permeability and

vi. Volume of concrete and a combination of binder intensity
and rapid chloride permeability.

2.2 LCA scope definition
2.2.1 Mix designs

The four concrete mix designs considered in this study are
shown in Table 2 along with their corresponding experimental
results for the 28-day compressive strength and rapid chloride
permeability. The concrete mix presented in the left-most col-
umn is labelled as 100GU which is concrete with 100% gen-
eral use (GU) cement. In this study, the 100GU mix is consid-
ered the base case. The second concrete mix (GU-25SL) con-
tains general use cement with 25% slag (SL) as cement re-
placement. The third concrete mix (GUL-25SL) is made with
general use limestone (GUL) cement (contains 12% lime-
stone) and 25% slag as cement replacement. The fourth con-
crete mix (GU-8SF-25SL) is a ternary blend composed of
general use cement with 8% silica fume (SF) and 25% slag
as cement replacement. The four mix designs are used by the
Ministry of Transportation of Ontario in transportation infra-
structure and represent the reference flows for this study, as
defined by the International Organization for Standardization

(ISO) (1998), linking the actual concrete component flows to
the functional performance of the overall system (i.e. the func-
tional unit). It should be noted that the mix designs are all
created based on a standard volume of 1 m® of concrete but
that they vary in their proportions of the concrete components.
This is aligned with the definition of a reference flow present-
ed in Section 1.2; the mix design translates the six functional
units explored in this paper into specific product flows (i.e.
cement, aggregate, water, silica fume, slag and limestone
cement).

2.2.2 System boundary

The cradle-to-grave system boundary for LCA of convention-
al concrete, which is composed of 100% general use cement,
fine and coarse aggregate and water, is identified in Fig. 1. The
system boundary was designed to align with the flow of ma-
terials and energy through each system and present a high-
level view of the activities that are and are not included in
the analysis. The processes for conventional concrete repre-
sent the baseline system boundary. Each process is composed
of input and output data such as energy use, raw material use
and emissions to air, land and water, which correspond to the
activities described as follows. The water treatment process is
the extraction and processing of water. Cement production is
the extraction and transportation of raw materials and the
manufacturing of cement including blending, grinding and
pyroprocessing and cement transportation. Aggregate
production includes the extraction, processing and transport
of fine and coarse aggregates. Concrete plant operations in-
clude batching and mixing activities and transport of concrete

Table 2 Mix designs and

hardened properties used as input ~ Quantity (kg/ m’) Mix design identification

for the LCA and functional unit J J - -

calculations ;== J=1 ;=2 ;=3

100GU*  GU- GUL- GU-8SF-
25SL 25SL 25SL
Water 180 155 150 140
General use cement (GU) 429 300 - 276
General use limestone (GUL) cement - - 300 -
Slag (SL) - 53 54 100
Silica fume (SF) - - - 24
Coarse aggregate 900 1064 1071 1000°
Fine aggregate 875 779 781 800°
Air-entraining admixture (mL kg™ of cementing 52 - - -
material)

28-day compressive strength (MPa) 48.5 36 34.7 56.5
28-day rapid chloride permeability (C) 3186 2135 1969 421

#Index values corresponding to Egs. (1) to (6)
®Base case scenario (Dolatabadi 2013)
¢ Aggregate quantities are estimated based on typical Ministry of Transportation proportions
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Electricity Grid Mix: Nuclear, Hydroelectric, Natural Gas, Alternative

Cement
Production

Concrete
Plant Service Life
Operations

Water

Treatment End of Life

Aggregate
Production

LEGEND: ——> Transportation of Materials (Road, Boat)

Fig. 1 System boundary for LCA of general use cement concrete
products

to the site where it will be placed. Service life includes main-
tenance activities such as repair. End of life is the in-place
rubblising of concrete. The electricity grid mix composition,
which includes nuclear, hydroelectric, natural gas and alterna-
tive means of energy production is also shown. The life cycle
unventory (LCI) data used to create the model is documented
in Section 3.2.

In order to model the concrete mix designs containing slag,
silica fume and general use limestone cement as cement re-
placement materials, the system boundary presented in Fig. 1
is modified as follows:

» To model silica fume, a silica fume transportation process
is added as described in Section 3.2.6.

* To model slag, a slag processing and transportation pro-
cess is added using the same methodology as for silica
fume transportation, as described in Section 3.2.7.

* To model general use limestone cement, the general use
limestone production was substituted for general use ce-
ment production as described in Section 3.2.8.

3 Life cycle inventory

The creation of an LCI is a foundational step for any further
assessment of environmental impacts. Generally, every input
or output of materials or energy included within the system
boundaries needs to be identified and quantified. There are
several factors that can influence the quality of an LCI, with
the primary concern being the quality of the data itself.
Sources of data can be diverse and may originate from gov-
ernments, academic institutions, industry organisations or cor-
porations, among others. This data may represent a wide va-
riety of geographical regions or time periods. Some of this
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data may also be sensitive or proprietary. The quality of the
LCI used for an LCA study can greatly influence the results.

