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Extending the service life of structures is an important strategy to mitigate the environmental impacts, in
particular, the global warming potential, of the building sector. As a key factor determining service life, the
durability performance of reinforced concrete has been investigated for decades. Yet, durability’s impact on the
eco-efficiency of materials and structures has not been well realized until the early 2010s. Today, an increasing
number of publications focus on concrete durability coupled with life cycle assessment (LCA), an important tool
for analyzing eco-efficiency. However, the gap between the two research fields, i.e., durability and LCA, has led
to divergent methodologies, which hinders the consensus between studies. To bridge this gap, this review covers
the recent advances in durability-based LCA. Three aspects were highlighted: 1) how durability influences the
eco-efficiency of cementitious materials; 2) how LCA models these effects; and 3) how we come to more justified
results. The review argues the necessity of a unified methodology in this field and identifies the importance of
performance-based models in justifying durability-based LCA. Further, a framework grounded on the prescriptive
and performance-based design methods was proposed to unify the existing divergent methodologies. This

framework will facilitate improving the future engineering codes underlining sustainability.

1. Introduction

Concrete is the most used building material globally and the second
most used human-made material only to water [1,2]. As the “glue” of
concrete, cement accounts for ~10 wt% of concrete; however, it is
responsible for ~70% of the greenhouse gas (GHG) emissions in con-
crete production [3]. In the global context, approximately 4 Gt of
cement is manufactured annually [3-5], producing over 10 billion m° of
concrete [4] and emitting ~3 Gt of COy to the atmosphere [5]. The
cement and concrete industry is now responsible for 5-10% of global
anthropogenic CO5 emissions [2,6,7]. Without any mitigating actions,
this number may grow till 2050 due to the global population growth and
urbanization [1,3].

Reducing the environmental impacts, in particular, the GHG emis-
sions of the cement and concrete industry has aroused the attention of
researchers worldwide. As modeled by the Intergovernmental Panel on
Climate Change (IPCC), the 1.5 °C climate goal requires a 65-90% cut-
down on the global industrial CO5 emissions from 2010 to 2050 [8]. For
the cement and concrete industry, mitigating strategies, e.g., increased
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use of supplementary cementitious materials [9-11], optimization of
concrete mix design [12-15], are readily deployable with mitigation
potentials modeled to be 4-12% [4]. Other techniques that may yield
zero net emissions for cement production, e.g., carbon capture and
utilization during cement clinkering [16,17], alternative binders as
substitutes to Portland cement [2,18-20], still need breakthroughs
before large-scale implementation [3]. Yet, to reach the climate goal
these breakthrough techniques are also essential [3,21,22].

Extending the service life of structures is an effective strategy for
mitigating the environmental impacts of the cement and concrete in-
dustry [23,24]. As modeled in Ref. [23], ~14% CO5 emissions in con-
crete production can be eliminated by elongating the service life of
structures by 50%, suggesting a direct approach to reducing the cement
demand in construction. However, the service life of structures in the
real world depends on both the need for demolishing and rebuilding,
and durability, i.e., the resistance of (reinforced) concrete to all types of
aggressive environments [25]. Less durable structures may need main-
tenance to reach the expected lifetime, resulting in additional cost and
materials consumption during structure operation [26,27]. To enhance
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concrete durability, adjustments to the concrete mixture and structural
elements (e.g., the thickness of concrete cover over reinforcements) are
required. Such adjustments also alter the environmental impacts asso-
ciated with concrete production and construction [15,28-30]. Thus, in
real-world scenarios, durability can play a key role in determining the
eco-efficiency of materials and structures [31-34].

Life-cycle assessment (LCA), an important tool of environmental
impact analyses, has been widely used for assessing the eco-efficiency of
cementitious materials [31,35]. The term “life-cycle” represents all
lifetime stages of a product being manufactured, used, and disposed of;
however, the system boundary of LCA can be defined according to the
aim of the assessment. As the simplest way, the cradle-to-gate boundary
can be chosen [36-39], which covers the impacts from raw materials
extraction to the end of processing by which a material leaves the gate of
a factory. To model the effect of durability performance in LCA, the
system boundary can be extended to the end-of-life [34,40]. Mainte-
nance actions and the service life of structures can thus be included.
Alternatively, such an effect can also be modeled by modifying the
functional unit [41-43]. Yet, the selection of the functional unit, i.e.,
whether a volume of materials [41,42] or a structural element [43], is
still under debate. By now, there is no standard method that couples the
durability performance of cementitious materials with LCA. Contradic-
tory results were reported through different methods [43,44].

This review focuses on recent advances in durability-based LCA with
a goal to fill the gap between cement and concrete materials science and
environmental impact analyses and to provide insights to new meth-
odological frameworks. In Sections 2 and 3, an overview of the design of
durable (reinforced) concrete and the calculation of its service life was
provided. Both sections addressed basic concepts and mechanisms,
helping to understand how these durability-related issues impact the
eco-efficiency of cementitious materials and how they can be incorpo-
rated into LCA. In Section 4, existing papers regarding durability-based
LCA were reviewed. Critiques of the existing methods and perspectives
on future works were given in Section 5.

2. Durability-related specifications—the prescriptive design
method

The goal of durability design is to ensure that structures can resist the
aggressive external environment and maintain its serviceability during
the full lifespan. Overall, two schools of methods, i.e., the prescriptive
method and the performance-based method, are provided in engineering
codes. This section overviews the prescriptive design method. This
method includes basically the identification of environmental actions (i.
e., the type of aggressiveness) and subsequently the specifications on
materials, mixtures, cover thickness, etc. It is assumed that a targeted
service life, e.g., 50 or 100 years, can be fulfilled when the specifications
are simply met. Thus, this method is also termed “deemed-to-satisfac-
tory” design method.

2.1. Environmental actions

Identifying the governing factor which may interact with and dete-
riorate (reinforced) concrete structures is an essential process before
durability design. Such factors are termed “exposure category” in en-
gineering codes, correlating with the degradation, by different mecha-
nisms, of reinforcement (carbonation and chloride ingress) and concrete
(freezing and thawing, chemical attack, alkali-silica reaction (ASR),
etc.), see Table 1. Within each category, the environmental action is
further divided into different classes by their severity, e.g., the con-
centration of aggressive ions in the external environment. Durability-
related specifications are given based on exposure categories and
classes.
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Table 1
Exposure categories defined in the U.S., European, and Chinese engineering
codes, classified by the degradation mechanism.

Reinforcement corrosion Concrete damage

ACI 318-19 [45] @ Corrosion protection @ Freezing and
thawing
@ Sulfate attack

@ Contact with water

(ASR involved)
BS EN 206:2013 [46] and @ Corrosion by @ Freezing and
GB/T 50476-2019 [47] carbonation thawing

@ Corrosion by chlorides @ Chemical attack
from seawater

@ Corrosion by chlorides
from other sources

2.2. Durability-related specifications

The most important durability-related specification in the prescrip-
tive design method is concrete mix proportion, including strength grade,
cement (binder) content, and water-to-cement (water-to-binder) ratio,
see Table 2. These specifications are based on the fact that concrete with
a high strength grade and a low water-to-cement ratio typically has a
low permeability; and thus it can be sufficiently resistant to aggressive
species from the external environment, i.e., ions (chloride, sulfate, etc.),
gases (COy), and water [48,49]. For concrete subjected to freezing and
thawing, specifications on the air content are also given. In general, the
design of durable concrete in a highly aggressive environment means an
increased demand for raw materials, either binders or chemical ad-
mixtures (e.g., air entraining agents in the freezing and thawing envi-
ronment), for concrete mixtures.

The Chinese code requires laboratory acceleration tests to verify the
performance of concrete in some exposure categories. These re-
quirements include: 1) chloride diffusion coefficient tested by rapid
chloride migration tests (similar to NT Build 492 [50]) for the exposure
categories related to chlorides, and 2) durability factor by rapid freezing
and thawing tests (similar to ASTM C666/C666M — 15 [51]) for the
freezing and thawing category.

Another important durability-related specification is the thickness of
the concrete cover over reinforcements, as rebar corrosion is the most
globally observed field problems in reinforced concrete structures
[52-54]. This specification applies to the chloride-bearing environment
in the U.S. code, to the three exposure categories related to reinforce-
ment corrosion in the European code, and to all exposure categories in
the Chinese code. When designing structural elements (beams, slab,
columns, etc.), a thicker concrete cover corresponds to higher materials
demands and the associated environmental impacts. The strength grade,
mix proportion, and the cover thickness for rebars all affect the
eco-efficiency of reinforced concrete elements [15,28,30].

3. Service-life models and performance-based design method

In the performance-based design method, the service life of a struc-
ture is no longer “deemed to be satisfied”. Instead, it is verified based on
the actual performance of reinforced concrete members. To reach this
goal, degradation models are usually introduced to predict the materials
performance during the full lifespan. Service life is defined as the time
period before which the performance falls below a certain limit state. In
some cases, probabilistic models can be introduced to assess the reli-
ability of prediction. The performance-based design method based on
service-life models can be found in international standards, e.g., ISO
16204 [55], the fib Model Code 2010 [56], and fib Bulletin 34 [571],
being also very well reviewed in Ref. [52]. The focus of this section is to
address how the most used service-life models are built based on classic
degradation mechanisms.
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Table 2
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Requirements for durability design (the prescriptive design method). Symbol “/” denotes requirements applying to all exposure categories, “@” denotes requirements
applying to partial exposure categories, and “~” denotes requirements not specified in a code.

Strength Maximum Minimum cement Air content and aggregate size Type of cementand/  Chloride Minimum cover
class w/C content (freezing and thawing) or SCM content thickness
ACI 318-19 v v/ - 4 [ ) [ ) [ ]
BS EN v e v v ° vr ()
206:2013
GB/T 50476- v v v v v ° v
2019

@ BS EN 206:2013 used the concept of k-value to address the impact of SCMs on concrete durability in different exposure categories.
b Chloride content is a general requirement, instead of a durability-related one, in BS EN 206:2013.

¢ Minimum cover thickness is specified in BS EN 1992-1-1:2004.

4 In GB/T 50476-2008, maximum water-to-binder ratio is specified instead of W/C.

3.1. Carbonation-induced reinforcement corrosion

Carbonation-induced reinforcement corrosion can be divided into
two periods: the initiation period which corresponds to the penetration
of CO5 to the surface of reinforcements, and the propagation period
which corresponds to the corrosion of reinforcements and the cracking,
spalling, and collapse of concrete and structures, see Fig. 1. Both periods
are important to a concise service-life prediction. For the latter period,
various time-dependent models are available [58] and international
consensus have not been reached [55,56,59]. Therefore, this section
focuses on the initiation period.

The penetration of CO- in concrete applies to the diffusion equation,
also known as Fick’s laws. Assuming that: 1) diffusion takes place in a
semi-infinite medium, 2) the CO; concentration on the concrete surface
remains constant, and 3) the initial CO, concentration in the pore so-
lution is zero, one can come mathematically to the solution of Fick’s
laws that the penetration distance of any given concentration (e.g., the
carbonation front) is proportional to the square root of time [62]. This is
the well-known Tuutti’s carbonation model (also called the square-root
law), see Eq. (1) [60].

X=kvt @

where, X is carbonation depth, and k is the CO5, diffusion coefficient. As a
modification, a weather function describing wet-dry cycles, as well as
other environmental conditions, can be incorporated [56], see Eq. (2).
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where, W(t) is the weather function, tj is the time of reference (mea-
sure), and w is a weather exponent depending on the level of wet-dry
cycles.

Based on Eq. (2), one can calculate the remaining service life of
existing structures by measuring the carbonation depth over a certain
lifetime. For newly-built structures, the diffusion coefficient k can be
obtained by accelerated carbonation tests and calibrated [63] for
service-life predictions. Examples can be found in Refs. [54,64,65].

3.2. Chloride-induced reinforcement corrosion

Like carbonation-induced corrosion, chloride-induced reinforcement
corrosion can be also divided into two periods, with the initiation period
corresponding to the penetration of chloride (Fig. 1). In this case, rebars
corrode only when the chloride content of the pore solution reaches a
threshold, i.e., the critical chloride content, which depends on both the
types of steel and concrete and the environmental conditions [53,61].
Therefore, a general solution to the Fick’s laws describing the relation-
ship between time, depth, and concentration is needed for service-life
modeling, see Eq. (3).

c(x,t)=ci+ ¢ (1 —erf ﬁ) 3

where, c(x, t) is the chloride content at the depth x and at time ¢, ; is the
initial chloride content in concrete, cs is the chloride content at the
concrete surface, D, is the apparent diffusion coefficient of chloride, and
erf is the error function. D, is usually time-dependent and can be written
as

Depassivation or initiation of pitting corrosion

Formation of cracks

Spalling of concrete cover

Significant reduction of structural capacity through bond failure or reduction

in cross section of the loading bearing reinforcement

Depassivation > Carbonation front >

X =kt

Pitting corrosion > Critical chloride content >

X
Measurable by chemical methods > x, ¢, t > c(x,t) =¢; + ¢ (1 - ETfZ 5 t>
a

Fig. 1. Degradation models for carbonation- and chloride-induced reinforcement: (a) Two degradation periods, adapted from Refs. [52,601, and (b) Penetration of
CO, and Cl™ reaching the rebar and service-life models associated with this process, adapted from Ref. [61].
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a
Da(l) = DILO <t70) (4)
where, D, is the apparent diffusion coefficient measured at the refer-
ence time ty, and «a is an aging factor depending on the concrete type and
environmental conditions.

