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Abstract: Cementitious concrete structures serving in sulfate environments suffer from serious
durability challenges caused by chemical sulfate attacks (CSA), which lead to the volume expansion,
cracking, and spalling of concrete and the early failure of structures. CSA on concrete involves the
behaviors of ion transport, chemical reactions, the crystallization of reaction products, microstructural
damage to the cement matrix, and the macroscopic deterioration of concrete, namely the transport-
chemo-mechanical behaviors. This paper first introduces the reaction products, such as gypsum,
ettringite, brucite, and thaumasite, between sulfate and concrete under different environmental
conditions and their formation mechanism. Then, aiming at the ettringite type CSA, the theories of
volume increase and crystallization pressure are elaborated to explain it-induced concrete degradation.
Additionally, the crystallization pressure theory is used to describe the cracking behavior in the
microstructure slurry caused by the ettringite crystal filling pore. Finally, a series of transport-chemo-
mechanical models for ettringite type CSA are displaced module by module. It includes the sulfate
diffusion-reaction model, the free expansion of concrete, and equivalent expansive force in concrete
related to the reaction behavior: the model for chemo-mechanical behavior in concrete caused by
CSA. These models can be used to analyze the distribution of sulfate ions and the reaction product
content, expansive stress and strain in the concrete, and the cracking and spalling degree of the
concrete, which is beneficial to evaluate the durability of concrete structures serving permanently in
a sulfate environment.

Keywords: chemical sulfate attack; concrete; degradation mechanism; modeling; damage

1. Introduction

External sulfate attack (ESA) is an important environmental factor for durability degra-
dation and service-life reduction in concrete structures [1,2]. According to the survey from
the “China National Geographic Website” [3], the sulfate service environment in China is
widely distributed. In offshore China, the sulfate content is about 1400~2700 mg/L, which
causes underground soil or groundwater in coastal cities, such as Liaoning, Shandong,
Jiangsu, and Zhejiang provinces, to contain a large number of sulfate ions. As a result,
the service life of concrete structures such as seaports and wharves in these areas is only
25 years [4], and some of them have been severely damaged for between 7 and 20 years [5].
In Xinjiang, Qinghai, Ningxia, Gansu, Inner Mongolia, and other western regions, the
sulfate content in some saline soils has reached more than 4200 mg/L, especially in the
Korla area of Xinjiang, where the sulfate concentration in the groundwater is as high as
21,299 mg/L. In the Chaerhan area of Qinhai, the service life of concrete structures, such
as roads, bridges, and underground pipelines, without anti-corrosion measures is only
3–5 years or even 1 year [6].

In reality, ESA is a global problem in civil engineering. As early as 1915, Wig and
Williams (American Bureau of Standards) published an academic paper to report that [7]
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several concrete structures exposed to saline-alkali soil or water environments in the
western barren environment of the USA were to be destructed after 7 years of operation. Up
to now, the research on ESA has a history of more than 120 years [8], but Adam Neville [9]
pointed out in 2004 that this research was still in a confused state. He summarized two
definitions of sulfate attack on concrete: one is that, as long as the interaction between the
sulfate and concrete is involved, this behavior can be defined as a sulfate attack. Another is
that when the chemical reaction between the sulfate ions and cement hydration products
occurs and causes the expansion damage of cement paste or the durability degradation
of concrete components, this behavior can be defined as a sulfate attack [10]. Obviously,
the first view has a shortcoming if the sulfate in concrete does not cause any damage
to the cement paste, the definition of “sulfate attack” is contrary to the essence of an
“attack”. Bensted [11] considered that the generation of sulfate products and the it-induced
damage of concrete are two different concepts, which should be treated differently, and
therefore, Neville [9] proposed that the behaviors, without causing the degradation of
concrete durability, cannot be called a sulfate attack. The second view is more reasonable in
that the definition proposes two key conditions, namely, ESA inducement (sulfate reaction
products) and ESA consequence (expansion and degradation of concrete). As Harrison
and Cooke [12] pointed out, although there is a large amount of sulfate ion entering into
concrete or reaction products generated in the concrete, it does not mean the occurrence of
ESA. Only strength decline or other damage characteristics in the concrete can be further
observed, which can provide effective evidence for ESA.

However, it can be known from the above definition that the ESA refers in particular to
the chemical sulfate attack (CSA), and correspondingly, another kind of ESA is the physical
sulfate attack (PSA). Under specific environmental conditions similar to the drying-wetting
alternation and periodic temperature change, the repeated dissolution-crystallization action
of sulfate, which causes the fatigue failure of concrete [8]. This sulfate crystallization
behavior does not involve the chemical reaction of substances in concrete.

In this paper, the behavior (sulfate transport-chemo-mechanical behavior) of CSA on
concrete is the main discussion object. The degradation of concrete structures caused by
CSA is the result of long-term corrosion, and the model prediction is a necessary analysis
method for the CSA-induced durability problem. To clearly describe the current research
status of the CSA model, the reaction products of CSA, their formation mechanism, and
them-induced failure forms of concrete are first described simply. Most of these studies were
completed between the 1980s and 1990s, and a few were developed after the 2000s. Then,
the numerical model for CSA behaviors is presented module by module. It involves the
diffusion of sulfate ions, chemical reactions, the it-induced volume expansion of concrete,
crystallization pressure in the pore solution, and mechanical responses (expansive stress,
strain, damage degree) in the concrete, and most of these works were carried out after 2000.
The framework of this paper is shown in Figure 1.
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Figure 1. Framework of the review.

2. Chemical Reaction Products of Sulfate Attack

The important characterization of CSA on concrete is the microstructure damage of
cement paste caused by the growth of sulfate reaction products. Modern microscopic
measurements, such as scanning electron microscope (SEM), X-ray diffraction (XRD), and
mercury intrusion porosimetry (MIP), are utilized to observe the microstructure evolution of
cement paste. The results show that the sulfate products form in micropores, including gyp-
sum (CSH2) [13,14], ettringite (C6AS3H32) [15–17], and thaumasite (C3S ·CSH15) [18–20],
accompanied by the propagation of microcracks.