3.1 LCI methodology

The collection of high-quality data is a particularly important
and challenging stage of LCA. It is the foundation for the
entire LCA, and errors in LCA can often be attributed to errors
in the LCI (Coulon et al. 1997). Data quality is multi-
dimensional and not necessarily quantitative. Many LCAs
and LCIs use the semi-quantitative matrix developed by
Weidema and Wesnaes (1996), as shown in Table 3. Further
research (De Barba Junior et al. 2014) established data-quality
indicator thresholds for excellent (<10) and very good (<12)
data quality, where the best score (cumulative of five indica-
tors where 1 is the strongest score and 5 is the weakest score)
is 5 and the worst score is 25. Note that ‘unknown’ conditions
merit the worst scores. This highlights the difficulty of work-
ing with datasets that are poorly documented.

The data-quality pedigree matrix shown as Table 3 was
applied to evaluate data quality and assess potential LCI
datasets for this research. A data-quality ledger which contains
the results of this analysis is included in Appendix B of the
Electronic supplementary material.

3.2 Life cycle inventory documentation

By applying the data collection methodology described in
Section 3.1, LCI data was collected for all major processes
(as shown in Fig. 1) included in the system boundaries for
each type of concrete. This section describes the sources, lim-
itations and assumptions associated with each dataset selected.

3.2.1 Cement production process

A report released by the Athena Sustainable Materials
Institute titled Raw Material Balances, Energy Profiles and
Environmental Unit Factor Estimates: Cement and Structural
Concrete Products (Athena 2005) contains detailed LCI data
for the production of cement. The raw material, energy use,
atmospheric emissions, liquid effluent and water usage data
presented in this report was used to create the cement produc-
tion process in all of the LCA models. This dataset is meant to
provide an overview of the Canadian Portland cement indus-
try and is based on data from specific regions of the industry.
The Central Canada (Manitoba and Ontario) data was used for
this research as it is most relevant to the jurisdiction of the
Ministry of Transportation. As the data was collected for this
region specifically, it reflects the production technology, raw
material characteristics and transportation distances and
modes that are typical to the Ontario industry.
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Table 3 Data quality pedigree matrix (reproduced from Weidema and Wesnaes 1996)

Indicator 1 (strongest) 2 3 4 5 (Weakest)
Reliability Verified data based on Verified data partly Non-verified data ~ Qualified estimate (e.g. by Non-qualified estimate
measurements based on partly based on industrial expert)
assumptions or assumptions
non-verified

Completeness

Representative data from a
sufficient sample of sites
over an adequate period
to even out normal
fluctuations

measured data

Representative data
from a smaller
number of sites
but for adequate
periods

Representative data
from an adequate
number of sites
but from shorter
periods

Representative data from a
smaller number of
sites/shorter periods or
incomplete data from
adequate number of sites

Representativeness
unknown or incomplete
data from a smaller
number of sites and/or
from shorter periods

Temporal <3 years difference to year <6 years difference <10 years <15 years difference Age unknown or >15 years
correlation of study difference difference
Geographical Data from area under study Average data from Data from area with Data from area with slightly =~ Data from unknown area or
correlation larger area in similar similar production area with different
which the study production conditions production conditions
area is included conditions
Further Data from enterprises, Data from Data from processes Data on related processes or ~ Data on related processes or
technologi-  processes and materials processes and and materials materials but same materials but different
cal under study materials under under study but technology technology
correlation study but from from different
different technology
enterprises

3.2.2 Electricity grid mix process

The Electricity Grid Mix process is based on the Canadian
electricity grid mix processes from the GaBi Extension data-
base XVII: Full US. That process was developed specifically
for Canada in 2011 and includes biogas, biomass, hard coal,
heavy fuel oil, hydropower, natural gas, nuclear, photovol-
taics, wind and waste to energy. In order to increase the level
of geographical and temporal correlation to the scope of this
work, the ratio of the individual types of generation was mod-
ified to reflect the supply mix of Ontario in 2014 (shown in
Fig. 2).

3.2.3 Water treatment process

Racoviceanu et al. (2007) used the economic input-output life
cycle assessment model and the GHGenius model to quantify
the energy use and greenhouse gas emissions for the City of
Toronto municipal water treatment system. Several stages
were considered including chemical manufacturing, chemical
transportation and water treatment facility operation.
Although the scope of the study was somewhat limited, given
that only energy use and greenhouse gas emissions were con-
sidered, a review of the National Pollutant Release Inventory
has shown that there are no emissions recorded for the four
Toronto water treatment plants (which are Harris, Clark,
Horgan and Island). Therefore, as reported in the National
Pollutant Release Inventory, none of the 363 substances (in-
cluding NO,, SO, or particulate matter) are released at these
facilities (Environment Canada 2013).