For service-life prediction, c;, ¢, and D, can be fitted by measuring
the chloride profile of existing structures with similar concrete type and
exposed in similar environmental conditions. Alternatively, D, can be
calculated based on laboratory tests, e.g., from the migration coefficient
obtained by the Rapid Chloride Migration method, see examples in Refs.
[66-68]. Some literature (e.g., Refs. [68-70]) declares that the surface
chloride content c; and the binding capacity of chloride by cementitious
materials are also time-dependent; and corrections to the prediction
models are also available.

3.3. (Sulfate) chemical attack

Chemical attacks refer to the degradation of concrete induced by the
interaction between cement hydration products and certain foreign ions
from the environment, e.g., SO%’, Mg2+, H™, soluble CO5, and NHj [55,
56]. These processes originate also from the penetration of ions. How-
ever, chemical reactions have a much greater impact on the ionic motion
compared with the case of chloride penetration [71]. Thus, chemical
attacks are usually defined as reactive transport processes. Unfortu-
nately, these processes cannot be simply modeled by diffusion equa-
tions, and there are no internationally accepted service-life equations
[55,56].

Sulfate attack is the most observed type of chemical attack. The
penetration of SO3 into concrete triggers the monosulfate-ettringite
conversion [72]. Portlandite and calcium silicate hydrate (C-S-H)
decompose by the leaching of Ca?*, and gypsum may form in highly
concentrated sulfate-bearing environments [73,74]. These reactions,
including the temporal and spatial distribution of reaction products, can
be modeled by numerical algorithms coupling transportation equations
and chemical reactions [73,75], see Fig. 2. The formation of ettringite
leads to expansive damage, and the expansion mechanism has been
debated for long [76-78]. Most numerical algorithms simulate expan-
sion damage by hypothesizing a volume increase of ettringite formation
[79,80]. In parallel, the “crystal growth” theory, the most-accepted
expansion theory recently, owes expansion to the formation of
nano-ettringite in the mesopores of C-S-H under supersaturation [81,
82]. Simulation of expansion by the latter mechanism is still scarce [75].
Ongoing efforts are undertaken to improve the reliability of service-life
predictions by numerical modeling [83].

Concrete

a) lonic motion
Diffusion
Advection
Electrical potential
Chemical activity

b) Chemical reactions
Formation of ettringite and gypsum
Dissolution of portlandite and CSH
Changes of solution chemistry
Changes of microstructure
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3.4. Freezing and thawing

As reviewed in Refs. [84,85], various theories have been proposed to
explain the degradation mechanism in the freezing and thawing envi-
ronments. Generally, it is accepted that freeze-thaw damage to concrete
is attributed to the expansion induced by the water-to-ice phase trans-
formation [86]. Thus, the ingress of water is a decisive factor for
degradation, which differs from the situation of other exposure cate-
gories where water serves mainly as the media for ionic motion. In the
absence of deicing salts, service life influenced by freeze-thaw damage
can be predicted by modeling the water uptake by concrete (Fig. 3). The
loss of strength or modulus accelerates markedly when the saturation
degree of concrete reaches a threshold i.e., “critical degree of satura-
tion”; And this is considered to be the end of a concrete’s service life
[87]. According to fib Bulletin 34 [57], this process can be modeled by
Eq. (5).

S:S,,+eot‘€lq (5)

where, S is the actual degree of saturation, S, and d are materials pa-
rameters that can be measured by absorption tests, and t.q is the
equivalent time of wetness which is dependent on the exposure condi-
tion. A state-of-art review on the service-life prediction based on the
critical degree of saturation can be found in Ref. [88].

In the presence of deicer e.g., salts, additional degradation mecha-
nisms, i.e., surface scaling and chemical damage, to expansion damage
are suggested [88-90]. Service-life models based on the critical freezing
temperature is also available [57].

(a) (b)

Critical degree of
saturation (S,)

Degree of saturation
Damage rate

Square root of time Degree of saturation

Fig. 3. Degradation models for freeze-thaw damages in the absence of deicing
salts: (a) Absorption of water to reach the critical degree of saturation [88], and
(b) Accelerated damage after the critical degree of saturation, adapt
from Ref. [87].

Concrete d) Mechanical response
Expansion

s> = by Cracking

<«--- 8'a_| = (lonic motion through cracks)
I R Chemical damage

so -5 o
<-== —— 1-10cm
[

c) Expansive forces

The “volume increase” theory
The “swelling” theory

The “crystal growth” theory
Solid state formation of ettringite

Fig. 2. Phases involved in the numerical modeling of sulfate attacks: Ionic transportation, chemical reaction, generation of expansive forces on the micro-scale, and

expansive damage on the macro-scale.
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3.5. Alkali-silica reaction

ASR refers to the reactions between the reactive silica in aggregates
and the alkaline pore solution. Such reactions produce alkali-silica gels
which can swell by adsorbing moisture, inducing the cracking of con-
crete. ASR requires the co-existence of 1) reactive aggregates, 2) highly-
concentrated alkalis in the pore solution, 3) a source of soluble calcium
to react with dissolved silica, and 4) high moisture contents in the
external environment. It can be mitigated by controlling any of these
factors. As reviewed in Refs. [91,92], ASR has been extensively studied
in the past few decades. Various models on the physical, chemical,
mechanical, or coupled aspects of the ASR process and mechanism were
proposed. However, the complexity of ASR has made it difficult to
validate different models; and the ASR mechanism is still open for
debate. Service-life models with global consensus are still not available.

4. Coupling durability with LCA

Regulated by ISO 14040 [93], the LCA methodology consists typi-
cally of four phases: definition of goal and scope, inventory analysis,
impact analysis, and interpretation. Detailed reviews of LCA applied to
cement and concrete materials can be found in Refs. [31,35]. Here,
existing approaches which couple the durability performance of
cementitious materials with LCA are reviewed. These approaches are
summarized in Table 3, and three aspects will be highlighted:

1) what can be used as durability indicators in LCA,
2) how these indicators can be incorporated into LCA, and
3) whether or not the whole structure needs to be involved.

4.1. Quantifying the durability of (reinforced) concrete: Durability
indicators

In LCA, the environmental impacts are represented by environmental
indicators, e.g., GHG emissions, energy use. To couple with the envi-
ronmental indicators, the durability performance needs also to be
quantified. Existing literature has used three types of durability in-
dicators. Fig. 4 shows how these indicators correspond with the life-time
stages of a structure. Before upscaled concrete production, the perfor-
mance of concrete can be tested in laboratories, and the results can be
directly used as durability indicators. During the manufacture and cast
of concrete, mix proportion and the cover thickness can be adjusted for a
durability design (see Section 2). These adjustments impact the raw
materials demand in construction, which can be used as the second type
of durability indicator. In the operation and maintenance stage, dura-
bility performance may impact the service life of structures (see also
Section 3). In-use repair helps to extend the service life of a structure,
which can be indicated by an increased raw materials demand. Alter-
natively, one can assume that all the materials and structures are
demolished when the end of lifetime is reached. Such an assumption
leads to the third type of indicator—service life.

4.1.1. Laboratory-based parameters

Laboratory acceleration tests are widely used to study the durability
performance of cementitious materials. The results have been used as
durability indicators in existing literature. In Ref. [94], chloride diffu-
sion coefficient of concrete was considered as the indicator of chloride
resistance. This parameter was coupled with the CO2 emissions calcu-
lated by LCA to analyze the eco-efficiency of SCM-blended cement. A
similar method coupling the chloride diffusion coefficient with energy
consumption was adopted by Ref. [95] to study the eco-efficiency of
basalt fiber reinforced concrete. The chloride ion penetration (measured
in Coulombs) obtained from rapid chloride permeability tests can be a
general durability indicator. This parameter was coupled with LCA to
assess the eco-efficiency of rice husk ash blended concrete in Ref. [96],
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and discuss the selection of a functional unit by assessing the environ-
mental impacts of concrete blended with silica fume and slag in
Ref. [42].

The mechanical properties degraded by acceleration tests can be also
used as durability indicators. In Ref. [97], the crushing loads of concrete
samples before and after sulfuric acid immersion were measured. The
results were used as the indicator of a material’s durability performance
in an acidic environment. In Ref. [98], the bending moment of rein-
forced concrete specimens before and after a four-year corrosion test
was measured. It was coupled with the global warming potential (GWP)
calculated from LCA to elucidate the environmental impacts of fibers on
the production of green concrete containing recycled aggregates and fly
ash.

Durability assessment based on laboratory tests performed in parallel
with LCA without coupling was also found (e.g., Refs. [99-101]). When
the “green” mixes show comparable or higher durability performance
than the control group, the combined performance of the “green” mixes
is assumed to be preliminarily represented by the environmental in-
dicators. For instance, replacing Portland cement by up to 40% red
ceramic waste can cut off the CO5 intensity of cementitious materials
when not significantly impacting the durability performance that is
indicated by water resistance [102,103]. Such assessments, however,
were not considered as a coupling approach here, as the durability in-
dicator(s) and environmental impact indicator(s) were not combined
mathematically.

4.1.2. Service life

The second approach to couple durability with LCA is to reconcile
the environmental impacts with the service life of cementitious mate-
rials or structures. Usually, service life can be calculated by laboratory
tests combined with the models reviewed in Section 3. The environ-
mental impacts modeled by LCA are divided by service life to achieve
the normalized/annualized impacts. This method has been used in Refs.
[104-110]. Sometimes when the calculated service life exceeds a certain
targeted value (for instance, a prescribed service life of 100 years for
critical concrete structures specified in the ISO engineering code [111]),
the targeted service life can be used as the normalizer because the
calculated one may be impractical in real-world scenarios (e.g., in Refs.
[104,110]).

4.1.3. Raw materials demand

As reviewed in Sections 2 and 3, the design of durable materials and
structures requires adjustments on the concrete mixture and structural
elements, i.e., the raw materials demand for construction is altered.
Likewise, conducting in-use repair to extend the service life of structures
also alters the materials consumption. Thus, the third way to incorporate
durability into LCA is to model the environmental impacts associated
with durability design, either on the material or the structure level, as
well as maintenance actions. Compared with the other two durability
indicators, i.e., laboratory-based parameters and service life, raw ma-
terials demand is more likely an “invisible” durability indicator, which
means it is merged into the environmental impact indicator(s) instead of
being a separated parameter or a normalizer.

Raw materials demand often applies to the carbonation or chloride-
bearing environment where reinforcement corrosion governs the
degradation mechanism [34,40,43,44,112-115]. Specifically, two sce-
narios are available (Fig. 5a). In the first scenario, durability design,
either in a prescriptive manner or a performance-based one, is con-
ducted to determine the proportioning of concrete mixes and the
required cover thickness of a reinforced concrete structure (or structural
element). The targeted service life is expected to be reached without
maintenance. In the second scenario, a fixed cover thickness is usually
given. When the service life is reached, the concrete cover is replaced by
new materials, which is defined as an in-use repair action.

Although the second scenario is more widely modeled (e.g., Refs.
[112-114]), the first one using a performance-based design method (e.
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Table 3
A review of literature in which the durability performance of cementitious materials was coupled with LCA. RC = Reinforced concrete, FA = Fly ash, SF = Silica fume,
GGBFS = Ground granulated blast furnace slag, LC® = Limestone calcined clay cement.

