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In this review, we present a meta-analysis of experimental data concerning chloride transport in alkali-
activated cement (AAC) paste, mortar, and concrete. Sixty-six (66) studies were reviewed with a primary
focus on measurement methodology, mixture design, and process-structure-property relationships
related to microstructural development (i.e., porosity, pore size distribution), chloride diffusion, and chlo-
ride binding. In general, this review elucidates that aluminosilicate precursors with high amorphous con-
tents and increased fineness that are activated with solutions of high alkalinity (Na:Al � 0.75) and silica
content (Si:Al � 1.5) in combination with heat-curing (>40 �C) lead to microstructural characteristics
(e.g., binder gel chemistries) that improve chloride durability, even though interactions between these
factors are not well understood. Descriptive statistics of reported AAC paste porosities and AAC concrete
chloride diffusion coefficients by aluminosilicate precursor (i.e., fly ash, slag, calcined clay, natural clay,
binary blends) are presented, along with a summative discussion regarding new opportunities for
advancing current scientific understanding of chloride transport in AACs.

� 2018 Elsevier Ltd. All rights reserved.
Contents
1. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 192
2. Mechanisms and measurement of chloride transport in AACs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 192
3. Factors affecting chloride transport in AACs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 194
3.1. Precursors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 194

3.1.1. Physicochemical characteristics. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 194
3.1.2. Reaction products . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 196
3.2. Chemical activators . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 196

3.2.1. Silica content . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 196
3.2.2. Alkali content . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 197
3.2.3. Water content . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 197
3.3. Curing regimes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 198

4. Descriptive statistics of porosity and chloride diffusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 198

http://crossmark.crossref.org/dialog/?doi=10.1016/j.conbuildmat.2018.07.119&domain=pdf
https://doi.org/10.1016/j.conbuildmat.2018.07.119
mailto:wsrubar@colorado.edu
https://doi.org/10.1016/j.conbuildmat.2018.07.119
http://www.sciencedirect.com/science/journal/09500618
http://www.elsevier.com/locate/conbuildmat


192 J. Osio-Norgaard et al. / Construction and Building Materials 186 (2018) 191–206
4.1. Experimental parameter mapping . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 198
4.2. Porosity of AAC pastes by precursor . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 199
4.3. Chloride diffusion of AAC concrete by precursor . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 201
5. Challenges and opportunities in the study of chloride intrusion in AACs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 201

5.1. Addressing limitations of chloride diffusion test methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 202
5.2. Advanced characterization techniques. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 202
5.3. Enhancing chloride binding in AACs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 203
6. Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 203
Conflict of interest . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 203
Acknowledgments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 203
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 203
1. Introduction

Chloride-induced corrosion is a pervasive durability issue that
continues to plague reinforced concrete structures worldwide.
Approximately 3.4% of the global GDP ($2.5 Trillion USD) is spent
each year to prevent, mitigate, and repair civil infrastructure dam-
age due to chloride-induced corrosion [1]. Waterborne and air-
borne chlorides in marine environments and chlorides from
surface-applied deicing salts exacerbate risks of chloride-induced
depassivation and subsequent corrosion of mild steel in reinforced
concrete structures. Fortuitously, the alkaline pore solution of ordi-
nary portland cement (OPC) paste induces chemical passivation of
mild steel at early ages by creating a thin, dense, self-protective
layer of iron oxides and hydroxides [2]. However, transport of chlo-
ride ions through the cementitious matrix and its resulting accu-
mulation at the steel surface can depassivate this protective
layer. Chloride anions react with metal cations, creating corrosion
products and liberating protons that result in a more local acidic
environment, promoting further depassivation.

Alkali-activated cements (AACs) have emerged as a potential
alternative to OPC in recent years because of comparable—and
occasionally superior—mechanical and durability properties and
potentially lower environmental impacts [3–5]. AACs are synthe-
sized by dissolving an aluminosilicate material (e.g., fly ash, slag,
metakaolin) in a highly alkaline solution, most often in the pres-
ence of soluble silicates [6]. Precursor dissolution enables gelation
and subsequent formation of an inorganic aluminosilicate polymer
comprised of silica and alumina tetrahedra linked in three dimen-
sions [4,7]. For a comprehensive review of AACs and more detailed
information regarding their synthesis, microstructure, and mate-
rial properties, see [3,4]. Other helpful reviews concerning the
durability of AAC materials include [5,8,9], and [10].

The objective of this work—and what distinguishes it from prior
literature reviews—is to provide a comprehensive overview of the
process-structure-property relationships of AACs as they pertain to
chloride transport. Sixty-six (66) studies were reviewed with a pri-
mary focus on measurement methodology, mixture design, and
process-structure-property relationships related to microstruc-
tural development (i.e., porosity, pore size distribution), chloride
diffusion, and chloride binding. These studies were selected
because they explicitly investigated how physical and chemical
properties of aluminosilicate precursors, activator content, and/or
other processing parameters impact microstructural development
and properties that affect chloride transport in AAC paste, mortar,
and/or concrete. The content of this review is organized into the
following main topics: (1) chloride transport mechanisms and
characterization methods, (2) factors that influence microstruc-
tural development and material properties that affect chloride
transport in AACs, (3) a meta-analysis of published experimental
data, and (4) limitations of characterization methods for chloride
intrusion in AAC paste, mortar, and concrete. We conclude this
review by highlighting challenges, limitations, and future
opportunities to advance scientific understanding of chloride
transport in AACs.
2. Mechanisms and measurement of chloride transport in AACs

Chloride transport through porous cementitious materials is
governed by three primary mechanisms: hydrostatic pressure, cap-
illary absorption, and diffusion. Hydrostatic pressure drives chlo-
ride ions into the cement matrix by pressure gradients. If a
hydraulic head of seawater is applied to a concrete surface, for
example, chlorides will penetrate the surface [11]. In contrast, cap-
illary absorption is driven by small intermolecular forces within
the pores sized in the 10 nm–10 lm range, enabling absorption
of ionic liquids without assistance from external forces. Chloride
ions also diffuse through cementitious media via concentration
gradients. Provided that the concrete is sufficiently saturated
(>80%) [12], high concentrations of chloride ions will diffuse into
the bulk through all interconnected pores where there is an ini-
tially lower concentration of chloride ions.

Hardened-state material properties, including porosity, pore
solution chemistry, pore size distribution, tortuosity, and chloride
binding potential, are well known to affect the rate of chloride
transport in cementitious materials [11], and although their mea-
surement has been standardized for OPC concrete, oftentimes all
of them are not assessed in one study. Standard characterization
methods for ion transport in AAC concrete, however, are much less
established. While AAC-specific tests and protocols for chloride ion
transport are still emerging (see Section 4), early attempts at
understanding mechanisms that underlie/influence these effects
have been adapted from tests developed for OPC concrete. Specif-
ically, these tests (see Table 1) include direct and indirect physical
tests (i.e., sorptivity, porosimetry, permeability, water absorption),
chemical tests (i.e., chloride penetration), and electrical tests (i.e.,
resistivity). Indirect physical tests focus on microstructural charac-
terization (i.e., pore size, total porosity) or utilize proxy measure-
ments (i.e., water absorption, permeability) and relate these
properties to durability. While indicative of microstructural char-
acteristics, these physical tests cannot directly measure chloride
diffusion or chloride resistance, but they are a useful way to esti-
mate how AACs may perform in the presence of an ionic chloride
solution. Chemical tests (e.g., chloride ponding) are often used to
directly assess (1) time-dependent chloride penetration, (2) chlo-
ride content through the sample thickness using an indicator such
as AgNO3, and (3) chloride binding using solubility techniques
[13,14]. From these tests, a diffusion rate (i.e., diffusion coefficient)
can be calculated. Lastly, resistivity methods are utilized to provide
a quantitative measure chloride ion transport, where decreased
resistivity indicates higher degrees of chloride penetration. As is
further discussed in the context of our statistical analysis of
reviewed literature in Section 4, each of these methodologies has
inherent limitations in their measurement that must be under-



Table 1
Summary aluminosilicate precursors1, activators, and characterization methods2 of properties that affect chloride transport in AAC paste, mortar, and concrete, as well as
preconditioning regimes3 performed prior to their measurement.