3.2.4 Aggregate processes

Four aggregate processes are integrated in the LCA model: (i)
fine aggregate production, (ii) coarse aggregate production,
(iii) fine aggregate transportation and (iv) coarse aggregate
transportation. To build each of these processes, data for en-
ergy requirements, raw material requirements, atmospheric
emissions and liquid effluents were collected for the extrac-
tion, processing and transportation of the fine and coarse ag-
gregates (Athena 2005). Based on an Athena (2005), road
transportation by diesel-powered truck requires 1.18 MJ/t-
km. Emission factors for road transportation by truck are taken
from Athena (2005) and are shown in Table 4. For all
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System Operator (IESO) 2015)
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Table 4 Energy emission factors for the calculation of transportation
energy consumption and emissions (Athena 2005)

Energy emissions factors (kg GI™')

CO, SO,
70.7 0.102

NO, VOC CH, CO
0.807 0.0869 0.0217 0.443

transportation processes in this model, potential routes were
mapped out in consultation with the Ministry of
Transportation of Ontario and based on the locations of pre-
qualified suppliers that are on the Ministry of Transportation
of Ontario’s Designated Sources for Materials list. For each
material, the worst-case transportation scenario, correspond-
ing to the route that has the highest environmental impact, was
then selected as shown in Table 5. For this analysis, where all
the transportation processes use the same mode (truck), the
route with the longest distance indicates the worst-case trans-
portation scenario.

3.2.5 Admixture production processes

Data for admixtures, including superplasticising and air-
entraining admixtures has been gathered from product decla-
rations prepared by the European Federation of Concrete
Admixtures Associations (2010). The environmental product
declaration includes the raw materials, emissions to air, emis-
sions to soil and emissions to water.

3.2.6 Silica fume transportation processes

Silica fume is a by-product of silicon production. It is a very
fine substance that does not require further processing before
it is incorporated into concrete. Upstream energy, raw mate-
rials and emissions are not included in this process, which is a
common, conservative assumption. Silica fume transportation
is modelled based on silica fume sources and modes of trans-
portation that are typical for the Ministry of Transportation of
Ontario. The corresponding emissions factors are shown in

Table 4, and the worst-case transportation scenario is shown
in Table 5.

3.2.7 Slag processing and transportation processes

Slag is a by-product of the steel industry, which requires pro-
cessing before it can be incorporated into concrete. Energy
and emissions for this processing are quantified by Marceau
et al. (2006). Upstream energy, raw materials and emissions
for the production of the slag as a by-product of steel produc-
tion are not included in this process. As described in the liter-
ature review, this is because these waste materials are gener-
ated regardless of whether they are incorporated into concrete,
disposed of in a landfill or any other usage. Using them in
concrete is environmentally beneficial, and so not including
any upstream processes is conservative. This is an assumption
commonly used in concrete LCAs. Slag transportation is
modelled based on slag sources and modes of transportation
that are typical for the Ministry of Transportation of Ontario.
The corresponding emissions factors are shown in Table 4,
and the worst-case transportation scenario is shown in Table 5.

3.2.8 General use limestone cement processes

For general use limestone cement production, transportation
of raw materials is not included. This is because cement pro-
duction facilities are typically located at limestone quarries,
and so there is no transportation requirement for these mate-
rials (CANMET and Radian Canada 1993). As a result, the
only added process for general use limestone cement produc-
tion is the grinding of raw materials (Athena 2005).

3.2.9 Concrete plant operations process

The concrete production process represents the stage in the life
cycle where the various concrete ‘ingredients’, including wa-
ter, cement, fine aggregate, coarse aggregate and the various
green alternative concrete materials, are combined in order to
create concrete. The mix proportions were entered into the
parameterised model according to the mix designs described

Table 5 Worst-case

transportation scenarios for slag, Material Route Total distance Mode of
silica fume and aggregate (based (km) transportation
on Ministry of Transportation of
Ontario) Slag Hamilton, Ontario to Picton, Ontario; 498 Truck
Picton, Ontario to Toronto, Ontario
Silica fume Niagara Falls, New York to St Basile, 1623 Truck
Quebec City; St Basile, Quebec City to Toronto,
Ontario
Coarse Typical route 200 Truck
aggregate
Fine Typical route 200 Truck
aggregate
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in Table 2. In addition to the raw material requirements, the
batching and mixing processes require energy. The energy
requirement for the concrete plant operations was extracted
from Prusinski et al. (2004), who calculated a value of
247 MJ for the production of a cubic metre of concrete. This
value was consistent even with the addition of supplementary
cementing materials (i.e. slag and silica fume), and the same
assumption was used in this study.

3.2.10 Concrete maintenance process

Concrete maintenance activities are highly dependent on the
specific concrete application and environmental conditions
that the concrete is exposed to over its life. In terms of LCA,
however, they can be represented as additional quantities of
materials and energy that are required over the entire life of the
concrete. As operational and cost considerations are not with-
in the scope of this research, it is appropriate to combine all
maintenance activities into a single activity. In order to esti-
mate these impacts, the concept of a maintenance factor was
used, where a maintenance factor of 20% means that over the
entire life of the concrete, 20% more of the materials and
energy required for initial placement must be input in order
to maintain the concrete. A value of 20% was selected in
consultation with the Ministry of Transportation of Ontario
(Rhead and Schell, personal communication, 4 December
2014) and is applied to all of the mix designs included in this
study.