Ref. Objective Environmental condition Durability indicator Durability related actions Modified phase Level of assessment
Functional Impact Material ~ Structure
unit analysis

[34] Recycled aggregate Chloride Quantity of raw Design of cover thickness v v

concretes materials

[40] Repair of reinforced concrete Chloride Quantity of raw Maintenance v v

structures (effect of cover materials (replacement of all
replacement) materials)

[41] FA concrete Carbonation Freezing and Quantity of raw Maintenance v v

thawing materials (Replacement of all
materials)

Mix proportioning (Air
entraining agent)

[42] SF and GGBFS concrete Not defined Rapid chloride Durability testing 4 v
permeability
[43] RC bridge edge beam and Freezing and thawing Quantity of raw Approach 1: Mix v v
pier prepared by FA and Chloride (from seawater materials proportioning
GGBFS concrete and deicing salts (prescriptive durability
design)

Approach 2: Design of
cover thickness
(Performance-based

design)
Approach 3: Maintenance
[44] RC slabs and beams prepared ~ Carbonation Approach 1: Quantity ~ Approach 1: Design of v v
by FA concrete of raw materials cover thickness
Approach 2: Service Approach 2: Service-life
life prediction
[94] SF and FA concrete Chloride Chloride diffusion Durability testing v v
coefficient
[95] Basalt fiber—reinforced Chloride Chloride diffusion Durability testing v v
concrete coefficient
[96] FA and rice husk ash Not defined Rapid chloride Durability testing v v
concrete permeability
[971 Steel fiber- reinforced Chemical (acid) Crushing load before/  Durability testing v v
concrete containing recycled after accelerated
rubber waste weathering
[98] Fiber-reinforced concrete Chloride Bending moment Durability testing v v
containing recycled before/after
aggregates and fly ash accelerated
weathering
[104] FA concrete Chloride Service life Service-life prediction v v
[105] FA concrete Chloride Service life Service-life prediction v v
[106]  RC bridge pier and girder Chloride Service life Service-life prediction v v
prepared by FA and LC?
concrete
[107] RC linear structural member Chloride Service life Service-life prediction v v
made of GGBFS concrete
[108]  Self-compacting concrete Chloride Service life Service-life prediction v v
column made of GGBFS and
FA concrete
[109]  RC column prepared by FA Carbonation Service life Service-life prediction v v
and GGBFS concrete
[110] A completely recyclable Carbonation Service life Service-life prediction 4 v
concrete
[112] FA concrete column Carbonation Quantity of raw Design of cover thickness v v
materials and maintenance
[114]  RC pier with carbon-steel Chloride Quantity of raw Maintenance v v
and stainless-steel materials
reinforcements
[113] FA and GGBFS concrete Chloride Quantity of raw Maintenance v v
column materials (Replacement of all
materials)
[115]  Concrete prepared from Carbonation Quantity of raw Design of cover thickness v v
cements of different types materials
and strength grades
[116]  RC structures designed with Carbonation and chloride Quantity of raw Design of cover thickness v v
concrete of different strength materials
grades
[117]  Natural zeolite blended Chemical (sulfate) Service life Maintenance v/ v
concrete (Replacement of all
materials)
[118]  Bridge girders made of UHPC  Chloride Quantity of raw Structural design and v/ v
and RC materials maintenance
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Fig. 4. Durability indicators corresponding to the life-time stages of concrete structures.
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Fig. 5. Two scenarios to model the raw materials demand by durability-based LCA: (a) The methodology, (b) and (c) A comparative study provided by Al-Ayish et al.

[43] on reinforced concrete bridge edge beams and piers, respectively.

g., Ref. [34]) can be more justified. This approach is supported by
Ref. [40] where an increased cover thickness reduced the life-cycle
environmental impacts of infrastructures by lowering the impacts
associated with the maintenance phase. Al-Ayish et al. [43] provided a
comparative study on these scenarios by modeling the GHG emissions of
reinforced concrete structures subjected to a chloride environment
(Fig. 5b and c). The prescriptive design method (Scenario 1-1) was found
to mislead service life estimation, underestimating the environmental
impacts. A fixed cover thickness followed by maintenance actions
(Scenario 2) overestimated the impacts of a mixture having low chloride
resistance (Mixture OPC without SCM addition, Fig. 5) by 2-3 times. In
contrast, the performance-based design method (Scenario 1-2) reported

the most justified results.

Garcez et al. [116] compared the environmental impacts of rein-
forcement concrete structures designed using concrete with different
strength grades. Prescriptive design methods were applied and C50
concrete provides the best eco-efficiency due to the balance of raw
materials demand (cover thickness) and durability (targeted service
life). Marinkovi¢ et al. [44] used two approaches to model the effect of
service life on the environmental impacts of high volume FA (HVFA)
reinforced concrete elements enduring carbonation (Fig. 6). One
approach is to assign a fixed cover thickness and normalize the envi-
ronmental impacts to the service life (equal to using service life as the
durability indicator, see Section 4.1.2). The other is to adjust the cover
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Fig. 6. Environmental impacts of high volume FA (HVFA) reinforced concrete slabs and beams modeled by different approaches: (a) Two approaches of modeling,
(b) and (c) Normalized GWP of reinforced concrete slabs and beams, respectively, adapted from Marinkovi¢ et al. [44]. The curves in (b) and (c) were fitted based on

mix proportions obtained from the literature.

thickness based on service-life equations (similar to Scenario 1-2,
Fig. 5a). The former suggests higher environmental impacts for the
“green” mixes (HVFA concrete) due to lowered resistance to carbon-
ation, but an opposite result can be found using the former approach.
The results by different approaches varied by 5-10 times. They
concluded that optimizing the cover thickness can help to minimize the
environmental impacts on of structural elements, which is more justified
than assigning a fixed cover thickness. This is also supported by Ventura
et al. [115] who found that using low-permeability concrete and
adjusting the cover thickness by carbonation models can save the ma-
terials consumption and drive to environmental benefits.

It should be noted that “maintenance” refers to the partial replace-
ment of materials, e.g., the concrete cover of a reinforced concrete
member. In some literature, e.g., Refs. [41,117], all the materials
defined in the function unit were assumed to be replaced in a mainte-
nance action. Such an approach leads to similar results to normalizing
the environmental impacts by service life (Section 4.1.2), because all the
materials are indeed demolished and reproduced by maintenance.

Modeling the quantity of raw materials can also be used to evaluate
the environmental benefits brought by emerging construction materials
altering the design of structures and/or cutting off the need for main-
tenance. For instance, Dong [118] investigated the environmental
benefits of using ultra-high performance concrete in bridge construc-
tion. Compared with conventional reinforced concrete, special struc-
tural configurations without reinforcements were designed. LCA
suggests a 48% reduction on CO;, emissions due to a smaller volume of
concrete required for construction and a reduced frequency of
maintenance.

4.2. Coupling durability with LCA: The modified phase

A common method to incorporate the above-mentioned durability
indicators into LCA is to use coupled indicators, i.e., to normalize the
environmental impact indicator with the durability indicator. This
method modifies the “Life cycle impact analysis” phase of LCA. For
instance, the environmental impacts were normalized to the service life
of concrete in Ref. [105] and to chloride diffusion coefficient in
Ref. [95]. Similarly, the environmental impacts were normalized to
mechanical properties in Refs. [96,99].

Another method is to modify the functional unit which is defined in

the “Definition of goal and scope” phase. The selection of functional unit
during LCA for cementitious materials has been extensively debated [17,
26,42,119-121]. According to ISO 14040 [93], a functional unit “de-
fines the quantification of the identified functions (performance char-
acteristics) of the product”. It should provide a basis to quantify all
inputs and outputs and allow the comparison of LCA results based on
equivalent functional performance [42]. The most used functional unit
is 1 m® of mortar or concrete (e.g., in Refs. [36,37,39,99,100]). It has
been argued that such a definition cannot fulfill functional equivalence
[17,42,119]. As a solution, the functional unit can be defined as 1 m® of
cementitious materials giving 1 year of service life (e.g., in Refs. [41,
104]),0r1 m° of cementitious materials providing 1 unit of resistance to
a certain environment (e.g., Ref. [94], used chloride diffusion coefficient
as an indicator of chloride resistance, and [42,96] used rapid chloride
permeability as an indicator of general durability performance) to ach-
ieve equivalent durability performance. Alternatively, the functional
unit can be defined as a structural element carrying certain load. As a
way of achieving functional equivalence, the modeled service life can be
incorporated (e.g., Refs. [112,113]).

Although the two methods modify different phases, they may lead to
similar results provided that the same durability indicator, as well as the
same hypotheses in durability assessment (either modeling or testing),
has been applied. Modifying the functional unit resembles moving the
normalization possess forward to the “Definition of goal and scope”
phase. In this respect, the selection of durability indicator and thus the
way of durability assessment/quantification can play a more important
role in LCA than deciding in which phase the durability indicator is
incorporated.

4.3. Deciding the level of assessment: Material or structure

The review above mentioned two levels of assessments: the material
level and the structure level, which are usually decided when defining
the functional unit. An LCA at the material level is characterized by a
functional unit related to 1 m® of materials, whilst one at the structure
level is characterized by a functional unit based on structural elements.

An LCA at the material level takes much less efforts than that at the
structure level, as structural design is not involved. However, this level
of assessment is less suitable for chloride- or carbonation-induced
corrosion in which reinforcement corrosion governs the degradation
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mechanism. In these exposure categories, the durability of a structure
depends on both the performance of concrete and the design of struc-
tural elements (i.e., cover thickness). Ignoring structural design may
mislead the assessment. For instance, Ref. [41] proposed a “pseudo
cradle-to-gate” LCA approach. 1 m® of concrete with a target life span of
50 years was defined as the functional unit. Once the calculated service
life was reached, the concrete was “repaired” based on a hypothesis that
all materials were replaced by new ones. Apparently, such repair con-
sumes more materials than replacing only the concrete cover provided a
structural member can be defined (Fig. 7a). References [104,105]
modeled the service life of cementitious materials in chloride-bearing
environments, and used this parameter to normalize the environ-
mental indicators. Similarly, this method overestimates the environ-
mental impacts due to the lack of structural design and maintenance.

Conducting an LCA at the structure level means placing a cementi-
tious material in a real-world working condition. More factors influ-
encing a material’s eco-efficiency can be involved to make the
assessment more justified (Fig. 7b). Specifically, these factors include: 1)
The concrete cover thickness. As discussed in the paragraph above,
this factor influences the eco-efficiency of cementitious materials in the
carbonation or chloride-bearing environment. 2) The loading condi-
tions of structural elements. This factor was analyzed in Ref. [28] by
developing equations relating the environmental impacts of members to
the volume of materials required. The environmental impacts of col-
umns are highly dependent on the compressive strength of concrete,
whilst that of the beams correlates with the content of clinkers in each
volume of concrete. The results were supported by case studies in
Ref. [30]. 3) The dead load of structural elements. A structural
element carries both the external load and its own weight (termed the
dead load). When designing an element with low-grade concrete, a large
cross-section is required, leading to more materials wasted by carrying
the dead load.

LCA can also be conducted on a structure. Refs. [106,118] modeled
respectively the environmental impact of a girder bridge and a rein-
forced concrete pier in chloride-bearing environments. The modeling
covers only concrete and reinforcements, and the results are even closer
to the real-world scenario than modeling simply a structural member. In
other cases, non-structural elements, e.g., windows, walls, roofs, etc.,
can be also included when modeling the environmental impacts of a
building [122-124]. The operation energy efficiency can be assessed.
However, the variety of factors being involved means that this method
may not be best suitable for analyzing the coupled effect of environ-
mental and durability performance of cementitious materials.
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5. Critiques and perspective
5.1. Standardizing durability-based LCA

5.1.1. Existing approaches

Existing papers used various approaches to perform durability-based
LCA. To standardize the methodology, the advantages and disadvan-
tages of these approaches are summarized in Table 4. Below, some re-
marks about the durability indicators are added.

Laboratory-based parameters can be obtained easily without nu-
merical modeling for structural design and/or service life calculation. It
potentially applies to all exposure categories thanks to the development
of a wide variety of laboratory simulation/acceleration tests. However,
such a wide variety can also lead to incomparable results. For instance,
two internationally accepted methods, i.e., the steady [125] and
non-steady [50,126] migration test, which generate incomparable
chloride migration coefficients are available to test the chloride resis-
tance of cementitious materials. The other problem of laboratory-based
parameters is their indirect relationship with the environmental in-
dicators. Imagine that we have a “green” mix whose CO5 emission and
chloride permeability are respectively 50% smaller and twofold higher

Table 4
Advantages and disadvantages for the methodologies reviewed in this paper.

Advantages Disadvantages

(1) Durability indicators

Laboratory- @ Convenient to be @ Multiple methods available for
based performed each exposure category
parameters @ Flexible, apply to all @ Indirectly correlated with

environmental indicators

May lead to inaccurate results if
structural design and/or
maintenance is not properly

exposure categories

Service life @ Very straightforward [

considered
Quantity of raw @ Closest to real-world @ Too many factors available for
materials scenarios modeling
@ Best way to model @ Standardization is needed
members and
structures
(2) Modified phase
Functional unit @ Helps to achieve
functional
equivalence
Impact analysis @ Easy to understand

(3) Level of assessment

Material @ Easy to perform @ Less suitable for chloride- or
carbonation-induced corrosion
Structure @ Close to real-world @ Takes more effort

scenarios

(a) (b)
Material level: Replacement of all materials J | P Cover
! 3 / thickness
D | = |
1
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1
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Fig. 7. Assessments at the material and structure levels: (a) Different hypotheses on maintenance, and (b) Factors that can be included in an assessment on the

structure level.
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than a reference mix. By simply multiplying the environmental and
durability indicators (e.g., the method in Ref. [42]), we may conclude
that the two mixes have similar performance in environmental and
durability aspects. However, this is not always the truth because we did
not quantify whether the cut-off in CO5 emissions offsets the inferior
durability performance. Thus, durability indicators based on laboratory
tests are recommended only when reliable service-life models are not
available [127].