In reality, the types of sulfate products are affected by corrosion conditions, such as
the solution concentration, pH value, ambient temperature, and cation type. Biczok [21]
found that if the concentration of the sodium sulfate solution is lower than 1000 mg/L,
the main product is ettringite, while it is mainly gypsum if the concentration is higher
than 8000 mg/L. Bellmann [22] found that the greater the pH value of the solution, the
higher the sulfate concentration required for gypsum formation. The minimum sulfate
concentration required for gypsum formation is about 1400 mg/L, and the corresponding
pH of the solution is 12.45. When the pH value rises to 12.9, sulfate ions hardly react with
calcium hydroxide to form gypsum. Some studies [19,23,24] pointed out that thaumasite
will be formed preferentially in a low-temperature (≤ 15 ◦C) humid environment with a
pH value higher than 10.5 and the appropriate amount of CO2 or CO2−

3 . However, it is
observed in some on-site engineering investigations with a temperature ≥ 20 ◦C [25,26]
that, for cation type, the products of magnesium sulfate attack are different from that
of other common basic ions such as Na+/K+ [27–29], as shown in Figure 2 [30]. Besides
gypsum and ettringite, the insoluble brucite, Mg(OH)2, is also formed to cause a decrease
in the pH value of pore solutions and the decalcification of C-S-H gel, which becomes the
cohesionless silica gel, SiO2 · xH2O, or magnesium silicate, 3MgO · 2SiO2 · 2H2O. In short,
sulfate products are different in different corrosion environments.
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Figure 2. Chemical reactions in concrete under different cation sulfates [30].

3. Formation Mechanism of Reaction Products

The formation mechanism of sulfate reaction products, including gypsum, ettringite,
thaumasite, and brucite is different, even controversial. In different references, the descrip-
tion of their reaction mechanism is inconsistent, similar to ion–ion reactions for gypsum,
through-solution [31,32] or the topochemical [33,34] mechanism for ettringite, the direct [35]
or indirect [36] reaction for thaumasite, and ion–ion reactions for brucite, presented in
Table 1. It can be seen from the chemical reaction equations in this table that the essence of
through-solution and direct reaction is the ion–ion reactions in pore solution, and that of
topochemical and indirect reaction is the solid–solid reaction in the cement matrix.

Table 1. Reaction equations and formation mechanisms of products in concrete.

Cation
Type Sulfate Product Formation

Mechanism Chemical Reaction

Gypsum CSH2 Ion–ion reaction Ca2+ + SO2−
4 + 2H2O→ CSH2

Topochemical
mechanism
(Solid–solid
reaction)


Equation (a): C4AH13 + 3CSH2 + 14H2O→ C6AS3H32 + CH
Equation (b): C4ASH12 + 2CSH2 + 16H2O→ C6AS3H32
Equation (c): C3A + 3CSH2 + 26H2O→ C6AS3H32Ettringite C6AS3H32

Through-solution
mechanism
(Ion–ion reaction)


Al(OH)−4 + 2OH− → [Al(OH)6]

3−

[Al(OH)6]
3− + 3Ca2+ + 12H2O→ [Ca3Al(OH)6 · 12H2O]3+

2[Ca3Al(OH)6 · 12H2O]3+ + 3SO2−
4 + 2H2O→ C6AS3H32

Direct reaction
(Ion–ion reaction) SO2−

4 + 3Ca2+ + CO2−
3 + SiO2−

3 + 15H2O→ C3S ·CSH15

Na+/K+

Thaumasite C3S ·CSH15 Indirect reaction
(Solid–solid
reaction)

C3S2H3 + C6AS3H32 + 2CC + 4H
→ 2

(
C3S ·CSH15

)
+ CSH2 + AH3 + 4CH

Mg2+ Brucite Mg(OH)2 Ion–ion reaction


Mg2+ + SO2−

4 + Ca2+ + 2OH− + 2H2O→ MH + CSH2
aMg2+ + aSO2−

4 + aCaO · SiO2 · xH2O + 2H2O
→ aMH + aCSH2 + SHx

2aMg2+ + 2aSO2−
4 + 2(aCaO · SiO2 · xH2O) + (6a− 1− 2x)H2O

→ (2a− 3)MH + 2aCSH2 + M3S2H2

H2O→ H ; Ca(OH)2 → CaO ·H2O→ CH ; 2Al(OH)3 → Al2O3 · 3H2O→ AH3 ; CaSO4 · 2H2O→
CaO · SO3 · 2H2O→ CSH2 ; CaCO3 → CaO ·CO2 → CC ; Mg(OH)2 → MgO ·H2O→ MH ; SiO2 · xH2O
→ SHx ; 3MgO · 2SiO2 · 2H2O→ M3S2H2 .
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4. Failure Forms Caused by Chemical Reaction Attack

According to the difference in sulfate products, the CSA can be classically divided
into gypsum type, ettringite type, thaumasite type CSA in the case of Na+/K+, and brucite
type CSA in the case of Mg2+. The different types of CSA present different failure forms
of concrete, including softening, cohesiveness, volume expansion, and its-induced crack-
ing/spalling [37,38]. Table 2 shows the relationship between cation types of sulfate solution,
CSA classification, and failure forms of concrete. It should be pointed out that the third
failure form is the most common among them. At the initial stage of CSA, there are two
major disputes about the degradation of concrete exposed to the sulfate environment,
namely “degradation cause” and “degradation mechanism”. The former refers to which
reaction product (gypsum or ettringite) is the main cause of concrete expansion/cracking,
while the latter indicates how CSA causes concrete degradation.

Table 2. Relationship among cation type of sulfate solution, CSA classification, and failure forms.

CSA Type/Sulfate Product
Cation Type

Thaumasite Gypsum Ettringite Brucite

Na+/K+ √
(CO2 or CO2−

3 )
√

(main)
√

(main)

Mg2+ √ √ √
(main)

Cohesiveness # #
Softening #

Failure form Volume expansion
and its-induced

cracking/spalling
# #

4.1. Degradation Cause of Concrete

In the early period of research on CSA, many scholars, such as Mehta, Tian and Cohen,
Mather, Hansen, Collepard [39], Brown and Taylor et al. [31], believed that the volume
expansion of concrete exposed to a sulfate environment was caused by the ettringite growth.
Subsequently, some scholars, including Metha, Cohen [14], and Santhanam et al. [13],
carried out the corrosion experiment of cement paste/mortar specimens immersed in the
sulfate solution to investigate the effect of gypsum formation on the failure of cement-based
materials. In these studies [13,14], C3S cement with low C3A content was used to reduce
the source of the aluminum phase required for ettringite formation, thereby minimizing
the amount of ettringite formation. The results showed that the C3S cement specimen
soaked in sulfate solution for a long time occurred macroscopic damage phenomena, such
as volume expansion and surface cracking, mass, and strength loss. Additionally, the
expansion deformation of the C3S cement specimen is obviously greater than that of the
Portland cement specimen. Therefore, the formation of ettringite and gypsum is the main
cause of the volume expansion or cracking of concrete subjected to CSA.