3.2.11 End of life process

‘End of life’ is the final stage in a cradle-to-grave LCA.
Potential disposal options for concrete products include
recycling, landfill and reuse. Ministry of Transportation infra-
structure is typically crushed in place for reuse as fill (i.e.
rubblisation) (Rhead and Schell, personal communication, 4
December 2014). This activity is assumed to be powered by
diesel. The energy required to crush 1 tonne of concrete is
estimated as 34 MJ (Wilburn and Goonan 1998). This energy
requirement was calculated based on the density of the con-
crete mix and was modified to reflect the density of each mix
design. The emissions resulting from the use of diesel were
estimated using emission factors from Athena (2005), as
shown in Table 4.

4 Methodology
4.1 Life cycle impact assessment methodology
GaBi 6 software package (PE International 2014) is used to

compile the LCI data and conduct the impact assessment.
This software package was selected based on the critical

comparison and evaluation of five software packages with
application to concrete by Seto et al. (2016). GaBi 6 is
packaged with several impact assessment methods, includ-
ing the International Reference Life Cycle Data System
method which was used for this study (European
Commission-Joint Research Centre 2011). This method
was selected because the International Reference Life
Cycle Data System method was developed based on a rig-
orous and thorough assessment of existing life cycle im-
pact assessment (LCIA) methods (including IPCC,
ReCiPe, TRACI, Ecolndicator 99 and others) in the con-
text of seven main criteria: completeness of scope, envi-
ronmental relevance, scientific robustness and certainty,
documentation transparency and reproducibility, applica-
bility, overall evaluation of science-based criteria and
stakeholder acceptance (European Commission-Joint
Research Centre 2011). The guidance provided by the
International Reference Life Cycle Data System ‘is
intended to support life cycle impact assessment on a glob-
al level recommending default characterisation models and
associated factors for each impact category’ (European
Commission-Joint Research Centre 2011). As a result, it
was determined that this method was the most appropriate
approach to use in this study.

GaBi offers several options for impact categories such as
global warming, ozone depletion, human toxicity, acidifica-
tion, eutrophication, ecotoxicity, resource depletion (water)
and resource depletion (mineral, fossil and renewable). Not
every potential impact category, however, has international
consensus with regard to classification and characterisation.
Although international consensus is not the only factor to
consider upon selecting relevant impact categories for a given
application, it is however a relative measure of how often the
category is used, and how well developed the methodologies
are. The ‘international consensus’ information is based on a
report compiled by the Danish Ministry of the Environment
(Stranddorf et al. 2005). As is commonly reported in LCA
literature, ‘classification’ means assigning LCI results to rele-
vant impact categories and ‘characterisation’ refers to the
science-based conversion factors used to model LCI impacts.
Furthermore, based on Stranddorf et al. (2005), the level of
international consensus of classification and characterisation
of each category and discussion with the Ministry of
Transportation of Ontario, four impact categories were
assessed as priorities for this study, namely, acidification,
global warming potential, resource depletion and water deple-
tion. Table 6 presents a description of each impact category as
well as the characterisation factor used in the analysis. In
LCA, characterisation factors are science-based factors that
are used to convert LCI data to actual environmental impacts
(Scientific Applications International Corporation 2006). Raw
LCIA results are presented in Appendix A of the Electronic
supplementary material.
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Table 6 Impact categories
Impact Description Characterisation
category factor

i*=2 Global
warming

i*=3 Resource
depletion

i*=4 Water
depletion

Acidification Release of protons and

leaching out of anions
from a system

Effect of increasing
temperature in the
atmosphere due to the
reflection of radiation
by greenhouse gases
back to the surface

Depletion of abiotic
non-water resources
(e.g. minerals or fossil
fuels)

Water use (reuse,
degradation or

incorporation into final

product)

Acidification potential
(mole H+ ion
equivalents)

Global-warming
potential (kg CO,
equivalents)

Resource-depletion
potential (kg of
antimony (Sb)
equivalents)

Water-depletion
potential (volume
of water used (m?))

*Index values corresponding to Eq. (7)

4.2 Functional unit calculation

In this section, the methodology for calculating functional units
(FU) is described. Equations (1) to (6) are given for the calcula-
tion of the six functional units. The six functional units consid-
ered in this study vary in complexity as a result of the number of
variables that are considered simultaneously. The calculated
functional units for each scenario are summarised in Table 7.

In the equations that follow, the index ‘i’ refers to the four
impact categories included in this study, as indicated in
Table 6. The index j° refers to the four mix designs included
in this study, as indicated in Table 2. The index ‘x’ refers to the
six functional units included in this study, as indicated in
Table 7.

4.2.1 FU,: volume (1 m’> of concrete)

Volume is not a truly functional unit for LCA studies of con-
crete materials, as it provides information only about the phys-
ical properties of a particular product, rather than the perfor-
mance of that product. However, it is included in this study to
recognise that despite its limitations, it is simple to employ and
is one of the most common functional units used in cement
and concrete LCAs (as shown in Table 1). Equation 1 shows
how FU; is calculated based on the relative volumes of the
base material and each alternative concrete material that is
modelled. In this study, the mix designs are all created based
on a standard volume of one cubic metre of concrete but that
they vary in their proportions of the concrete components (and
therefore FU, is equal to 1). It should however be noted that
the base material is in the denominator because a higher vol-
ume of concrete is worse for the environment due to the ad-
ditional materials required. Therefore, if the alternative con-
crete requires more material it should increase the value of the
functional unit.