Service life is very straightforward as a durability indicator. It usu-
ally applies to the carbonation and chloride-bearing environment due to
the worldwide acceptance of service-life models. However, without a
proper structural design, normalizing the environmental impacts
directly to service life may yield inaccurate results (see the examples of
[43,44] in Section 4.1.3). For some exposure categories, service-life
models are not valid. One promising solution is the use of artificial in-
telligence in service-life prediction. For instance, Ref. [117] performed a
durability-based LCA where a gene expression programming (GEP)
method was used to model the service life of cementitious materials in a
sulfate-bearing environment. Yet, the validity of such emerging ap-
proaches remains to be tested in the future.

Modeling the raw materials demand can well capture the effect of
performance-based design method on extending the service life of
structural elements. This method well reflects the working condition of
cementitious materials in a structure and is suitable for the carbonation
or chloride-bearing environments. The main drawback of this approach
is its complexity. Many actions (e.g., mix proportioning, design of cover
thickness, design of a structure, maintenance, etc.) are available for
modeling, and the methodology needs standardizing.

5.1.2. Recommendations for durability-based LCA

In this section, a durability-based LCA framework consisting of two
approaches will be provided. One approach is based on the performance-
based design method and applies to the exposure categories of chloride-
and carbonation-induced reinforcement corrosion. Over three quarters
of existing papers model these exposure categories (Fig. 8) and divergent
approaches have been selected (Fig. 9). To assure the justification of
results, adjusting the cover thickness at the structure level is essential
(see also Figs. 5 and 6). The following recommendations are given (see
also Fig. 10):

@ Define the exposure category and class, and the targeted service life;
Define a structural element (e.g., beam or column) as the functional
unit and make the LCA at the structure level, And define the load
carried by the element when required.

Decide the mix proportions being investigated; Refer to prescriptive
specifications when required; Adjust the mix proportions, if neces-
sary, for an improved durability performance.

Design the thickness of concrete cover according to performance-
based methods (Sections 3.1 and 3.2), ensuring that the targeted
service life can be met; If the targeted service life cannot be met by a
practical design, calculate the number of maintenance actions being
required.

= Carbonation

= Chloride
Freezing and thawing
Chemical

= Undefined

Fig. 8. Number of papers providing durability-based LCA, classified by the
exposure categories.
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@ Add up the environmental impacts associated with all materials and
processes.

When service-life models are not valid (sulfate chemical attack and
ASR) or less accepted (freezing and thawing), the other approach based
on the prescriptive design method is recommended. This approach also
used raw materials demand as the durability indicator in order that the
two approaches can be coupled when multiple exposure categories are
defined (for instance, Refs. [41,43] performed durability-based LCA
coupling freezing and thawing with reinforcement corrosion).

@ Define the exposure category and class; Define a volume of material
as the functional unit and make the LCA at the material level; And
define the mechanical properties of the material if required.

@ Decide the mix proportions referring to prescriptive specifications;
Adjust the mix proportions, if necessary, for an improved durability
performance.

@ Test the validity of the material being used for the defined exposure
category and class by laboratory tests; Make a conclusion of “not
appropriate for the given exposure category”, if laboratory tests
suggest negative results.

@ Calculate the environmental impacts associated with all materials
and processes.

The first approach used the performance-based models to minimize
the consumption of raw materials and maximize the durability of
structure elements. The results can be more justified and quantitative, as
the environmental and durability performances are optimized simulta-
neously. In contrast, the second approach assesses the environmental
impacts of possible solutions to durability issues and has a lower priority
than the first one in this framework. For multiple exposure categories
(involving both reinforcement corrosion and concrete damage), an
assessment at the structure level (the first approach) is recommended.

5.2. Improving the accuracy of durability-based LCA

5.2.1. The reliability of LCA

To assure the accuracy of durability-based LCA, LCA needs to be
conducted properly. All efforts that reduce uncertainties and avoid
discrepancies can be made, e.g., defining proper system boundary,
improving the reliability of data sources (e.g., by considering the
regionality of materials and energy grid), and selecting proper impact
indicator(s) and method of impact assessment [119,121].

One important concern of durability-based LCA lies in the definition
of system boundary. As is well known, cementitious materials can cap-
ture CO; by carbonation. 30%-42% CO- emitted by the global cement
industry can be reabsorbed during different modeled timespans [5,128].
As a transportation-controlled process, carbonation is highly dependent
on the permeability and chemical feature of cementitious materials
[129]. The amount of CO; being absorbed can be influenced by
durability-related parameters, including mix proportions, concrete
cover thickness, maintenance actions being projected, and the service
life of structures. For instance, carbonation provides a 4%-25% miti-
gation, by type of cement, on the GWP of reinforced concrete [115].
Thus, modeling the carbonation effect by an extended system boundary
covering the operation phase can improve the accuracy of LCA.

In addition to the manufacture, operation and maintenance, and
demolition phases discussed in the present paper, the accuracy of
durability-based LCA may also be influenced by other life-time stages.
The environmental impacts brought by transportation can be modeled
by LCA and may influence the selection of raw materials. Such a
consideration favors the use of local materials [130,131], altering the
design of concrete mixture and thus the durability performance of
cementitious materials. Concrete placement and the installation of fa-
cilities during construction usually contribute small to the GHG emis-
sions of all life-time stages. Yet, for other environmental categories, e.g.,
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Durability indicator Related actions

Fig. 9. Methodologies adopted by existing literature performing durability-based LCA in the exposure categories of chloride- and carbonation-induced reinforcement
corrosion. 21 papers, giving 24 methods (see also Table 3) are included, with the numbers being given in the figure. It can be found that raw materials demand is the
most used durability indicator, and the level of structure is more frequently selected, which coincide with our discussion in Section 5.1.1.
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Fig. 10. Durability-based LCA framework integrating existing methodologies.

PM10, the construction phase can make a larger contribution [132].
Construction techniques and workmanship can influence the durability
performance of concrete. This effect is not constantly modeled in
existing studies due mainly to the unavailability of on-site data and the
difficulties in quantification.

Sensitivity analysis is an important tool to study the robustness of
LCA results and their sensitivity to uncertain factors, e.g., data sources
and LCA models. It helps to enhance the quality of LCA. Notations on
performing a proper sensitivity analysis can be found in Ref. [133].

5.2.2. Quantification of durability

To better quantify durability, selecting proper indicators is essential.
Opon et al. [134] identified 65 indicators that had ever been used to
assess the sustainability of cementitious materials, among which 11
correlate with durability (Table 5). These indicators were assigned to the
social (service life) and economic (costs of production, construction, and
maintenance) pillars of sustainability. Deriving from laboratory-based
parameters, these indicators are not well suitable for coupling with
LCA. In performance-based durability design, durability indicators, also
termed durability indices (Table 5), have also been investigated
[135-140]. Alexander et al. [136] provided a historical indices

Table 5
Durability indicators being ever used in sustainability assessment and
performance-based durability design, reviewed in Refs. [134,136], respectively.

Sustainability assessment
[134]

Performance-based design [136]

Resistance to chloride
penetration

Water absorption

Resistance to sulfates

Shrinkage behavior

Freeze-thaw resistance

Carbonation

Abrasion resistance

Physical parameters

@ Permeability to liquids and/or gases

@ Water absorption and sorptivity

@ Porosity; pore spacing parameters

@ Mechanical parameters

@ Abrasion resistance

Chemical, physico-chemical, and electro-
chemical parameters

Porosity @ Calcium hydroxide content
Scaling @ Diffusivity and conductivity
Air permeability @ Resistivity

Alkali-silica reaction @ Electrical migration

framework based on oxygen permeability index, chloride conductivity
index, and water sorptivity index [135]. These indices/methodologies
contribute to the performance-based design and service life prediction
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associated with reinforcement corrosion. Due to the key role of the
performance-based design method in durability-based LCA, these efforts
can be important in the future development of the methodology. Yet, for
the other degradation mechanisms, breakthroughs are still needed in
both aspects for better quantifying durability.

The understand of degradation mechanisms is the key to modeling
the service life of (reinforced) concrete and quantifying durability. As
reviewed in Section 3, service-life models for carbonation- and chloride-
induced reinforcement corrosion are better accepted. These exposure
categories are more often investigated than the others in existing
durability-based LCA studies. In real-world scenarios, the degradation
rate and mechanism will be further influenced by the formation of
cracks [141]. The transportation properties [142-144] and corrosion of
reinforcements influenced by cracking has been investigated [145], and
service-life models applied to cracked concrete are also available [52].
Yet, existing engineering codes used the concept of limiting crack width,
specifying that cracks above a certain threshold width (usually 0.2
mm-0.4 mm) will impact directly the reliability of structures [55,56].
Sulfate attacks can be modeled by numerical methods, as reviewed in
Ref. [83]. Damage models for freezing and thawing, apart from the
saturation of water, are also available [146]. These methods have not
been accepted by engineering codes due probably to the accuracy and
practicability. Continuous work on these exposure categories will be
important for durability-based LCA.

Transportation properties relate to the ease with which a fluid, ion,
or molecule can move through the microstructure of cementitious ma-
terials [136]. They can potentially indicate durability independent of
exposure categories [42,96]. Yet, for durability-based LCA, one key
problem is how transportation properties can correlate with the envi-
ronmental impact indicators, as they are usually not in the same unit or
scale. Konecny et al. [127] considered laboratory-based parameters, e.
g., chloride diffusion coefficient, as “pseudo” service life. They are rec-
ommended only if service-life models are not available. Gettu et al.
developed two equations turning chloride diffusion coefficient and
carbonation coefficient into new parameters correlating linearly with
service life under given structure designs (Fcpior and Fegrp in Table 5, and
Fig. 11) [147]. Such an approach provides an important first step in
revealing how laboratory-based parameters, in particular the trans-
portation properties, can be coupled with environmental impact
indicators.

5.3. Durability-based LCA vs. sustainability assessment

A similar concept of durability-based LCA is “sustainability assess-
ment” (Table 6). Aitcin [148] highlighted the importance of concrete
strength and service life on the economic efficiency of structures in
2000, and a historical definition of sustainability index is put forward by
Miiller et al. who claimed that the sustainability potential of concrete
and structures should be assessed in terms of environmental impact,
performance, and service life [33]. Following this thinking, various
indices were proposed by dividing the environmental indicators by

(@)
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durability indicators [147,149-151]. The other school of methods than
sustainability index was developed from the multi-criteria decision
support Methodology for the Relative Sustainability Assessment of
Building Technologies (MARS-SC) [152] in which sustainability is
assessed by quantifying, normalizing, and aggregating indicators related
to the environmental, economic, and functional (mechanical property
and durability) performance. Such methods were adopted by Refs.
[153-155], and a combined sustainability indicator covering four as-
pects was developed based on these methods [127].

The propose and evolution of sustainability indices have highlighted
the importance of durability in developing sustainable cementitious
materials. Early studies [33,149] focused on the proportioning of
cementitious materials, i.e. the production phase. For simplification,
other phases were excluded, and the environmental indicators were
limited to CO, emissions, GWP, and energy consumption. These indices
provide simple ways to coupling environmental impacts with durability,
but have inferior capability of quantifying environmental impacts than
durability-based LCA. The methods based on MARS-SC [153-155] help
to find trade-off solutions on different aspects associated with sustain-
ability. Yet, the environmental and durability performances were
quantified separately, which means an inferior capability to optimize
both performances to durability-based LCA.

5.4. More concerns about future work

New cements, also termed alternative binders, are considered as
important decarbonizing approaches for the cement and concrete in-
dustry. Their decarbonization potentials vary by raw materials demand,
energy consumption for production, process-related emissions, and
capability of CO, absorption [2]. The durability performance of alter-
native cementitious materials, e.g., resistance against COq trans-
portation, chemical/microstructural response to carbonation, and
depassivation mechanism [156-158], can deviate largely from Portland
cement materials. For instance, reactive magnesia cement offers 73%
CO» mitigation potential than Portland cement due to the low calcina-
tion temperature of MgO and its capability of CO, absorption [159]. This
cement is highly resistant to sulfate attack, freezing and thawing, and
chloride penetration [160-162]. However, it is not able to depassivate
reinforcements due to the low alkalinity and thus may not be suitable for
reinforced structures [163]. For such new cements, existing methodol-
ogies for durability design and service-life prediction need to be tested.
Methodologies coupling the environmental and durability assessments
will also be required for future work.

Emerging techniques, e.g., protective coating, cathodic protection,
self-healing techniques, can be possible solutions to enhancing the
durability of reinforced concrete. These techniques alter the traditional
way of material/structure design, structure operation (in terms of en-
ergy consumption), and maintenance actions. LCA on these techniques
are available [164-167], but the difficulties in a precise prediction of
service life due to unconventional operation mechanisms may bring
uncertainties to LCA. More work will be required on the mechanism,
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Fig. 11. Chloride resistance factor (a), and its relationship with service life in the chloride environment (b), adapted from Ref. [147].
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Table 6

Historical sustainability indices and methodologies for sustainability assessment.