4.2. Degradation Mechanism of Concrete

Although the solid volume increase to 1.2 times that of the original form of calcium
hydroxide transforming into gypsum, the research focus at that time was still on the expan-
sion and deterioration of concrete caused by ettringite. It was believed that the gypsum
formation mainly played a role in softening concrete and filling micro-cracks. So, the degra-
dation mechanisms of concrete under CSA, including the theories of volume increase [40],
topochemical reaction [41,42], water swelling [43], and crystallization pressure [44,45], are
mostly proposed for ettringite type CSA.

The theory of volume increase considers that when the calcium aluminate (CA) in
concrete is converted into ettringite, the volume of the solid phase increases 2.5 times,
causing the significant expansion of the concrete. This theory seems to be the simplest
degradation mechanism, so it is adopted by most scholars to model the behavior of CSA [46].
However, through thermodynamic calculation, Lothernbach [47] and Kunther [48] found
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that the total volume of products (ettringite) did not exceed the total volume of reactants
(for the case of 2.5 times, water was consumed as the reactant). Additionally, there is no
experimental evidence to prove the direct relationship between ettringite production and
the volume expansion of concrete [37,49]. The theory of topochemical reaction refers to that;
ettringite is directly converted from the surface of CA crystal through solid–solid reactions.
However, the crystal structure of both hydrated and unhydrated C3A is irrelevant to that
of ettringite, which means that it is difficult to achieve the above transformation at room
temperature [37,50]. In reality, SEM observation shows that ettringite is not found at the
location of C3A hydrated products and on the surface of unhydrated C3A particles. Water
swelling refers to the fact that, in the condition of the saturated lime solution, the gel-like
and small ettringite colloid can be formed in concrete. This kind of colloid with a large
specific surface area can absorb a large number of water molecules, resulting in the volume
expansion of concrete [43]. However, Scrivener [50] believes that ettringite generated in
concrete subjected to a sulfate attack is a typical crystal, and it is impossible to absorb
a lot of water.

At present, the theory of crystallization pressure developed in recent years can reason-
ably explain the CSA-induced expansion and damage of concrete. As early as 1949, based
on thermodynamic theory, Correns deduced the calculation formula of salt crystallization
pressure [51], expressed as Equation (1). Subsequently, Scherer [42,43], Steiger [52,53],
Espinosa [54], and Komiorczyk [55] et al. developed the theory of crystallization pres-
sure and pointed out that the “supersaturated concentration of solution” and “relatively
closed small space” are two key factors for the generation of crystallization pressure.
Flatt et al. [56] found that when ettringite was formed in a pore with a size smaller than
about 100 nm, the generated crystallization pressure due to the supersaturated solution
caused the cracking of cement paste. Müllauer et al. [57] found that, under the immersion
of the 30 g/L sodium sulfate solution, the maximum crystallization pressure in cement
mortar reached 7–8 MPa, while the pore diameter in the mortar was about 23–27 nm.

Pc =
RT

vmol
ln β (1)

where Pc is the crystallization pressure; R is the ideal gas constant; T is the absolute
temperature; vmol is the molar volume of ettringite crystal; β is the solution supersaturation.

Furthermore, Scherer [44,45], Steiger [52,53], and Müllauer [57] also pointed out that
the crystallization pressure in a single pore, exceeding the materials’ tensile strength, cannot
cause the destruction of porous materials such as cement mortar and concrete. However, the
equivalent expansion stress in the local area of porous materials caused by crystallization
pressure in multiple pores will result in the macroscopic expansion and cracking of a
porous material. In the process of CSA, there are several connected pores with different
space sizes in the local area of concrete, while their solution supersaturations are the same.
According to the crystallization pressure theory, the crystals in these pores with the same
supersaturation pore solution have the same curvatures/sizes in the equilibrium state,
and a smaller crystal (with a large curvature) needs higher supersaturation to maintain its
size [57]. If there are two crystals with different sizes in the same pore solution, the small
crystal dissolves first, and the solute molecules transfer to the large crystal, resulting in an
increase in its size [58]. Thus, with the increase in pore solution saturation, ettringite first
crystallizes in big pores. After the big pore is filled to a certain extent, the crystals continue
to fill into small pores; that is, small pores are filled after big ones [57], as shown in Figure 3.
Meanwhile, the crystallization pressure increases to cause macroscopic damage to concrete.
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(In equilibrium state: the higher the solution supersaturation required to maintain
smaller crystals, the crystallization pressure driven by supersaturated solution is greater.)

5. Model for Chemical Sulfate Attack
5.1. Diffusion-Reaction Model of Sulfate

Due to the complexity of CSA and the limitations of its mechanism at the early stage
of this research, it is difficult to directly establish a diffusion-chemo-mechanical model for
numerically simulating the whole failure process of CSA on concrete. So, the scholars first
obtained the distribution of sulfate ion concentration in concrete through EDTA titration
and EDS quantitative analysis. Then, based on the experimental data, the diffusion-reaction
model of sulfate ions in concrete was built up to analyze the behavior of CSA by using
Fick’s law, chemical reaction kinetics, and thermodynamics. The basic equation is expressed
as Equation (2), which is summarized from the works by Yin et al. [59], Guan et al. [60],
Zhao et al. [61], Ran et al. [62], Zou et al. [63], Yu et al. [64], and Wang et al. [65].