Author(s) Year Precursor(s) Activator(s) Pore Structure Chloride Diffusion Chloride
Binding

Preconditioning
Regime(s)

Reference

AAC Paste
Bakharev et al. 2005 FA NaOH + NaSi + KOH BET N/A N/A N/A [15]
Kovalchuck

et al.
2006 FA NaOH + NaSi MIP N/A N/A OD (105 �C) [16]

Skavara et al. 2009 FA NaOH + NaSi MIP N/A N/A N/A [17]
Winnefeld

et al.
2010 FA NaOH + NaSi SEMy N/A N/A N/A [18]

Ma et al. 2013 FA NaOH + NaSi MIP N/A N/A Vacuum Freeze Dry [19]
Hlavacek et al. 2014 FA NaOH + NaSi Paste Bulk

Density
N/A N/A N/A [20]

Roy et al. 2000 S NaOH + KOH +
Na2SO4 + Na2CO3

MIP In house diffusivity N/A N/A [21]

Collins et al. 2000 S NaSi + Lime MIP N/A N/A N/A [22]
Melo et al. 2008 S NaSi MIP N/A N/A ASTM D4404 [23]
Ben Haha et al. 2011 S NaOH + NaSi SEMy N/A N/A N/A [24]
Ben Haha et al. 2011 S NaOH + NaSi SEMy N/A N/A N/A [25]
Puertas et al. 2011 S NaOH + NaSi N/A N/A N/A N/A [26]
Ye et al. 2017 S NaOH + NaSi MIP N/A N/A Vacuum Dry (50 �C) +

OD (105 �C)
[27]

Ortega, et al. 2000 UC Ca(OH)2 Water
Absorption

N/A N/A OD (105 �C) [28]

Duxson et al. 2005 MK NaOH + SiO BET N/A N/A 100 �C [29]
Gevaudan

et al.
2017 MK NaOH + NaSi Modified A N/A N/A Solvent exchange, OD

(�C)
[30]

Pan et al. 2003 Binary (S + Red
Mud)

NaSi + Sodium
Aluminate

MIP Ponding N/A N/A [31]

Lloyd et al. 2010 Binary (FA + S),
FA

NaOH + KOH + NaSi Water
Absorption

In house diffusivity N/A N/A [32]

Zhang et al. 2010 Binary (FA + MK),
FA

NaOH + NaSi MIP + BET N/A N/A Solvent Exchange, OD
(�C)

[33]

Provis et al. 2012 Binary (FA + S),
FA

NaSi lCT N/A N/A N/A [34]

Zhu et al. 2014 Binary (S + FA) NaOH + NaSi MIP, Water
Absorption

Ponding N/A OD (65 �C) [35]

Ismail et al. 2014 Binary (S + FA) NaSi SEMy N/A N/A N/A [36]
Yang et al. 2014 Binary (S + FA) NaOH + NaSi MIP, Water

Absorption
Short Term Salt
Ponding

N/A OD (105 �C) [37]

Lee et al. 2016 Binary (S + FA) NaOH + NaSi B, C D, E Acid-soluble
chlorides

N/A [13]

Yao et al. 2016 Binary (S + FA) NaOH + NaSi MIP N/A N/A Solvent Exchange + OD
(60 �C)

[38]

Noor-ul-amin
et al.

2017 Binary (Bagasse
ash + UC)

NaSi N/A Ponding N/A N/A [39]

Long et al. 2017 Binary (S + FA) NaSi lCT N/A N/A N/A [40]
Ren et al. 2017 Binary, Ternary NaOH + NaSi MIP Ponding N/A OD (105 �C) [41]

AAC Mortar
Miranda et al. 2005 FA NaOH + NaSi SEMy N/A N/A N/A [42]
criado et al. 2011 FA NaOH + NaSi MIP N/A N/A N/A [43]
Asprogerakas

et al.
2014 FA NaOH + NaSi N/A NT Build 443 N/A N/A [44]

Monticelli
et al.

2016 FA NaOH + NaSi MIP F D N/A [14]

Monticelli
et al.

2016 FA NaOH + NaSi MIP, EN1015 Ponding N/A N/A [45]

Shi et al. 1996 S NaOH + Na2CO3 +
NaSi

MIP A N/A N/A [46]

Brough et al. 2002 S NaSi SEMy N/A N/A N/A [47]
Zuda et al 2007 S NaSi Water

Absorption
Bulk Diffusivity N/A N/A [48]

Aydin et al. 2012 S NaOH + NaSi N/A N/A N/A N/A [49]
Palomo et al. 1999 MK NaOH + NaSi Water

Absorption
N/A N/A N/A [50]

Chi et al. 2013 Binary (S + FA), S NaOH + NaSi B N/A N/A N/A [51]
Ismail et al. 2013 Binary (S + FA), S NaSi B E, G D OD (60 �C) [52]
Zhu et al. 2014 Binary (S + FA), S NaOH + NaSi MIP, Water

Absorption
Ponding N/A OD (65 �C) [35]

Karim et al. 2017 Ternary NaOH B, BS EN196 JIS A6203 N/A N/A [53]

AAC Concrete
Arham et al. 2009 FA NaOH + NaSi C A, G, AASHTO T

259
N/A OD (105 �C) [54]

(continued on next page)
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Table 1 (continued)

Author(s) Year Precursor(s) Activator(s) Pore Structure Chloride Diffusion Chloride
Binding

Preconditioning
Regime(s)

Reference

Kupwade-patil
et al.

2013 FA NaOH + NaSi MIP A, D N/A N/A [55]

Chindraprasirt
et al.

2014 FA NaOH + NaSi N/A D, E N/A N/A [56]

Law et al. 2014 FA NaOH + NaSi N/A A, AASHTO T259 &
T277

N/A N/A [57]

Gunasekara
et al.

2016 FA NaOH + NaSi AS10112.21,
MIP

AASHTO T259 N/A OD (105 �C) [58]

Nuaklong et al. 2016 FA NaOH + NaSi B Chloride
Penetration Depth

N/A N/A [59]

Gunasekara
et al.

2017 FA NaOH + NaSi N/A N/A N/A N/A [60]

Al-Otaibi 2009 S NaSi RILEM CPC-11.3 A, ASSHTO T277 N/A N/A [61]
Lim et al. 2012 S NaOH N/A Ponding Test N/A N/A [62]
Chi et al. 2012 S NaOH + NaSi N/A A N/A N/A [63]
Law et al. 2012 S NaOH + NaSi N/A A, AASHTO T277 N/A N/A [64]
Ravikumar

et al.
2013 S NaOH + NaSi MIP A, NT Build 492 N/A N/A [65]

Ma et al. 2015 S NaOH + NaSi N/A NT Build 442, NT
Build 492

N/A N/A [66]

Balcikanli et al. 2016 S NaOH + NaSi N/A A N/A N/A [67]
Parthiban et al. 2017 S NaOH + NaSi B AASHTO T259 &

T260
N/A N/A [68]

Behfarnia et al. 2017 S NaOH + NaSi B, BS 1881:
part122

A, G N/A N/A [69]

Bondar et al. 2012 CC, UC KOH + NaSi N/A A, F N/A N/A [70]
Bernal et al. 2012 Binary (S + MK), S NaOH + NaSi B A, In-house

diffusivity
N/A OD (100 �C) [71]

Ismail et al. 2013 Binary (S + FA), S NaSi B E, D, G, NT Build
492

N/A OD (100 �C) [52]

Bernal et al. 2015 Binary (S + MK), S NaOH + NaSi B N/A N/A N/A [72]
Albitar et al. 2017 Binary (S + FA),

FA
NaOH + NaSi B Ponding Test N/A OD (110 �C) [73]

Tennakoon
et al.

2017 Binary (S + FA) NaSi N/A A, NT Build 443 N/A N/A [74]

Babaee et al. 2016 Ternary NaOH + NaSi N/A Ponding Test N/A N/A [75]
Noushini et al. 2016 Ternary NaOH + NaSi B AASHTO TP-95 N/A OD (100 �C) [76]

1S = Slag; MK = Metakaolin; CC = Calcined Clay; UC = Uncalcined Clay; 2A = ASTM C1202; B = ASTM C642; C = ASTM C1585; D = ASTM C1152; E = ASMT C1218; F = ASTM
C1156; G = ASTM C1543; H = ASTM C1556; 3OD = Oven Drying; lCT = X-ray Computed Microtomography; BET = Brunauer–Emmett–Teller Adsorption; MIP = Mercury
Intrusion Porosimetry; SEM = Scanning Electron Microscopyy = qualitative description of porosity.

Fig. 1. Average chemical composition of all aluminosilicate AAC precursors
reported by the studies included in this review. Median data are represented by
centerlines in the box plots.
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stood so as to not obfuscate understanding of chloride intrusion in
AACs.