Cement and Concrete Composites 139 (2023) 105041

Year Author Ref. Methodology of sustainability assessment Equation Durability indicator
2000  Aitcin [148]  Economic efficiency of concrete: the cost of 1 MPa or 1 year Service life
of life cycle of a structure
2006  Mateus and [152]  MARS-SC: three groups of sustainability categories, i.e., NDp =1 wieP; Not specified, laboratory-based parameters related
Braganca environmental, functional and economic where, to carbonation resistance or chloride resistance in
_ p-pP, . [153-155]
p; = ﬁw
2010  Damineli [149]  Binder intensity: the total amount of binder necessary to by — b Not specified
etal. deliver one unit of performance 'Tp
CO-, intensity: the amount of CO, emitted to deliver one unit o = ¢
of performance p
2014 Miiller et al. [33] Sustainability potential: Proportioning of concrete mixes ~ fatse Service life
with minimum environmental impacts and maximum lifetime ~ Gwp
performance
2018  Gettu et al. [147]  Energy intensity: the energy consumed in the . COy(perm®) Modified parameters related to chloride diffusion
Al=—"Fp— coefficient and carbonation coefficient
production of unit volume of concrete divided by the where,
compressive strength at 365 days
A-index: the total carbon emissions attributed to a unit volume  Fepor =
of concrete divided by a material durability parameter exp(107® /\/Dqr )
5 2
Fears = (kCOZ.Nar)
2020  Konecny et al. [127] Sustainability indicator: A combination of performance, W R ow L Service life or other durability indicators
durability, eco-cost, and mixture costs RR,ef Lme
ks =—F —¢
WEEref.WCCref
efficiency, and real-world performance to better assess their durability performance of structural elements. The two approaches in

eco-efficiency [168,169]. For those techniques requiring energy inputs
during operation (e.g., cathodic protection), their eco-efficiency needs
to be analyzed critically considering the diversity and future develop-
ment of energy grids.

Advancing new engineering codes and methodological frame-
works are essential to implement our current understanding of sus-
tainable concrete. The durability-based LCA framework presented here
is established on existing method of durability design (i.e., the pre-
scriptive and performance-based design method). By upgrading current
engineering codes, this framework can be a good choice of next-
generation codes coupling durability and environmental design. In the
upcoming Fib model code 2020, sustainability will be taken as a
fundamental requirement for durability design [170], and the new
methodology is also anticipated. Besides, an increasing number of
studies are devoted to developing multi-objective design approaches by
computational modeling [171,172]. Advancement in this area requires
both well-developed algorithms and a deepened understanding of
durability and LCA.

6. Conclusions

Durability is an important factor influencing the eco-efficiency of
cementitious materials. This effect can be investigated by performing
durability-based LCA. Existing literature provided divergent approaches
which used different durability indicators (laboratory-based parameters,
service life, and raw materials demand) and conducted assessments at
different levels (the material level and the structure level). At most
tenfold variations may be observed through different approaches. To
facilitate a standardized methodology, a durability-based LCA frame-
work integrating two approaches is proposed here. These approaches are
based on the prescriptive and performance-based durability design
methods, and apply to exposure categories associated with concrete
damage (freezing and thawing, sulfate attack, ASR) and reinforcement
corrosion (carbonation and chloride), respectively.

The development and standardization of durability-based LCA
require efforts on both LCA methodology and durability. One key work
lies in exploring degradation mechanisms and developing service-life
models, as performance-based design methods are the key to opti-
mizing the environmental impacts (i.e., raw materials demand) and
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the proposed durability-based LCA framework couple LCA with existing
methods of concrete design. Therefore, the framework can be integrated
into engineering codes, making a next-generation design method high-
lighting sustainability. This review provides potential areas to future
research including developing new durability indicators, investigating
the eco-efficiency of new cements and techniques, and advancing new
methodological frameworks.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Data availability
Data will be made available on request.
Acknowledgement

The authors gratefully acknowledge the financial supports provided
by National Natural Science Foundation of China (U22B2076,
51878480, 52078369, and 52102027), National Key Research and
Development Projects (2022YFC3803104 and 2022YFC3803105), the
MIIT’s 2021 Public Service Platforms for Industrial Technology Foun-
dation (2021-H029-1-1), Program of Shanghai Academic Research
Leader (22XD1403300), Shanghai Pujiang Program (21PJ1412800),
China Postdoctoral Science Foundation (22M712396), Opening Project
of State Key Laboratory of Green Building Materials (2022GBMO02),
State Key Laboratory of High Performance Civil Engineering Materials
(2022CEMO008), and the Fundamental Research Funds for the Central
Universities. Portions of this work were performed by LLNL under
contract No. DE AC52 07NA27344. IM release number: LLNL-JRNL-
844721-DRAFT.

References

[1] P.J.M. Monteiro, S.A. Miller, A. Horvath, Towards sustainable concrete, Nat.
Mater. 16 (2017) 698-699.


http://refhub.elsevier.com/S0958-9465(23)00115-4/sref1
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref1

C. Lietal

[2]
[3]

[4]

[5]

[6]
[7]

[8

—

91

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

S.A. Miller, R.J. Myers, Environmental impacts of alternative cement binders,
Environ. Sci. Technol. 54 (2) (2019) 677-686.

G. Habert, S. Miller, V. John, J. Provis, A. Favier, A. Horvath, K. Scrivener,
Environmental impacts and decarbonization strategies in the cement and
concrete industries, Nat. Rev. Earth Environ. 1 (11) (2020) 559-573.

S.A. Miller, A. Horvath, P.J.M. Monteiro, Readily implementable techniques can
cut annual CO, emissions from the production of concrete by over 20, Environ.
Res. Lett. 11 (7) (2016), 074029.

Z. Cao, R.J. Myers, R.C. Lupton, H. Duan, R. Sacchi, N. Zhou, T. Reed Miller, J.
M. Cullen, Q. Ge, G. Liu, The sponge effect and carbon emission mitigation
potentials of the global cement cycle, Nat. Commun. 11 (1) (2020) 3777.

S.A. Miller, A. Horvath, P.J.M. Monteiro, Impacts of booming concrete
production on water resources worldwide, Nat. Sustain. 1 (2018) 69-76.

S.A. Miller, V.M. John, S.A. Pacca, A. Horvath, Carbon dioxide reduction
potential in the global cement industry by 2050, Cement Concr. Res. 114 (2018)
115-124.

IPCC, Global Warming of 1.5°C, An IPCC Special Report on the impacts of global
warming of 1.5°C above pre-industrial levels and related global greenhouse gas
emission pathways, in: V. Masson-Delmotte, P. Zhai, H.-O. Portner, D. Roberts,
J. Skea, P.R. Shukla, A. Pirani, W. Moufouma-Okia, C. Péan, R. Pidcock,

S. Connors, J.B.R. Matthews, Y. Chen, X. Zhou, M.I. Gomis, E. Lonnoy,

T. Maycock, M. Tignor, T. Waterfield (Eds.), The Context of Strengthening the
Global Response to the Threat of Climate Change, Sustainable Development, and
Efforts to Eradicate Poverty, 2018.

S.A. Miller, Supplementary cementitious materials to mitigate greenhouse gas
emissions from concrete: can there be too much of a good thing? J. Clean. Prod.
178 (2018) 587-598.

C. Li, H. Zhu, M. Wu, K. Wu, Z. Jiang, Pozzolanic reaction of fly ash modified by
fluidized bed reactor-vapor deposition, Cement Concr. Res. 92 (2017) 98-109.
J. Li, Q. Jin, W. Zhang, C. Li, P.J.M. Monteiro, Microstructure and durability
performance of sustainable cementitious composites containing high-volume
regenerative biosilica, Resour. Conserv. Recycl. 178 (2022).

X.-Y. Wang, Impact of climate Change on the optimization of mixture design of
low-CO5 concrete containing fly ash and slag, Sustainability 11 (12) (2019) 3394.
S.A. Miller, P.J.M. Monteiro, C.P. Ostertag, A. Horvath, Concrete mixture
proportioning for desired strength and reduced global warming potential,
Construct. Build. Mater. 128 (2016) 410-421.

C. Fan, S.A. Miller, Reducing greenhouse gas emissions for prescribed concrete
compressive strength, Construct. Build. Mater. 167 (2018) 918-928.

S.A. Miller, A. Horvath, P.J.M. Monteiro, C.P. Ostertag, Greenhouse gas emissions
from concrete can be reduced by using mix proportions, geometric aspects, and
age as design factors, Environ. Res. Lett. 10 (11) (2015).

M. Voldsund, S. Gardarsdottir, E. De Lena, J.-F. Pérez-Calvo, A. Jamali,

D. Berstad, C. Fu, M. Romano, S. Roussanaly, R. Anantharaman, H. Hoppe,

D. Sutter, M. Mazzotti, M. Gazzani, G. Cinti, K. Jordal, Comparison of
Technologies for CO, capture from cement production—Part 1: technical
evaluation, Energies 12 (3) (2019) 559.

S. Gardarsdottir, E. De Lena, M. Romano, S. Roussanaly, M. Voldsund, J.-F. Pérez-
Calvo, D. Berstad, C. Fu, R. Anantharaman, D. Sutter, M. Gazzani, M. Mazzotti,
G. Cinti, Comparison of Technologies for CO, capture from cement
production—Part 2: cost analysis, Energies 12 (3) (2019) 542.

E. Gartner, T. Sui, Alternative cement clinkers, Cement Concr. Res. 114 (2018)
27-39.

C. Li, M. Wu, W. Yao, Eco-efficient cementitious system consisting of belite-
ye’elimite-ferrite cement, limestone filler, and silica fume, ACS Sustain. Chem.
Eng. 7 (8) (2019) 7941-7950.

C. Li, M. Wu, W. Yao, Effect of coupled B/Na and B/Ba doping on hydraulic
properties of belite-ye’elimite-ferrite cement, Construct. Build. Mater. 208 (2019)
23-35.

K.L. Scrivener, V.M. John, E.M. Gartner, Eco-efficient cements: potential
economically viable solutions for a low-CO; cement-based materials industry,
Cement Concr. Res. 114 (2018) 2-26.

Y. Zhao, B. Butcher, Coming to terms with public participation in decision
making: balancing clarity and impact in the Aarhus Convention, Review of
European, Comparative & International Environmental Law 31 (2) (2022)
210-221.

S.A. Miller, The role of cement service-life on the efficient use of resources,
Environ. Res. Lett. 15 (2) (2020), 024004.

S. Ji, B. Lee, M.Y. Yi, Building life-span prediction for life cycle assessment and
life cycle cost using machine learning: a big data approach, Build. Environ. 205
(2021), 108267.

R.D. Hooton, J.A. Bickley, Design for durability: the key to improving concrete
sustainability, Construct. Build. Mater. 67 (2014) 422-430.

P. Van den Heede, N. De Belie, Sustainability Assessment of Potentially ‘green’
Concrete Types Using Life Cycle Assessment, Sustainable and Nonconventional
Construction Materials Using Inorganic Bonded Fiber Composites, Woodhead
Publishing, 2017, pp. 235-263.

A. Petcherdchoo, Repairs by fly ash concrete to extend service life of chloride-
exposed concrete structures considering environmental impacts, Construct. Build.
Mater. 98 (2015) 799-809.

P. Kourehpaz, S.A. Miller, Eco-efficient design indices for reinforced concrete
members, Mater. Struct. 52 (5) (2019).

S.A. Miller, P.J.M. Monteiro, C.P. Ostertag, A. Horvath, Comparison indices for
design and proportioning of concrete mixtures taking environmental impacts into
account, Cem. Concr. Compos. 68 (2016) 131-143.

14

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]
[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

Cement and Concrete Composites 139 (2023) 105041

G. Habert, N. Roussel, Study of two concrete mix-design strategies to reach
carbon mitigation objectives, Cem. Concr. Compos. 31 (6) (2009) 397-402.

P. Van den Heede, N. De Belie, Environmental impact and life cycle assessment
(LCA) of traditional and ‘green’ concretes: literature review and theoretical
calculations, Cem. Concr. Compos. 34 (4) (2012) 431-442.

R. Kim, S. Tae, S. Roh, Development of low carbon durability design for green
apartment buildings in South Korea, Rew. Sustain. Energy Rev. 77 (2017)
263-272.

H.S. Miiller, M. Haist, M. Vogel, Assessment of the sustainability potential of
concrete and concrete structures considering their environmental impact,
performance and lifetime, Construct. Build. Mater. 67 (2014) 321-337.

W. Srubar III, The future of LCAs and EPDs: incorporating service-life in the
environmental impact assessments of green building materials, 2015, AEI (2015)
606-615.