3
volume (m )(altmaterialj)

FUu, =

=1 (1)
volume (m3)(base material)

where j corresponds to each alternative (alt.) mix design, as
described in Table 2

4.2.2 FU,: volume and compressive strength

Compressive strength is one of the most important perfor-
mance characteristics of concrete, and 28-day compressive
strength is a value that is commonly specified and evaluated
to ensure the quality of concrete products. Equation 2 shows
how FUj is calculated based on the relative 28-day compres-
sive strength values (for 1 m? of concrete) of the base material

Table 7 Calculated functional

units (FU) Variables included Degrele ofy Functional units (FU)
complexi
GU- GUL- GU-
25SL  25SL 8SF-
25SL
“=1 FU; Volume Simple 1 1 1
x'= FU,  Volume and compressive strength Moderately 1.10 1.05 0.86
complex
x*=3 FU; Volume and rapid chloride permeability Moderately 0.44 0.46 0.13
complex
x*=4 FU,; Volume, binder content and compressive Complex 1.03 0.98 0.80
strength
x*=5 FUs Volume, compressive strength and rapid Complex 0.48 0.49 0.11
chloride permeability
x*=6 FUg Volume, binder content, compressive strength ~ Complex 0.45 0.45 0.11

and rapid chloride permeability

?Index values corresponding to Eq. (7)
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and each alternative concrete material that is modelled. It
should be noted that the value for the alternative concrete
material is in the denominator because a higher compressive
strength is a more desirable performance characteristic for
concrete. Concrete typically provides a compressive strength
capacity in structural systems, and using higher strength con-
crete has the potential to both improve functional performance
and reduce the amount of concrete needed to obtain the same
performance (De Schepper et al. 2014). Therefore, if the alter-
native concrete has a higher compressive strength, this should
lower the value of the functional unit.
strength (MPa)

FUZ‘ o base material (2)
J Strength (MP a) alt.material j

where j corresponds to each alternative (alt.) mix design, as
described in Table 2

4.2.3 FU;: volume and durability

As with compressive strength, durability is a critical perfor-
mance characteristic of concrete, particularly when the con-
crete is steel reinforced, or when it is exposed to harsh condi-
tions such as freeze-thaw cycling or the presence of ions such
as chlorides or sulphates. The 28-day rapid chloride perme-
ability is measured in Coulombs (C) (ASTM C1201) and is a
measure of the durability of the concrete. Equation 3 shows
how FUyj is calculated based on the relative 28-day rapid chlo-
ride permeability test (RCPT) values (for 1 m® of concrete) of
the base material and each alternative concrete material that is
modelled. The value for the base material is in the denomina-
tor because a higher rapid chloride permeability value repre-
sents a worse performance for concrete. Therefore, if the al-
ternative concrete has a lower rapid chloride permeability val-
ue, this should lower the value of the functional unit.

RCPT ( C) alt aterial j
FU L .M Tl j 3
*/ 7 RCPT (C) (3)

base material

where j corresponds to each alternative (alt.) mix design, as
described in Table 2

4.2.4 FU: volume and binder intensity

Binder intensity is the ratio of the mass of binder material in a
concrete mix design (kg) to the compressive strength of the
concrete (MPa), for 1 m® of concrete. This combines physical
characteristics (volume and mass) with a performance charac-
teristic (compressive strength). Equation 4 shows how FU, is
calculated based on the relative binder intensities of the base
material and the alternative concrete material. The value for
the base material is in the denominator because a higher vol-
ume of concrete is worse for the environment due to the

additional materials required to achieve a unit quantity of
28-day compressive strength. Therefore, if the alternative con-
crete requires more material, it is a less desirable scenario and
should raise the value of the functional unit.

binder intensity (kg/MPa
FU,, ty (kg/MPa)

_ alt. material j ( 4)
' binder intensity(kg/MPa)

base material

where j corresponds to each alternative (alt.) mix design, as
described in Table 2

4.2.5 FUs: volume, compressive strength and durability

FUj represents one of the most complex types of functional
units, as it combines three variables, two of which are impor-
tant performance characteristics for concrete materials. This
allows the functional unit to capture multiple dimensions of
these materials, which are representative of the Ministry of
Transportation of Ontario concrete acceptance criteria.
Equation 5 illustrates how FUs is calculated by multiplying
together the values for FU, and FUj3. As a result, the function-
al unit has its lowest and most desirable value when the
strength value is higher and the rapid chloride permeability
value is lower.

FU5J = FUQJ X FU3,j (5)

where j corresponds to each alternative (alt.) mix design, as
described in Table 2

4.2.6 FUg: volume, binder intensity and durability

FUg represents one of the most complex types of functional
units, as it combines four variables, two of which are impor-
tant performance characteristics for concrete materials. This
allows the functional unit to capture multiple dimensions of
these materials, which are representative of acceptance
criteria. Equation 6 illustrates how FUy is calculated by mul-
tiplying together the values for FU; and FU,. As a result, the
functional unit has its lowest and most desirable value when
both the binder intensity (kg of cementing material per MPa of
28-day compressive strength) and the rapid chloride perme-
ability are lower.