3. Factors affecting chloride transport in AACs

In AAC concrete, chloride transport is influenced by (1) the type
of precursor and its physical and chemical properties (i.e., crys-
tallinity, fineness, chemical composition), (2) the chemistry of
the alkali activating solution, and (3) curing regime [56]. The effect
of these factors on properties that affect chloride transport is dis-
cussed in more detail in the following sections.

3.1. Precursors

The aim of this section is to briefly review AAC precursors uti-
lized in the surveyed literature, address their variable chemical
composition, and discuss how their physicochemical properties
and reaction products influence chloride transport. The most com-
mon AAC precursors include (1) fly ash (FA), (2) ground granulated
blast furnace slag (slag), and both (3) calcined (e.g., metakaolin)
and (4) uncalcined aluminosilicate clays (e.g., kaolinite). The aver-
age chemical composition of each AAC precursor, based on the val-
ues reported in surveyed literature, is shown in Fig. 1. The data
were obtained by aggregating published precursor oxide analysis
data from 66 studies concerning chloride transport in AAC pastes,
mortars, and concrete. This compositional data will be used to
explain some of the variability in bulk properties observed in the
literature.
3.1.1. Physicochemical characteristics
In AACs, chloride transport is affected by the physicochemical

properties of aluminosilicate precursors. More specifically, physi-
cal properties, such as crystallinity and fineness, limit the degree
of reactivity. Increasing precursor fineness and lowering degrees
of crystallinity accelerate the dissolution of the precursor, which
leads to denser pore networks and improved chloride resistance
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[77]. Increased particle fineness in FA, for example, has been shown
to increase compressive strength of resulting AACs [38], which, in
many AAC systems, has been linked to reduced porosity [38,78].
However, in slag-based AACs, increased fineness often necessitates
higher water demand, which, when coupled with higher reactivity
due to a greater surface area, results in excess hydration water,
which has been noted by some researchers to yield higher porosi-
ties and lower strengths [4]. Like single precursor systems, particle
fineness affects the reactivity of blended systems in similar ways
[53]. When studying transport in any of these single or binary pre-
cursor systems it is important to assess how the properties of each
precursor will affect the binder structure and, therefore, its bulk
material properties.

3.1.1.1. Fly ash. FA is primarily composed of silicon dioxide (SiO2),
aluminum oxide (Al2O3), iron oxide (Fe2O3), and varied amounts
of calcium oxide (CaO). These oxides are contained in four major
crystalline mineral phases: quartz, mullite, hematite, and mag-
netite, which can form 10–50% of the bulk ash, while the remain-
der is largely comprised of amorphous silicate glass [77,79,80].
FA is classified according to its chemical composition into two
major categories – Class F and Class C – as specified by ASTM
C618. These classifications depend on the chemical composition
and do not address crystallinity. Historically, while the class defini-
tion has varied [81,82], current classification focuses on the com-
bined content of silica, alumina, and iron oxides. To be
considered Class F, FA is required to possess a minimum of 70%
by weight of the aforementioned oxides, while a Class C FA
requires a minimum of 50%. However, this classification takes into
account neither the crystalline content of the ash nor the composi-
tional variation of its glassy phases [77]. Average oxide composi-
tions of FAs used as AAC precursors in the literature reviewed
herein are shown in Fig. 1. As anticipated, information regarding
the crystallinity of FA is unavailable, given that only seven studies
report FA crystallinity [14,43–45,58,60,79]. However, recent stud-
ies have identified crystallinity as an important processing param-
eter for AACs, and many have begun to report it and, in some cases,
investigate it explicitly. For example, Sweeney et al. conducted
durability experiments that focused primarily on the amorphous
content of SiO2 and Al2O3 in FA [83].

While the majority of published FA studies reviewed herein
focus on low-calcium FA (LCFA), a few studies have begun to inves-
tigate high-calcium FA (HCFA), because it is now commonly
believed—despite experimental evidence to the contrary—that
higher calcium contents lead to improved chloride durability. In
Fig. 1, CaO outliers correspond to studies that purposefully investi-
gated HCFA [18,32,55,59]. HCFAs typically contain lower alumina
contents and several calcium-containing crystalline phases (e.g.,
Larnite) [18,32]. Generally, in the studies reviewed herein, HCFA
AACs exhibited higher porosities and lower chloride resistance
than their LCFA counter parts [18,32,55,59,84–86]. Currently the
poor performance of HCFA compared to LCFA AACs in terms of
chloride durability remains unexplained. These finding are of note
because, generally, slag and OPC precursors with high calcium con-
tents demonstrate a higher resistance to chloride intrusion [87],
suggesting that the mineralogical phase of calcium (i.e., crystalline
vs. amorphous) is perhaps more important than the total amount
in each precursor.

3.1.1.2. Ground-granulated blast furnace slag. Ground granulated
blast furnace slag, henceforth referred to as slag, is a highly vitre-
ous, highly reactive, low-chemical-variability byproduct of the
steel-making industry and, as asserted by Law et al., the most com-
mon material utilized in AAC production [64]. Primarily composed
of glassy phases of CaO, SiO2, Al2O3, MgO, and Fe2O3, slags usually
contain high CaO (30–50%), but not as high as OPC (>50%) [46,64].
Although slags have low chemical variability, major differences
between slags lie in their quantities of MgO, as shown in Fig. 1.
Additionally, out of all precursors, slags consistently contain the
lowest quantities of both SiO2 and Al2O3. Slag’s glassy nature
(>90%) imparts increased reactivity compared to FA, and early
stage studies of synthetic slags identify a rapid release of glassy
Ca2+ upon dissolution [88,89].

Slags for use in cement and concrete are currently classified
according to ASTM C989 by their performance in a slag reactivity
test, where 50/50 mixtures of slag and OPC are graded against an
OPC control in terms of its compressive strength. Three reactivity
grades of slag are reported: Grade 80, Grade 100, and Grade 120,
which indicates slag’s potential performance as a supplementary
cementitious material (SCM) but is not indicative of its suitability
as an AAC precursor. While more applicable classification schemes
for slag and other AAC precursors remain to be developed, the cur-
rent mission of RILEM TC 238-SCM is to define best practices for
characterizing the reactivity of SCMs, including slag [90], which
will likely also yield better proxy classifications for slag (and other)
AAC precursors.

3.1.1.3. Uncalcined and calcined aluminosilicate clays. Naturally
occurring, crystalline aluminosilicate clays can be utilized to pro-
duce AAC binders either in their raw or calcined form. A variety
of natural clays can be subjected to calcination and subsequently
used for alkali activation. Natural clays, like kaolinite, contain vary-
ing amounts of SiO2 and Al2O3 and can be calcined (i.e., heated to
temperatures of 400–1000 �C) to achieve dehydroxylation, which
induces crystalline-to-amorphous structural changes and, conse-
quently, increases reactivity [91,92]. In general, increased calcina-
tion temperature lowers the degree of crystallinity of these clays.
In the few studies reviewed herein, metakaolin was the most com-
monly utilized calcined clay to produce AACs that were subject to
chloride durability tests. As a distinctly pure aluminosilicate, meta-
kaolin precursors are high in SiO2 and Al2O3, as evidenced by the
calcined clay versus natural clay data shown in Fig. 1. Bumamis
et al. showed that the amounts of reactive silica and alumina in
clay precursors were related to improved physical properties of
the cement paste, such as density, water absorption, and porosity
[93]. However, no definitive conclusion should be drawn about
the average chemical composition of all calcined clays used in
alkali activation, given the limited number of published AAC stud-
ies concerning calcined clays and chloride transport
[41,85,87,94,95] (see Table 1).

3.1.1.4. Blended systems. Numerous types of blended precursor sys-
tems have been utilized in AAC systems, and those that have been
used to study chloride-related performance are included within
the scope of this review. Blended systems range from FA/slag and
slag/metakaolin binary systems to a variety of other binary and
ternary systems that involve rice husk ash or red mud [4,91,96].
Despite these studies, much research is still needed to understand
the physical properties and chemistries of combined precursors in
blended systems and their impact on microstructural development
and resulting material properties [96], especially as they pertain to
properties that influence chloride transport. With a burgeoning
understanding of heterogenous single precursor systems, it
remains a scientific challenge to fully understand and predict
structure-property relationships imparted by precursor blends.

A greater understanding of the role of the various glass and
crystalline phases in blended precursors needs to be acquired.
Out of the 24 reviewed studies addressing chloride diffusion and
binding in binary precursor systems, only five studies attempted
to characterize the crystallinity of the mixed precursors, and none
discuss the complex dissolution kinetics of the different glass
phases of each precursor in the system. As previously discussed,
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in general, blended slag-containing precursors with high calcium
contents have exhibited greater chloride resistance. However,
other non-slag high-calcium-containing precursor blends do not
perform as well as low-calcium blends in terms of chloride pene-
tration compared to OPC controls [84,97], further substantiating
that vitreous calcium phases are preferred to their crystalline
counterparts.