∂C
∂t

= −∇J + krC, J = D∇C (2)

in which C is the sulfate ion concentration in concrete, J is the sulfate ion flow in concrete,
D is the effective diffusion coefficient of the sulfate ion in concrete, krC respects the reaction
consumption of sulfate ion, and ∇ is the Hamilton operator. It should be pointed out that
the diffusion coefficient D is a spatiotemporal variable, so Equation (2) is a non-steady
equation and can be solved by a numerical solution [59], such as the finite difference method,
finite volume method, or finite element method, etc. In the works of Guan et al. [60] and
Zhao et al. [61], D is regarded to be a constant, so Equation (2) can be expressed as

∂C
∂t

= −D∆C + krC (3)

where ∆ is the Laplace operator, and Equation (3) can be solved analytically by using
Laplace transform.

Equation (2) or (3) is only applied to the diffusion behavior of the sulfate ion in
saturation concrete, driven by the concentration gradient, and the term of J = D∇C
represents the diffusion behavior. Furthermore, the sulfate ion transport is affected by
other factors [63–65], such as liquid advection, ion–ion interactions, the electrical field,
temperature effect, etc. So, the term of J = D∇C in Equation (2) is usually corrected
as in Table 3.
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Table 3. Influence factors of sulfate ion transport in concrete.

Basic Form
∂C
∂t = −∇J︸︷︷︸

Ion tansform

+ krC︸︷︷︸
Chemical consumption

Diffusion behavior J = D∇C

Mutual restriction effect between charged ions J = DC∇Ψ

Influence of ionic chemical activity J = DC∇(ln γ)

Ion migration effect with solution convection J = Cv

Temperature effect J = DC
T ∇T

Ion flow

Coupled by the above factors J = D∇C + DC∇Ψ + DC∇(ln γ) + Cv

Temperature effect

Sulfate products filling in pore

ESA-induced microcrack effect

Damage degree

Effective diffusivity

Cement hydration

D =



Dc−min +

Dc0(T)︸ ︷︷ ︸
Tempeture

− Dc−min︸ ︷︷ ︸
Product filling

 f (ϕ)︸︷︷︸
Porosity

or Dcr(σ)︸ ︷︷ ︸
Crack effect (stress)

or Dw · ϕ(σ)︸︷︷︸
Load

· τ(σ, ϕ)−1︸ ︷︷ ︸
Load, tortuosity

or Dc0

 ϕ(w)︸ ︷︷ ︸
hydration

+ d(C, t)︸ ︷︷ ︸
ESA−induced damage


J is the ion flow in concrete; D is the effective diffusivity of sulfate ion in concrete; C is the sulfate ion concentration
in concrete; the term krC is the consumption of sulfate ion due to chemical reaction in concrete; the term ∇Ψ
reflects the effect of Electric field; the term∇(ln γ) reflects the influence of ionic chemical activity; v is the solution
flow rate; d is the damage degree; ϕ is the porosity; τ is the tortuosity; T is the temperature; σ is the stress.

Gospodinov [66,67] built up a two-dimensional non-steady diffusion model of sulfate
ions by considering the effect of reaction consumption between sulfate ions and cement
hydration products on the transport process. Later, he [68] further considered the influence
of the sulfate products’ precipitation and liquid pressure in pores on the ion effective
diffusivity and established a three-dimensional non-steady diffusion model. Marchand [69]
considered the coupling effect of ion transport and solution advection in saturated concrete
and the chemical equilibrium of solid phase decomposition and established a STADIUM
mathematical model. This model can be used to analyze the effects of the water-cement
ratio, cement type, solution concentration, and environmental humidity on sulfate ion
transport behavior.

Besides the ion transport form, the effective diffusivity D is also a major parameter
of the transport process of ions in concrete. It is mainly related to the microstructure
characteristics of concrete (such as porosity ϕ and tortuosity τ) and the ion diffusivity
in water, while they are also affected by various factors, including the temperature, the
sulfate products filling in the pore [70] (as shown in Figure 4), the damage degree, and
the ESA-induced microcrack effect, etc., as listed in Table 3. Zuo et al. [71,72] considered
the influence of external load on the tortuosity and porosity of concrete, established two-
and three-dimensional non-steady diffusion-reaction models of sulfate ions, and used
the ADI scheme of the finite difference method for its numerical solution. Sun et al. [73]
carried out experiments to investigate the influence of the CSA-induced damage degree on
the transport process of sulfate ions in concrete and integrated it into a new ion diffusion
model. The above model can numerically calculate the time-varying concentration of sulfate
ion in concrete but cannot analyze the CSA-induced mechanical response and damage
degree of the concrete.
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In the above transport model, the concept of the effective diffusion coefficient is
introduced from the perspective of macro homogeneity materials to facilitate modeling. In
reality, concrete is a heterogeneous random multiphase material with different ion diffusion
properties in each phase, such as cement paste, aggregate, and the interface transition zone
(ITZ). In recent years, there has been considerable research into the influence of ITZ on
ion diffusivity in concrete. Yang et al. [74] found that the thickness of ITZ and the water
cement ratio has an obvious effect on the ion diffusivity. When the thicknesses of ITZ is
20, 40, and 50 µm, the diffusion coefficients of chloride ion in it are 2.83, 1.75, and 1.55 times
them in the cement matrix. In the cases of water-cement ratio 0.35, 0.45, and 0.55, the
diffusion coefficients in ITZ were 27.1, 29.8, and 34 times them in the cement matrix [75].
Additionally, Huang et al. [76] found that the water transfer performance in ITZ is also
related to the type and material of aggregate, and its ratio between ITZ and cement matrix
is about 90–175, and it decreases with the increase in the sand cement ratio. By considering
the difference in the transport property of ITZ and the cement matrix, the progress of water
transport, ion diffusion, or chemical sulfate attack in concrete can be better predicted.

5.2. Volume Expansion or Crystallization Pressure
5.2.1. Free Volume Expansion of Concrete Caused by Sulfate Products

The volume expansion of concrete is always aimed at ettringite type CSA. As described
above, the viewpoint of the ettringite formation mechanism has two kinds, namely the
solid–solid reaction and ion–ion reaction, while most of the computational analysis is based
on the former. In early research, Atkinson and Hearned [77] put forward an empirical
model to describe the relationship between the expansion deformation of the concrete and
the amount of ettringite formation by summarizing the experimental data. Clifton and
Pommershein [46] studied the volume change caused by various chemical reactions be-
tween sulfate ion and cement hydration products and also proposed a prediction model for
the volume expansion of cement-based materials subjected to CSA, in which the expansion
degree has a linear relationship with the amount of ettringite generated.

