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ARTICLE INFO ABSTRACT
Keywords: The corrosion of offshore reinforced concrete structures under combined chloride and sulfate ions
Offshore concrete structure attack is a complex corrosion phenomenon. The purpose of this study is to develop numerical

Chloride ions
Sulfate ions
Competitive binding
Reactive-transport

models in conjunction with experimental studies for long-term durability assessment of offshore
concrete structures. A numerical model was developed to describe the simultaneously transport of
chloride and sulfate ions considering the competitive binding by hardened cement pastes effect.
The model was validated by a series of experimental studies. The validated model was imple-
mented to predict the service life of the offshore RC structures under various chloride and sulfate
solutions. The results show that chloride ions induced corrosion of steel bars in offshore RC
structures is highly influenced by the concentration of sulfate ions. The sulfate ions induced
concrete expansion and cracking from ettringite formation could potentially accelerate chloride
ions induced corrosion of steel bars in concrete, ultimately the premature failure of the offshore
RC structures.

1. Introduction

Under aggressive marine environment, the offshore reinforced concrete (Delagrave, Marchand et al.) structures are vulnerable to
the attack of various harmful ions like sulfate ions, chloride ions and magnesium ions [1,2]. Sulfate attack on concrete leads to the
generation of degradation products, such as gypsum and tricalcium sulfoaluminate hydrate (ettringite), which could result in
expansion, cracking, loss of strength and ultimately failure of concrete structure [3,4]. In addition, the chloride-induced reinforcement
corrosion can also significantly influence the durability of concrete structures [5,6]. Chloride ions normally exist in pore solution in the
form of free ions or be bound by the hydrated product which could slow down the ingress of chlorides [7-9]. Both sulfate and chloride
ions are harmful for the service life of offshore concrete structures. However, the studies on understanding the combined attack
mechanism of sulfate and chloride ions are still limited so far.

As shown in Fig. 1, under marine environmental condition, the majority of harmful ions in seawater are chloride and sulfate ions
[10]. The joint attack of chloride, sulfate and other ions may lead to a synergetic damage to the offshore structures [11,12], and the
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Sulfate 7.72%
Magnesium 3.68%
Calcium 1.17%
Potassium 1.1%
Bicarbonate 0.4%
All other ions 0.24%

Chloride 55.07%
Sodium 30.62%

Fig. 1. Composition of seawater (Data from [16]).
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Fig. 2. Schematic diagram of the interaction between penetrated ions and hardened cement pastes.

research outcomes in this area are still controversial. For example, Sotiriadis et al. [13] pointed out that the chloride ions show a
positive effect by delaying the transport of sulfate ions and mitigating the so caused deterioration [13], whereas Abdalkader et al.
(2013) found that sulfate caused degradation is more serious when specimens were immersed in the combined sulfate and chloride
solution (Abdalkader, Lynsdale et al., 2013). Maes et al. (2014) observed that sulfate ions enhance the transport performance of free
chlorides into the concrete specimens during a relatively short period of time (e.g. 7-14 weeks) [14]. In contrast, Zhang et al. [15]
indicated that the penetration of ions could be delayed at early stage due to the filling of pores [15].

Chlorides and sulfates penetrate into concrete by means of capillary suction and diffusion, so diffusivity is the transport mechanism
determining penetration and attack of ions [17,18]. At early stage, the accumulation of reaction products (i.e. gypsum, ettringite and
Friedel’s salt, etc) could decrease the available pore volume of concrete and thereby inhibits the transport of ions into the concrete [14,
19]. The increase of ettringite formation gradually accelerates the expansion of concrete with time, ultimately leads to a more serious
cracking and chloride-induced corrosion of reinforcement bars in concrete [20,21]. Furthermore, there is a competitive binding be-
tween chlorides and sulfate ions with the CA binding sites (i.e. hydrated and unhydrated calcium aluminate)[22,23]. K Rimvydas found
that chloride ions penetrate into concrete and react with monosulfoaluminate to form Friedel’s salt, which could release sulfate ions by
reducing the formation of ettringite [23]. Due to the combination of chloride ions by aluminate phases in concrete, more sulfate ions is
able to transport into the concrete furtherly.The competitive relation between chloride and sulfate ions is also influenced by tem-
perature and Ca®" which facilitated the stabilized the C-S-H phase [24,25].