3.1.2. Reaction products
The activation of aluminosilicate precursors leads to the cre-

ation of a variety of reaction products that depend on precursor
chemistry and curing regime. Some of the reaction products
observed are binder gels (e.g., C-S-H, C-A-S-H, N-A-S-H), and vari-
ous authors additionally report finding crystalline phases, includ-
ing hydrotalcite, zeolites, and other unreacted minerals.

In general C-A-S-H and N-A-S-H, the two main binder gels
produced in alkali activation, create distinct microstructural
characteristics (e.g., pores) that, in turn, affect chloride transport.
In N-A-S-H binders, large macropores are often accompanied by
small gel pores that exist within the gel, whereas a more continu-
ous distribution of pore sizes are found in C-A-S-H gels similar to
OPC binders. Lloyd et al. and Ma et al. show low-calcium FA-
based AACs consist of homogenous N-A-S-H gels occupying much
of the sample structure with pores much larger than capillary
pores found in OPC [19,98]. Although important for diffusion, gel
pores are difficult to investigate due to their small radius and cur-
rent limitations of porosimetry equipment [17,98]. N-A-S-H binder
gels continue densifying the cement matrix due to a process of
continued gelation, which reduces pore space over time, tempo-
rally affecting chloride diffusivity [58]. Although continued gela-
tion of N-A-S-H binder gels is beneficial, excessive gelation
causes depletion of pore solution, which can accelerate steel corro-
sion in these systems [60]. Leaching of alkalis from the pore solu-
tion due to aqueous exposure can inhibit further gelation in N-A-S-
H systems as they age [38]. This combination of natural leaching
and continued gelation could hamper the long-term durability of
N-A-S-H based cements. C-A-S-H and C-S-H gels have significant
amounts of bound water, which may reduce the porosity of the
system and explain lower water absorption [51]. However, Win-
nefeld et al. postulated that low-calcium FA-based AACs that pro-
duce N-A-S-H gel exhibit lower porosities than high-calcium
samples because more binder gel (i.e., C-S-H, C-N-S-H) is formed
in the latter [18], further suggesting the importance of calcium
and the phase in which it exists in the precursor. The inclusion
of slag, which contains more vitreous calcium phases, into N-A-S-
H based systems has been shown to produce both types of binder
gels. In these blended systems the ‘‘dominant” binder gel controls
the diffusion, and some studies indicated that C-A-S-H gels can
reduce chloride diffusion in N-A-S-H gel-based systems [52]. Sim-
ilarly, in other binary systems with a higher weight percent of a
precursor that produces N-A-S-H gel, higher overall porosities have
been reported [36,71]. However, in a system with FA and metakao-
lin, increasing the percentage of metakaolin by weight reduced
average pore size due to the formation of more N-A-S-H gel [99],
which could be attributed to the higher reactivity of metakaolin.
Zhang et al. states that binary slag/metakaolin mixtures are chem-
ically stable when immersed in seawater due to the structure of
the aluminosilicate gel [33]. Contradictorily, there is evidence that
N-A-S-H gels of FA-based systems when immersed in seawater
undergo cation exchange between Na and Mg, thereby increasing
the porosity of the system [100].

The increased formation of secondary reaction products, such as
hydrotalcite and zeolites, is suggested to increase the chloride
resistance of AACs. Hydrotalcite formation, for example, has been
demonstrated to enhance chloride binding in slag-based AACs
[101–103]. Hydrotalcite, due to its structure and large surface area,
permits binding of anions. In slag-based AAC mixtures with high
contents of MgO activated with NaOH, hydrotalcite-like phases
were observed by Ben Haha et al., and it has been further reported
that high MgO systems will preferentially form hydrotalcite by
reacting Al with Mg until all Mg has been exhausted [25,104–
106]. As a consequence, the production of hydrotalcite reduces
the availability of Al for the formation of C-A-S-H and N-A-S-H gels
[106,107]. Studies on the chloride uptake in hydrotalcite-like
phases have yielded positive results, demonstrating the ability of
these phases to uptake chlorides in highly alkaline solutions and
in slag-based AACs [101,108,109]. Chloride uptake is sensitive to
changes in pH, chloride ion concentration, and strength of the pore
solution [110]. One challenge is that, in some pure slag systems,
hydrotalcite preferentially reacts with sulfate ions (from the
potential decomposition of ettringite) instead of chlorides [111],
if ettringite or other calcium sulfate phases are present in the sys-
tem. Aside from hydrotalcite-like phases, some zeolites have been
suggested to exhibit chloride-bearing potential [112]. Zeolites are
aluminosilicate minerals (e.g., Faujasite, Mordenite) that occur in
nature, and are often found in N-A-S-H based AAC [30,113]. Recent
research by Jun et al. posits that alkali-activated FA contains other
crystalline zeolite phases (e.g., Chabazite) that may be able to bear
chlorides [112]. Gevaudan et al. shows that high silica availability,
and high alkali content lead to high degrees of zeolitization [30].
Other authors have shown that mineralization can be induced in
N-A-S-H-based systems with the addition of organic compounds
and other mineral additives [114–116].
3.2. Chemical activators

Activating solutions generally contain (1) silica, often in the
form of liquid sodium silicate (NaSi) solution, (2) alkali hydroxides,
which not only provide the necessary high pH for activation, but
also provide charge-balancing cations (e.g., Na+, K+, Ca2+), and (3)
water. Common activators include sodium hydroxide (NaOH),
potassium hydroxide (KOH), and NaSi solutions. Additionally, cal-
cium hydroxide (Ca(OH)2) [28], solid silicates (e.g., sodiummetasil-
icate pentahydrate), and sodium-carbonate have also been used for
activating aluminosilicate precursors.

Silica content, silica speciation, the choice of alkali metal, and
their respective concentrations in alkali-activating solutions
directly affects dissolution, precipitation, and, hence, the subse-
quent gelation and formation of different aluminosilicate binder
gels. However, explicit mechanisms for how these activators influ-
ence hardened state properties, including chloride transport, needs
further refinement [117]. For example, reactions with sodium car-
bonate as activators are generally less reactive due to the acidic
nature of the carbonate anion compared to reactions with hydrox-
ides [118]. In addition, different metal cations (i.e., Na+, K+, Ca2+)
present in activating solutions have been noted to influence poros-
ity and degree of dissolution [119,120]. Furthermore, the initial
content and phase of the activator (liquid or solid) affects the
microstructural development of AACs and properties that affect
chloride transport [30,65,121]. Each of these factors are discussed
in the following sections.
3.2.1. Silica content
Silica content has been defined in the literature as the amount

of total silica in either the activating solution alone or the entire
AAC system. The total quantity of silica in an AAC system is
expressed as either the Si/Al or SiO2/Al2O3 molar ratios. Oftentimes,
however, the quantity of silica in the precursor is assumed to be a
fixed amount and, thus, only the additional silica is reported as the
silica modulus (Ms), or the ratio of SiO2:Na2O, in the activating
solution.
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Increasing available silica in activating solutions has been
shown to lead to reduced pore sizes, regardless of precursor chem-
istry and, often, reduced porosity. In FA-based systems, for exam-
ple, additional silica promotes the development of finer pore
networks, reduced porosity, and, thus, reduced water permeability
(generally Si:Al � 1.50) [19,43]. Similar trends have been reported
for slag-based systems [46]. Ye et al. [27] and Melo et al. [23]
showed that higher silica content reduces porosity and results in
a pore network with a smaller average pore size in slag-based AACs
(in contrast, slags without added silica lead to unrefined pore sys-
tems [24,27]). Likewise, for metakaolin-based systems, Duxson
et al. showed that Si/Al ratios less than 1.4 lead to higher-
porosity systems [29], where many pores are interconnected, while
Si/Al ratios greater than 1.65 result in smaller pores distributed in a
more homogenous pore system.

In fact, data show that increased silica content, in general, cor-
relates with reduced chloride diffusivity in AACs, regardless of pre-
cursor. Increasing the Ms in FA-based AACs, for example, resulted
in comparable chloride resistances of OPC and blended cements.
However, the initial pH of these systems was insufficient to passi-
vate the steel reinforcement or maintain a constant diffusion coef-
ficient in the long term [57], demonstrating a durability tradeoff
between a dense microstructure and passivation ability. In con-
trast, slag-based AAC systems with increased Ms have exhibited
lower rapid chloride penetration test (RCPT) values and permeabil-
ity values compared to OPC and improved non-steady-state diffu-
sion behavior [61,66,122]. In binary FA-slag and bagasse ash-china
clay systems, increased available silica content played a role in
reducing chloride intrusion [32,39], further substantiating the
important role of silica-containing activators. However, in studies
on slag-based AACs, a Ms of 1.25 increased sorptivity due to the
evolution of microcracks that can occur [46,64], which are well
known to exacerbate chloride diffusion [123].

