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Abstract: Calcium sulfoaluminate cement (CSAC), first developed in China in the 1970s, has received significant attention
because of its expansive (or shrinkage-compensating) and rapid-hardening characteristics, low energy-intensity, and low carbon
emissions. The production and hydration of CSAC (containing ye’elimite, belite, calcium sulfate, and minors) have been extensively studied, but aspects of its durability are not well understood. Due to its composition and intrinsic characteristics, CSAC
concrete is expected to have better performance than Portland cement (PC) concrete in several aspects, including shrinkage and
cracking due to restrained shrinkage, freeze-thaw damage, alkali-silica reaction, and sulfate attack. However, there is a lack of
consensus among researchers regarding transport properties, resistance to carbonation, and steel corrosion protectiveness of CSAC
concrete, all of which are expected to be tied to the chemical composition of CSAC and attributes of the service environments. For
example, CASC concrete has poorer resistance to carbonation and chloride penetration compared with its PC counterpart, yet
some studies have suggested that it protects steel rebar well from corrosion when exposed to a marine tidal zone, because of a
strong self-desiccation effect. This paper presents a succinct review of studies of the durability of CSAC concrete. We suggest that
more such studies should be conducted to examine the long-term performance of the material in different service environments.
Special emphasis should be given to carbonation and steel rebar corrosion, so as to reveal the underlying deterioration mechanisms
and establish means to improve the performance of CSAC concrete against such degradation processes.
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1 Introduction
Concrete is the most used man-made material,
with multiple tonnes consumed annually for every
person on earth (Gagg, 2014). Portland cement (PC)
is the most commonly used binder for concrete. The
production of PC clinker—which includes calcination
of limestone and processing of raw materials at
high-temperature (1500 °C)—emits over 7% of the
‡

Corresponding author
Project supported by the National Science Foundation of the United
States (Nos. 1932690 and 1761697)
ORCID: Bowen TAN, https://orcid.org/0000-0003-1054-1719;
Hongyan MA, https://orcid.org/0000-0003-3674-3845
© Zhejiang University and Springer-Verlag GmbH Germany, part of
Springer Nature 2020
*

