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Abstract

Reinforced concrete (RC) structures may suffer from serious durability problems
during long-term service. To investigate the deterioration of RC structures subjected
to the dual attacks of chlorides and sulfates, this study proposes a coupled model for
external sulfate attack (ESA) and its effect on chloride binding and diffusion. To
account for the influence of sulfate attack on chloride binding, a reduction function is
proposed. The effect of sulfate-induced damage on the chloride diffusion and chloride
binding is considered through a damage function. The coupled model is calibrated
against third-party experimental data from multiple perspectives. Some important
factors such as solution concentration, immersion time, curing time and water-cement
ratio, as well as how these factors affect the impact of sulfate attack on chloride
transport, were elaborated. The findings may bring insights to the durability design of

RC structures serving in harsh environments.
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1. Introduction

Deterioration of reinforced concrete (RC) structures is often caused by external
sulfate attack (ESA) and chloride-induced rebar corrosion during the long-term
service period. The ESA is widely recognized to degrade concrete matrix and corrode
rebars through a series of physicochemical reactions [1-4]. When penetrating into
concrete interior, sulfate ions react with cement hydration products, leading to the
formation of ettringite and/or gypsum, which initially reduces the porosity but may
later cause the microcracking and damage of the concrete matrix [5-7]. During the
process of sulfate ingress, active rebar corrosion would be induced by the transform
from the protective passive iron oxide film to a less protective sulfate one [8.,9].

As a trigger for the initiation of rebar corrosion, chloride penetration is also a
major concern to the durability of RC structures [ 10—13], especially when the concrete
is damaged [14-16]. A portion of chloride ions, once in concrete, react with cement
hydration products, while some are adsorbed on the hydration products. The former
process is called chemical chloride binding, while the latter is termed physical
chloride adsorption. In total, they are referred to as the chloride binding effect [ 17-20].
The remaining chloride ions in the pore solution, namely free chloride ions, would
diffuse internally and gradually accumulate around steel rebars. When the chloride
content at the rebar level exceeds a certain value, active corrosion may start [21]. It is
well known that it is only the free chloride ions that are responsible for rebar
corrosion. As a consequence, factors that influence the chloride binding are directly
related to the risk of rebar corrosion [20,22-28].

Sulfate and chloride ions coexist around the RC structures in marine and coastal

areas, salt lakes, and saline-alkali land. The binary attack of chloride and sulfate ions
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would more significantly intensify the deterioration of RC structures than the actions
of a single factor [27-29]. Sulfate-induced damage on the matrix changes the
durability properties of concrete and allows the corrosive ions, both sulfate and
chloride ions, to penetrate into concrete more easily [32]. Worse still, the coexistence
of sulfate ions in the chloride environment can convert the bound chloride ions to free
chlorides in the competition of reaction with cement hydration products [23]. Both of
these effects, combined with environmental factors [33], will further accelerate the
rebar corrosion and thus reduce the durability of an RC structure.

To investigate the durability properties of concrete, numerous experimental
studies have been conducted on the effect of sulfate ions on chloride transport
properties in cement-based materials. These studies can be divided into three
categories according to the invading way of chloride and sulfate ions into
cement-based materials.

Table 1

Experimental studies of chloride transport property in cement-based materials under sulfate attack

Experiment category Research method The invading way of CI- and SO4>

I Pore Solution Expression Internal mixing, internal mixing

II Immersion Internal mixing, external ingress

I CI Diffusion coefficient method External ingress, internal mixing

v Immersion External ingress, external ingress

For the first category, in early studies, some researchers mixed different sulfates
and chlorides into cement pastes, extracted the pore solution, and then analyzed it to

explore the influence of sulfates on chloride binding and pore solution chemistry



[34-36]. Ehtesham Hussain et al. [37] added sodium sulfate into chloride-bearing
hydrated cement pastes and found that chloride concentration in the pore solution was
significantly increased by the addition of sulfates. They attributed it to the reduction
in the formation of Friedel’s salt (FS) respectively. Xu [23] found that the chloride
binding capacity of cement pastes was greatly influenced by the types of sulfates.

For the second category, some researchers immersed the chloride-bearing
cement-paste specimens into different sulfate solutions, to investigate the properties of
bound chlorides under sulfate attack. Xu et al. [38] evaluated the release of bound
chlorides from pastes subjected to various sulfate attack and found that bound
chlorides were partially released by sulfate attacks to form free chlorides due to the
transformation of FS to ettringite. Similar results were reported by Geng et al., who
also found chloride physical adsorption was not susceptible to sulfate attack, and that
the effect of the induced release of bound chlorides on the stability of bound chlorides
is insignificant [39].

For the third category, the test method used is to immerse cement-based materials
in chloride, sulfate and their composite solutions in terms of sulfate effect on chloride
ingress and binding during the life circle of RC structures. It is generally believed that
the diffusivity of chloride ions in concrete is several times higher than that of sulfate
ions [40,41]. Chloride diffusivity may be affected by moisture transport [42,43], other
ions that coexist in the chloride environment [41,44-47]| and the change of
microstructure [48]. Feldman et al. [44] concluded that sulfate appeared to decrease
the ingress rate of chloride ion into concrete from 12-month experimental data, while

Tumidajski and Chan [45] further reported that the presence of sulfates decreased the



chloride diffusivity for OPC concrete specimens whereas the opposite behavior was
found for the slag concrete ones over 60 months. Jin et al. [47] found that the effect of
sulfate on chloride diffusion was related to the exposure period: sulfate reduced
chloride diffusivity at early exposure period and increased the ingress of chloride at
the later period. Moreover, the effect of sulfate ions on chloride binding was also
extensively studied in the immersion test of cement-based materials. M. Frias et al.
[49] found that the presence of sulfate partially inhibited the chloride binding and
formation of FS since sulfate ions preferentially react with the calcium aluminate
hydrates. De Weerdt et al. [50] discovered that sulfate ions reduce both chloride
binding in C—S—H and AFm phases, as the C—S—H incorporates more sulfates instead
of chlorides, and part of the AFm phases converts to ettringite. Besides the effect of
sulfate ions on chloride binding, some researchers are also studied the effect of
sulfates on chloride diffusivity. Cheng et al. [32] found that the coexisting sulfate ions
enhanced chloride binding capacity and decreased the apparent chloride diffusion
coefficient. Cao et al. [51] reported that the presence of sulfates inhibited chloride
binding and increased chloride diffusion from a short-term perspective, while it
inhibited the chloride diffusion in the long term.