Experimental evidence suggests that the form in which silica is
added (e.g., anhydrous sodium metasilicate, sodium silicate, col-
loidal silica, soda glass) will influence AAC reaction kinetics,
microstructural development, and, consequently, its transport
properties. Behfarnia et al. incorporated both micro- and nanosilica
into slag-based systems in identical percentages and observed
higher chloride resistance with the addition of microsilica only
[69]. In a metakaolin-based system, Gevaudan et al. studied the
influence of silica by adding either solid soda glass or a liquid
(NaSi). The availability of silica from liquid NaSi enabled expedi-
tious gel formation and reduced porosity in systems with the same
SiO2:Na2O ratio compared to the solid silica-containing samples
[30]. Ravikumar et al. utilized a solid and liquid form of NaSi, which
led to a variety of different, inconclusive performances of slag-
based cements in terms of chloride diffusion [65]. While the use
of liquid NaSi reduced overall porosity, the mixture activated with
anhydrous NaSi exhibited improved chloride resistance, which the
authors attributed to changes in pore structure, pore solution
chemistry, and resulting ionic conductivity [65]. Although the
effects of silica speciation are known to affect reaction kinetics
[124], understanding the relationship between silica chemistry
and durability remains a fundamental challenge for the field.

3.2.2. Alkali content
Expressed in different forms throughout the literature, alkali

content, in general, refers to the quantity of elemental alkali metals
(i.e., Na+, K+, Ca2+) in the activator. Alkali content has been defined
as the molarity of the solution (i.e., 4 M NaOH), the percentage of
metal oxide by weight of precursor (i.e., Na2O per g of binder),
or, in the case of liquid NaSi, the Ms of the solution (i.e., Ms = 2.0).

Experimental evidence substantiates that higher alkali content
(generally Na:Al � 0.75) promotes rapid dissolution of precursors
and, hence, reduces chloride transport in all precursor systems due
to a reduction in porosity. Higher alkali contents in both FA- and
slag-based AACs have reduced porosities and reduced pore sizes,
as indicated by lower water permeability and sorptivity of the sam-
ples [19,59,65]. However, when alkali content is held constant,
porosity and average pore sizes are variably affected by the type of
alkali metal cations, regardless of precursor [15,47,117]. The
observed lower porosities can be attributed to higher alkali content
promoting a more rapid dissolution of the precursor [30,94,124–
126]. The increase in chloride resistance due to reductions in total
pore volume and pore sizes observed with a higher alkali content
has also been observed (and discussed previously) with increases
in silica content. Moreover, in FA-based systems, higher alkali con-
tent decreased the chloride diffusion coefficient, as expected, and
affected the quantity of both free and bound chlorides in the cemen-
titious matrix [56]. In slag-based AACs, increasing alkali concentra-
tion and holding the other factors constant (i.e., Ms, curing time),
resulted in significant reductions to RCPT values were observed
[67]. Reductions in RCPT values have been correlatedwith observed
reductions in the coefficient of non-steady-state diffusion with
increasing alkali content [66]. Lastly in MK systems, higher alkali
content – more than silica content – influenced the development
of zeolitic crystalline phases that reduced overall porosity [30].

Alkalis from precursors and activators change the pore solution
chemistry, which affects chloride intrusion and the ability of AACs
to passivate steel. FA-based mixtures can provide adequate passi-
vation to reinforcing steel, according to Bastidas et al. [127] and
Criado et al. [43]. However, passivation has been shown to depend
on the type of activator, the dosage, and the alkalinity of the solu-
tion such as utilizing a liquid NaSi and NaOH solution versus a solid
NaSi and sodium carbonate activator due to the changes in the
overall pH of the pore solution [87,126,128–130]. These findings
are also applicable to slag-based (and some blended) mixtures,
where high metal cation concentrations in the pore solution indi-
cate the slag’s ability to passivate steel [21,61]. For example, FA
and slag mixtures with a higher volume of pores than a comparable
OPC mixture exhibited lower susceptibilities to chloride ingress,
which was attributed by the authors to repulsive ionic interactions
between chlorides and pore solution chemistry [52].

3.2.3. Water content
Water content in OPC and AAC systems typically refers to the

ratio of water to cementitious binder. However, depending on
the system, whether it be paste, mortar, or concrete, water content
can also be presented as the ratio of total liquid to total solids (L:S)
used in the mixture.

Lower water-to-binder ratios reduce overall porosity in all
AACs; however, experimental evidence also suggests that lower
water-to-binder ratios reduce average pore sizes in slag-based
AACs. In FA-based systems, decreased water contents have been
correlated with lowered porosities [35,127], with the caveat that
lowering water content increases binder viscosity, which can lead
to air entrapment in the mixture [17]. In terms of average pore size,
while both Zhu et al. [35] and Bastidas et al. [127] note no signifi-
cant differences when decreasing water content, Skvára et al. [17]
reports a decrease in average pore size with decreasing water con-
tent. Related studies have suggested that insufficient water may
lead to lower reactivity [131]. In slag-based AACs, water content
imparted similar effects on porosity compared to FA; however,
water content might have a greater role in altering pore size
[132]. Lower-water systems have been proven to exhibit improved
chloride resistance and decreased water and chloride permeability
[32,35]. Changes in average pore size is observed in binary FA/slag
mixtures and in mixtures containing slag/metakaolin [35]. In all
binary cases, the higher the slag content, the more evident the



198 J. Osio-Norgaard et al. / Construction and Building Materials 186 (2018) 191–206
effect water content has on reduced porosity and average pore size
[33].
3.3. Curing regimes

Heat curing in AACs is well known to lead to increased reactivity,
reduced porosities, and reduced average pore sizes. Microstructural
differences develop due to changes in the kinetics of the reaction.
Higher temperatures promote increased precursor dissolution and
affect the overall generation of reaction products [124–126]. Higher
curing temperatures, in general, reduce porosity, sorptivity, and
chloride penetration in AACs regardless of precursor. In alkali-
activated FA, water permeability was reduced with longer periods
of heat curing [19]. Curing at temperatures higher than 60 �C and
lower than 75 �C decreased the volume of permeable pores and
decreased sorptivity, which is used in the literature as an indicator
of higher tortuosity [19,76]. Heat curing has also decreased perme-
ability in some natural clay-based AACs, which was attributed by
the authors to initial existence of water (due to polycondensation)
that enhanced crosslinking and induced subsequent blockage of
pores, which led to reduced chloride ion penetration [70].

Exploratory studies have elucidated that, unlike temperature,
other curing conditions (e.g., time, humidity) may impart differ-
ences to each individual precursor/activator combination, but these
variables have largely remained unexplored in the surveyed litera-
ture. Humidity conditions, for example, change the water availabil-
ity in the cementmatrix and play a role in the kinetics and degree of
reaction. Interestingly, a FA activated with NaOH exhibited reduced
porosities when dry-cured as opposed to steam- or wet-cured [16],
while FA-based binary systems cured in a submerged saline envi-
ronment (full saturation) exhibited lower sorptivity and decreased
chloride penetration, which was attributed to reduced leaching of
pore solution during activation [133]. Additionally, the intrusion
of salt into thematrixwas found to be negligible [133]. Slag systems
cured in high temperature and relative humidity above 80% per-
formed better than air- and limewater-cured slag-based AACs
[63]. Autoclaved slag cements (with no added silica and low Na2O
dosages) produced under high pressure, high heat, and high relative
humidity conditions exhibited low porosity. This reduction has
been attributed to the increased reaction of slag particles during
curing [49]. Therefore, while high humidity is generally beneficial,
for some systems, high humidity may prove suboptimal in achiev-
ing desirable microstructures.