FU 6,) = FU3J X FU4_J (6)

where j corresponds to each alternative (alt.) mix design, as
described in Table 2

4.3 LCA methodology
The raw LCIA results are factored to eliminate the various

units used for the different impact categories such that the
results can be more easily compared. The raw LCIA results
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for each alternative material are divided by those for 100GU,
the base case mix design, which has no alternative constitu-
ents, as shown in Eq. 7. The results for 100GU are placed on
the numerator, because greater LCIA results (e.g. higher acid-
ification, higher global warming potential) are less desirable.
Therefore, a factored result that is lower than one corresponds
to a material that is less environmentally impactful than the
100% general use cement base mix. By factoring relative to
this value, it can quickly be determined whether a material has
a higher or lower environmental impact compared with the
base case.

Equation 7 calculates LCA results for each impact category
which incorporate LCIA results and are specific to each mix
design and functional unit. This method is consistent with a
previous LCA of a sustainable concrete material (De Schepper
et al. 2014) and allows for the combination of environmental
impact (as measured by the LCIA results) and functional per-
formance (as measured by the various functional units).

LCA result; ;

_ LCIA I'es‘-ﬂtimpact category i,alternative material j *FU (7)
- x,J

LCIA resultimpact category i,base material

where i = 1 to 4 and corresponds to impact category, as de-
scribed in Table 6.

j=1to 3 and corresponds to each alternative mix design, as
described in Table 2.

and x = 1 to 6 and corresponds to each functional unit, as
described in Table 7.

5 Results and discussion

The LCA results for all four mix designs using the six func-
tional units are presented in Fig. 3. LCA of alternative con-
crete materials (slag, silica fume and general use limestone
cement) not only captures the effect associated with the reduc-
tion in cement content, but it also has potential to capture the
physical and chemical implications these alternative materials
have on mechanical properties, transport properties and
durability.

Figure 3a—d presents the LCA results corresponding to the
impact categories: acidification, global warming potential, re-
source depletion and water depletion, respectively. Each plot
presents the vertical axis which is the LCA result which is
factored to the base case mix design. All of the LCA results
presented in Fig. 3a—d are factored to the results of the base
case mix design. And therefore, all values of the 100% GU
concrete mix design are equal to one. The horizontal axis of
Fig. 3 presents the six functional units (FU,—FUg) that were
used in this analysis and correspond to Egs. 1-6, respectively.
Examination of the results in Fig. 3 reveals the interplay
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between the four concrete mix designs and the selected func-
tional unit on the LCA result.

5.1 Effect of alternative mix constituents on LCA

Irrespective of the functional unit applied (FU,—FUy) or the
complexity of the functional unit (simple, moderately com-
plex, complex), the LCA results show that all alternative con-
crete mix designs (GU-25SL, GUL-25SL and GU-25SL-8SF)
exhibit lower LCA values (less than 1) compared with the base
case mix design (100% general use cement (100GU)) (equal
to 1) for all four impact categories considered. This observa-
tion supports that the ‘alternative’ mix designs are indeed
green mix designs. One common aspect between the three
alternative mix designs is that they all contain 25% slag as
cement replacement. Beyond the obvious benefits that partial
replacement of cement by industrial by-products has on reduc-
ing CO, emissions, energy and resources, the use of slag and
also yield beneficial effects on the transport properties of con-
crete and in turn positively affects long-term durability (as
reflected by the properties reported in Table 2).

The effect of replacing general use cement with general use
limestone cement can be isolated by comparing the LCA re-
sults of concrete mix GU-25SL to GUL-25SL. Although, in
all cases shown in Fig. 3a—d, the LCA result for the GUL-
25SL concrete is slightly lower than the GU-25SL mix with
one exception, where LCA results are actually equal. This is
supported by the fact that the cement contents (GU and GUL)
in the mix designs are equal (300 kg/m?) and in addition, the
compressive strength (36 and 34.7 MPa) and rapid chloride
permeability values (2135 and 1969 C) are also relatively
similar to each other.

Although the implications of cement type had a modest
effect based on the materials used in this study, the effect of
an 8% silica fume addition was markedly more significant.
This is apparent by comparing mix GU-25SL to mix GU-
8SF-25SL for all functional units and for all impact categories
shown in Fig. 3a—d. Part of the explanation is due to the fact
that silica fume is typically added to concrete owing to its
ability to achieve high early compressive strengths as well as
its contribution towards developing a dense microstructure
with very low transport properties which are beneficial for
long-term resistance and durability to outdoor exposure con-
ditions (i.e. freeze-thaw, salt scaling etc.). In fact, the mix
containing silica fume and slag (GU-8SF-25SL) has the low-
est LCA result of all the mix designs with one exception
related to FU;. The LCA result calculated using FU; is slight-
ly higher (0.76) for concrete mix GU-8SF-25SL compared
with the mix GUL-25SL (0.73) and mix GUL-25SL (0.67)
which is likely attributed to the transportation of materials
for silica fume. It should also be noted, however, that in this
outlying case, FU is only a physical characteristic functional
unit (volume). When performance characteristics are taken
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Fig. 3 Effect of functional unit on LCA results for four concrete mix designs in four different impact categories: a acidification potential, b global-

warming potential, ¢ resource-depletion potential and d water-depletion potential

into account, as in FU,, FUs, FU,, FUs and FUg, it is clear that
the concrete mix containing silica fume has a superior envi-
ronmental performance.