D.R. Vieira, J.L. Calmon, F.Z. Coelho, Life cycle assessment (LCA) applied to the
manufacturing of common and ecological concrete: a review, Construct. Build.
Mater. 124 (2016) 656-666.

J. Li, W. Zhang, C. Li, P.J.M. Monteiro, Green concrete containing diatomaceous
earth and limestone: workability, mechanical properties, and life-cycle
assessment, J. Clean. Prod. 223 (2019) 662-679.

J. Li, W. Zhang, C. Li, P.J.M. Monteiro, Eco-friendly mortar with high-volume
diatomite and fly ash: performance and life-cycle assessment with regional
variability, J. Clean. Prod. 261 (2020), 121224.

J. Juhart, G.-A. David, M.R.M. Saade, C. Baldermann, A. Passer, F. Mittermayr,
Functional and environmental performance optimization of Portland cement-
based materials by combined mineral fillers, Cement Concr. Res. 122 (2019)
157-178.

J. Li, W. Zhang, K. Xu, P.J.M. Monteiro, Fibrillar calcium silicate hydrate seeds
from hydrated tricalcium silicate lower cement demand, Cement Concr. Res. 137
(2020), 106195.

M.D. Lepech, M. Geiker, H. Stang, Probabilistic design and management of
environmentally sustainable repair and rehabilitation of reinforced concrete
structures, Cem. Concr. Compos. 47 (2014) 19-31.

P. Van den Heede, N. De Belie, in: P. Claisse, E. Ganjian, T. Naik (Eds.), Durability
Related Functional Units for Life Cycle Assessment of High-Volume Fly Ash
Concrete, Coventry University and the University of Wisconsin Milwaukee Centre
for By-Products Utilization, Second International Conference on Sustainable
Construction Materials and Technologies, Coventry University, Coventry, UK,
2010.

D.K. Panesar, K.E. Seto, C.J. Churchill, Impact of the selection of functional unit
on the life cycle assessment of green concrete, Int. J. Life Cycle Assess. 22 (12)
(2017) 1969-1986.

N. Al-Ayish, O. During, K. Malaga, N. Silva, K. Gudmundsson, The influence of
supplementary cementitious materials on climate impact of concrete bridges
exposed to chlorides, Construct. Build. Mater. 188 (2018) 391-398.

S. Marinkovi¢, V. Carevi¢, J. Dragas, The role of service life in Life Cycle
Assessment of concrete structures, J. Clean. Prod. 290 (2021), 125610.
American Concrete Society, ACI 318-19 Building Code Requirements for
Structural Concrete, American Concrete Society, Farmington Hills, US, 2019.
The British Standards Institution, BS EN 206:2013 Concrete—Specification,
Performance, Production and Conformity, BSI Standard Limited, London, UK,
2014.

Ministry of Housing and Urban-Rural Development of the People’s Republic of
China, GB/T 50476-2008 Standard for Design of Concrete Structure Durability,
China Architecture Publishing & Media Co., Ltd., Beijing, China, 2019.

K. Li, L. Xu, P. Stroeven, C. Shi, Water permeability of unsaturated cementitious
materials: a review, Construct. Build. Mater. 302 (2021).

J. Zhang, F. Bian, Y. Zhang, Z. Fang, C. Fu, J. Guo, Effect of pore structures on gas
permeability and chloride diffusivity of concrete, Construct. Build. Mater. 163
(2018) 402-413.

Nord Test, NT Build 492 Concrete, Mortar and Cement-Based Repair Materials:
Chloride Migration Coefficient from Non-steady-state Migration Experiments,
1999. NordTest, Espoo, Finland.

ASTM International, ASTM C666,/C666M-15 Standard Test Method for Resistance
Fo Concrete to Rapid Freezing and Thawing, ASTM International, West
Conshohocken, US, 2015.

M. Alexander, H. Beushausen, Durability, service life prediction, and modelling
for reinforced concrete structures — review and critique, Cement Concr. Res. 122
(2019) 17-29.

Y. Cao, C. Gehlen, U. Angst, L. Wang, Z. Wang, Y. Yao, Critical chloride content in
reinforced concrete — an updated review considering Chinese experience,
Cement Concr. Res. 117 (2019) 58-68.

P.F. Marques, A. Costa, Service life of RC structures: carbonation induced
corrosion. Prescriptive vs. performance-based methodologies, Construct. Build.
Mater. 24 (3) (2010) 258-265.

International Organization for Standardization, ISO 16204:2012
Durability—Service Life Design of Concrete Structures, 2012. Geneva,
Switzerland.

fédération internationale du béton, fib Model Code for Concrete Structures 2010,
Wilhelm Ernst & Sohn, Lausanne, Switzerland, 2010.

fédération internationale du béton, Model Code for Service Life Design,
International Federation for Structural Concrete (fib), Lausanne, Switzerland,
2006.

S. Ahmad, Reinforcement corrosion in concrete structures, its monitoring and
service life prediction—a review, Cem. Concr. Compos. 25 (4-5) (2003) 459-471.


http://refhub.elsevier.com/S0958-9465(23)00115-4/sref2
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref2
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref3
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref3
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref3
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref4
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref4
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref4
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref5
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref5
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref5
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref6
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref6
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref7
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref7
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref7
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref8
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref8
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref8
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref8
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref8
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref8
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref8
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref8
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref9
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref9
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref9
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref10
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref10
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref11
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref11
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref11
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref12
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref12
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref13
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref13
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref13
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref14
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref14
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref15
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref15
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref15
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref16
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref16
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref16
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref16
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref16
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref17
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref17
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref17
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref17
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref18
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref18
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref19
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref19
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref19
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref20
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref20
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref20
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref21
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref21
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref21
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref22
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref22
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref22
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref22
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref23
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref23
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref24
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref24
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref24
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref25
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref25
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref26
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref26
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref26
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref26
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref27
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref27
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref27
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref28
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref28
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref29
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref29
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref29
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref30
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref30
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref31
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref31
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref31
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref32
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref32
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref32
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref33
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref33
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref33
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref34
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref34
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref34
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref35
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref35
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref35
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref36
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref36
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref36
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref37
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref37
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref37
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref38
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref38
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref38
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref38
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref39
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref39
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref39
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref40
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref40
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref40
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref41
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref41
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref41
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref41
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref41
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref41
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref42
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref42
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref42
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref43
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref43
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref43
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref44
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref44
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref45
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref45
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref46
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref46
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref46
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref47
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref47
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref47
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref48
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref48
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref49
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref49
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref49
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref50
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref50
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref50
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref51
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref51
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref51
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref52
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref52
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref52
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref53
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref53
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref53
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref54
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref54
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref54
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref55
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref55
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref55
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref56
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref56
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref57
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref57
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref57
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref58
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref58

C. Lietal

[59]

[60]
[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]
[82]
[83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]

M. Stefanoni, U. Angst, B. Elsener, Corrosion rate of carbon steel in carbonated
concrete — a critical review, Cement Concr. Res. 103 (2018) 35-48.

K. Tuutti, Corrosion of Steel in Concrete, Lund University, Lund, Sweden, 1982.
U. Angst, B. Elsener, C.K. Larsen, @. Vennesland, Critical chloride content in
reinforced concrete — a review, Cement Concr. Res. 39 (12) (2009) 1122-1138.
J. Crank, The Mathematics of Diffusion, second ed., Oxford University Press,
London, UK, 1979.

R. Neves, F. Branco, J. de Brito, Field assessment of the relationship between
natural and accelerated concrete carbonation resistance, Cem. Concr. Compos. 41
(2013) 9-15.

M.E. Belgacem, R. Neves, A. Talah, Service life design for carbonation-induced
corrosion based on air-permeability requirements, Construct. Build. Mater. 261
(2020).

F. Lollini, E. Redaelli, L. Bertolini, Analysis of the parameters affecting
probabilistic predictions of initiation time for carbonation-induced corrosion of
reinforced concrete structures, Mater. Corros. 63 (12) (2012) 1059-1068.

L. Pang, Q. Li, Service life prediction of RC structures in marine environment
using long term chloride ingress data: comparison between exposure trials and
real structure surveys, Construct. Build. Mater. 113 (2016) 979-987.

G.B. Wally, F.C. Magalhaes, F.K. Sell Junior, F.R. Teixeira, M. de Vasconcellos
Real, Estimating service life of reinforced concrete structures with binders
containing silica fume and metakaolin under chloride environment: durability
indicators and probabilistic assessment, Mater. Struct. 54 (2) (2021).

H.-W. Song, C.-H. Lee, K.Y. Ann, Factors influencing chloride transport in
concrete structures exposed to marine environments, Cem. Concr. Compos. 30 (2)
(2008) 113-121.

B. Martin-Pérez, H. Zibara, R. Hooton, M. Thomas, A study of the effect of
chloride binding on service life predictions, Cement Concr. Res. 30 (8) (2000)
1215-1223.

S.-W. Pack, M.-S. Jung, H.-W. Song, S.-H. Kim, K.Y. Ann, Prediction of time
dependent chloride transport in concrete structures exposed to a marine
environment, Cement Concr. Res. 40 (2) (2010) 302-312.

E. Samson, J. Marchand, J. Beaudoin, Modeling the influence of chemical
reactions on the mechanisms of ionic transport in porous materials: an overview,
Cement Concr. Res. 30 (12) (2000) 1895-1902.

M. Whittaker, L. Black, Current knowledge of external sulfate attack, Adv.
Cement Res. 27 (9) (2015) 532-545.

B. Lothenbach, B. Bary, P. Le Bescop, T. Schmidt, N. Leterrier, Sulfate ingress in
Portland cement, Cement Concr. Res. 40 (8) (2010) 1211-1225.

C. Li, Z. Jiang, R.J. Myers, Q. Chen, M. Wu, J. Li, P.J.M. Monteiro, Understanding
the sulfate attack of Portland cement-based materials exposed to applied electric
fields: mineralogical alteration and migration behavior of ionic species, Cem.
Concr. Compos. 111 (2020), 103630.

B. Bary, N. Leterrier, E. Deville, P. Le Bescop, Coupled chemo-transport-
mechanical modelling and numerical simulation of external sulfate attack in
mortar, Cem. Concr. Compos. 49 (2014) 70-83.

P.K. Mehta, Mechanism of expansion associated with ettringite formation,
Cement Concr. Res. 3 (1) (1973) 1-6.

C. Li, J. Li, A. Telesca, D. Marchon, K. Xu, M. Marroccoli, Z. Jiang, P.J.

M. Monteiro, Effect of polycarboxylate ether on the expansion of ye’elimite
hydration in the presence of anhydrite, Cement Concr. Res. 140 (2021), 106321.
J. Bizzozero, C. Gosselin, K.L. Scrivener, Expansion mechanisms in calcium
aluminate and sulfoaluminate systems with calcium sulfate, Cement Concr. Res.
56 (2014) 190-202.

N. Cefis, C. Comi, Chemo-mechanical modelling of the external sulfate attack in
concrete, Cement Concr. Res. 93 (2017) 57-70.

J. Zhang, M. Sun, D. Hou, Z. Li, External sulfate attack to reinforced concrete
under drying-wetting cycles and loading condition: numerical simulation and
experimental validation by ultrasonic array method, Construct. Build. Mater. 139
(2017) 365-373.

R.J. Flatt, G.W. Scherer, Thermodynamics of crystallization stresses in DEF,
Cement Concr. Res. 38 (3) (2008) 325-336.

C. Yu, W. Sun, K. Scrivener, Mechanism of expansion of mortars immersed in
sodium sulfate solutions, Cement Concr. Res. 43 (2013) 105-111.

T. Ikumi, I. Segura, Numerical assessment of external sulfate attack in concrete
structures. A review, Cement Concr. Res. 121 (2019) 91-105.

K. Ebrahimi, M.J. Daiezadeh, M. Zakertabrizi, F. Zahmatkesh, A. Habibnejad
Korayem, A review of the impact of micro- and nanoparticles on freeze-thaw
durability of hardened concrete: mechanism perspective, Construct. Build. Mater.
186 (2018) 1105-1113.

Z. Jiang, B. He, X. Zhu, Q. Ren, Y. Zhang, State-of-the-art review on properties
evolution and deterioration mechanism of concrete at cryogenic temperature,
Construct. Build. Mater. 257 (2020).

F. Chen, P. Qiao, Probabilistic damage modeling and service-life prediction of
concrete under freeze-thaw action, Mater. Struct. 48 (8) (2014) 2697-2711.