To date, the competitive binding of sulfate and chloride ions in concrete and its effects on corrosion of steel bars in concrete have
not been fully understood and relevant studies in this field are still limited. Therefore, this study aims to develop a systematic model for
investigating the durability of concrete under the attack of various combinations of chloride and sulfate concentrations. The model was
proposed to describe the ions transport, competitive reaction and micro-mechanical behavior, and was calibrated by a series of
experimental data.

2. Methodology
The reactive transportation of combined sulfate and chloride ions contains a series of complicated processes. In this study, the

processes were simplified as shown in Fig. 2 based on previous literature research [26,27,14,28,29]. Due to the relatively high
diffusion coefficient and concentration gradient of chloride ions in comparison to sulfate ions [30], chloride ions firstly penetrate into
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concrete to form Friedel’s salt by reacting with calcium aluminate (CA) or physically binding with the hydrated compounds. Later on,
the formation of reaction product induced by sulfate ions could leads to a variation of pore structure and even swelling and cracking in
concrete [15,31], which further enhances the transport of chloride ions. The definitions of C-S-H binding site and CA reaction site were
proposed in this study to describe the chemical reaction and physical binding of ions with the hydrated system quantitatively.

2.1. Governing equations

The governing equations to describe the transport and competitive binding of chloride and sulfate ions in concrete are based on the
porous media theory [32,33]. The total ions concentrations consist of free ions and the ions attached to the hydrated cement physically
and chemically. That is,

2
G=0+ Y ci=1 2 e))
i=1
in which
G=¢"¢ @

where i = 1 refers to C-S-H, i = 2 refers to hydrated calcium aluminate composite (CA), j = 1 refers to Cl" and j = 2 refers to SO%’. ¢jand
¢j represents the matrix-based and fluid-based ion concentration, respectively. E;and c;represents the matrix-based free and fixed ion

concentration, respectively.¢/ represents volume fraction of fluid phase in porous media, which is assumed to be the porosity when the
concrete specimen is in saturated state. It is worth to mention that the contribution of C-S-H to SO% was ignored due to their low
binding affinity (i.e. ¢3; = 0).

2.2. Conservation of mass

When chloride and sulfate ions transport into concrete, mass conversion occurs due to a series of reactions or binding processes. The
conservation of mass could be expressed as:

a(¢'c])
ot

+V(~ D) = =3 Spi=1, ®

where Sj; is source sink term. D; represents the diffusion coefficient of chloride or sulfate ions and can be determined using the reverse
Hill Function which describes the decrease of D; resulting from the fill effect of ettringite and Friedel’s salt in the pores. That is,

1 1 .
Dj = D;] v my v, my = 1*, 2 (4)
L () || 1 (i)
in which,
D? — Djv_mler(pr — z(pD;:amr/(S _ 40) (5)
where DJO and D}’"‘"" is the initial ion diffusion coefficient in concrete and water, respectively. Vag/ V;,"“" and Vgyie/ Vg“”‘ is the ratio of the

ettringite and Friedel’s salt volume to the maximum fillable pore volume. K; and K, is activation factor describing the values of Vag/
V™ and Vi /V,™ which result in a significant decrease of D;. m; and m; represents the steepness of Hill-equation, ¢ is the porosity of

concrete (i.e. ¢) and 7 represents the tortuosity of the pore system in porous media.
The theoretical volume of the ettringite and Friedel’s salt (Vap and Vg, in Eq. (4)) can be defined as [34],

Vi = i/ Nar, k= 1,2 (6)

where k = 1 refers to ettringite, k = 2 refers to Friedel’s salt, c is the concentration of ions, N4 represents Avogadro constant and ry
represents the estimated molecular volume of reaction product k, i.e. ettringite and Friedel’s salt.

2.3. The law of mass action

It is well known that chloride and sulfate ions transport into the porous concrete structures with ion dissipation. During the
transport process, chemical reactions among sulfates, portlandite (CH), hydrated and unreacted aluminates lead to the formation of
gypsum and ettringite [35]. In addition, chlorides can bind on the surface of pores (mostly on C-S-H and other hydrated cement phase)
or react with CA to form the so-called Friedel’s salt [36,37]. The chemical reactions can be described as,
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Sulfate ion SO42 — : Ca™ +SO;™ +2H — CSH, (gypsum) )

C3A + CSH, + 26H — C4AS;Hy (ettringite)
C,AH,; + 3CSH, + 14H — CAS;Hz; (ettringite) + CH