It is useful to examine the functional unit results in more
detail to explain the large improvement in environmental per-
formance of GU-8SF-25SL. As shown in Table 7, for FUj,
FUs and FUs in particular, the functional units are approxi-
mately four times higher for GU-8SF-25SL than for the other
materials included in this study.

For outdoor concrete infrastructure where long-term dura-
bility is a concern, then FU3, FU5 and FU6 should be

considered as they capture the durability component. Use of
silica fume has a beneficial effect on refining the materials
microstructure as a result of its pozzolanic, latent hydraulic
properties, as well as chloride binding ability which positively
impacts the long-term durability and longevity of the concrete.
As can be seen from the relatively lower rapid chloride per-
meability value (Table 2) compared with all other mixes.
These results show the importance of using functional units
that incorporate performance characteristics, and where rele-
vant, multiple performance characteristics, and are not limited
to physical characteristics.
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Fig. 3 continued.

5.2 Role of the degree of complexity and selection
of different functional units

The LCA result for each alternative mix design (GU-25SL,
GUL-25SL and GU-8SF-25SL) varies for each of the differ-
ent functional units (FUI-FU6) evaluated in this study.
However, examination of Fig. 3a—d reveals that for a specific
mix design, the LCA results are relatively similar for FU;,
FU, and FU,. At the same time, the LCA results are observed
to be relatively close for FU;, FUs and FUg. For example from
Fig. 3a, considering the alternative mix GU-25SL, the LCA
results are 0.73, 0.80 and 0.74 for FU,, FU, and FUy,, respec-
tively, and 0.32, 0.35 and 0.32 corresponding to FUs, FUs and
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FUg, respectively. The LCA results when FU;, FUs and FUjg
are used in the calculation are reduced by more than 50%
when compared with the LCA results when FU,, FU, or
FU, is used. Still considering Fig. 3a which presents the
LCA for acidification potential, a similar trend is observed
for alternative mix GUL-25SL. The LCA results are 0.67,
0.71 and 0.74 for FU;, FU, and FUy,, respectively, and the
results are 0.31, 0.33 and 0.30 corresponding to FU;, FUjs
and FUyg, respectively, and the latter LCA results (for FUs,
FUs and FUg) are more than 50% of those measured when
LCA uses FU;, FU, and FU,. The alternative concrete mix
design GU-8SF-25SL yields the lowest LCA results but also
has the same trend as the other two alternative concrete mix
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designs being that the LCA results are close (Fig. 3a), for FU;,
FU, and FU, are 0.76, 0.65 and 0.61 and LCA results when
FUs;, FUs and FUg are 0.10, 0.09 and 0.08, respectively. These
general trends are observed based on Fig. 3a, the trends are
also true and observed for the other environmental impacts as
shown in Fig. 3b—d, respectively. However, it is observed that
the LCA result is the lowest for global-warming potential,
slightly higher for acidification potential, slighter higher for
water depletion and the highest for resource depletion.

To explain these observations, closer examination of the
variables that control the functional unit needs to be consid-
ered. But before that, it should be noted that a functional unit
that is considered to be simple (FU;) can yield similar LCA
results as a functional unit that is ‘moderately complex’ (FU,)
and even complex (FUy,). Similarly, the FU3 which is moder-
ately complex yields similar LCA analysis carried out when
complex functional units (FUs and FUg) are used. One vari-
able that can be identified which differentiates FU;, FU, and
FU, from FU3, FUs and FUg is the incorporation of durability
by way of the rapid chloride permeability value. The physical
and chemical contributions benefit the slag, silica fume and
limestone have on pore refinement, and chloride binding, and
in turn long-term durability is reflected by the relatively lower
rapid chloride permeability value reported in Table 2 which
have a strong influence on the LCA results (Aqgel and Panesar
2016; Panesar and Francis 2014; Panesar and Chidiac 2009).
This observation is supported by other researchers whose
analysis reveals that an adequate understanding of the dura-
bility of alternative concrete materials is necessary to compute
the environmental impacts correctly ‘If not, the environmental
benefit of replacing more cement with a supplementary mate-
rial can be cancelled out due to additional manufacturing over
time’ (Van den Heede and De Belie 2010).