In order to facilitate the calculation of ettringite production, the chemical reactions
of ettringite formation, namely Equations (a)–(c) in Table 1, are simplified into a unified
formula, expressed as Equation (4) [78].

CA + qC SH2 → C6AS3H32 (4)

in which CA respects the hydrated calcium aluminate (C4AH13 and C4ASH12) in cement
hydration products and unhydrated tricalcium aluminate (C3A). q is the equivalent reaction
coefficient of ettringite produced by gypsum consumption, which is equal to 8/3. In
reality, the gypsum formation from the sulfate ion and calcium ion, provided by the
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dissolution of solid calcium (calcium hydroxide and C-S-H gel), also causes the volume
expansion of concrete.

The coefficient of the volume change for each chemical reaction to generate ettringite
can be calculated by the molar volume of materials before and after the reaction, as in
Equation (5). The coefficient value of the volume change in concrete is given in Table 4 [78].

∆Vi
Vi

=
νmol−Ett

νmol−CAi + γiνmol−Gyp
− 1 (5)

In which i = 1, 2, 3 correspond, in turn, to the reaction Equations (a)–(c) in Table 1.
∆Vi and Vi are the volume change caused by the chemical reaction I and the total volume
of substances before reaction, respectively. νmol−Ett, νmol−CAi, and νmol−Gyp represent
the molar volumes of ettringite, calcium aluminate, and gypsum; γi(i = 1, 2, 3) are the
reaction coefficients of reaction Equations (a)–(c), respectively.

Table 4. Coefficients of volume change in concrete caused by chemical reactions.

Chemical Reactions ∆Vi/Vi

Equation (a) : C4AH13 + 3CSH2 + 14H2O→ C6AS3H32 + CH 0.48
Equation (b) : C4ASH12 + 2CSH2 + 16H2O→ C6AS3H32 0.51
Equation (c) : C3A + 3CSH2 + 26H2O→ C6AS3H32 1.26

Due to the existence of capillary pores in the concrete, sulfate products first fill the
pore space. However, a large number of SEM observations on the microstructure of failure
concrete subjected to sulfate attacks found that the sulfate products such as gypsum and
ettringite do not fill the entire cracked pores. In other words, if the pores are filled to a
certain extent, the continuous generation of sulfate products causes the volume expansion
of the concrete. In many references, the parameters of the critical filling volume fraction of
pore, f, are introduced to describe the above filling effect, and its empirical value may be
0.05–0.45 by Tixier and Mobasher [78], 0.5 by Basista and Wegnewski [79], 0.05 by Idiart [80],
0.1 by Ikumi [81], and 0.3 by Yu [64]. So, the free volume expansion of concrete caused by
sulfate products [64,81], without considering the restraint effect of the hole wall, can be
calculated as:

εV = max
{

1
q ∑3

i=1

(
∆Vi
Vi

1
νmol−CAi

− γi
νmol−CAi

)
CCA − f ϕ0, 0

}
(6)

where CCA is the concentration of CA in the concrete; ϕ0 is the initial porosity in the concrete.

5.2.2. Equivalent Expansive Force Generated by Crystallization Pressure

The crystallization pressure driven by pore solution supersaturation is the alterna-
tive view for concrete degradation under CSA. It should be pointed out that the vol-
ume expansion for concrete failure is a phenomenological viewpoint, while the crystal-
lization pressure, based on the thermodynamic theory, seems to be more scientific and
systematic [82]. However, the mechanical analysis of concrete under CSA uses the crys-
tallization pressure theory. A possible reason is the lack of such a bridge between local
damage around the pores and the global failure of concrete [83].

As pointed out by Scherer [45], the concrete matrix around the pore will crack once
the crystallization pressure on the pore wall is beyond its tensile strength, but only the
synergistic damage of the multiple pores’ local area will cause the failure of the whole
element or component. Therefore, it is necessary to think about the equivalent expansive
force generated by crystallization pressure in the concrete element or component. In the
authors’ incomplete statistics, Bary [84] (published in 2008, after Sherer 1999 [44], 2004 [45])
first analyzed the mechanical behavior of concrete caused by CSA from the perspective of
crystallization pressure. In this research, the expansion-induced cracking of the concrete is
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attributed to the crystallization pressure generated by the ettringite growth in the pores, and
the equivalent expansive force, Peff, in concrete is calculated by crystallization pressure [84] as:

Peff = αAFm pc (7)

where αAFm is the interaction coefficient between the ettringite crystallization growth and
concrete matrix constraint.

Feng et al. [85] analyzed the microstructure mechanical response in the cement paste
by crystallization pressure and established the quantitative relation among the crystal-
lization pressure, localized stress-free strain, and equivalent expansive stress, namely
Peff ∼ εfree ∼ pc. Basista and Weglewski [79] presented the calculation formula of
the equivalent expansive force to describe the propagation of cracks in concrete, but the
Peff is obtained from the expansion strain of sulfate product growth, namely Peff ∼ εV
[calculated as Equation (6)].

5.3. Chemo-Mechanical Model of Sulfate Attack

On the basis of more clear degradation mechanisms of CSA and the sulfate diffusion-
reaction model, scholars have established a series of chemo-mechanical models to describe
the whole process of the expansion-induced degradation of concrete under CSA by using
continuum damage mechanics, micropore mechanics, and thermodynamic theory, etc. Table 5
lists some achievements in the research on chemo-mechanical models in recent years.

Table 5. Chemo-mechanical models for concrete subjected to CSA.