W. Li, M. Pour-Ghaz, J. Castro, J. Weiss, Water absorption and critical degree of
saturation relating to freeze-thaw damage in concrete pavement joints, J. Mater.
Civ. Eng. 24 (3) (2012) 299-307.

S.H. Smith, C. Qiao, P. Suraneni, K.E. Kurtis, W.J. Weiss, Service-life of concrete
in freeze-thaw environments: critical degree of saturation and calcium
oxychloride formation, Cement Concr. Res. 122 (2019) 93-106.

J.J. Valenza, G.W. Scherer, A review of salt scaling: I. Phenomenology, Cement
Concr. Res. 37 (7) (2007) 1007-1021.

J.J. Valenza, G.W. Scherer, A review of salt scaling: II. Mechanisms, Cement
Concr. Res. 37 (7) (2007) 1022-1034.

15

[91]

[92]

[93]

[94]

[95]

[96]

[971

[98]

[991

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]
[111]

[112]

[113]

[114]

[115]

[116]

[117]

Cement and Concrete Composites 139 (2023) 105041

F. Rajabipour, E. Giannini, C. Dunant, J.H. Ideker, M.D.A. Thomas, Alkali-silica
reaction: current understanding of the reaction mechanisms and the knowledge
gaps, Cement Concr. Res. 76 (2015) 130-146.

R.B. Figueira, R. Sousa, L. Coelho, M. Azenha, J.M. de Almeida, P.A.S. Jorge, C.J.
R. Silva, Alkali-silica reaction in concrete: mechanisms, mitigation and test
methods, Construct. Build. Mater. 222 (2019) 903-931.

International Organization for Standardization, ISO 14040. Environmental
Management — Life Cycle Assessment — Principles and Framework, International
Organization for Standardization, Geneva, Switzerland, 2006.

Y. Zhang, J. Zhang, W. Luo, J. Wang, J. Shi, H. Zhuang, Y. Wang, Effect of
compressive strength and chloride diffusion on life cycle CO, assessment of
concrete containing supplementary cementitious materials, J. Clean. Prod. 218
(2019) 450-458.

Y. Zhang, C. Mao, J. Wang, Y. Gao, J. Zhang, Sustainability of reinforced concrete
beams with/without BF influenced by cracking capacity and chloride diffusion,
Sustainability 12 (3) (2020).

A.P. Gursel, H. Maryman, C. Ostertag, A life-cycle approach to environmental,
mechanical, and durability properties of “green” concrete mixes with rice husk
ash, J. Clean. Prod. 112 (2016) 823-836.

S. Dezhampanabh, I. Nikbin, S. Charkhtab, F. Fakhimi, S.M. Bazkiaei, R. Mohebbi,
Environmental performance and durability of concrete incorporating waste tire
rubber and steel fiber subjected to acid attack, J. Clean. Prod. 268 (2020),
122216.

W. Nguyen, D.M. Martinez, G. Jen, J.F. Duncan, C.P. Ostertag, Interaction
between global warming potential, durability, and structural properties of fiber-
reinforced concrete with high waste materials inclusion, Resour. Conserv. Recycl.
169 (2021).

K. Celik, C. Meral, A. Petek Gursel, P.K. Mehta, A. Horvath, P.J.M. Monteiro,
Mechanical properties, durability, and life-cycle assessment of self-consolidating
concrete mixtures made with blended portland cements containing fly ash and
limestone powder, Cem. Concr. Compos. 56 (2015) 59-72.

N.M. Alderete, A.M. Joseph, P. Van den Heede, S. Matthys, N. De Belie, Effective
and sustainable use of municipal solid waste incineration bottom ash in concrete
regarding strength and durability, Resour. Conserv. Recycl. 167 (2021), 105356.
1. Aghayan, R. Khafajeh, M. Shamsaei, Life cycle assessment, mechanical
properties, and durability of roller compacted concrete pavement containing
recycled waste materials, Int. J. Pavement Res. Technol. 14 (5) (2020) 595-606.
T.B. Pavesi, A.B. Rohden, M.R. Garcez, Supporting circular economy through the
use of red ceramic waste as supplementary cementitious material in structural
concrete, J. Mater. Cycles Waste Manag. 23 (6) (2021) 2278-2296.

J. Hoppe Filho, C.A.O. Pires, O.D. Leite, M.R. Garcez, M.H.F. Medeiros, Red
ceramic waste as supplementary cementitious material: microstructure and
mechanical properties, Construct. Build. Mater. 296 (2021).

P. Van den Heede, M. De Keersmaecker, A. Elia, A. Adriaens, N. De Belie, Service
life and global warming potential of chloride exposed concrete with high volumes
of fly ash, Cem. Concr. Compos. 80 (2017) 210-223.

P. Nath, P.K. Sarker, W.K. Biswas, Effect of fly ash on the service life, carbon
footprint and embodied energy of high strength concrete in the marine
environment, Energy Build. 158 (2018) 1694-1702.

R.G. Pillai, R. Gettu, M. Santhanam, S. Rengaraju, Y. Dhandapani, S. Rathnarajan,
A.S. Basavaraj, Service life and life cycle assessment of reinforced concrete
systems with limestone calcined clay cement (LC3), Cement Concr. Res. 118
(2019) 111-119.

M. Silva, M.R.M. Saade, V. Gomes, Influence of service life, strength and cement
type on life cycle environmental performance of concrete, Revista IBRACON de
Estruturas e Materiais 6 (6) (2013) 844-853.

D.R. Vieira, J.L. Calmon, R. Zulcao, F.Z. Coelho, Consideration of strength and
service life in cradle-to-gate life cycle assessment of self-compacting concrete in a
maritime area: a study in the Brazilian context, Environ. Dev. Sustain. 20 (4)
(2017) 1849-1871.

T. Garcia-Segura, V. Yepes, J. Alcald, Life cycle greenhouse gas emissions of
blended cement concrete including carbonation and durability, Int. J. Life Cycle
Assess. 19 (1) (2013) 3-12.

M. De Schepper, P. Van den Heede, 1. Van Driessche, N. De Belie, Life cycle
assessment of completely recyclable concrete, Mater 7 (8) (2014) 6010-6027.
International Organization for Standardization, ISO 2394:2015 General Principles
on Reliability for Structures, 2015. Geneva, Switzerland.

P. Van den Heede, N. De Belie, A service life based global warming potential for
high-volume fly ash concrete exposed to carbonation, Construct. Build. Mater. 55
(2014) 183-193.

P. Van den Heede, M. Maes, E. Gruyaert, N. De Belie, Full probabilistic service life
prediction and life cycle assessment of concrete with fly ash and blast-furnace slag
in a submerged marine environment: a parameter study, Int. J. Environ. Sustain
Dev. 11 (1) (2012) 32-49.

M. Mistry, C. Koffler, S. Wong, LCA and LCC of the world’s longest pier: a case
study on nickel-containing stainless steel rebar, Int. J. Life Cycle Assess. 21 (11)
(2016) 1637-1644.

A. Ventura, V.L. Ta, T.S. Kiessé, S. Bonnet, Design of concrete: setting a new basis
for improving both durability and environmental performance, J. Ind. Ecol. 25 (1)
(2020) 233-247.

M.R. Garcez, A.B. Rohden, L.G. Graupner de Godoy, The role of concrete
compressive strength on the service life and life cycle of a RC structure: case
study, J. Clean. Prod. 172 (2018) 27-38.

A.A. Shahmansouri, H. Akbarzadeh Bengar, H. AzariJafari, Life cycle assessment
of eco-friendly concrete mixtures incorporating natural zeolite in sulfate-
aggressive environment, Construct. Build. Mater. 268 (2021), 121136.


http://refhub.elsevier.com/S0958-9465(23)00115-4/sref59
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref59
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref60
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref61
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref61
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref62
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref62
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref63
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref63
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref63
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref64
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref64
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref64
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref65
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref65
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref65
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref66
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref66
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref66
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref67
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref67
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref67
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref67
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref68
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref68
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref68
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref69
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref69
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref69
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref70
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref70
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref70
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref71
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref71
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref71
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref72
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref72
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref73
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref73
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref74
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref74
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref74
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref74
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref75
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref75
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref75
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref76
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref76
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref77
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref77
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref77
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref78
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref78
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref78
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref79
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref79
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref80
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref80
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref80
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref80
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref81
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref81
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref82
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref82
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref83
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref83
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref84
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref84
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref84
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref84
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref85
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref85
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref85
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref86
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref86
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref87
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref87
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref87
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref88
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref88
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref88
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref89
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref89
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref90
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref90
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref91
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref91
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref91
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref92
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref92
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref92
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref93
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref93
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref93
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref94
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref94
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref94
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref94
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref95
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref95
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref95
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref96
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref96
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref96
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref97
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref97
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref97
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref97
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref98
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref98
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref98
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref98
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref99
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref99
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref99
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref99
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref100
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref100
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref100
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref101
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref101
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref101
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref102
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref102
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref102
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref103
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref103
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref103
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref104
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref104
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref104
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref105
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref105
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref105
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref106
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref106
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref106
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref106
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref107
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref107
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref107
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref108
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref108
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref108
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref108
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref109
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref109
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref109
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref110
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref110
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref111
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref111
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref112
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref112
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref112
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref113
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref113
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref113
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref113
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref114
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref114
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref114
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref115
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref115
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref115
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref116
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref116
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref116
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref117
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref117
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref117

C. Lietal

[118]

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

[128]

[129]

[130]

[131]

[132]

[133]

[134]

[135]

[136]

[137]

[138]

[139]

[140]

[141]
[142]

[143]

Y. Dong, Performance assessment and design of ultra-high performance concrete
(UHPC) structures incorporating life-cycle cost and environmental impacts,
Construct. Build. Mater. 167 (2018) 414-425.

Kurda Hafez, Nagaratnam Cheung, A systematic review of the discrepancies in life
cycle assessments of green concrete, Appl. Sci. 9 (22) (2019) 4803.

P. Visintin, T. Xie, B. Bennett, A large-scale life-cycle assessment of recycled
aggregate concrete: the influence of functional unit, emissions allocation and
carbon dioxide uptake, J. Clean. Prod. 248 (2020), 119243.

S. Yarramsetty, M. Sivakumar, P.A. Raj, Recent Developments in Life Cycle
Assessment and Service Life Prediction: A Review, Urbanization Challenges in
Emerging Economies: Resilience and Sustainability of Infrastructure, 2018,

pp. 509-520.

A. Hafner, S. Schafer, Comparative LCA study of different timber and mineral
buildings and calculation method for substitution factors on building level,

J. Clean. Prod. 167 (2017) 630-642.

M. Najjar, K. Figueiredo, M. Palumbo, A. Haddad, Integration of BIM and LCA:
evaluating the environmental impacts of building materials at an early stage of
designing a typical office building, J. Build. Eng. 14 (2017) 115-126.

E. Meex, A. Hollberg, E. Knapen, L. Hildebrand, G. Verbeeck, Requirements for
applying LCA-based environmental impact assessment tools in the early stages of
building design, Build. Environ. 133 (2018) 228-236.

ASTM International, Electrical Indication of Concrete’s Ability Ro Resist Chloride
Ion Penetration, ASTM International, West Conshohocken, US, 2019. ASTM
C1202-19 Standard Test Method for.

ASTM International, Chloride Diffusion Coefficient of Cementitious Mixtures by
Bulk Diffusion, ASTM International, West Conshohocken, 2016. ASTM C1556-11a
Standard Test Method for Determining the Apparent.

P. Konecny, P. Ghosh, K. Hrabova, P. Lehner, B. Teply, Effective methodology of
sustainability assessment of concrete mixtures, Mater. Struct. 53 (4) (2020).

F. Xi, S.J. Davis, P. Ciais, D. Crawford-Brown, D. Guan, C. Pade, T. Shi, M. Syddall,
J. Lv, L. Ji, L. Bing, J. Wang, W. Wei, K.-H. Yang, B. Lagerblad, I. Galan,

C. Andrade, Y. Zhang, Z. Liu, Substantial global carbon uptake by cement
carbonation, Nat. Geosci. 9 (12) (2016) 880-883.

S. von Greve-Dierfeld, B. Lothenbach, A. Vollpracht, B. Wu, B. Huet, C. Andrade,
C. Medina, C. Thiel, E. Gruyaert, H. Vanoutrive, L.F. Saéz del Bosque, I. Ignjatovic,
J. Elsen, J.L. Provis, K. Scrivener, K.-C. Thienel, K. Sideris, M. Zajac, N. Alderete,
0. Cizer, P. Van den Heede, R.D. Hooton, S. Kamali-Bernard, S.A. Bernal, Z. Zhao,
Z. Shi, N. De Belie, Understanding the carbonation of concrete with
supplementary cementitious materials: a critical review by RILEM TC 281-CCC,
Mater. Struct. 53 (6) (2020).