The above review of experimental studies shows that the interaction between
sulfate and chloride ions, especially the effect of sulfate on chloride transport, is very
important for durability of RC structures. However, the impact of external sulfate
attack on chloride binding and diffusion is still unclear and some indeed exist due to
different test standards and conditions. Regarding the various coupling effects during

the binary ingress, it is difficult to isolate the individual actions of different factors by



experimental testing. Furthermore, experimental studies are time-consuming and
expensive, particularly for the long-term deterioration of concrete. To this end,
numerical modelling can be seen as a complementary tool to probe into the
mechanism of sulfate attack or chloride ingress in concrete. A recent review of the
numerical assessment of ESA in concrete structures can be found in [52].

As mentioned above, when sulfate ions diffuse into cement-based materials, they
react with cement hydration products, leading to dissolution and precipitation of
several mineral phases in the pore solution. The response of the material, including
the evolution of damage and even the propagation of cracks, will further, in turn,
affect the ion transport. Hence, the essential components in the degradation of RC
structures under ESA are the ionic diffusion, chemical reactions and corresponding
response of hydration phases. Some numerical models available for ESA in the
literature simulate ionic transport with the chemical reaction but ignore the material
response and its effect on ionic transport [53-55]. Other models further incorporate
the response of material on ionic transport [56-58]. The above numerical studies have
formulated a solid background on mechanism of single sulfate attack and would
underlie the analysis of coupling deterioration of concrete related to sulfate ions.

Compared with the numerical study of sulfate attack, the history of studies on
chloride transport is longer [59,60]. The chloride ingress models are more systematic
and comprehensive from various research scales [61,62], and can be divided into four
groups [63]. The first group is the chloride transport model in a single phase [64,65].
The second group is the chloride transport model considering other species also in

single-phase [66-68], including chloride removal/extraction from concrete [69-71].



The third group is about chloride transport in a multi-phase medium [72-74]. The
fourth one is the chloride transport model in a multi-phase medium considering the
transport of other ions, called the double-multi model [75-78]. In this group, the
multi-phase structure can better reflect the heterogeneity of concrete, but the multi
species include only sodium, potassium, and hydroxyl ions, and still need to be further
extended to other ions, such as sulfate ions, considering the effect of sulfate ions on
chloride binding and the effect of sulfate-induced damage on chloride diffusivity.
More recently, Chen et al. [79] presented a diffusion-reaction model considering both
chloride and sulfate ions, which is a great progress. However, the effect of ESA on
chloride binding and diffusivity needs to be further clarified.

The presented literature survey indicates that the studies of single sulfate attack or
chloride transport in concrete are relatively mature. However, very few tackle the dual
attack of both sulfate and chloride ions numerically, and particularly the modelling
work on the interactions between ESA and chloride penetration is still unavailable. It
is of great significance to couple the two main deterioration processes to better study
the long-term service performance of concrete. In this paper, a coupled model is
proposed for both sulfate and chloride ions transport in concrete. A reduction function,
characterizing the influence of sulfate ions on chloride binding, is proposed. A
damage function was then involved in chloride diffusivity to consider the effect of
sulfate-induced damage. The model is validated against third-party experimental data
from multiple perspectives. And the findings could give explanations to the
contradictions between the conclusions of different experiments and bring insights to

the durability design of RC structures under binary sulfate and chloride attack.



2. Method
2.1. Framework and mechanism analysis

To better simulate the interaction between sulfate and chloride ions in marine
concrete structures, especially the effect of sulfate ions and sulfate-induced damage
on chloride binding and diffusion in concrete, two assumptions are addressed here
before the modelling. Firstly, the concrete is saturated, where ionic transport is mainly
controlled by the concentration gradient, namely diffusion. Secondly, the concrete is
contaminated by chlorides first, equivalent to the concrete mixed with chlorides and
then is exposed to ESA due to the faster ingress rate of chloride ions than sulfate ones,
which agrees with the second category of the experimental studies in Section 1.

The proposed framework of the coupled model, incorporating ionic diffusion,
chemical reaction, ionic binding, pore refinement as well as damage evolution, is
shown in Fig. 1. This model combines two typical deterioration processes of the RC

structures: external sulfate attack (ESA) and chloride transport.
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Fig. 1. Framework of the presented coupled model between (a) ESA process; (b) Chloride
transport process.



By considering the mutual coupling effect of three modules, i.e., sulfate ion
diffusion, chemical reaction and corresponding response of hydration phases, the
process of ESA was modelled in Section 2.2.1. As for the process of the chloride
transport, by modifying the mass conservation equations and nonlinear binding
isotherm, the chloride diffusion model considering the binding effect was constructed
in Section 2.2.2. Subsequently, the coupled model was proposed by a novel reduction
function and a damage function, characterizing the sulfate influence on chloride
binding and the effect of sulfate-induced damage on chloride diffusivity, respectively.
The influence mechanism of sulfate ingress on chloride binding capacity and the

sulfate-induced damage evolution on chloride diffusivity are illustrated in Fig. 2.

Mortar matrix @ soi- Ccl- @ Cl released by ESA
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Generation of microcracks Extension of microcracks

Fig. 2 Mechanisms during ion transport and material damage in concrete under binary sulfate and
chloride attack.