In the reviewed literature, while blended precursor systems
(e.g., slag/FA) are generally cured between 20 and 30 �C, these cur-
ing regimes do not take into account the lower rate of dissolution
of FA at those temperatures or the different humidities at which
they must be cured. For example, FA is optimally cured at temper-
atures >60 �C with [125] showing isothermal conduction calorime-
try data that points to the low reactivity of FA when cured at
temperatures lower than 30 �C. [15] showed that FA activated with
NaOH should be dry-cured. AAC chloride transport literature has
yet to address the interactions of curing regimes with the physic-
ochemical characteristics of blended precursors and the impact
those interactions have on chloride diffusion and chloride binding.
4. Descriptive statistics of porosity and chloride diffusion

This section statistically describes data from the reviewed
literature in order to (1) analyze the most studied experimental
parameters, (2) discuss the variability of those parameters, and
(3) elucidate porosity and chloride diffusion differences by AAC
precursor. Variability of chloride diffusion measurements is sup-
plemented with discussions on the limitations of current charac-
terization methods.
4.1. Experimental parameter mapping

Fig. 2 quantitatively summarizes the ranges of common exper-
imental parameters explored in the reviewed literature through a
codified scale (from 0 to 1). The scales correspond to actual magni-
tudes that vary for each parameter (see Table 2). For example, the
most studied L:S ratio in pastes lies between codified values of 0.3
and 0.4, as shown in Fig. 2. Based on Table 2, these codified values
correspond to L:S ratios between 0.17 and 0.24. Fig. 2 illustrates
that marked differences exist in the ranges of experimental param-
eters (Si:Al ratio, Na:Al ratio, curing temperature) that have been
explored for different material systems (i.e., paste, mortar, con-
crete), which need be reconciled for appropriate comparisons
between those systems. The data presented in Fig. 2, in addition
to aiding explanation of reported material properties related to
chloride transport (see Section 4.2), may serve as a useful research
tool for further experimentation of theoretical and practical studies
on the chloride diffusion of AAC paste, mortar, and concrete.

In the literature, paste and mortar studies have a wider range of
Si:Al and Na:Al ratios, while Ca:Al and L:S ratios remain largely
unvaried in all three systems. Pastes generally explore these wider
ranges of Na:Al and Si:Al ratios to understand microstructural
development. However, the majority of Ca2+ comes from the usage
of slag, given that Ca2+ is rarely supplemented in these systems.
Across all parameters in the reviewed studies, AAC pastes have
been investigated with large ranges when compared to AAC mortar
and AAC concrete. For example, Na:Al ratios for paste (0.0–1.0)
have a larger range than mortars and concrete, 0.4–0.6 and 0.5–
1.2, respectively. In AAC concretes Si:Al and Na:Al ratios have been
explored at wider ranges than paste and mortars in the reported
literature. For example, AAC paste samples explore Si:Al and Na:
Al ratios at ranges of 1.1–2.0 and 0.0–1.0, respectively, and AAC
concrete are mostly studied at Si:Al and Na:Al ratios of 1.9–2.7
and 0.5–1.2, respectively. Contrastingly, minimal differences exist
between Ca:Al and L:S ratios explored in the different material sys-
tems, which is due to the fact that the primary source of calcium in
all studies is from fairly similar slags. The aforementioned ratios
tend to be explored in the following ranges: 0.0–0.5 (Ca:Al ratio)
and 0.4–0.6 (L:S). Although Fig. 2 provides useful information in
terms of what parameters have been studied, the literature does
not provide quantities of reactive silica, alumina, and calcium in
their material systems, which means for more highly crystalline
precursor systems, these values may be different than those
reported [83].

Fig. 3 presents the distributions of the experimental parameters
reported in the literature. The L:S ratio remains relatively
unchanged between systems as evidenced by the small variation
in the mean. However, means of experimental parameters for Si:
Al ratio, Na:Al ratio, and maximum curing temperature vary widely
between material systems. The means of Si:Al ratios increase from
paste (2.46) to concrete (2.73) systems, but decreases for AAC mor-
tars (2.11). A similar trend is observed in the means of Na:Al ratios
in paste (0.69) and concrete (0.95) mixtures with a decrease in AAC
mortars (0.73). Finally, the means of maximum curing temperature
vary from 37.4 �C to 75.2 �C to 47.6 �C for paste, mortar, and con-
crete, respectively. Contrastingly, the means of L:S ratios for paste,
mortar, and concrete—0.39, 0.50, 0.49, respectively—remain rela-
tively unchanged. In addition, AAC concretes exhibit the least vari-
ation in Si:Al ratio, Na:Al ratio, L:S ratio, and maximum curing
temperature when compared to AAC pastes and mortars (see
Fig. 3), while AAC mortars exhibit the largest variations in Na:Al
ratios, L:S ratios, and maximum curing temperature. Curing
regimes are chosen in a seemingly arbitrary manner. Reported here
are the maximum curing temperatures, but each individual mix-
ture often uses a different set of temperatures with varying dura-
tions and humidities.



Table 2
Range of codified values and parameter values explored in Fig. 2. Paste outliers are the following: Si:Al > 5 (7), Na:Al > 5 (1), Ca:Al > 6 (6). Mortar outliers are the following: Si:Al >
5 (0), Na:Al > 5 (1), Ca:Al > 6 (1), L:S > 1 (3).

Codified Values Paste Mortar Concrete

Si:Al Na:Al Ca:Al L:S Si:Al Na:Al Ca:Al L:S Si:Al Na:Al Ca:Al L:S

D 0.43 0.50 0.60 0.065 0.35 0.18 0.49 0.06 0.40 0.24 0.34 0.07
0 0.69 0.00 0.00 0.15 0.39 0.04 0.0 0.21 1.54 0.01 0.01 0.18
1 5.00 5.00 6.00 0.80 3.84 1.85 4.88 0.80 5.51 2.40 3.45 0.88

(a) Paste (b) Mortar (c) Concrete

0 Si:Al Na:Al Ca:Al L:S

0.1 13 109 97 24

0.2 47 65 19 18

0.3 40 12 5 19

0.4 29 4 3 113

0.5 43 2 61 14

0.6 7 0 15 18

0.7 23 1 5 16

0.8 4 0 0 2

0.9 2 1 9 7

1 14 0 1 1

0 Si:Al Na:Al Ca:Al L:S

0.1 13 6 58 12

0.2 4 9 5 0

0.3 7 48 4 5

0.4 32 11 3 25

0.5 0 15 0 28

0.6 9 7 32 27

0.7 8 6 2 2

0.8 14 0 0 0

0.9 13 0 0 3

1 3 2 1 1

0 Si:Al Na:Al Ca:Al L:S

0.1 26 5 47 1

0.2 34 14 17 0

0.3 41 31 7 7

0.4 28 54 1 36

0.5 24 30 6 76

0.6 17 19 12 20

0.7 5 21 16 0

0.8 3 2 33 0

0.9 0 0 29 0

1 2 4 12 4

Fig. 2. Experimental frequency of important parameters in porosity and chloride diffusion studies of different AAC material systems. Experimental frequency is categorized
with distinct color ranges symbolizing: � 60 studies, � 30 studies, � 20 studies, � 10 studies, < 10 studies. Ranges for the codified scale (0–1), which vary for
each material system, are listed in Table 2.
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4.2. Porosity of AAC pastes by precursor

Fig. 4 shows the average reported porosities of AAC pastes by
aluminosilicate precursor. Depending on precursor, AAC pastes
have comparable or lower porosities when compared to OPC
pastes. From the reviewed literature, the average porosity of AAC
pastes is 26.7%. In contrast, OPC paste studies (sans SCMs) report
higher porosities of 30–34% [5,13,134]. In some cases when differ-
ent precursors are used, AAC porosities are reported to be higher
than OPC. For example, average porosities of natural clay-based
AACs (36.2%) are higher than OPC (see Fig. 4), which is expected,
due to the higher crystallinity and lower reactivity of natural clays.
As a result, it is evident that, while porosities for AACs depend on
the precursor, many have achieved comparable or lower porosities
than OPC.

Statistical analysis of paste porosity data from the reviewed
studies elucidate that increased exploration of experimental fac-
tors in AAC pastes yield high variability of porosities in the most
oft-studied precursors (i.e., FA, slag, binary blends), as seen in
Fig. 4. FA, slag, and binary mixtures comprise approximately 85%
of all AAC pastes in the surveyed literature, and the effects of dif-
ferent processing factors (and ranges of those factors) have been
more thoroughly studied in these precursors than in less common
precursors, like calcined and uncalcined clays, resulting in a wider
range of paste porosity data reported in the literature (see Sec-
tion 4.1). Interestingly, slag has been reported to have among the
lowest chemical variability of any other precursor (Fig. 1), yet
slag-based AAC pastes exhibit the largest variation in reported
paste porosity (Fig. 3). This variability in achievable paste porosi-
ties is likely due to the wide range of activation solution chemis-
tries and processing conditions employed in the surveyed
literature, emphasizing further need for a more critical and holistic
understanding of the role that relevant factors, like activation solu-
tion chemistry and precursor reactivity, have on AAC paste
porosity.