3 , 32 8
C4ASH), 4+ 2CSH, + 16H — CsAS;Hs, (ettringite) ®
3C,AF + 12CSH, + aH — 4C,AS;Hy, (ettringite) + 2[(A, F)H;]
Chloride ion Cl— :Ca®* +2CI” + C3A + 10H — C3A-CaCl, - 10H,0 (Friedel,s salr) 9)
Egs. (7-9) can be further simplified as follows,
ki
solute; +B; = complex;;,j=1, 2;i=1, 2 (10)
ki

where solute; represents Cl” and SO%; B; represents binding sites on pore surface, such as CA and C-S-H, etc. k ,;; and k_j; are associations
and dissociation rate constants, respectively, which can be obtained from previous research [38,34,39] and complex;; represents the
reaction (binding) products. It should be noted that if the reaction is non-reversible, kj in Eq. (10) equals to 0. The detailed law of mass
action of each component can be expressed as,

o(psccr-
Free chloride ion Cl— : % = —knopcar (1= by ) ccsu—r + k-1 (1 — @) cap—kndpear (1= dy) cca an
. acmg’ 1/n
Sulfate ion SO42 — - = —kn-cear - Cyr - (cca) 12
CA binding site : 6;% = —kn-coar  Csor - (cea)™ = ki Cr (1 - (ﬁf) Cca 13)
Lo ocgy _ L \Un
Ettringite : i kay - e - €sp  (cca) (14
0 1- CFrie
Friedel’s salt : M = klzq?,-cC[,F(l — (llf)cCA (15)

ot

where ccsp.rand cq is the theoretical concentration of hydrated cement (mainly C-S-H) and calcium aluminate phases, which provides
available binding sites for both CI" and SO%’. cgr and cpre is the concentration of ettringite and Friedel’s salt, respectively.

2.4. Constitutive equation

The accumulation of ettringite causes the overall expansion of concrete and the propagation of micro and macro-cracks associated
with progressive reduction of stiffness and strength. In order to obtain the crack initiation time caused by the expansion of deterio-
ration products (i.e. ettringite), the constitutive equations considering inner crystal pressure was used [34]. Assuming the total stress in
concrete is the sum of internal pressure caused by ettringite and the elastic stress of paste, the governing equation can be defined as,

o u
V6+FE”:C:EF+FE”:/J¥ (16)
where 6 is Cauchy stress tensor, Fg; represents the isotropic internal stress in a RVE (Representative volume element) of cement paste,
€, represents the strain tensor caused by the stress acting on the pore surface and u represents the following displacement vector. The
isotropic internal stress Fgy caused by ettringite expansion can be described as [34],
Vma.r (CEII /CEII_max )m

.~ Voot ) @a7)
£t K® + (CErr/cErr,mzu)

where Vi, represents ettringite-induced maximum internal stress; K is activation coefficient representing the significant increase of
Fg: when cgy; reaches to a certain threshold. o is steepness of the curve ranging from 1 to 6.

2.5. Initial and boundary conditions

Eq. (18) and Eq. (19) expresses the initial and boundary conditions for this numerical model, and the concentrations can be
expressed in terms of RVE.
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- Sealed surface

- NaCl + Na,SO, solution

— Concrete specimen

— Sealed surface

Fig. 3. Procedure of ion diffusion test. (a) experimental procedure, and (b) schematic diagram of immersion experimental procedure.

Table 1
The parameters used in the reactive transport model of sulfate and chloride ions.
Parameter Value Reference
CCazet 21.25 (mol/m?) Nakarai et al., ($year$) [40]
CcaT 117.06 (mol/m%) Obtained in experimental study
Dyater 2.032 x 107° (m?/s) Lide ($year$) [30]
Dpyater 1.07 x 107° (m3/s) Gospodinov et al., ($year$) [41]
ki1 1 x 1078 (m®/mol-s) Papadakis et al., ($year$) [42]
ka 1.3 x 1072 (m%/mol) Papadakis et al., ($year$) [42]
k12 1.21 x 107'° (m®/mol-s) Suryavanshi et al., ($year$) [43,44]
ka2 1.9 x 1071° (m®/mol-s) Sun et al., ($year$) [34,45]
K 0.2 Sun et al., ($year$) [34]
w 2 Sun et al., ($year$) [34]
Table 2
Concrete mixture prepared for the experiment.
OPC Sand 0/5 mm Aggregate 5/8 mm Aggregate 8/10 mm Water
Content (kg/m%) 833 1173.3 318 1098 380
Table 3
The compositions of corrosive solutions.
Solution mass content in the solution
S1 35.2 mol/m°> Na,SO,4 0.5% NayS04
s1Cl2 35.2 mol/m® Na,S04 + 70.4 mol/m® NaCl 0.5% NayS04 + 0.4% NaCl
S1CI3 35.2 mol/m® NayS04 + 105.6 mol/m? NaCl 0.5% NaySO4 + 0.8% NaCl
C.r(xvl = 0) =0,
c(x,t=0)=0
C( K ) b} (18)
cea(x,t =0) = cear,
cen(x,0=0) =0,
Cs0%- (x=0,1) = rCs0, Cs02- (x=L,1)= Prcso
ca-r(x = 0,1) = ¢ycw, ca-r(x = L,1) = ¢yceo 19)
cea(x =0,1) = cear, cealx=L,1) =cear