Author Published
Time

Degradation
Cause Degradation Mechanism

Tixier and Mobasher [78,86] 2003 Ettringite Volume increase theory

Bary [84] 2008 Ettringite,
Gypsum Crystallization pressure theory

Bary et al. [87] 2014 Ettringite Volume increase theory,
crystallization pressure theory

Basista and Weglewski [79] 2009 Ettringite Volume increase theory
Sarkar et al. [88] 2010 Ettringite Volume increase theory

Sarkar et al. [89] 2012 Ettringite,
Gypsum Volume increase theory

Idiart et al. [80] 2011 Ettringite Volume increase theory
Ikumi et al. [81] 2014 Ettringite Volume increase theory
Ikumi et al. [90] 2016 Ettringite Volume increase theory
Cefis and Comi [91] 2014 Ettringite Volume increase theory
Cefis and Comi [92] 2017 Ettringite Volume increase theory
Zuo et al. [93] 2009 Ettringite Volume increase theory
Zuo et al. [94] 2012 Ettringite Volume increase theory
Nie et al. [95] 2015 Ettringite Volume increase theory

Yin et al. [96] 2017 Ettringite,
Gypsum Volume increase theory

Yin et al. [97] 2019 Ettringite Crystallization pressure theory
Yu et al. [64] 2018 Ettringite Volume increase theory
Yu et al. [98] 2021 Ettringite Volume increase theory
Yi et al. [99] 2019 Ettringite Volume increase theory

In the above research, the model proposed by Tixier and Mobasher [78,86] is the most
classic, in which the growth of ettringite in the cement paste is regarded as an inclusion
problem. Using the theory of volume increase, they obtained the free expansion strain
caused by the ettringite growth and analyzed the macroscopic stress and strain in the
concrete in combination with the simplified uniaxial tensile stress–strain relationship. In
addition, by taking the residual calcium aluminate (CA) concentration at the initial cracking
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moment as the critical threshold concentration, the corresponding boundary movement
criterion was proposed.

On the basis of Tixier and Mobasher [78,86], Sarkar et al. [88] established a mathe-
matical model to simulate the deterioration process of concrete under CSA. In the model,
the diffusion behavior of ions from outside to inside and the calcium leaching effect from
inside to outside were synchronously considered as reflecting this coupled influence on the
chemical reaction balance. The basic mechanical equation or constitutive equation of the
model is written as Equation (9).

Bary et al. [84] attributed the concrete damage to the crystallization pressure gener-
ated by the growth of ettringite and gypsum and the volume expansion of cement paste
around the micropores. By simultaneously introducing a free volume expansion strain and
crystallization pressure, they established a more reasonable transport-chemo-mechanical
model, and the basic mechanical equation is expressed as Equation (10).

Cefis and Comi [92] studied the mechanical response of partially or fully saturated
concrete structures under sulfate attack and proposed a weak coupling analysis method.
First, the water content in the cement paste was obtained through a simplified diffusion
model; secondly, using the diffusion-reaction model, the concentrations of the sulfate ions
and sulfate products were calculated. Finally, considering the water pressure on the pore
wall, a multiphase elastic-damage model coupled with chemo-mechanical damage was
established to analyze the nonlinear mechanical response of concrete under CSA, presented
in Equation (11).

Other chemo-mechanical models are much the same, and the basic framework is also
improved on the basis of the Tixier and Mobasher model [78,86]. The specific mechanical
equations are shown in Table 6.

Table 6. Basic constitutive equations in the chemo-mechanical models.

Authors Basic Mechanical Equation Number
σ = (1− dc)︸ ︷︷ ︸

Chemical damage

· (1− dl)︸ ︷︷ ︸
Load damage

·C0 : ε
(8)

Saetta
et al. [100,101]

dc is the CSA-induced chemical damage. dl is the loading damage
caused by external loading. This model can be unsed to analyze the
stress in concrete under the external load and environment
corrosion.
σ = (1− dc)︸ ︷︷ ︸

Chemical damage

· E0 · ε︸︷︷︸
Related to free expansion εV

, dc = f (ε)
(9)

Sarkar
et al. [88] In sraker’s model, the ε is calclulated by the free expnasion and εV

is caused by the growth of sulfate products.
σ =

(1− dc)︸ ︷︷ ︸
Chemical damage

·

C0 :

ε− εes︸︷︷︸
Related to free expansion εV

− αAFm pc1︸ ︷︷ ︸
Crystallization pressure

 (10)
Bary et al. [87]

The effects of crystallization pressure and free expansion are
considered together in the model.
σ = (1− dc)︸ ︷︷ ︸

Chemical damage

· (1− dm)︸ ︷︷ ︸
Mechanical damage

· [2Ge + Ktrε1]− bpw1︸ ︷︷ ︸
Hydrostatic pressure

(11)

Cefis and
Comi [92]

In this model, the CSA-induced mechanical and chemical damages
are considered. Additionally, the hydrostatic pressure pw is
introduced in the basic constitutive equation. So, this model is
applicable to the case of sulfate attack on unsaturated concrete.

σ = (1− dc)︸ ︷︷ ︸
Chemical damage

· E0 ·

ε− εnon−mech︸ ︷︷ ︸
Related to free expansion εV

 (12)
Ikumi et al. [81]

Ikumi’s model is similar to that of Sarkar, but he considered the
influence of pore size on εV .
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Table 6. Cont.

Authors Basic Mechanical Equation Number

Yin et al. [96]
σ = (1− dl)︸ ︷︷ ︸

Load damage

(1− dc)︸ ︷︷ ︸
Chemical damage

C0 :
(
ε− εp

)
(13)

Yin et al. [102] σ = (1− dc)︸ ︷︷ ︸
Chemical damage

C0 :

ε− εp − εEG︸︷︷︸
Related to free expansion εV

 (14)

In Yin’s models, the chemical damage dc is analyzed by using the
elastoplastic damage mechanics, not determined by the empirical
formula related to the content of sulfate ion or the reaction product.

5.4. Damage Characterization of Concrete

In the chemo-mechanical models, the damage variables are introduced in the basic
mechanical equations (in Table 6) to describe the actual mechanical response in the concrete,
such as the effect of microcracking on expansion strain and microstructure damage on stress
relaxation. The damage variables in the examples of previous literature can be summarized
into three types. The first one is associated with chemical reactions for the filling of sulfate
products and the decalcification of cement-hydrated phases, called chemical damage dc.
The second and third one is both for the stress-induced microcracks, while the sources of
stress generated in the concrete are different. In this review, the stress-induced damage
related to the interaction between the expansion of sulfate products and the constraint of
the cement matrix is called mechanical damage dm. The stress-induced damage caused by
the external loading on the concrete surface is called load damage dl.