worldwide anthropogenic greenhouse gas emissions.
Simply put, production of each tonne of PC results in
emission of >800 kg of CO2 (Damtoft et al., 2008;
Gartner, 2014). Researchers have been working to
identify ways to reduce the CO2 emissions associated
with the production and use of PC. According to the
United Nations Environment Program Sustainable
Building and Climate Initiative (UNEP-SBCI), there
are three approaches which can improve the ecoefficiency of PC: improving cement efficiency; increasing the use of supplementary cementitious materials (SCMs); developing sustainable alternative cements (or non-Portland cements) (UN Environment et
al., 2018). One of the most reliable, low-carbon emission alternative cements is calcium sulfoaluminate
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cement (CSAC). CSAC normally consists of a dominant cementing phase of ye’elimite (C4A3$) (cement
chemistry notations used in this paper are as follows:
A=Al2O3, C=CaO, F=Fe2O3, H=H2O, S=SiO2,
$=SO3) and several minor phases (e.g. belite and
gypsum). The production of CSAC requires a calcination temperature of 1250 °C, which is 200 °C lower
than that of PC. Furthermore, CSAC requires a much
lower grinding energy than PC due to its lower fracture energy (Aranda and de la Torre, 2013). Typical
raw materials for production of CSAC are limestone,
calcium sulfate, and aluminum-rich minerals or industrial by-products. Alite (the dominant phase in PC
clinker) releases around 1.80 g CO2/mL of the cementing phase, whereas ye’elimite releases only
0.56 g CO2/mL (Gartner, 2014). However, production
of an eco-efficient cement is not merely about reducing CO2 emissions and energy consumption during manufacturing. The cement must also result in
durable concrete (either plain or reinforced by steel
rebar), otherwise the environmental benefits gained in
cement production will be counteracted by a shorter
service life (Hargis et al., 2017). In spite of its importance, there have been few studies on the durability of CSAC concrete compared to those on PC concrete. So far, most research on CSAC has focused on
the production and hydration of the cement (Aranda
and de la Torre, 2013), which will not be reviewed
here. In this paper, we present a brief overview of the
state-of-the-art of important durability-related aspects
of CSAC concrete. Note that the high-temperature
stability and fire hazard resistance of CSAC concrete
were out of scope of this work. Ettringite, as a dominant phase in CSAC concrete, has a hexagonal
prismatic crystal shape, with columns of aluminumoxygen octahedra linked by calcium and hydroxide
ions as well as sulfate and water molecules on the
outer surface of the columns (Aranda and de la Torre,
2013). The water molecules between the columns can
be lost at around 100 °C, leading to structural decomposition. However, concrete is rarely exposed to
such high temperatures in regular service environments. We conclude our review by summarizing future research needs regarding the durability of CSAC
concrete based on a discussion of general deterioration concerns.
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2 Durability of CSAC concrete
2.1 Pore structure and general transport properties
The major hydration product of CSAC is
ettringite, a crystalline compound that forms as a
result of hydration of ye’elimite. When the belite
content of CSAC is not high, the formation of C-S-H
gel in the resulting paste is limited. Therefore, in such
CSAC pastes, the hydrate assemblage is dominated
by crystals, and the pore network comprises a limited
volume of gel pores and small capillary pores
(<10 nm). This has been confirmed by Mercury intrusion porosimetry (MIP) results in the literature
(Hargis et al., 2017) compared a CSAC paste to a PC
paste of the same water-to-cement ratio w/c (i.e. 0.4)
and similar porosity (11.4% vs 12.1%). They found
that the CSAC paste had a finer overall pore structure
indicated by the threshold pore diameter, although it
contained more pores bigger than 100 nm owing to
the packing of large crystalline hydrate grains. As a
result, the water absorption capacity (4.30% vs
7.42%) and O2 diffusion coefficient (1.39×10−8 m2/s
vs 3.95×10−8 m2/s) of the CSAC paste were both
lower than those of the reference PC paste. Guo et al.
(2014) reported similar results. Nevertheless, in the
context of chloride ingress, it was reported that the
chloride diffusion coefficient of CSAC (a high sulfate
type) concrete was higher than that of PC concrete
under the same exposure conditions (Quillin, 2001).
However, note that chloride ingress depends on the
binding capacity of the cement, in addition to the pore
structure. In CSAC pastes, monosulfoaluminate
(which forms as a result of phase transformation of
ettringite, after the exhaustion of sulfate in the system) is able to bind chloride to form Friedel’s salt
(Paul et al., 2015), while ettringite cannot. Therefore,
a CSAC paste over-dosed with calcium sulfate shows
poor chloride penetration resistance and steel rebar
protectiveness (Kalogridis et al., 2000). The hydrate
assemblage in a CSAC system can be manipulated by
changing the gypsum-to-ye’elimite ratio. Through
such manipulations, the chloride binding capacity,
and thus the chloride penetration resistance of CSAC
concrete, can be enhanced (Jen et al., 2017). Zhao et
al. (2014)’s results confirmed this by showing that
gypsum-deficient CSAC concretes have lower chloride diffusion coefficients than equivalent PC concretes prepared using the same mixture proportions.
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2.2 Shrinkage and cracking potential
The volumetric stability of CSAC binder is directly linked to the relative amount of ettringite in the
hydration product phase assemblage, which is controlled by the chemistry of the CSAC clinker (Chen et
al., 2012). Thus, by altering the clinker composition
and calcium sulfate content, CSAC concrete (or
pastes/mortars) can be produced with the desired
dimension stability—shrinkage compensating or expansive (self-stressing) attributes (Beretka et al.,
1996; Guo et al., 2014; Hargis et al., 2017). Contrary
to the notion that self-desiccation in CSAC may lead
to higher autogenous shrinkage, recent research has
shown comparable autogenous shrinkage for CSAC
and PC (Sirtoli et al., 2019), and for both cement
types the effect can be mitigated using similar
methods (e.g. use of an appropriate w/c and internal
curing) (Quezada et al., 2018). Therefore, shrinkage
and the associated potential for cracking are not expected to be a problem for CSAC concrete, provided
that the material is proportioned on the basis of performance requirements.
2.3 Freeze-thaw damage
In general, researchers agree that CSAC concrete performs better than PC concrete with the same
w/c in freeze-thaw environments, as measured by the
relative dynamic modulus, weight loss, and surface
scaling (Guo et al., 2014; de Bruyn et al., 2017;
Moffatt and Thomas, 2018). The high freeze-thaw
damage resistance of CSAC concrete has been attributed to its lower porosity and the inclusion of
more coarse pores (de Bruyn et al., 2017). In addition,
the strong self-desiccation effect of CSAC hydration
can lead to a relatively low degree of saturation in the
microstructure (Glasser and Zhang, 2001), which
could also contribute to the high freeze-thaw damage
resistance of concrete (Li et al., 2012). Moffatt and
Thomas (2018) reported that a CSAC concrete
showed worse in-field scaling resistance than a reference PC concrete. However, the poor performance
of the CSAC concrete was attributed to field manipulation (e.g. placement, compaction, and curing) rather than its materials design.
2.4 Sulfate attack
It has been theorized that CSAC is more resistant