CEtt(x =0, t) =0,

ce(x=1L,t) =0

where x and t represents the section position and immersion time of concrete specimen, respectively. L is 100 mm as shown in Fig. 3;
cca—r is the initial concentration of CA. ¢y and c,p is the concentration of sulfate ions and chloride ions in solution, respectively.
The parameters used to describe the ion transport, chemical and mechanical behavior of concrete are shown in Table 1.

3. Experimental program

3.1. Materials and specimen preparation

The cement used in experimental study is ordinary Portland cement (OPC 52.5 R), and the mixture of the designed specimen is
given in Table 2. Cubes (100 x 100 x 100 mm?) were cast with a water to cement ratio (W/C) of 0.45. Specimens were demoulded
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Fig. 4. Normalized concentration of sulfate ions with time when specimens were immersed in (a) 35.2 mol/L NaySOy, (b) 35.2 mol/L NaSO4
+ 70.4 mol/L NaCl, and (c) 35.2 mol/L Na,;SO4 + 105.6 mol/L NaCl solution.

after 24 h and cured in the chamber with a relative humidity of 95 + 5% and temperature of 20 + 2 °C for 56 days.

3.2. Diffusion test

Specimens were immersed in three different test solutions after 56 days of curing as shown in Table 3. Type A contained 0.5%
NaySOy4 solution, Type B and Type C contained 0.5% NaySO4 combined with 0.4% and 0.8% NaCl solution was prepared respectively.
The corrosive solutions were replaced every month to maintain a stable ion concentration.

Four sides of the specimens were sealed by epoxy resin after 56 days of initial curing and then transferred into the corrosive so-
lution. The final results were obtained from 3 specimens to obtain average values. The experiments conducted in this study follow the
Barium Sulfate Gravimetric method (GB/T 22660.8-2008). The powder of 0-5 mm layer on the surface of the specimens was obtained
by drilling every 4 weeks and dissolved 0.5 g in 100 mL water after being dried to a constant weight. Heated BaCl,.2 Hy0 was used to
form BaSO, solid with SOF, and the content of sulfate could then be estimated after filtration and high temperature calcination.

The mass content of SO?{ can be expressed as:

04116 x (my —my)
= -

w(S0;) x 100 (20)

where 0.4116 is the coefficient of conversion of BaSO4 to SO?{; my and m; represents the mass of BaSO4 in the test sample and blank
sample, and my is the mass of test sample.

4. Results and discussion
4.1. Comparison with experimental study

Fig. 4 reveals that the transport of sulfate ions under different corrosive solution can be modelled by using one set of parameters in
Eq. (4) (i.e. Kq3 = 0.21, Ko = 0.45, m; = 2 and my = 7) which describe the decrease of diffusion coefficients considering the filling
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Fig. 5. Normalized diffusion coefficient of ions (j = 1 refers to CI" and j = 2 refers to SOF) caused by filling effect under (a) various combination of
ettringite and Friedel’s salt contents, (b) ettringite only (Vge/Vy™) and (c) Friedel’s salt only (Vg/ V™).

effects of reaction products in the pores before cracks generation. The numerical simulation results in Fig. 4(a)-(c) show similar trends
and the sulfate concentration increases significantly during the first 20 days of immersion and then slows down gradually. Concen-
tration gradient between environmental condition and pore solution is considered to be the main reason for the significant increase
during early stage. The results also show that experimental data and the numerical solution fit well with one set of parameters, but the
interaction between different ions and its influence on ion transport need to be further discussed.

4.2. Diffusion coefficient of ions

Early stage penetration before cracking is mainly focused in this study. The presence of sulfate ions influences the transport of
chloride ions and then the degradation of concrete remarkable. For example, the filling of reaction products leads to the refining of
pore structure and consequently mitigates the risk of chloride initiated corrosion [14]. Fig. 5 shows the change of diffusion coefficient
considering the filling effect caused by both ettringite and Friedel’s salt when concrete structures are immersed in a mixture of chloride
and sulfate solution. As shown in Eq. (4), K47 and Kz represents the activation coefficient of ettringite and Friedel’s salt, respectively. It
can be seen from Fig. 5(b) and (c) that a significant decrease of the normalized diffusion coefficient is triggered when Vag/ V;me and
Vrrie/ V™ reach 0.21 and 0.45, respectively. The effects of ettringite filling are more significant than that of Friedel’s salt.