2.2. Numerical implementation

In this section the governing equations, considering ionic diffusion and binding,
chemical reaction, pore refinement as well as damage evolution, for sulfate and
chloride attack in concrete are offered in Section 2.2.1 and 2.2.2 respectively. Then a
novel reduction function is constructed to combine these two deterioration processes.
2.2.1 External sulfate ingress

The driving force of transport of sulfate ions in saturated concrete is mainly
diffusion. According to Fick’s second law and the kinetics theory of chemical reaction,

the governing equation of sulfate ions can be expressed as:

o, :E(DY gj—sd M)
ot oOx\' = ox

where C; is the concentration of sulfate ions, ¢ is diffusion time, x is the distance from
the surface, D; is the effective diffusion coefficient of sulfate ions in matrix. Note that
mortar and ITZs are connected directly in the present model and the governing
equation is adopted for them in the same form with different diffusivity. The details of
ionic diffusivity in mortar and ITZs will be clarified in Section 2.3. The Sy is the
dissipative source term due to a series of reaction between sulfates and cement
hydrated products and was deducted from a global form (Eq. (2)) lumped by these

chemical reactions [80-82], shown by Fig. 3. The term Sq can be defined by Eq. (3).
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Fig. 3 Schematic diagram of the chemical reactions in concrete under sulfate attack

CA+qS — C,AS,H,, )

S, =k-C,-U_., 3)

where CA signifies an equivalent grouping of the reacting calcium aluminates, g
represents the weighted average stoichiometric coefficient of the lumped reaction, ,S

represents SO3, Cs4 ,S3Hj> represents ettringite, k is the reaction rate between sulfates

and cement hydration products, Ucs is the concentration of calcium aluminates

described as [83]:
1 et ) L
U, =C.,- 1—h+5-Cm-h+ngp-h-e6 e’ 4)

where Ccq and Cg, are the initial content of calcium aluminates and gypsum,
respectively. Note that Eq. (4) is also deduced from the lumped reaction form. The
hydration degree 4 is described as [84]:

h=1-0.5| (1+1.677) " +(1+0.29¢) """ | 5)
where 7 is the hydration time. Herein, 7 is related to the curing time of concrete and
the immersion time of concrete in external sulfate solution, thus it can be expressed as
the function of diffusion time z. Note that Eq. (5) should be modified when applied to

concrete with mineral admixtures.
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Due to the continuous hydration of cement and the damage caused by ESA, the
effective diffusion coefficient of sulfate ions D; can be obtained:

D, =(p,+D,)D, ()
where Dy is the diffusion coefficient of sulfate ions in a porous medium, ¢, is the
porosity of concrete which changes with the hydration process of cement, defined by
Eq.(6) [85], D. is the damage evolution caused by ESA, defined by Eq. (7) [57]. Note
that by utilizing Eq. (6), the effect of pore refinement and damage evolution in

concrete under sulfate attack on ionic diffusivity could be directly investigated,

showed in Fig. 4.

Tonic # Chemical
transport reaction

)

""" refinement

\ Damage (

evolution

Fig. 4 Key components in concrete under sulfate attack

0. =V -(%—0.39;1)/ %+0.32) %

S

1
Da=(1—¢o){1—exp(—bptiﬂ l-— ®)
‘ 1+CD( C, ]

L s0 B
where V. is the volume fraction of cement in concrete, w/c is the water-cement ratio,

@o 1s the initial porosity of concrete, bp, cp, and dp are dimensionless empirical

parameters, 9 1is a time parameter, Csois the concentration of sulfate ions in the erosion
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solution. Note that Eq. (8) directly links the concentration of sulfate ions in concrete,
the time of sulfate attack and the sulfate-induced damage in concrete. And by using
this function, the predicted concentration distribution of sulfate ions was in good
agreement with the experimental data [57].

Given the difference of geometric model between Sun’s study and this study, in
which concrete is considered as a 3-phase material, the governing equation should be

modified as:

D, =a,(p,+D,)D, ©)
where ap is an adjustment coefficient to consider the difference of aggregate grading
between the model and experiment.

2.2.2 Chloride transport

Based on the mass conservation of chloride ions in a unit volume of concrete and

the Fick’s second law, chloride diffusion in saturated concrete can be expressed as:

oC, oC,
_f+aﬁ = 9 D, = (10)
ot ot oOx ox

where Crand Cp denote the concentration of free and bound chloride ions, respectively, ¢ is
diffusion time, x is the diffusion depth, and D,; is the effective diffusion coefficient of chloride
ions in matrix. When sulfates are absent in the chloride environment, the diffusivity of
chloride ions can be assumed as:

D,=a,-9, D, (11)
where D¢ is the chloride diffusivity in the pore solution in concrete, and the
parameters ap and ¢, are the same as the ones used in Eq. (9). Since chloride ions

diffuse much faster than sulfate ions [86] (e.g. Rio and Turriziani indicated the
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diffusivity of chloride ions in cement was twice that of sulfate ions [87]), the chloride
diffusivity in the pore solution herein is assumed as three times of that of sulfate ions.
The mass concentration of bound chloride ions can be described as:
%:—kb(cb—cifq) (12)
where kj is the reaction rate between chloride ions and cement hydrated products, C,'
is the concentration of bound chloride ions when a dynamic equilibrium is reached
between free and bound chloride ions. As for chloride binding, there are three
categories of binding isotherm: Linear isotherm, Langmuir isotherm and Freundlich
isotherm. Linear isotherm is only used for simple calculation. Chloride binding
isotherm obeys Langmuir equation at low free chloride concentrations and Freundlich
equation at high concentrations [ 17]. In this work, 0.5 mol/L NaCl solution was mixed
into concrete, so the Langmuir isotherm is chosen to characterize the chloride binding

capacity. Then the bound chloride concentration at dynamic equilibrium Cj' is

defined as:

. a-C P

A — (13)
1+8-C,

where a and £ are the binding constants of chloride, which are related to binder type.

These two parameters are determined according to different test conditions.

Substituting Eq. (13) into Eq. (12), it yields:

oC a-C.
atb = (Cb —fJ .