to chemical sulfate attack than PC due to the absence
of C3A and the limited amount of CH in the hydrate
phase assemblage (Winnefeld and Lothenbach, 2010;
Aranda and de la Torre, 2013). The dominant hydration product in CSAC paste, ettringite, does not react
with sulfate and, therefore, does not induce expansion. Thus, typical CSAC pastes exhibit excellent
resistance to external sulfate attack (Quillin, 2001;
Guo et al., 2014). When insufficient calcium sulfate is
blended with CSA clinker, for example, for the purpose of promoting formation of monosulfoaluminate
which binds chloride ions, the material may be susceptible to expansion and cracking due to the formation of ettringite following external sulfate attack
(Jen et al., 2017). Sulfate ions may also diffuse and
react with calcium ions, precipitating gypsum. Gypsum precipitation in such a manner, however, requires
unhydrated ye’elimite and water to form an expansive
product (Aranda and de la Torre, 2013). Even if unhydrated ye’elimite is available, water can be the
limiting reactant in most cases due to the strong
self-desiccation of CSAC concrete (Glasser and
Zhang, 2001). When MgSO4 is the sulfate source, it
can even react with ettringite in an alkaline aqueous
environment, leading to the formation of gypsum,
alumina gel, and magnesium hydroxide, resulting in
layer-by-layer spalling of CSAC concrete (Liu et al.,
2016). Another rare form of sulfate deterioration of
CSAC concrete may be induced by thaumasite formation at low temperatures. However, this is possible
only if the material is exposed to carbonate ions
(Rahman and Bassuoni, 2014). The potential of
thaumasite formation in CSAC concrete has not been
assessed. Although CSAC could be chemically more
stable in a sulfate environment, its resistance to
physical sulfate attack (e.g. recrystallization when
subjected to wet-dry cycles in sulfate solutions) is not
necessarily better than that of PC (Liu et al., 2014;
Zhang et al., 2017). This is because resistance against
physical sulfate attack is dictated by the pore structure
rather than the chemical composition.
2.5 Alkali-silica reaction
There have been very few studies of the alkalisilica reaction (ASR) characteristics of CSAC concrete. However, most researchers agree that CSAC is
less prone to ASR than PC (Zhang et al., 1999;
Juenger et al., 2011). A recent accelerated ASR study
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of mortar specimens containing reactive aggregates
(Kleib et al., 2018) showed that expansion is seven
times lower in CSAC than in PC. The observed high
resistance of CSAC to ASR compared to PC is attributable to: (a) the lower alkalinity of the CSAC
pore solution, and consequently a lower amount of
hydroxyl ions available to attack the siliceous network to cause the dissolution of the aggregate
(Lindgård et al., 2012); (b) the lower amount of
Ca(OH)2 in CSAC leading to less Ca2+ being available in the pore solution to facilitate the precipitation
of expansive ASR gels (Wang and Gillott, 1991); (c)
the higher amount of aluminum in CSAC: at 28 d of
hydration, the aluminum concentration in the pore
solution of PC paste is about 0.133 mmol/L (le Saoût
et al., 2013) compared to 26 mmol/L for CSAC
(Winnefeld and Lothenbach, 2010) which is two orders of magnitude higher. Several studies have shown
that a high content of aluminous species in cement
mitigates ASR in concrete. The aluminum ions are
either absorbed onto the silica surface thereby limiting the dissolution of the amorphous silica of the
aggregate (Chappex and Scrivener, 2012), or cause
the formation of a C-A-S-H phase which improves the
alkali binding capacity of the paste (Hong and
Glasser, 2002). Although the above theoretical insights offer some explanation for the observed resistance of CSAC to ASR, further studies are needed
to fully understand the mechanism of ASR mitigation
in CSAC-based concretes.