Descriptive statistics of the paste porosity data shown in Fig. 4
are summarized in Table 3. The statistical distribution of paste
porosity data was evaluated using the Anderson-Darling (AD)



Fig. 4. AAC paste porosity by precursor. Outliers: FA (3.13%, 1.67%) and calcined
clay (8.2%). Median data are represented by centerlines in the box plots.

Fig. 3. Investigated experimental parameters across AAC material systems (i.e., paste, mortar, and concrete) regardless of AAC precursor. Median data are represented by
centerlines in the box plots.
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goodness-of-fit statistical test for normality. The AD statistical test
was modified to identify other possible distributions (i.e., exponen-
tial, Weibull, gamma, lognormal). Results show that the porosities
of AACs made with binary blends, calcined clays, or clays can be
described well using normal distributions. The normal distribution
of the data may be due to the low sample number (clay and cal-
cined clay groups) or the decreased factor effect affecting porosity
(binary), but further research is needed to make more definitive
conclusions. AD statistical test results were inconclusive for deter-
mining the distribution of the reviewed porosity data for both FA-
and slag-based AAC paste. Such a result may be due to the porosity
variability arising from the effects of different processing factors
(and ranges of those factors) in these highly studied precursors
(see Section 4.1).

Significant mean porosity differences exist between clay-, cal-
cined clay-, and FA-based AACs, while slag and binary mixtures
exhibit similar mean porosities (Fig. 4). In order to differentiate
between mean porosities of precursors through an analysis of vari-
ance (ANOVA), the Levene statistical test was performed, which
concluded that the porosity data have unequal variances between
precursors (p-value < 0.01). As a result, the Welch statistical test
was used to analyze mean differences. The normality assumption
in this statistical test was not met by the porosity data of both
FA and slag precursors, but it was deemed excusable due to robust-
ness of the t-test statistic as evaluated by [135]. Results, shown in
Table 3, demonstrate that natural clay-, calcined clay-, and FA-
based AACs have distinct mean porosities than other AAC precur-
sors. As expected, the mean porosity of natural clay-based AACs
were highest of any other precursor, given the lower chemical
reactivity of natural clay compared to other aluminosilicate
precursors.



Table 3
Descriptive statistics for AAC paste porosity by precursor.

Factor N Mean (%) 95% Confidence Interval (%) Anderson-Darling Test (p-value) Statistical Distribution* Games-Howell Grouping

FA 48 28.04 ± 7.71 (25.80, 30.28) 1.57 (<0.005) N/A A
Slag 68 24.27 ± 15.0 (20.63, 27.91) 0.92 (0.018) N/A A B
Binary 31 23.90 ± 9.19 (20.53, 27.27) 0.52 (0.171) Normal A B
Calcined Clay 11 21.16 ± 6.32 (16.92, 25.41) 0.35 (0.393) Normal B
Clay 15 36.18 ± 4.96 (33.43, 38.93) 0.33 (0.463) Normal C

* Histograms included in supplementary information.
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4.3. Chloride diffusion of AAC concrete by precursor

Fig. 5 shows the average reported porosities of AAC pastes by
aluminosilicate precursor. Generally, FA and slag-based (binary)
AAC concrete materials have superior chloride diffusion coeffi-
cients when compared to OPC concrete. The chloride diffusion of
OPC concrete is reported to be between 1E-11 m2/s and 1E-12
m2/s without use of SCMs [52,74,136]. In contrast, similarly to
AAC porosities, chloride diffusion coefficients largely vary by pre-
cursor. For example, clay-based AAC concrete has the most unfa-
vorable chloride-diffusion coefficient, which is again expected, as
clay-based AAC pastes possess the highest porosities amongst all
pastes due to the lower reactivity of clays (Fig. 3).

Statistical data of chloride diffusion coefficients of AAC concrete
reported in the reviewed literature shown in Fig. 5 are summarized
in Table 4. In contrast to the paste porosity data presented in Sec-
tion 4.2, slag-based AAC concretes have exhibited lower variability
than fly-ash based AAC concretes in terms of chloride diffusion
coefficient (Fig. 5). As seen in Table 4, chloride diffusion coeffi-
cients of slag- and clay-based AAC concrete were found to be
described well using a normal distribution, while diffusion coeffi-
cients of binary blends were described well using a Weibull distri-
Fig. 5. AAC concrete chloride diffusion coefficient by precursor. No data available
on calcined clay-based AAC concrete. Median data are represented by centerlines in
the box plots.

Table 4
Descriptive statistics for AAC concrete chloride diffusion coefficient by precursor.

Factor N Mean (m2/s) 95% Confidence Interval Anderso

FA 43 2.63E-11 ± 5.42E-11 (9.6E-12, 4.3E-11) 9.11 (<0
Slag 33 3.73E-12 ± 1.98E-12 (3.0E-12, 4.4E-12) 0.46 (0.2
Binary 10 5.46E-12 ± 1.4E-11 (0, 1.5E-11) 2.57 (<0
Calcined Clay 0 N/A N/A N/A
Clay 10 1.06E-10 ± 4.18E-11 (7.6E-11, 1.4E-10) 0.27 (0.6

* Histograms included in supplementary information.
bution. As previously performed for AAC paste porosity data
(Table 3), the statistical distribution of chloride diffusion coeffi-
cients was determined using the Anderson-Darling (AD) statistical
test for normality. The AD statistical test was modified to identify
other possible distributions, yet results were inconclusive for the
chloride diffusion data of FA-based AACs. No data yet exist on
the chloride diffusion of calcined clay (i.e., metakaolin) AAC
concrete.

As seen in Table 4, all precursors exhibit uniquely different
means in chloride diffusion coefficient, with binary blends having
similar chloride diffusion coefficients to both fly ash- and slag-
based AACs. Similar to the statistical analysis of porosity data
(Table 3), the Levene test was used to test the null hypothesis of
equal variances, which was rejected and the alternative hypothesis
was accepted (p-value < 0.01). As determined by the Games-
Howell means difference comparison, seen in Table 4, all AAC pre-
cursors had statistically different mean chloride diffusion coeffi-
cients with the exception of binary blends, which had a
statistically similar means to both slag- and FA-based AAC con-
crete. As was the case in the previous analysis of porosity, the nor-
mality assumption in these statistical tests was not met by the
chloride diffusion coefficient data for both FA and binary blend
concrete, but it was deemed excusable due to robustness of the
t-test statistic, as evaluated by [135]. Results shown in Tables 3
and 4 demonstrate that natural clay-based AACs have the highest
mean paste porosity and chloride diffusion of any other AAC pre-
cursors. Again, this result is to be expected, given the lower amor-
phous contents and, thus, lower reactivity of uncalcined clays
versus calcined clays and other industrial aluminosilicate precur-
sors, like FA and slag.
5. Challenges and opportunities in the study of chloride
intrusion in AACs

Despite advances in experimental studies that investigate chlo-
ride transport in AAC materials, a number of challenges and devel-
opment opportunities exist to further scientific understanding of
chloride transport in AACs and to fully elucidate similarities and
differences between the chloride resistances of AAC and OPC paste,
mortar, and concrete. For example, current test methodologies that
are employed to study the chloride transport properties of AAC
paste, mortar, and concrete are based on tests that were previously
n-Darling Test (P-value) Statistical Distribution* Games-Howell Grouping

.005) N/A A
47) Normal B
.005) Weibull A B

N/A N/A
02) Normal C
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developed for OPC-based binders and do not account for the differ-
ences in the chemistry of AAC binders. Newmethods and advanced
characterization techniques, like X-ray micro-computed tomogra-
phy, provide opportunities for more accurate measures of
transport-relevant properties. Together, these improved methods
and tools will likely lead to new materials science approaches to
minimize chloride transport, such as enhancing chloride binding
in AAC binders. The following sections discuss these challenges
and potential opportunities in more detail.

5.1. Addressing limitations of chloride diffusion test methods

While the strengths of chloride diffusion test methods lie in
their ability to quantify relative increases or decreases in chloride
penetration resistance, inherent limitations in physical, chemical,
and electrical resistivity methods used to characterize chloride
ingress can obfuscate and impart inaccuracies on the response by
affecting factors (e.g., preconditioning, instrumentation, test dura-
tion, aggregate volume content, saturation degree, quantification,
precursor and pore solution chemistry) that are important for
determining actual chloride transport. For example, given that
chloride transport is governed by three distinct mechanism, which
all can contribute to chloride transport phenomena, each test
either isolates one mechanism or confounds multiple mechanisms
into one measurement. Additional limitations of each type of char-
acterization method are discussed in this section.