Table 8 shows the percentage difference for each mix de-
sign between the LCA results for each functional unit, as
compared with the results for FU,. For each mix design, it is
observed that the least variation of the LCA results is observed
for LCA analysis based on FU, and FU, (compared with
FU;). The range of percentage difference between the LCA

Table 8 Percentage difference between LCA results for functional
units (FUs) incorporating performance characteristics vs. FU; (volume)

Percentage difference between LCA results calculated using FU;
and FU, (%)

GU-25SL GUL-25SL GU-8SF-25SL
FU, 9.98 543 -14.2
FU; —56.3 —63.9 —86.8
FU, 2.54 —-1.69 —20.0
FUs —-52.0 —51.4 —88.7
FUs —55.2 —54.6 —89.4

results for GU-25SL, GUL-25SL and GU-8SF-25SL are (2.5
to 10), (—1.7 to 5.4) and (—14 to —20), respectively. In contrast,
markedly greater differences are observed between the LCA
results based on FU,; and the LCA results based on FU3, FU5
and FUG6. In particular, for mixes GU-25SL, GUL-25SL and
GU-8SF-25SL, the range of percent difference between FU,
and FU; and FUjs and FUg are (—52 to —56), (—55 to —64) and
(=87 to —89), respectively. This highlights the importance of
the selection of the functional unit, in particular for concrete
with high-performance characteristics (strength and durabili-
ty) such as concrete containing silica fume. However, it should
be noted that in some concrete applications and in some geo-
graphic climates, it could be appropriate and reasonable not to
capture a variable that is resistant to corrosion processes.

6 Conclusions

Today more than ever, concrete designers, engineers and the
construction industry are faced with important decisions relat-
ed to material selection and design of structures that are sus-
tainable, cost effective and durable. In the past decades, con-
crete materials have advanced in order to achieve unique fresh
properties, hardened properties and durability to last for longer
service lives than ever before. In order to make environmen-
tally responsible design decisions, it is necessary to examine
the interplay between concrete materials, their properties and
functional requirements and the implications on environmen-
tal impacts. The four impact categories considered in this
analysis are acidification, global warming potential, resource
depletion and water depletion. This study conducts an LCA
analysis for four concrete mix designs based on six functional
units. One of the concrete mix designs is the base case com-
posed of 100GU. The other three mix designs contain some
percentage replacement of the cement with slag and/or silica
and/or general use limestone cement and are referred to as
GU-25SL, GUL-25SL and GU-8SF-25SL. Six functional
units are developed to capture the effect of the volume and
material properties of each mix design. The defined functional
units applied in this study are volume of concrete (FU,), vol-
ume of concrete and compressive strength (FU,), volume of
concrete and rapid chloride permeability (FUj3), volume of
concrete and binder intensity (defined as amount of cementing
materials per unit of 28-day compressive strength) (FU,), vol-
ume of concrete and a combination of compressive strength
and rapid chloride permeability (FUs) and volume of concrete
and a combination of binder intensity and rapid chloride per-
meability (FUg).

Key outcomes from this study pertain to the selection, com-
plexity and sensitivity of the functional unit on LCA analysis
in the context of concrete containing alternative cement-
replacement materials.
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* For the concrete mix designs considered in this study, the
LCA results for all six functional units (FU;—FUy) re-
vealed that the incorporation of the alternative cementing
materials, namely slag, silica fume and general use lime-
stone cement, reduced the environmental impact com-
pared with the base mix of 100% general use cement.
Therefore, this outcome reveals that all three of the alter-
native concrete mix designs are indeed green. It should be
noted, that the alternative mix designs, GU-25SL and
GUL-25SL exhibited lower environmental impact com-
pared with 100GU even though they had lower 28-day
compressive strength values. This outcome emphasises
the non-linearity of the effect of material properties on
quantification of environmental impacts.

* The LCA results were computed as a function of six func-
tional units which have varying degrees of complexity
(simple (FU,), moderately complex (FU,, FU3) and com-
plex (FUy, FUs, FUg)). Relatively similar results were
observed when comparing the LCA results for FU; (vol-
ume), FU, (volume and compressive strength) and FU,
(volume and binder intensity were used). Relatively sim-
ilar results were observed when comparing the LCA re-
sults when FUj3 (volume and rapid chloride permeability),
FUjs (volume and a combination of compressive strength
and rapid chloride permeability) and FUg (volume and a
combination of binder intensity and rapid chloride perme-
ability). This outcome indicates that irrespective of the
degree of complexity of the functional unit, for the con-
crete considered in this study (which has applications to
transportation infrastructure), the rapid chloride perme-
ability which is a direct indicator of durability strongly
controls the LCA. This illustrates the importance of
conducting an LCA with a selected functional unit that
captures the concrete’s functional performance metrics
specific to its application and expected exposure
conditions.

* The LCA results for the mix designs considered in this
study are very sensitive to the choice of functional unit.
In comparison with FU; which is only a function of the
volume of concrete, LCA analysis based on FU, and FU,
only varied within 1.7-20% (for all the alternative (green)
mix designs). However, in comparison with FU; (volume
only), the LCA results based on FU3, FU5 and FUg varied
between 52 and 89% (for all three of the alternative
(green) concrete mix designs). This outcome highlights
the sensitivity of functional units on the LCA results. It
is suggested that a complete LCA for a given concrete mix
design should entail examination of multiple functional
units in order to identify the range of environmental im-
pacts or the optimal environmental impacts.
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