et al., 2009; Mechling et al., 2014), type (i.e. gypsum,
hemihydrate, or anhydrite) and amount of CaSO4
blended in the cement (Brien et al., 2013; Hargis et
al., 2017), type and amount of SCMs (Zhang et al.,
2009; Ioannou et al., 2014, 2015), and the exposure
condition (i.e. atmospheric or elevated concentration)
(Quillin, 2001). There is a lack of consensus among
researchers regarding the rate of carbonation. Some
reported that CSAC-based materials tend to carbonate
much faster than their PC counterpart with similar
28-d strength and equivalent cement content, or
identical w/c (Quillin, 2001; Ioannou et al., 2015;
Moffatt, 2016; Hargis et al., 2017; Carsana et al.,
2018; Moffatt and Thomas, 2018). Conversely, some
researchers found that CSAC and PC have a similar
rate of carbonation (Glasser and Zhang, 2001; Zhang
and Glasser, 2005; Guo et al., 2014). A few studies
found that, in terms of resistance against carbonation,
CSAC can perform better than PC (with unspecified
composition but similar 28-d strength) (Duan et al.,
2013; Geng et al., 2014). Table 1 summarizes these
inconsistent findings. The contradictions in past
studies reveal the knowledge-gaps that still exist in the
context of the carbonation of CSAC systems. Further
studies are thus needed to reveal: (a) the effects of
carbonation on CSAC phases other than ettringite; (b)
the effect of carbonation on the microstructure and
physical properties of CSAC-based materials; (c) the
roles of SCMs and other additives in enhancing the
carbonation resistance of CSAC.

2.6 Carbonation

2.7 Steel corrosion

Studies have found that carbonation of CSACbased materials can lead to a decline in ettringite
content and loss of compressive strength (Sherman et
al., 1995). X-ray diffraction (XRD) and thermal
gravimetric (TG) results showed that, following the
breakdown of ettringite, the contents of calcium
carbonate, gypsum, and aluminium hydroxide gel
increase (Sherman et al., 1995; Mechling et al., 2014).
Zhou and Glasser (2000) confirmed these results
using synthetic ettringite subjected to a moist
CO2-rich atmosphere. They also reported that under
specific conditions hemihydrate could form, and
subsequently recrystallize to form an alumina-ferric
oxide-monosulfate phase. The overall impact of carbonation on a CSAC system depends on various
factors including the w/c (Beretka et al., 1996; Zhang