In many studies [92,100,101,103,104], the expansion of the total damage coupled with
dc, dm, and dl is proposed according to the theory of continuum damage mechanics as:

dcoup = 1− (1− dc)(1− dm)(1− dl) (15)

5.4.1. Chemical Damage

For the dc, Saetta et al. [100,101] earlier carried out research on the mechanical response
of concrete structures under coupled load action and environmental corrosion at 1998 and
1999. They assumed that the chemical damage of concrete caused by an environmental
attack (not only for sulfate attack, but also for chloride corrosion, calcium dissolution, etc.)
mainly depends on the pollutant concentration of the corrosion ion C and the residual
strength of degraded concrete fdam, defined as Equation (19). It is an empirical equation,
and the fC−Cref reflects the degree of chemical reaction, calculated by the ratio of ion
concentration C to the reference concentration Cref ( fC−Cref = C/Cref). The ηR−re reflects
the relative residual strength of the concrete caused by chemical reactions, calculated by
the ratio of fdam to the initial strength fini (ηR−re = fdam/ fini).

Cefis and Comi [92] considered that the decalcification of cement hydrated phases
caused by sulfate chemical reactions causes the formation of diffuse microcracks, resulting
in the degradation of concrete mechanical properties. In the model, an isotropic chemical
damage variable dc is introduced, which is only related to the extent of the chemical reaction
ξ, expressed as Equation (20). Other similar expressions of dc are shown in Table 7.

5.4.2. Mechanical Damage

For the characterization of dm, the work performed by Tixier and Mobasher [78] is
the earliest and most meaningful, and was developed by many later studies, such as
Sarkar et al. [88,89], Yu et al. [64,98,105], Qin et al. [106], Wang et al. [107], Yin et al. [59,96]
and Li et al. [108] and is expressed as Equation (22). In this work, a simplified uniaxial
tensile stress–strain law was adopted to quantitatively describe the evolution of the damage
degree in the process of CSA. The dm is associated with the free expansive strain εV in
Equation (6) caused by the formation of sulfate products, namely dm ∼ εV . The uniaxial
tensile stress–strain curve is divided into three stages, including the linear ascending stage
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(LAS), pre-peak non-linear ascending stage (PNAS), and post-peak non-linear descend-
ing stage (PNDS). In the CSA process, the initial εV is in LAS, meaning that the concrete
is undamaged, namely dm = 0. When the increasing εV is into PNAS, the microcracks
begin to form and spread in the concrete, and the dm increases linearly. Later, the εV in-
creases into PNDS, the microcracks converge into macrocracks, and the dm has a non-linear
rapid increase.

On this basis, Sarkar et al. [88,89] took dm ≤ dcrit (dcrit is a critical value of concrete
failure) as the criterion judge of whether the concrete happens to show surface failure or
boundary movement. This work is superior to that of Tixier and Mobasher [78], in which
the threshold concentration of reacted calcium aluminate CA was selected to differentiate
the cracked and uncracked regions in the concrete. Unfortunately, there is no systematic
mechanical analysis in the above research to reveal the essence of mechanical damage, that
is, the mechanical interaction between the expansion of sulfate products and the constraint
of the concrete matrix.

Therefore, the quantitative method of load damage based on the elastoplastic damage
mechanics is used to characterize the stress-induced mechanical damage of concrete under
CSA, such as Bary et al. [84,87], Yin et al. [96,102], in which the basic expression of damage
is similar to that in Mazars’ damage model [109]. The specific equations of mechanical
damage are also presented in Table 7. As shown in the table, the difference in the calculation
method of I type dm (dm-I) and II type dm (dm-II) is whether the calculation can be decoupled.
dm-I can be directly calculated by the free volume expansion εV from the growth of sulfate
products, namely εV(ξ)→ dm−I . dm-II needs to be numerically solved by coupling with
stress and strain, and they all need to meet the unified equations, including the equilibrium
differential equation, constitutive equation, and geometric equation, as shown in Figure 5.
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5.4.3. LOAD DAMAGE

The research on the characterization method of the load-induced damage degree is
earlier than the above two, and even part of the research on mechanical damage (namely
dm-II) is based on load damage dl. The achievements of dl have been quite rich, and they
have proposed along with the plasticity or damage constitutive model for the mechanical
response in concrete under an external load. The typical constitutive models include
Mazars’ damage model [109], Lubliner’s damage model [110], Faria’s rate-independent
plasticity damage constitutive model [111], Grassl’s damage-plastic model [112,113], and
Wu’s plastic damage model based on the energy release rate [114]. In these models, the load
damage is determined by the damage loading function, the evolution law for the damage
variable, and the loading-unloading conditions, as Equations (16)–(18).

Fd−ς

(
εp, κd−ς

)
= ε̃ς

(
εp
)
− κd−ς (16)

dl−ς = gd
(
κd−ς

)
(17)

Fd−ς ≤ 0,
.
κd−ς ≥ 0,

.
κd−ς · Fd−ς = 0 (18)
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where the subscript ς = (t, c) represents the tension and compression condition. Fd−ς is
the damage loading function. ε̃ς is the effective stress. κd−ς is the damage-driving variable.
gd is the damage function to describe the evolution of the load damage variable.

Generally, two damage parameter variables are adopted to, respectively, describe the
damage degree of concrete in two different forms under uniaxial tension and compression.
The reason is the different nonlinear (damage) characteristics of concrete under single
tension and single compression loads [114]. Therefore, there are two damage driving
variables corresponding to the damage variables, namely κd−t for dl−t and κd−c for dd−c.
The calculation idea of load damage is that the damage-driving variable κd−ς is first
determined through the damage loading function of Equation (16), in which the plastic
strain εp can be obtained by the plasticity model. Then, Equation (17) is used to judge the
evolution of the damage-driving variable in the whole loading-unloading process. Finally,
the load damage degree can be calculated according to the damage function of Equation
(17). The expressions of gd are roughly similar in different constitutive models, as presented
in Table 7.

Table 7. Expressions of damage degree in concrete caused by CSA.