2.2.3 Coupling of sulfate-chloride attack

Sulfate and chloride ions coexist around the RC structures in marine and coastal

14



arcas, salt lakes, and saline-alkali land. In such combined -chloride-sulfate
environment, the environmental attack on concrete structures would be more serious
due to the following two main reasons. First, sulfate-induced damage on the matrix
accelerates the diffusion rate of harmful ions into concrete. Second, the coexistence of
sulfate ions would set some bound chloride ions free, causing the increase of free
chloride ion concentration in the pore solution.
In contrast to Eq. (11), further considering the effect of sulfate-induced damage
on the concrete matrix, the chloride diffusivity can be revised as:
D, =a,-(,*D,) Dy, (15)
As for the effect of sulfate attack on chloride binding, it has been long recognized
that the FS will decompose in the presence of sulfate ions [39,88], which can be
explained by Eq. (15). For the time being, only the chemical binding of chloride ions
is considered in this work. There are three reasons: Firstly, it has been found that the
physical adsorption only accounts for a very small fraction of the total bound chloride
ions in Portland cement, particularly when chlorides ions transport with sulfates
[89,90]. Secondly, the decomposition of FS under sodium sulfate attack is the
dominant role in the release of bound chlorides [90]. Thirdly, the stability of chlorides
physically absorbed by C—S—H gel is not susceptible to sodium sulfate attack [91-93].
3Ca0-A1:05-CaCl10H:0 (FS) +SO4 +2H0—
3Ca0-Al:03-:CaSO4+12H>0 (AFm) +2CI (16)
When the concrete is under the binary corrosion of sulfates and chlorides, the

bound chloride concentration at dynamic equilibrium C;’ in concrete could be
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assumed as shown in Eq. (17).

a-Cf

Pl el @

where f. (Cy) is a reduction function related to the concentration of intrusion sulfate
ions. The reduction function f. (Cs) needs to satisfy the condition of f.. (0) =0 and f.
(Cs) <1. Among several mathematical functions, two potential ones shown herein

were further selected for trial due to their reasonable development trends:

1
fe(C)=l-——— (18)
C
1+m| —*
[Cst
fre(Cs)=1—e[—k = j (19)
s0

where m, n and k are parameters related to the speed of reduction effect, Cyo is the
sulfate concentration in external environment of concrete. The physical meaning of

these parameters will be discussed in detail in Section 4.3.

«F 0.8
o .
= .
g , - ——Eq.(18), m=50, n=1
§ 0.6 / - —Eq(lg) m=50, n=3
2 // N - - --Eq.(18), m=50, n=5
«E , Eq.(19), k=3
S 0.4+ / ; Eq.(19), k=5
2 , ‘ -
3 , . Eq.(19), k=20
o] /
~ /
0.2 ,
/
/
0.0 z : .
0.0 0.5 1.0

Relative concentration of sulfate ions C/Cy,
Fig. 5. Reduction functions with different forms and parameters.
Fig. 5 shows the trend of the two reduction functions. Both functions satisfy the

conditions: When C=0, there is no sulfate attack in concrete, so the reduction
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function should be 0. Under this condition, only chloride ingress occurs in concrete.
When Cs=Cj, there is enough sulfates to release bound chloride ions, so the reduction
function should be close to 1. The chloride binding and sulfate attack are combined in
concrete under this condition. But we can see further that the Eq. (18) is more in line
with the law of the chemical reaction, since the effect of sulfate ions on chloride
binding is little when the sulfate concentration is low. Therefore, Eq. (18) is selected
as the reduction function. A detailed discussion of the reduction function, including
the selection and the elaboration of the physical meaning of the parameters, will be

given in section 4.3. Substituting Eq. (18) and Eq. (17) into Eq. (14), it yields:

-C
o, =—k,| C, + 1 i

X
Ot [C j” 1+,B-C/,
1+m| — '

s0

(20)

By now, the whole system for the modeling of ESA and its effect on chloride
binding and diffusion has been presented. The relationship between free and bound
chloride ions in chloride-contaminated concrete under ESA can be elaborated. The
foundation of the geometric model, as well as the initial and boundary conditions, for
all the three parts of the coupled model will be discussed in the next section.

2.3. Model foundation

To better investigate the properties of ionic transport in RC structures in service, a
series of multi-phase geometric models with different aggregate distribution are
developed. Fig. 6a shows the three levels of the marine-exposed reinforced concrete

structures: structure, component and material [94]. Fig. 6b shows that the concrete, a
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heterogeneous composite material, is treated with three phases, i.e., mortar, coarse
aggregates and their interfacial transition zones (ITZs). All the circular areas represent
the coarse aggregates, the thin rings surrounding the aggregates (the blue part showed
in Fig. 6b) are the ITZs, and the remaining part is the mortar matrix. The concrete
specimen is modelled as a square plate with a side length of 50 cm. The radii of solid
circles range from 1.5 mm to 10 mm and the aggregate volume fraction is assumed as
0.5. Note that the size of the concrete specimen and the radii of coarse aggregate can
be easily changed to satisfy different test conditions and that the aggregates, with
Fuller gradation, are randomly distributed. Regarding that the thickness of ITZs in

concrete is only 20-50 um [95], it is set as 30 um in our research.
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Fig. 6. Geometric modeling: (a) multi-scales of a marine-exposed reinforced concrete structure; (b)
typical concrete models with ITZ and random-distributed aggregate.

It is reported in literature that aggregate shape could have influence on the ionic
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penetration into concrete when ionic transport is controlled by convection,
electromigration etc. or their complex coupling action [78,96]. On the other hand, the
effect of aggregate shape on ionic diffusivity is very limited and could be ignored
when ionic transport is under the action of simple diffusion [97-99]. Thus, concrete
models with only circle coarse aggregates are used here for simplicity. Compared with
the mortar matrix, aggregates are denser and have a higher resistance to the ionic
diffusion, and they are therefore assumed as impermeable. Therefore, Egs. (1), (10),
(14) and (20) are only applicable to the mortar and ITZs. In other words, the diffusion
of sulfate and chloride ions, the reaction between the intrusive ions and the cement
hydration products and the damage evolution occur only in mortar and ITZs. Existing
studies have showed that the ratio of chloride diffusivity in ITZs and mortar is about
2—-15[63,100]. Herein, the chloride and sulfate diffusivities of the ITZ are assumed to

be five times of those in mortar in the present model.

/
. 'o o o
) 0-
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Fig. 7. Finite element meshing.
Fig. 7 shows a finite element mesh of the geometric model, from which we can

see that the cement mortar and ITZs are meshed, while the aggregates are not included
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because of their impermeability. Note that the accuracy of the numeral solution of Egs.
(1), (10), (14) and (20) highly depends on the size of finite element mesh. To obtain a
reasonably accurate and convergent solution, the size of the finite element mesh varies
between 1% 10 and 5x 10" m.