It is well-known that steel reinforcement in
concrete can be corroded when exposed to moisture
and oxygen, which can be facilitated by a low pH of
the pore solution induced by carbonation and/or the
presence of chloride ions. Similar to PC, CSAC is
able to establish a high enough pore solution pH to
passivate steel reinforcement (Andac and Glasser,
1999; Winnefeld and Lothenbach, 2010). However, a
considerable amount of chloride ions (derived from
fuel and raw materials) may be present in CSAC’s
pore solution (Andac and Glasser, 1999), which may
amplify the risk of steel corrosion. Furthermore, improperly proportioned CSAC may have a high carbonation rate (Ioannou et al., 2015; Hargis et al.,
2017) and chloride diffusion coefficient (Kalogridis
et al., 2000; Quillin, 2001). These factors could
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Table 1 Comparison of the carbonation resistance of CSAC- and PC-based concrete
CSAC composition
Experimental condition
C4A3$׃C5S2$׃C$=1׃1׃0.5, syn- Mortar specimens: 25-mm cubes, using
thesized from calcination of
w/s=0.5 for composition FA, and w/s=0.4
three different mixtures of fly
for compositions BS and CL. Specimens
ash (FA), blast furnace slag
were demolded after 4 h, cured at 23 °C
(BS), and clay (CL)
and 100% relative humidity (RH) for
28 d; then placed in a constant temperature room (21 °C, 67% RH) for 6 months
to 1 year for atmospheric carbonation.
For accelerated carbonation, only the FA
samples with w/s=0.4 were used, placed
in a carbonation chamber (4% CO2) for 1,
2, 7 or 28 d after curing, and tested for
compressive strength and density. XRD
was employed for characterization
Two types of commercial rapid Concrete specimens, two replicates of
hardening cements, i.e. cal200 mm×75 mm×75 mm prisms (w/c=
cium sulfoaluminate cement
0.563), cured for 24 h, stored in water at
(CSAC) and calcium fer20 °C for 2 d, placed indoors (at 20 °C
roaluminate cement (CFAC)
and 65% RH) and in sheltered and unsheltered locations outdoors. Samples for
accelerated carbonation test were stored
in nitrogen cabinet for up to 28 d before
exposure to a CO2 enriched atmosphere
with 4.3% CO2, at 20 °C and 65% RH.
Carbonation depths were determined using phenolphthalein indicator. PC samples of the same mix design were prepared for comparing the accelerated
carbonation
CSAC: 40% C2S, 27% C4A3$, Concrete specimens: 300 mm diameter×
11% C$, 3% C3A, 3% C4AF,
100 mm cylinders, w/c=0.35; cured by
3% CSH0.5, 2% C3A, and 2%
burlap and plastic at room temperature
calcite
for 24 h, demolded, placed in a chamber
at (22±2) °C, 4% CO2, 100% RH for 14 d.
75 mm×75 mm×280 mm prisms were
cast, placed in a standard atmospheric
carbonation chamber ((22±2) °C, 65%
RH, 0.04% CO2) for testing carbonation
under non-accelerated conditions. PC
specimens with w/c=0.4 were prepared
for comparison
A European commercial binary Mortar specimens: three sets of CSAC
CSAC with 54.9% C4A3$,
mortar prisms (40 mm×40 mm×160 mm)
20.9% CaSO4, 16.6% C2S,
with w/c=0.45, 0.58, and 0.78; the mortar
and 4.7% C4AF
of w/c=0.45 was made when the components were cooled at 10 °C; cured under 20 °C and 95% RH, demolded after
4 h; stored in water at 20 °C for 27–28 d,
then placed in a carbonation room at
20 °C and 65% RH. PC samples with
w/c=0.5 were prepared for comparison
55% CSAC, 30% CaSO4, and Concrete specimens: w/c=0.35, 0.50, and
15% FA (GAF15)
0.65, 300 mm×75 mm×75 mm prisms;
initially conditioned for 14 d, then water
cured at 20 °C for 28 d. Carbonation
chamber was set to 20 °C, 65% RH, and
the concentration of CO2 was 4%. PC
samples with w/c=0.5 were prepared for
comparison

Result
Reference
Atmospheric carbonation: strength Sherman et al.,
decreased after 180 d and 365 d
1995
carbonation; retained after 365 d.
XRD indicated that specimens
were further carbonated slightly
after 365 d;
Accelerated carbonation: specimens
were carbonated gradually with
time; after 28 d, most ettringite was
carbonated (from 47.9% to 18.5%),
and 67% of strength was retained.
Density was not changed

Carbonation rate: PC<CFAC<CSAC. Quillin, 2001
CSAC concrete tends to carbonate
more rapidly than CFAC and PC
concretes under accelerated conditions, the carbonation depth for PC
samples is less than 3 mm and is
more than 25 mm at 60 d. After
180 d, the outer layer of the indoors
(non-accelerated) CSAC samples
contained significantly more calcite than did the uncarbonated
center