Author Basic Mechanical Equation Number
Chemical damage dc

Saetta et al. [110,111]
dc = (1− ηR−re)

[
1− 1

1 + (2 fC−Cref)
2

]
︸ ︷︷ ︸

Related to ion concentration C

(19)

Cefis and Comi [92]
dc =

1− exp(−A1ξ)

1 + exp(−A1ξ + A2)︸ ︷︷ ︸
Related to reaction extent

A3
(20)

dc = (1− ϕ0)

[
1− exp

(
−A4

t
t0

)]
︸ ︷︷ ︸

Related to diffuse time

1− 1

1 + A5

(
C

Ces0

)A6


︸ ︷︷ ︸

Related to ion concentration C

(21)
Sun et al. [73]

Zhang et al. [115]

t/t0 is related to the diffuse time or hydrated time. C/C0 is the ratio of ion
concentration in the concrete to that in the external solution.

Mechanical damage dm

dm = r7 ·
(

1− εth
ε

)r8

︸ ︷︷ ︸
Related to volume expansion

, ε = 1
3 εV

(22)Tixier and
Mobasher [78]

εth is a threshold strain for the initiation of microcracks or damage.

dm = 1− 1

1+(ς−1)· (ε/εm)ς/(1−ς)︸ ︷︷ ︸
Related to volume expansion

, ς = E0
fm/εm (23)

I

Wang et al. [116]
E0 is the initial elastic modulus. εm is the ultimate tensile strain corresponding to
the ultimate tensile stress fm at the peak of the stress–strain curve.

dm = 1− 1−A9
ε̃/εth

− A9
exp[A10(ε̃−εth)]

(24)
Bary et al. [84,87]

ε̃ is the equivalent strain. dm =
dσ+edm−t+dσ−edm−c

dσe
dm−c or −t = 1− (1−A11−c or −t)

1+ f (ε̃)/ε0−c or −t
− A11−c or −t

exp[A12−c or −t f (ε̃)/ε0−c or −t]

(25)
II

Yin et al. [96,102]
σ+ and σ− are the positive and negative spectral decomposition parts of the
effective stress tensors σ. dm−c or −t is the compressive or tensile stress-induced
mechanical damage.
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Table 7. Cont.

Author Basic Mechanical Equation Number
Load damage dl

Grassl et al. [112] dl = 1− exp
(
− κd

εf

)
(26)

εf is the parameter that controls the slope of the softening curve.

dl
+ = 1− r+0

r+ exp
[

A13

(
1− r+

r+0

)]
, dl
− = 1− r−0

r− (1− A14)− A14 exp
[

A15

(
1− r−

r−0

)]
(27)

Wu et al. [114] dl
+ and dl

− are the tensile damage and shear damage corresponding to positive and
negative stress components.

Mazars et al. [109]
Zheng et al. [117]

{
dm = 1− (1− stdl−t)(1− scdl−c)

dl−c or −t = 1− (1−A16−c or −t)
1+κd−c or −t/ε0−c or −t

− A16−c or −t
exp(A17−c or −tκd−c or −t/ε0−c or −t)

(28)

st and sc represent the stiffness recovery effects of tension and compression.
A1∼16 are empirical parameters.

6. Challenges

The above research is aimed at the CSA (transport-chemo-mechanical behavior) on
saturated Portland concrete. However, in many service environments, there exists the
wetting and drying alternation caused by temperature change, groundwater rising, and
falling or tidal fluctuation, resulting in the PSA (transport-physical-mechanical behavior)
on unsaturated concrete [118,119]. So, one future challenge is to model the PSA behavior,
and it differs from the CSA model in the repeated crystallization-dissolution behavior of
sulfate crystal.

The other challenge is to evaluate the CSA-induced durability of cementitious green
building materials (CGBMs), such as 3D-printed concrete and recycled aggregate concrete.
Due to the printing method, mineral type and content, recycled aggregate quality (loose
structure or high sulfate content), 3D-printed concrete [120,121], and recycled aggregate
concrete [122,123], low mechanical properties and high porosity may show poor sulfate-
resistant properties. At present, relevant research focuses on the effect of these material
properties on structural characteristics, while the models to evaluate the durability of
CGBMs subjected to CSA are few reported. However, the latter is the key ensuring that the
life of CGBMs structures service in sulfate environments.

7. Conclusions

By consulting a lot of research in the literature about chemical sulfate attacks (CSA)
on concrete, this review introduces the chemical reaction products of sulfate attack, the
formation mechanism of reaction products, them-induced failure forms of concrete, and
the model for the whole process of CSA on concrete, step by step. In part of the model,
the diffusion-reaction model, chemo-mechanical model, and CSA-induced damage char-
acterization are elaborately detailed. The main conclusions derived from the review are
presented as follows:

For the Na+/K+ basic ions type CSA, ettringite, gypsum, and thaumasite are the major
reaction products. Additionally, the formation mechanism of ettringite and thaumasite is
controversial, namely the dispute between the ion–ion reaction and solid–solid reaction.

According to the kind of reaction products, CSA can be classified as gypsum type,
ettringite type, and thaumasite type in the case of Na+/K+ basic ions and brucite type
in the case of Mg2+ basic ions. The different types of CSA present different failure forms
of the concrete, including softening, cohesiveness, volume expansion, and its-induced
cracking/spalling.

For the ettringite type CSA, the theories of volume increase and crystallization pressure
are proposed to reveal the degradation mechanism of the concrete. Although the latter,
based on thermodynamics, is more scientific, the former, despite lacking a scientific basis, is
more widely used in the CSA model because it builds the relationship between the volume
expansion of concrete and the content of reaction products.
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In order to model the behavior of CSA, the diffusion-reaction models of sulfate are
first established to simulate the sulfate transport in the concrete, in which the transport
mechanisms, including the ion diffusion, liquid advection, ion–ion interaction, electrical
field, and temperature, etc., are considered. However, the diffusion-reaction models cannot
analyze the mechanical response in concrete caused by CSA.

On the basis of the diffusion-reaction model and CSA-induced degradation mech-
anism, the chemo-mechanical models, in which the variables of chemical damage and
mechanical damage are introduced, are developed to describe the whole damage process
of concrete under CSA. These models can provide a basis for the service life prediction of
concrete structures in a sulfate environment. However, the limitation of chemo-mechanical
models reported in this review is that these models only apply to the ettringite type CSA
on saturated concrete. The model for other types of CSA on unsaturated concrete needs
more scholars to invest in this research.
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