X. Shan, J. Zhou, V.W.C. Chang, E.-H. Yang, Life cycle assessment of adoption of
local recycled aggregates and green concrete in Singapore perspective, J. Clean.
Prod. 164 (2017) 918-926.

D.K. Panesar, D. Kanraj, Y. Abualrous, Effect of transportation of fly ash: life cycle
assessment and life cycle cost analysis of concrete, Cem. Concr. Compos. 99
(2019) 214-224.

M. Sandanayake, R. Kumanayake, A. Peiris, Environmental impact assessments
during construction stage at different geographic levels — a cradle-to-gate analysis
of using sustainable concrete materials, Eng. Construct. Architect. Manag. 29 (4)
(2021) 1731-1752.

W. Wei, P. Larrey-Lassalle, T. Faure, N. Dumoulin, P. Roux, J.D. Mathias, How to
conduct a proper sensitivity analysis in life cycle assessment: taking into account
correlations within LCI data and interactions within the LCA calculation model,
Environ. Sci. Technol. 49 (1) (2015) 377-385.

J. Opon, M. Henry, An indicator framework for quantifying the sustainability of
concrete materials from the perspectives of global sustainable development,

J. Clean. Prod. 218 (2019) 718-737.

M.G. Alexander, Y. Ballim, K. Stanish, A framework for use of durability indexes
in performance-based design and specifications for reinforced concrete structures,
Mater. Struct. 41 (5) (2007) 921-936.

M. Alexander, M. Thomas, Service life prediction and performance testing —
current developments and practical applications, Cement Concr. Res. 78 (2015)
155-164.

H. Beushausen, R. Torrent, M.G. Alexander, Performance-based approaches for
concrete durability: state of the art and future research needs, Cement Concr. Res.
119 (2019) 11-20.

M.H. Nguyen, K. Nakarai, S. Nishio, Durability index for quality classification of
cover concrete based on water intentional spraying tests, Cem. Concr. Compos.
104 (2019).

H. Beushausen, L.F. Luco, Performance-based Specifications and Control of
Concrete Durability, 2016. Springer.

J. Mackechnie, M. Alexander, Durability Predictions Using Early-Age Durability
Index Testing, 9th Durability and Building Materials Conference, Australian
Corrosion Association, Brisbane, Australia, 2002.

F. Chen, H. Baji, C.-Q. Li, A comparative study on factors affecting time to cover
cracking as a service life indicator, Construct. Build. Mater. 163 (2018) 681-694.
C.-M. Aldea, S.P. Shah, A. Karr, Effect of cracking on water and chloride
permeability of concrete, J. Mater. Civ. Eng. 11 (3) (1999) 181-187.

A. Djerbi, S. Bonnet, A. Khelidj, V. Baroghel-bouny, Influence of traversing crack
on chloride diffusion into concrete, Cement Concr. Res. 38 (6) (2008) 877-883.

16

[144]

[145]

[146]

[147]

[148]
[149]

[150]

[151]

[152]

[153]

[154]

[155]

[156]

[157]
[158]
[159]

[160]

[161]

[162]

[163]

[164]

[165]

[166]

[167]

[168]

[169]

[170]

[171]

[172]

Cement and Concrete Composites 139 (2023) 105041

Y. Gao, K. Wu, S. Mu, A pore structure based prediction of chloride diffusivity for
cement paste, J. Build. Mater. 25 (4) (2022) 375-380.

M. Otieno, M. Alexander, H. Beushausen, Corrosion Propagation in Cracked and
Uncracked Concrete, Concrete Repair, Rehabilitation and Retrofitting II, CRC
Press, 2008, pp. 175-176.

J. Guo, W. Sun, Y. Xu, W. Lin, W. Jing, Damage mechanism and modeling of
concrete in freeze-thaw cycles: a review, Buildings 12 (9) (2022).

R. Gettu, R.G. Pillai, M. Santhanam, A.S. Basavaraj, S. Rathnarajan, B.S. Dhanya,
Sustainability-based decision support framework for choosing concrete mixture
proportions, Mater. Struct. 51 (6) (2018).

P.-C. Aitcin, Cements of yesterday and today: concrete of tomorrow, Cement
Concr. Res. 30 (9) (2000) 1349-1359.

B.L. Damineli, F.M. Kemeid, P.S. Aguiar, V.M. John, Measuring the eco-efficiency
of cement use, Cem. Concr. Compos. 32 (8) (2010) 555-562.

K. Hrabova, P. Lehner, P. Ghosh, P. Konecny, B. Teply, Sustainability levels in
comparison with mechanical properties and durability of pumice high-
performance concrete, Appl. Sci. 11 (11) (2021).

D. Georgescu, R. Vacareanu, A. Aldea, A. Apostu, C. Arion, A. Girboveanu,
Assessment of the sustainability of concrete by ensuring performance during
structure service life, Sustainability 14 (2) (2022).

R. Mateus, L. Braganca, Tecnologias construtivas para a sustentabilidade da
construcao, Edicoes Ecopy (2006).

K.M. Rahla, R. Mateus, L. Braganca, Comparative sustainability assessment of
binary blended concretes using supplementary cementitious materials (SCMs) and
ordinary portland cement (OPC), J. Clean. Prod. 220 (2019) 445-459.

R. Kurda, J. de Brito, J.D. Silvestre, CONCRETop - a multi-criteria decision
method for concrete optimization, Environ. Impact Assess. Rev. 74 (2019) 73-85.
H. Hafez, R. Kurda, N. Al-Ayish, T. Garcia-Segura, W.M. Cheung, B. Nagaratnam,
A whole life cycle performance-based ECOnomic and ECOlogical assessment
framework (ECO2) for concrete sustainability, J. Clean. Prod. 292 (2021).

R. Hay, K. Celik, Hydration, carbonation, strength development and corrosion
resistance of reactive MgO cement-based composites, Cement Concr. Res. 128
(2020), 105941.

M. Carsana, F. Canonico, L. Bertolini, Corrosion resistance of steel embedded in
sulfoaluminate-based binders, Cem. Concr. Compos. 88 (2018) 211-219.

A. Leemann, H. Pahlke, R. Loser, F. Winnefeld, Carbonation resistance of mortar
produced with alternative cements, Mater. Struct. 51 (5) (2018).

S. Ruan, C. Unluer, Comparative life cycle assessment of reactive MgO and
Portland cement production, J. Clean. Prod. 137 (2016) 258-273.

L. Pu, C. Unluer, Durability of carbonated MgO concrete containing fly ash and
ground granulated blast-furnace slag, Construct. Build. Mater. 192 (2018)
403-415.

R. Zhang, D.K. Panesar, Mechanical properties and rapid chloride permeability of
carbonated concrete containing reactive MgO, Construct. Build. Mater. 172
(2018) 77-85.

B. Li, Z. Jiang, Q. Chen, C. Li, Preparing Mg(OH)2-based materials by electro-
deposition method from magnesium- and calcium-rich brine simulant,
Desalination 527 (2022).

R. Hay, K. Celik, Hydration, carbonation, strength development and corrosion
resistance of reactive MgO cement-based composites, Cement Concr. Res. 128
(2020).

L. Wittocx, M. Buyle, A. Audenaert, O. Seuntjens, N. Renne, B. Craeye, Revamping
corrosion damaged reinforced concrete balconies: life cycle assessment and life
cycle cost of life-extending repair methods, J. Build. Eng. 52 (2022).

1.J. Navarro, J.V. Marti, V. Yepes, Reliability-based maintenance optimization of
corrosion preventive designs under a life cycle perspective, Environ. Impact
Assess. Rev. 74 (2019) 23-34.

P.V.d. Heede, B.V. Belleghem, M.A. Aratjo, J. Feiteira, N.D. Belie, Screening
Encapsulated Polymeric Healing Agents for Carbonation-Exposed Self-Healing
Concrete, Service Life Extension, and Environmental Benefit, International
Congress on Polymers in Concrete, Springer, 2018, pp. 83-89.

B. Van Belleghem, P. Van den Heede, K. Van Tittelboom, N. De Belie,
Quantification of the service life extension and environmental benefit of chloride
exposed self-healing concrete, Materials 10 (1) (2016).

W. Li, B. Dong, Z. Yang, J. Xu, Q. Chen, H. Li, F. Xing, Z. Jiang, Recent advances in
intrinsic self-healing cementitious materials, Adv. Mater. 30 (17) (2018),
e1705679.

R. Alghamri, S. Rengaraju, A. Al-Tabbaa, Large-scale laboratory trials of smart
aggregates for self-healing in concrete under different curing regimes, Cem.
Concr. Compos. 136 (2023).

S. Matthews, A. Bigaj-van Vliet, J. Walraven, G. Mancini, G. Dieteren, Fib Model
Code 2020: towards a general code for both new and existing concrete structures,
Struct. Concr. 19 (4) (2018) 969-979.

H. Chen, T. Deng, T. Du, B. Chen, M.J. Skibniewski, L. Zhang, An RF and
LSSVM-NSGA-II method for the multi-objective optimization of high-
performance concrete durability, Cem. Concr. Compos. 129 (2022).

M.A. DeRousseau, J.R. Kasprzyk, W.V. Srubar, Computational design
optimization of concrete mixtures: a review, Cement Concr. Res. 109 (2018)
42-53.


http://refhub.elsevier.com/S0958-9465(23)00115-4/sref118
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref118
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref118
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref119
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref119
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref120
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref120
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref120
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref121
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref121
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref121
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref121
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref122
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref122
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref122
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref123
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref123
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref123
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref124
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref124
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref124
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref125
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref125
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref125
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref126
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref126
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref126
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref127
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref127
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref128
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref128
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref128
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref128
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref129
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref129
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref129
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref129
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref129
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref129
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref129
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref130
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref130
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref130
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref131
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref131
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref131
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref132
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref132
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref132
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref132
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref133
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref133
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref133
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref133
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref134
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref134
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref134
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref135
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref135
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref135
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref136
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref136
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref136
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref137
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref137
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref137
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref138
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref138
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref138
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref139
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref139
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref140
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref140
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref140
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref141
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref141
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref142
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref142
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref143
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref143
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref144
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref144
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref145
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref145
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref145
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref146
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref146
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref147
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref147
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref147
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref148
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref148
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref149
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref149
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref150
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref150
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref150
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref151
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref151
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref151
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref152
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref152
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref153
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref153
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref153
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref154
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref154
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref155
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref155
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref155
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref156
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref156
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref156
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref157
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref157
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref158
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref158
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref159
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref159
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref160
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref160
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref160
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref161
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref161
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref161
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref162
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref162
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref162
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref163
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref163
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref163
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref164
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref164
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref164
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref165
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref165
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref165
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref166
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref166
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref166
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref166
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref167
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref167
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref167
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref168
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref168
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref168
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref169
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref169
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref169
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref170
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref170
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref170
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref171
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref171
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref171
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref172
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref172
http://refhub.elsevier.com/S0958-9465(23)00115-4/sref172

	Durability of concrete coupled with life cycle assessment: Review and perspective
	1 Introduction
	2 Durability-related specifications—the prescriptive design method
	2.1 Environmental actions
	2.2 Durability-related specifications

	3 Service-life models and performance-based design method
	3.1 Carbonation-induced reinforcement corrosion
	3.2 Chloride-induced reinforcement corrosion
	3.3 (Sulfate) chemical attack
	3.4 Freezing and thawing
	3.5 Alkali-silica reaction

	4 Coupling durability with LCA
	4.1 Quantifying the durability of (reinforced) concrete: Durability indicators
	4.1.1 Laboratory-based parameters
	4.1.2 Service life
	4.1.3 Raw materials demand

	4.2 Coupling durability with LCA: The modified phase
	4.3 Deciding the level of assessment: Material or structure

	5 Critiques and perspective
	5.1 Standardizing durability-based LCA
	5.1.1 Existing approaches
	5.1.2 Recommendations for durability-based LCA

	5.2 Improving the accuracy of durability-based LCA
	5.2.1 The reliability of LCA
	5.2.2 Quantification of durability

	5.3 Durability-based LCA vs. sustainability assessment
	5.4 More concerns about future work

	6 Conclusions
	Declaration of competing interest
	Data availability
	Acknowledgement
	References