The compressive strength of CSAC Moffat, 2016
specimens was higher than that of
PC ones. CSAC specimens under
accelerated carbonation showed a
15%, 50%, and 66% decrease in
compressive, flexural, and tensile
strength, respectively. Porosity increased after carbonation. The
carbonation rate of the CSAC system was much faster than that of
the PC system
Compressive strength: 0.78 mortar Mechling et al.,
(lost 36% after 7 d)<0.58 mortar
2014
(quasi constant)<0.45 mortar (increasing). Carbonation depth at 7 d:
0.78>0.58>0.45>PC. All CSAC
samples showed lower volume stability in a carbon saturated environment, which rose with the rise of
w/c. The carbonation kinetics of
CSAC was faster than that of PC
The resistance to carbonation reduced Ioannou et al.,
with the increase of w/c for both
2015
GAF15 and PC specimens. The
strength loss and carbonation depth
of GAF15 were higher than those
of PC

To be continued
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Table 1
CSAC composition
Experimental condition
A commercial CSAC produced Concrete specimens: 100 mm-cubes, w/c=
in Italy, with 78% CSA
0.55; CSAC was used individually or mixed
clinker (52% C4A3$, 20%
with PC and Portland-limestone cement.
C2S, and minor phases) and
Specimens were cured for 7 d, then exposed
22% anhydrate
under accelerated (4%) and atmosphere
carbonation (0.04%) environments at RH=
65%. In another case, specimens cured for
28 d were exposed for 70 d in an accelerated
carbonation environment
A commercial CSAC produced Concrete specimens were acquired from serin China (normal strength);
vice. Normal strength samples: mixed in the
and an iron-rich CSAC (high
cold winter of 1982 with hot mix water, w/c
strength)
was 0.55–0.60, 1% NaNO2 added; sample
core drilled in 1997, the core was stored
until 2001. High strength samples: w/c=
0.30, centrifuge cast in 1993, kept outdoors
until 1998. XRD, SEM, and infrared spectroscopy were used for characterization
CSAC obtained from municipal Mortar specimens, 40 mm×40 mm×160 mm,
solid
waste
incineration
w/c/s=0.5/1.0/3.0, mix and cured for 28 d;
(MSWI: 29.71% CaCO3,
then heated under 60 °C for 48 h; two op14.23% CaSO4, 24.92%
posite surfaces were exposed to the caradded
Al2O3)–C4A3$+C2S,
bonation chamber for testing, while the
with 5% of CaSO4; two sets of
other surfaces were sealed with paraffin
commercial CSAC rapid
(MHURD, 2009)
hardening cement: Cem I
(CSAC), Cem II (PC)
Mineral composition of CSAC Concrete specimens: 100 mm×100 mm×
400 mm; water׃cement׃fly ash׃sand׃gravel׃
was not provided. Oxide
superplasticizer=205׃250׃250׃714׃986׃2.5
composition: CaO: 45.25%;
(w/b=0.41). Preconditioning: curing under
Al2O3: 28.93%; SO3: 11.88%;
SiO2: 7.96%; Fe2O3: 3.71%;
90% RH and (20±3) °C for 26 d, followed
and minors
by drying at 60 °C for 48 h. Carbonation:
CO2 concentration=(20±3)%, under (70±
5)% RH and (20±3) °C, for 14–56 d. PC
concrete specimens with the same mix
proportion (with comparable and slightly
higher strength at 28 d and 84 d, respectively) were prepared for comparison

significantly affect the ability of CSAC to maintain
the passivation of steel. Moffatt and Thomas (2018)
compared the steel corrosion resistance of a
high-belite CSAC with that of PC. Although the
CSAC concrete had a lower w/c (0.35 vs 0.40) and
higher cement content (530 kg/m3 vs 450 kg/m3), and
achieved higher 28-d compressive strength (67 MPa
vs 56 MPa), it performed worse than PC concrete in
protecting steel from corrosion. This deficiency was
tied to the transport properties of the CSAC concrete,
represented by faster carbonation and chloride penetration. In contrast, Carsana et al. (2018) investigated
a CSAC concrete and a PC concrete with identical

Result
CSAC specimens showed slightly
higher carbonation depth both
in accelerated and natural
environments