ACs(x,Lt) _
L1 vy O

v : o CGn0) =0

Ci(xy,0)=Cy

G5

Cs(0,y,t) = @y Csp aci(Lyt) _

ax

ACs(Ly,t) =0 aCi(0,y.t) —

dx ax 0

(a) External sulfate diffusion (b) Chloride binding

Fig. 8. Initial and boundary conditions for ionic transport

The initial and boundary conditions for the modeling of sulfate diffusion in 2-D
concrete, i.e., the first part of the coupled model, are shown in Fig. 8a. This part is
used to simulate a concrete specimen with only one side left subjected to sulfate
diffusion. The left boundary of the numerical model is assumed as the Dirichlet
boundary condition, and others are set as Neumann boundary conditions. Fig. 8b
describes the initial and boundary conditions for the modeling of chloride ingress in
chloride-bearing concrete, i.e., the second part of the coupled model. All four
boundaries are set as Neumann boundary conditions. Please note that i = f, b
represents free and bound chloride ions respectively. Cp and Cpp are the initial
concentration of free and bound chlorides in chloride-contaminated concrete.

Combining Fig. 8a and Fig. 8b, we can get the initial and boundary conditions for

the coupled model of ESA and chloride binding. The models in the present study can
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be used for investigating the ionic transport properties in 2-D concrete plane due to
the application of the multi-phase concrete models. The ionic transport properties in
concrete, especially the interaction between changes in ionic concentration and
response of individual phases during ionic penetration, will be elaborated in Section 4.
3. Model Calibration

Each part of the presented coupled model is calibrated by reproducing the ionic
concentration profiles in three different types of cement-based materials from three
different perspectives, i.e., a) sulfate ingress at different immersion time, b) chloride
binding capacity at different curing time and c) chloride binding capacity under ESA
at steady state. The first part of the coupled model is calibrated by reproducing sulfate
concentration profile in OPC concrete. The second part is calibrated in
chloride-contaminated specimen to investigate chloride binding capacity at different
curing time. The last part, the coupled model, is calibrated in terms of chloride
binding capacity with ESA at a relatively stable diffusion state.
3.1. Sulfate ingress at different immersion time

The first experiment is about the OPC concrete immersed in 5 % sodium sulfate
solution for 90, 120, 150 and 180 days [57]. Herein ap is selected as a constant 0.5.
Table 2 gives the parametric values for the present sulfate diffusion model. Fig. 9
plots the sulfate diffusion profiles obtained by the present model, and for comparison
the results of Sun et al.’s experiment and corresponding fitting model are added. Note
that only 1-D line graph is plot here for a better contrast, although 2-D ionic profile

can be easily obtained. Results of our model could fit the experimental data well in
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concrete and particularly could provide a high-precision prediction from a long-term

perspective (Fig. 9d), which is better than the results of Sun et al.’s fitting model.

Table 2

The parameters and their values used for ESA in concrete.

Parameter Abbre. Value

Diffusion coefficient of SO+ in a porous medium Dy 6.69 x 107 m%s
Water to cement ratio w/c 0.45

Initial porosity of concrete ®o 0.18

Volume fraction of cement in concrete Ve 0.38

Reaction rate of sulfate ions in concrete k 3.05 x 108 m3/mol/s
Initial calcium aluminates content Ccu 99.9 mol/m?
Initial gypsum content Cop 129.3 mol/m?
Sulfate concentration in erosion solution Cso 376 mol/m?
Fitting parameter of damage bp 1.743

Fitting parameter of damage cp 6.752

Fitting parameter of damage dp 3.819

Time parameter to 730 days
Adjustment coefficient ap 0.5
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3.2. Chloride binding capacity at different curing time

The second experiment used for validation is about Type 42.5 OPC mixed with
0.5 mol/L NaCl solution cured at a standard curing condition for 1,3,7,14,28,56 and
90 days [39]. Note that there is little influence to use the three-phase concrete model
to reproduce the chloride profiles in OPC since aggregates effect on the ionic binding
is substantially weakened due to mixing action in chloride-contaminated concrete.
The dimensionless index Rc; was used to characterize the concentration of bound

chlorides with curing time, which is described as follows,

R =S 100% @1)

cl
t0
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where Cy is the initial total chloride content in cement paste. The parameters used in
the present model are listed in Table 3. Note that the reaction rate for chloride binding
ky is set to 3 x 107, while in some research work regarding chloride binding, the
parameter ks has been obtained by curve fitting as 3.125x1077 [101] or been selected
as 3.13x1077 [28].

Table 3

The parameters and their values used for chloride binding.

Parameter Abbre. Value

Diffusion coefficient of Cl" in a porous medium Deio 2 x 108 m?s
Water to cement ratio w/c 0.5

Reaction rate for chloride binding ky 3 x 107 m*/mol/s
Initial free chloride concentration Cp 275 mol/m?
Initial bound chloride concentration Cro 225 mol/m’
Langmuir constant a 1.65

Langmuir constant s 0.0005 L/mol
Initial total chloride concentration Cio 500 mol/m?

Fig. 10a. plots the obtained concentration of bound chloride ions from the present
simulation at the curing time of 1,3,7,14,28,56 and 90 days. It can be seen from the
bound chloride profiles that the concentration of bound chloride ions increases with
the curing time. The comparison between the simulated results and experimental data
is shown in Fig. 10b. The simulation results are reasonably in good agreement with
the experimental data. In the early stage of curing, the Rc; of the present model is
slightly lower than that of experimental data. This may due to the phenomenon that

there is more heat of hydration in the initial stage of cement hydration [102,103].
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From Fig. 10b we can see that the value of R.; eventually stabilized to about 60% with
time, which means the maximum binding rate is about 60% in concrete under single
chloride environment. Overall, the simulated results provide a very good tendency for
the development of the concentration of bound chlorides, which indicates the present

model can be used to investigate the chloride binding capacity with curing time.
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Fig. 10. Bound chlorides obtained from simulation and comparison with experimental data:

(a) bound chloride profiles, and (b) Ry

3.3. Chloride binding capacity under ESA at steady-state

The third experiment is about No.42.5 OPC mixed with four levels of chloride
ions derived from sodium chloride, ranging from 0.5% to 3% by mass of cement.
After a period of 4 months curing, the demolded specimens were ground, and the
specimen powder was added to 5% sodium sulfate solution [38]. The concentration of
bound chloride ions was quantified until steady-state was achieved. The parameters
employed in this simulation are listed in Table 4. Note that the immersion time of 3
years was determined in the simulation to achieve steady-state and the amount of

cement in the mix is assumed as 426 kg/m®. Herein, a parameter y is used to
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characterize the ratio of the concentration of bound chloride ion to that of free

chloride ion in concrete after 4 months’ curing, defined as,

G

Cp

7/:

where Cp, and Cp are the initial concentration of bound and free chloride ions.