For physical characterization methods, the primary limitation
concerns preconditioning regimes for C-A-S-H and N-A-S-H gel
systems. Ismael et al. showed that preconditioning procedures
associated with test methodologies in OPC concrete for porosity,
water absorption, and permeability impart structural and chemical
changes to AACs [137]. Therefore, the authors of [137] suggest that
the selection of preconditioning methods should depend on the
amount of bound water in the cement in an attempt to preserve
the integrity of the binder gels. C-A-S-H gels tend to chemically
bind water, while N-A-S-H gels physically bind water, so the
removal of water via vacuum or oven drying from C-A-S-H gels
leads to the potential for more structural damage. The authors rec-
ommend that C-A-S-H gel-based binders be preconditioned
through a solvent exchange process utilizing acetone without the
use of heat or vacuum, while, for N-A-S-H gels, vacuum drying
paired with acetone for solvent exchange should be the primary
preconditioning regime. In the same study, a 50/50 blend of LCFA
and Slag cement showed no chemical changes upon oven dried,
but some pore collapse was still noted, thereby suggesting that
appropriate preconditioning regimes blended systems remain a
significant challenge.

Chemical characterization methods often provide the most
direct measurements of chloride diffusion; however, they are lim-
ited by the following factors. Ponding tests are typically conducted
over a minimum of 90 days, and the chemical extraction processes
are time-consuming. In addition, Yang et al. noted difficulty with
precise differentiation between free and bound chlorides in AACs
[37]. The effect of volume and type of aggregates in distorting dif-
fusion coefficients adds to the difficulty of interpreting chemical
characterization results [44,68,138]. Furthermore, while ASTM
C642 has been the primary method of saturating specimens in
the literature to attempt steady state diffusion, saturation is not
always easily achieved [139]. For OPC concrete samples, Bu et al.
[140] suggests vacuum-saturating specimens over a period of 24
h to ensure full concrete saturation. However, while this practice
is not necessarily best for all AACs, as some are prone to microc-
racking (as noted above) and pore solution leaching, it provides a
more accurate methodology for those AAC-based binders that
can resist vacuum saturation. A potential methodological solution
would consist of extracting AAC pore solution and creating a satu-
rating solution with a near identical composition to minimize
leaching.

Electrical characterization methods of chloride diffusion have
been explored by many researchers. Bernal et al. [71], Balcikanli
et al. [67], Shi et al. [46], and Andrade et al. [141]report that results
of RCPT experiments are mainly dependent on pore solution chem-
istry as opposed to the nature of the pore structure. Noushini et al.
verified the last assertion by finding that, while some AAC systems
have denser matrices than their OPC counterparts, they exhibit rel-
atively low resistivity values [142]. In addition, Ravikumar et al.
reconciled the values of RCPT with those of non-steady state diffu-
sion to understand any potential damage accelerated test methods
might cause to the AAC microstructure due to the high tempera-
tures induced by electrical currents [143]. Resistivity methods for
measurement of chloride ions in AACs could be improved by mod-
ifying the work on of Weiss et al. [144] on OPC concrete, where
pore solution is extracted and its resistivity is measured separately
to create a correction factor for the resistivity of the cementitious
binder. A methodology like this would aid in accounting for the
variable pore solution chemistries of AACs.

In summary, results from physical, chemical, and electrical
resistivity tests can vary due to limitations of those characteriza-
tion methods. Despite these limitations, however, these standard
methods of characterization, while developed for OPC concrete
mixtures, have been essential to advance the state of knowledge
regarding AAC and chloride transport. Further research should
use the best practices discussed here protect the microstructural
integrity of the materials, and to obtain more realistic results.

5.2. Advanced characterization techniques

Chloride diffusion is a complex mechanism that often necessi-
tates a suite of tests tailored to address challenges of varying
length scales and other limitations explained herein. The use of
advanced characterization methods, such as non-invasive X-ray
micro-computed tomography (lCT), are emerging as part of a
new generation of methods being employed by researchers to
attempt to fully characterize the microstructure of AAC and to
relate microstructural understanding to resulting material proper-
ties that influence chloride transport. Provis et al. [34] and Long
et al. [40]for example, employed a lCT to observe the development
of AAC microstructure over time [34,40]. One advantage of lCT is
that it eliminates a need for sample pre-conditioning. Discontinu-
ing harsh pre-conditioning regimes, as Ismail et al. recommend,
will enable better understanding between indirect and direct test-
ing [137]. This particular method does face its own challenges,
however, in terms of time and data required to obtain fully charac-
terized AAC pore networks. Additionally, Dehghan et al. [87]
showed how to use electron microscopy and mXRF techniques to
characterize how chloride ions travel through different high and
low calcium binders. These techniques allow for simultaneous
quantification of chlorides and chloride diffusion coefficients in
the cementitious matrix utilizing a faster and less labor-intensive
process than traditional methodologies, while providing maps of
chloride intrusion and agglomeration in the sample. Currently
these techniques are limited by the quality of available calibration
curves and the sensitivity of the equipment [87].

Such improvements in characterization methods will result in a
deepened understanding of the relationship between accelerated
testing and in situ behavior. Additionally the work of Criado et al.
implores future studies to take into account the redox potential
of pore solution chemistries, since they will lead to different elec-
trochemical signals [128,145]. This need, expressed by Duxson
et al. in 2007, aims to move promising results from preliminary
testing to field research, which is essential to substantiate real-
world performance [146]. Additionally, due to its industry status
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as a new cementitious binder, more longitudinal studies need be
performed on AACs to (1) understand how each influential factor
described herein affects long-term microstructural development
and both water and ion transport and (2) substantiate sufficient
durability in both mild and aggressive environmental conditions.
5.3. Enhancing chloride binding in AACs

As previously discussed, the work of Ke et al. elucidated the
chloride binding potential of hydrotalcite and hydrotalcite-like
phases in carbonate-activated slags [101,108–110]. Although this
work identifies mineral phases in slag based-AACs that bind chlo-
rides and subsequently delay their transport through the pore net-
work, more experimental work ought to be carried out to
determine which phases of AACs, crystalline or amorphous, can
bind, bear, or precipitate to reduce chloride diffusion. After identi-
fying phases with exceptional chloride binding capacity, further
experimental work should be dedicated to controlling and manip-
ulating mineralization in AAC pastes to enable the preferential for-
mation of those minerals and ultimately enhance chloride binding
potential.
6. Conclusion

This review provides a process-structure-property assessment
of the factors that impact chloride transport in alkali-activated
cement (AAC) paste, mortar, and concrete. The reviewed literature
indicates that physicochemical precursor characteristics, such as
greater fineness and lower crystallinity, play a crucial role in disso-
lution, reactivity, and microstructural development of AACs lead-
ing to improved durability outcomes. Furthermore, the reviewed
literature suggests that simply the presence of calcium alone in a
precursor is not an indicator of improved chloride durability, but
that the phase of the calcium (i.e., amorphous, semi-crystalline,
crystalline) is perhaps a better predictor of increased durability.
This behavior is particularly poignant when the durability of HCFA
was compared to LCFA and slag AACs, where HCFAs were the worst
performers. Understanding and predicting the behavior of blended
AACs in terms of chloride durability remains a scientific challenge,
because the physicochemical characteristics of amalgamated pre-
cursors result in different reaction kinetics and microstructural
development.

Additionally, through a meta-analysis of published experimen-
tal data, the literature suggests that, in general, higher silica con-
tent (Si:Al ratio), higher alkali content (Na:Al ratio), lower water
content (L:S ratio) improve chloride resistance. Contrastingly,
while higher silica content is generally beneficial, experimental
evidence suggests that it can lead to continued gelation in N-A-S-
H based AACs, creating a trade-off between beneficial lower
porosities but detrimental reductions in pore solution. This contin-
ued gelation further suggests that a greater understanding of silica
chemistry is necessary to address long-term chloride durability.
Finally, as expected, heat curing improves porosity and, conse-
quently, chloride resistance regardless of aluminosilicate
precursors.

Evidenced by data from supporting literature, there is a clear
need for overcoming limitations of chloride transport characteriza-
tion methods that were developed for ordinary portland cement
(OPC) concrete via advanced techniques, like X-ray computed
micro-tomography and electron microprobe analysis, to better
assess chloride transport in AAC paste, mortar, and concrete. Fur-
thermore, improved mineralogical understanding of chloride bind-
ing is essential to advance scientific understanding and, ultimately,
to inform the design and engineering of durable alkali-activated
materials for applications in chloride-laden environments.
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