Reference
Carsana et
al., 2018

The carbonation depth of CSAC Zhang and
concrete made at high w/c ratio
Glasser,
was comparable to that of a PC
2005
concrete of equivalent quality.
There was still ettringite near
the surface area after 16-year’
exposure. Resistance to carbonation was improved by decreasing w/c
Initial carbonation depths of two Guo et al.,
sets of CSAC samples were
2014
lower than those of Cem II (PC)
samples, and the growth rates
were higher. The resistance of
carbonation of Cem I samples
was better than that of MSWI
and Cem II samples at 28 d of
carbonation
Carbonation depth of CSAC con- Duan et al.,
2013
crete was distinctly smaller than
that of PC concrete; layered
double hydroxides could capture
CO2 thus improving the carbonation resistance of concrete

mixture proportions (w/c=0.55, cement content is
327 kg/m3), and found that CSAC provided better
steel protectiveness than PC even after carbonation.
In their work, the CSAC concrete carbonated faster,
but its 28-d strength (75 MPa vs 64 MPa) and electrical resistivity (under both sealed and watersaturated conditions) were higher than those of the
reference PC concrete. Furthermore, investigation of
14-year old field concrete has shown that CSAC can
protect steel reinforcement quite well, even when it is
located in a severe service environment (such as a
seawater intertidal zone) and even though its carbonation is not slower than that of PC concrete (Glasser
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and Zhang, 2001). The excellent steel corrosion resistance of CSAC concrete was attributed to its strong
self-desiccation enabled by the rapid hydration of
CSAC, which leads to fast consumption of water and
establishment of a dry internal micro-environment,
which is very difficult to re-saturate. Results from
previous studies relevant to the steel corrosion resistance of CSAC concrete are summarized in
Table 2. Results from the various studies appear to be
contradictory. These contradictions imply that further
studies in this field are needed: (a) to reveal the
mechanisms (physical, chemical, and/or electrochemical) of steel corrosion, and its mitigation,

in CSAC concrete; (b) to elucidate the effects of the
chemical composition of CSAC and mixture design
of CSAC concrete so as to maximize the steel protectiveness of CSAC.

3 Summary and future research
Due to its intrinsic characteristics, CSAC concrete has been shown to perform better than its PC
counterpart in several aspects, including rapid earlyage strength development, low shrinkage and cracking potential, and resistance to freeze-thaw damage,

Table 2 STL test conditions for the aluminium and the aluminium honeycomb panel
CSAC composition
Experimental condition
CSA(1)-C2S: 27%
Reinforced concrete specimens: w/c=0.35, cement conC4A3$, 40% C2S, 11%
tent 530 kg/m3; 280 mm×115 mm×150 mm prisms
C$, 3% C$H0.5;
consisting of two layers of black steel. PreconditionCSA(2)-PC: 30% CSA
ing: cured at 100% RH for 14 d, followed by exposure
(37% C4A3$, 6% C2S,
to lab air for 14 d; a plastic dam was placed on the top
22% C$, 3% C$H0.5)
and all other surfaces were coated with a two-part
+70% PC
waterproof epoxy. Accelerated corrosion (ASTM,
2013): The dammed area was subjected to repeated
4-week cycles consisting of 2-week ponding in 30 g/L
NaCl solution and 2-week drying. PC concrete
(w/c=0.4, cement content 450 kg/m3) was prepared as
reference; the 28 d compressive strengths of the
CSA(1)-C2S, CSA(2)-PC, and PC concretes were 67,
56, and 56 MPa, respectively
CSA(1)-C2S: 27%
Reinforced concrete specimens: w/c=0.55, cement conC4A3$, 40% C2S, 11%
tent 327 kg/m3, 150 mm×150 mm×530 mm prisms
C$, 3% C$H0.5;
with two rebars (11.3 mm diameter)—a standard
CSA(2)-PC: 30% CSA
carbon steel bar placed 50 mm below the top surface
(37% C4A3$, 6% C2S,
and a 316 stainless bar above the bottom surface.
22% C$, 3% C$H0.5)
Preconditioning: cured in wet burlap for 24 h, then
+70% PC
demolded and placed under wet burlap for 28 d. Exposure: marine environment at the high tide level.
Evaluations: linear polarization with three-electrode
cell; cored specimens for slice-by-slice (1 mm) chloride content analysis. PC concrete (w/c=0.4, cement
content 450 kg/m3) was prepared as reference
A commercial CSAC
Reinforced concrete specimens: w/c=0.35, cement conproduced in Italy, with
tent 530 kg/m, 70 mm diameter×110 mm cylinders
78% CSA clinker
with ribbed steel bar (16 mm diameter, sand blasted).
(52% C4A3$, 20% C2S,
Preconditioning: moist cured for 7 d. Exposure conand minor phases) and
ditions: cycles at 20 °C or 40 °C, 80% or 95% RH, and
22% anhydrate
48 h water immersion; a series of specimens were put
in the cycles after accelerated carbonation (4% CO2,
65% RH). PC and limestone PC concrete specimens
were prepared with the same mix proportions
A commercial CSAC
Centrifuge cast fine aggregate steel reinforced concrete
from China
(w/c0.25) pipe made in 1978, put in service (tidal
zone, twice daily immersion by sea water) for 14
years. No comparison with PC