Table 4

The parameters and their values used for the combined model.

(22)

Parameter Abbre. Value
Water to cement ratio w/c 0.5
Binding parameter A 275 mol/m’

Chloride binding capacity parameter

(after 4 months’ curing) y
Langmuir constant o
Langmuir constant b

0.50 (for 0.5% chlorides)
0.50 (for 1.0% chlorides)
0.52 (for 1.5% chlorides)
0.55 (for 3.0% chlorides)
0.8

0.0005 L/mol

Fig. 11 shows the concentration distribution of the bound chloride after the

immersion of 3-year in sodium sulfate in chloride-contaminated concrete with

different levels of NaxSO4 solution. The distribution of bound chloride ions achieves a

steady-state after 3-year immersion in Na;SO4 solution despite minor fluctuation. The

average value of bound chloride ions is used as the stability value. Then, a

comparison of bound chloride obtained in the simulation and the experiment is shown

in Fig. 12. The stability values of bound chloride ions in the simulation are 0.216,

0.433, 0.623 and 1.331 (% by mass of cement), while they are 0.191, 0.437, 0.573 and
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1.392 (% by mass of cement) for four different levels of total chloride, respectively.
The predicted bound chlorides are in good overall agreement with the experimental
data and the net concentration of bound chloride ions would continually increase with
immersion time despite of the release effect of sulfate ions on chloride binding. By
introducing the conception of binding rate, which is similar to Eq. (21), we can further
find the binding rates in this case are 43.2%, 43.3%, 41.5% and 44.4%, respectively.
Comparing the result in Section 3.2 and that in Section 3.3, it is obvious that the

binding rate was off by about 18% in combined chloride-sulfate environment.
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4. Results and Discussion
4.1. Sulfate-induced damage evolution

As is shown in Fig. 9 in Section 3.1, the ingress of sulfate ion accelerates with
immersion time due to the material damage. Damage caused by sulfate diffusion
accelerates ingress of harmful ions on concrete, thus affect the long-term durability of
reinforced concrete structures. The line graph of the evolution of damage (defined by
Eq. (7)) in concrete, mixed with 0.5 mol/L NaCl solution and immersed in 5%
NaxSOs4 solution, at the immersion time of 30, 60, 90, 120, 150 and 180 days is
depicted in Fig. 13. It is apparent that the extent of damage decreases with diffusion
depth, and increases with immersion time. The maximum damage value was about
0.11 at the immersion surface and gradually dropped to zero at the different diffusion
depth for various immersion times. Fig. 13 also shows an interesting trend that the
line graph of damage seems to be linear at an early immersion period while gradually

becoming convex. Comparing Fig. 9 and Fig. 13, we can see that the ingress of sulfate
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into concrete and the damage evolution are closely related.
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Fig. 13. Damage evolution with different immersion time
Fig. 14 shows the result of the damage in concrete, mixed with 0.5 mol/L NaCl
solution and immersed in 3%, 5%, and 8% Na>SO4 solution, at the immersion time of
90 days. It can be seen in Fig. 14 that the higher the concentration of sulfate ions is,

the higher the damage values are and the deeper the diffusion depth is.
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Fig. 14. Damage evolution with different concentration of Na;SO4 solution
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Figs. 13-14 show that damage caused by sulfate attack increased with immersion
time and sulfate concentration, and the damage front is linear at an early immersion
period while becoming convex at the latter immersion time. When diffusing into the
interior of concrete from the immersion solution, sulfates react with cement hydration
products, leading to damage in concrete. With the diffusion of sulfate ions and the
proceeding of the reaction, damage gradually evolves into the concrete interior. The
change of the damage front from linear to convex may be due to the vicious cycle
between damage and concentration of sulfate ions. Damage accelerates the diffusion
of sulfate ions and thus increases the concentration of sulfate ions, and high sulfate

concentration will, in turn, exacerbate the damage.

(a) (b) (c) (d)

Fig. 15. Damage evolution in three-phase concrete model at the immersion time of (a) 30 days, (b)
60 days, (c) 90 days, (d) 120 days, (e) 150 days and (f) 180 days

Fig. 15 shows the damage distribution when the concrete was immersed in 5%
Na»SOy4 solution for 30, 60, 90, 120, 150 and 180 days. As we can know that there is

an integral block effect of coarse aggregates on ionic transport due to the tortuosity
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effect [104—-106]. This indicates the presence of coarse aggregates globally mitigates
the sulfate-induced damage evolution to a certain degree. Interestingly, it is important
to note from Fig. 15 that the sulfate-induced damage is locally influenced by the
coarse aggregate. The damage around aggregates is more serious than in the bulk
mortar at the same diffusion depth, which can’t be observed in the single-phase

model.