Result
Reference
The CSA(1)-C2S system started to Moffatt and
show severe corrosion after 2 cyThomas,
cles, and stabilized after 4 cycles.
2018
The other systems showed low or
intermediate corrosion after 30 cycles. Linear polarization resistance
data matched the corrosion. The
CSA(1)-C2S system half-cell potential was >5 times more negative
than that of the other two systems,
while the corrosion current density
was 3 times higher

After 3 years, the CSA(1)-C2S system Moffatt and
Thomas,
had the lowest surface chloride
2018
concentration of 0.18%, but the
highest chloride concentration of
0.11% at the position of the rebar
(threshold=0.05%). The other systems showed far greater surface
concentrations (0.5%–0.7%), but
the threshold concentration penetrated only 20–30 mm. The steel
was corroded more severely in the
CSA(1)-C2S system
The steel was initially passive in the Carsana et al.,
CSAC concrete; CSAC tented to
2018
have a higher carbonation rate than
the references, but a lower corrosion
rate than limestone PC concrete
(higher than PC concrete). Blending
PC into CSAC can help improve
its resistance to carbonation and
corrosion
The steel mesh from the section close Zhang and
to low tide with a 7–8 mm concrete
Glasser, 2005
cover was uncorroded after 14 years
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sulfate attack, and alkali-silica reaction. However,
mixed findings have been reported in some areas. For
example, CSAC is more prone to carbonation and
chloride ingress than PC, and both processes are expected to lower the pore solution pH and facilitate the
corrosion of steel rebar. However, some researchers
have reported the protection of steel rebar by CSAC
and attributed it to the effects of self-desiccation of
the CSAC paste. Owing to the small number of
studies available, especially on the long-term durability of CSAC, the role of the transport properties
and the chemistry of CSAC with respect to the protection of steel rebar in CSAC concrete is not fully
understood. In summary, more studies on the durability of CSAC concrete, including both lab-based
studies and field exposure tests, are needed to clarify
the long-term performance of this material in various
service environments. Emphasis should be given to a
comprehensive examination of CSAC’s resistance
against carbonation and steel rebar corrosion because
of the susceptibility of ettringite to carbonation and
the relatively low pH of CSAC concrete (Fig. 1). The
mechanisms underlying deterioration need to be understood so they can be mitigated to improve the
performance of CSAC concrete.
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中文概要
题

目：硫铝酸钙水泥混凝土的耐久性问题

概

要：由于组分特征的不同，硫铝酸钙水泥混凝土在一
些方面天然优于硅酸盐水泥，如收缩和收缩裂缝
控制及对冻融破坏、碱骨料反应和硫酸盐侵蚀的
抵抗作用。然而，学界在硫铝酸盐水泥混凝土的
传输性能、抗碳化性能及钢筋腐蚀防护性能等方
面尚未达成一致意见。这些分歧皆归因于硫铝酸
钙水泥化学组分及服役环境条件的变异性。一些
研究发现，有的硫铝酸钙水泥混凝土虽然抵抗碳
化和氯离子侵蚀的能力不如硅酸盐混凝土，但强
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烈的内部自干燥使其可以在海洋潮汐环境中很
好地保护混凝土结构中的钢筋。
关键词：硫铝酸钙水泥；耐久性；碳化；氯离子；钢筋
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