Model without coarse aggregates

——

Model with coarse aggregates 7 T

(a) (b)

Fig. 16. Comparison of damage evolution in concrete model with and without coarse aggregates at
the immersion time of (a) 30 (b) 60 (c) 90 (d) 120 (e) 150 and (f) 180 days

To further investigate the local effect of coarse aggregates on the damage
evolution in concrete, a series of 2D plane pictures of the damage in concrete with and
without aggregates were shown in Fig. 16. The geometric model of the concrete
without aggregates is represented by a square. It is interesting to find that coarse
aggregate indeed has a local effect on the sulfate-induced damage evolution, which is
often ignored since it is generally believed that the presence of coarse aggregates

would increase the compaction degree and improve the impermeability of concrete to
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block the ionic transport. Meanwhile, we can see further that after taking the effect of
coarse aggregate, including the dilute, tortuosity and ITZ effect, into consideration,
the degree of damage evolution in concrete is more serious (10% ~ 30% or so) than
that in concrete models without aggregates. This interesting finding that coarse
aggregates locally aggravate the damage degree highlights the necessity of ionic
transport in the ITZs, the weak layers between mortar paste and coarse aggregates.
Existing research has found damage initiates in the ITZ [107], and the damage is more
severe for concrete with higher ITZs volume content [ 108].
4.2. Sulfate diffusion analysis

To analyze the influence factors of sulfate diffusion so as to guide the sulfate
resistance design of concrete, Fig. 17 shows the obtained sulfates concentration
distribution profiles in concrete, mixed with 0.5 mol/L NaCl solution and then
immersed in 5% Na;SO4 solution at the immersion time of 90 days, with different
curing time. We can see that at the same immersion time, the longer the curing time is,
the lower the concentration of sulfate ions is. The diffusion depths of sulfates are

found to be 8.5, 6.8, 5.9 and 5.6 mm for the curing time of 28, 56, 90 and 120 days.

—— 28-day curing
56-day curing

""""" 90-day curing
120-day curing

Concentration of sulfate ions C; (mol/m®)

0 5 10 15
Diffusion depth x (mm)
Fig. 17. Concentration distribution of sulfate ions in concrete with different curing time at the
immersion time of 90 days

32



Fig. 18 shows the predicted sulfates concentration distribution profiles for the
concrete, mixed with 0.5 mol/L NaCl solution for the curing time of 28 days and
immersed in 5% Na;SO4 solution at the immersion time of 90 days, with different
water to cement ratio. It is found that the higher the water to cement ratio is, the more
penetrated sulfate ions are. The diffusion depths of sulfate ions are 6.6, 7.3, 8.2 and

8.8 mm for the w/c ratio 0.45, 0.5, 0.55 and 0.6, respectively.

w/c=0.45
- — = w/c=0.50

w/c=0.55
—-—- w/c=0.60

60

50

404

30

Concentration of sulfate ions C, (mol/m?)

Diffusion depth x (mm)

Fig. 18. Concentration distribution of sulfate ions in concrete with different water to cement ratios
at the immersion time of 90 days

Additionally, we can see from the comparison of Fig. 17 and Fig. 16 that the
influence region and degree of curing time and water to cement ratio on sulfates
diffusion are different. Overall, the impact of curing time on sulfate diffusion is
deeper than that of water to cement ratio. The water-cement ratio mainly affects ion
transport in the concrete interior, while curing time also affects ion transport in the
region closed to concrete surface. Compared with reducing the w/c ratio, increasing

the curing time seems effective for improving the sulfate resistance of concrete.
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4.3. Effect of sulfate ions on chloride binding

To investigate the release effect of sulfate attack on chloride binding, especially
the chemical binding, a reduction function was created in the present model, which is
defined as Eq. (17). From Section 3.2, we have found that the chloride binding
capacity increases with the increase of curing time and eventually stabilized to about
60% (without sulfate attack). From Section 3.3, we have studied the steady-state
binding capacity of chloride ions under the effect of sulfate attack by utilizing the
proposed reduction function and found that the values of binding capacity range from
41.5% to 44.4%. Consequently, the chloride binding capacity declined about 18% in
combined chloride-sulfate environment.

After the validity of the reduction function, the physical meaning of the
parameters need to be further elucidated. The reduction function f. is a function of
parameters of m, n, Cs. Since fi. should satisfy the condition that 0<Xf.< 1, f
(C~0)=0 and f. (Cs~Csp)=1, the parameter m should be any number as long as m is
large enough. Fig. 19 shows the reduction function value with different parameters m
and » under the different relative concentrations of sulfate ions. We can see from Fig.
19 that the impact of parameter # is larger than that of parameter m. In this study, # is
defined as a release rate factor of the chloride binding effect influenced by external
sulfate attack from the perspective of chemical reaction. In the rest part of this study,
m is chosen as a constant 50 and # is chosen to be a constant 3. When C=0, there is
no sulfate attack in concrete, so the reduction function should be 0. When C=Cs;o,

there is enough sulfates to release bound chloride ions, so the reduction function
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should infinitely close to 1.
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Fig. 19. Effect of different parameters m and n on reduction function values against different
relative concentrations of sulfate ions.

To further investigate the effect of sulfate attack on chloride binding capacity
using the proposed reduction function fr, Fig. 20 shows the concentration profiles of
bound chloride ions in concrete, mixed with 0.5 mol/L NaCl solution and immersed in
three different levels of NaSOs solution, after 28 days’ curing and 180 days’
immersion. It can be easily seen from Fig. 20 that the bound chloride concentration in
concrete immersed in 0% Na>SOg4 solution is similar to that in concrete soaked in the
maximum 10% Na>SO4 solution. This interesting finding shows that the binding
mechanism of chloride ions in concrete under binary attack of chlorides and sulfates is
different from that in concrete under single chloride environment. In combined
chloride-sulfate environment, for one thing, the amount of chemical bound of chloride
ions would decrease [23,37,38]. For another, the quantity of chloride ions adsorbed in

gypsum and/or ettringite increase, although there is a slight decline in the amount of
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chloride ions in calcium silicate hydrate (C-S-H) [39]. Therefore, the effect of sulfate
attack on chloride binding should be considered comprehensively through the above
three parts and the chloride ions adsorbed in gypsum and/or ettringite must be

carefully considered.
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Fig. 20. Effect of Na,SO4 dosage on concentration distributions of bound chloride ions throughout
the specimen.

We can also see from Fig. 20 that the chloride binding effect is significantly
affected by the external sulfate concentration. More specifically, the region of release
effect is much deeper with the higher concentration of sulfates in concrete, while the
effect of sulfate ions on chloride binding became smaller with the increasing of the
external sulfate concentrate, which can be explained by the following three reasons.
Firstly, the release of chemically bound chloride ions is triggered when sulfate ions
are coexisting with chloride ions in concrete. There are two primary chemical

reactions in concrete under sulfate attack: the reaction of sulfate ions and calcium ions
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to form gypsum and that of the formed gypsum with tricalcium and dicalcium
aluminate. However, due to the initial reaction between chlorides and calcium
aluminates to form Friedel’s salts (FS), i.e., the chloride chemical binding, the effect
of subsequent sulfate attack is that the chloride ions in FS are replaced by the sulfate
ions, thus the chemically bound chloride ions in FS are released. Secondly, apart from
the release of the chemically bound chloride ions caused by sulfate attack, the amount
of physically adsorbed chloride ions in C-S-H also decreases. But the products of the
reaction between sulfate and cement clinker could adsorb more chloride ions
physically. The concentration of sulfate ions in the simulation is much larger than that
in actual seawater. A higher concentration of sulfate ions will produce more gypsum
in concrete, which improves the physical adsorption of chloride ions to some extent.
Thirdly, the corrosion products are mainly gypsum in concrete at high sulfate
concentration [109]. Compared with ettringite formed at relatively low sulfate
concentration, the volume expansion of concrete caused by gypsum is much lower
[109], which slows down the rate of corrosion and chemical binding of chloride ions.
Further, the second finding indicates that the degree of release effect of sulfates on
bound chloride increase with the higher relative concentration of sulfate ions (C / Cy),
which proves the viability of the reduction function (Eq. (17)) established by the form
of the relative concentration of sulfate ions in concrete.
4.4. Effect of sulfate-induced damage on chloride diffusivity

As mentioned in Section 4.1, material damage greatly accelerates the ingress of

harmful ions into concrete, so the evolution of sulfate-induced damage would
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definitely facilitate the chloride diffusion. Fig. 21 shows the change of the relative
effective diffusivity of chloride ions in concrete, mixed with 0.5 mol/L. NaCl solution
for 28 days’ curing and immersed in 5% Na2SO4 solution, at the long-term immersion
of 3, 6, 9, 12, 18 and 24 months. Note that the chloride diffusivity at the immersion
time of 0 month is set as initial diffusivity and the relative chloride diffusivity at the
other immersion time is defined as the ratio of the chloride diffusivity at a given

immersion time to the initial diffusivity.

-------- 0 month
— 3 months
— — — 6 months
9 months
—-—- 12 months
i —--—- 18 months
NN - 24 months

Relative chloride diffusivity

0.5+

Diffusion depth x (mm)

Fig. 21. Effect of damage and pore-refinement on relative chloride diffusivity.

It is indicated in Fig. 21 that each diffusivity line can be divided into two parts.
One is a curve segment, and the other is a horizontal line segment. The change of the
curve segment was mainly caused by the damage and the maximum chloride
diffusivity became about 2.5 times as much as the initial diffusivity due to the
sulfate-induced damage. Moreover, the trend of the curve segment remains consistent

with the damage evolution. The change of the horizontal line segment was caused by
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the pore-refinement effect in concrete. And the values of horizontal lines decrease
with the immersion time. The relative chloride diffusivities are 0.813, 0.732, 0.687,
0.660, 0.620 and 0.593 at the immersion time of 3, 6, 9, 12, 18 and 24 months,
respectively, which indicates that the chloride diffusivity in concrete decreases with
the immersion time because of the pore-refinement during the cement hydration.
Corresponding to the two parts of effective chloride diffusivity in concrete shown
in Fig. 21, the degradation of chloride-contaminated concrete due to sulfate attack can
be divided into two zones: damaged zone and non-damaged zone. In the damaged
zone, the diffusivity of chloride ions increases with time due to two main reasons.
One is that the damage caused by sulfate attack will increase the connectivity of pores
in concrete, which greatly broadens the channel of ionic transport. The other is that
the chloride ions in FS are replaced by the sulfate ions, thus the chemically bound
chloride ions in FS are released to form free ones. Under higher concentration
gradient, chloride ions in concrete diffuse much faster. In the non-damaged zone,
there is almost no effect of sulfates on the diffusion of chloride ions. The continued
decrease of the chloride diffusivity with time is mainly caused by the pore-refinement
in concrete. The chloride diffusivity in the damaged zone is 5~10 times that in the
non-damaged zone, which shows that both the sulfate-induced damage, the release
effect of sulfate attack on chloride binding and the pore-refinement can significantly
influence the chloride diffusivity.
5. Conclusions

Reinforced concrete (RC) structures would suffer from serious durability
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problems caused by chloride ingress and sulfate attack during long-term service. To

investigate the ionic transport and influence mechanism in concrete under the dual

attacks of chlorides and sulfates, this study presents a coupled model for sulfate attack

and its effect on chloride binding and diffusion. From the presented numerical

investigation, the following conclusions can be drawn:

a)

b)

d)

There is a vicious cycle between damage evolution and sulfate ingress in
concrete. The damage front is linear in an early immersion stage while
becoming convex in the latter immersion stage, which means the
deterioration of concrete under sulfate attack is more and more serious with
service time.

Due to the ITZ effect, the presence of course aggregates locally aggravates
the evolution of sulfate-induced damage by 10% ~ 30%.

Both the curing time and the water-cement ratio of concrete affect sulfate
transport. Compared with reducing the water-cement ratio, increasing the
curing time can do better in improving the sulfate resistance of concrete.

A reduction function was proposed for the release effect of sulfate attack on
chloride binding. It is proved that the chloride binding capacity declined
about 18% in combined chloride-sulfate environment by using this reduction
function.

The degradation process of chloride-contaminated concrete due to ESA can
be divided into two zones: damaged zone and non-damaged zone. Not only

the damaged zone but also the non-damaged zone influences the chloride
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diffusivity. The chloride diffusivity in the former increases with the
sulfate-induced damage evolution and the higher concentration gradient,
while in the latter it decreases with the pore-refining process. The chloride

diffusivity in the damaged zone is 5~10 times that in the non-damaged zone.

The above findings may bring insights to the durability design of RC structures
under coupled sulfate and chloride attack. However, the present work is limited to
saturated concrete and neglects the effect of electric field interaction between
heterogeneous ions for the time being. For further research studies, the model could

be improved considering multi-ions effect and applied to unsaturated condition.
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