4.3. Competitive binding of chloride and sulfate ions

4.3.1. The influence of filling on the transport of sulfate and chloride ions

Without considering the influence of fluid movement in pore solution, the diffusion of ions is driven by the gradient of concen-
tration. Chloride or sulfate ions penetrate to pore solution in concrete, releasing the competitive ions and form extra Friedel’s salt or
ettringite. The effects of filling and competitive binding on the concentration of sulfate and chloride ions are shown in Figs. 6 and 7,
respectively. The results in Fig. 6 suggest that the filling effects are highly dependent on the SO%/CI" concentration ratio at boundary
(The concentration of chloride was fixed at the concentration of chloride in seawater [46]). In contrast, the change of SO?{



D. Sun et al. Case Studies in Construction Materials 17 (2022) e01218

(%]

(a) cgp - Coy™2%

- — = Diffusion + Binding
15 4—-—- Diffusion + Binding + Filling

8% 9%

- concentration %

4

Percentage decrease of SO
A
1

0

T T
150 155 160 165 170 175 180 185 190 195 200
Time/day(s)

D

4

(b) g2 €=5%
- — - Diffusion + Binding
—-—= Diflusion + Binding + Filling

(€) cgp - €p=10%

“ concentration %
* concentration %
\

8% 10% e
[ 18%

rl

l

\
\

10 4 10

- - - Diffusion + Binding
—-—- Diffusion + Binding + Filling
0

Percentage decrease of SO
N
:
Percentage decrease of SO
wn
1
|
\
]
)
]
1
1
|
1
|
1
1
1
|
]
|
1
1
]
1
1
I
1
1
|
|
\.‘.

0

T T T T T T
150 155 160 165 170 175 180 185 190 195 200 150 1_%5 1&0 lés 1;0 1;5 1{(0 121(5 1;)0 165 200
Time/day(s) Time/day(s)

Fig. 6. Effects of binding and filling on the transport of SO3 into concrete under different SO /Cl" ratios at the boundary (cco = 19. 162 g/kg).

concentration with increasing SO /Cl" ratio is not obvious when only diffusion and binding is considered in ion transportation. The
percentage decrease of SO and CI” concentration is 8% and 0.8%, respectively. A possible explanation for this phenomenon is that
there are enough CA binding sites for both chloride and sulfate ions. Fig. 6 also shows that, after 200 days of penetration, the filling
effects can reduce SO concentration by more than 10% compared to the case without considering the filling effects. In contrast, the
filling effects show limited influence on time-dependent decrease of Cl” concentration (Fig. 7).

4.3.2. The influence of CA binding sites on the transport of sulfate and chloride ions

Fig. 8 show the influence of varied cca/cca-r ratios on sulfate and chloride concentration (depth = 10 mm, t = 100 days). The
results reveal that the concentration of free sulfate and chloride ions can significantly decrease when binding site concentration is high
(e.g cca/cca-r > 1), whereas under a low binding site concentration (e.g. cca/cca-T < 0.1), the change of binding site concentration has
little influence on sulfate and chloride ion concentration due to the saturated binding sites. Factors influencing the binding involves
cement type (i.e. the content of C3A), cement replacement, cation, temperature, and water-binder ratio, etc [47], and most of the
factors are essentially changing the number of effective binding sites.

4.4. The influence of competitive binding on chloride-induced corrosion

The free chloride uptake ratio (Rg) of 0.569 + 0.117 might lead to the initiation of steel bar depassivation in concrete as shown in
the available reports [48], and the value varies depending on many factors such as humidity, temperature and pitting potential and etc.
Fig. 9(a) shows the change of free chloride uptake with time under chloride condition only. The model prediction shows that the initial
corrosion time of concrete is around 8 years when the cover thickness of reinforcement bars is 65 mm. When concrete structures are
immersed in a mixture of chloride and sulfate ions, the corrosion situation is different. The time-dependent normalized maximum
strain under both chloride and sulfate condition is shown in Fig. 9(b). It is known that sulfate attack leads to the expansion of concrete
and then cracking and spalling of the outermost layers, which in turn accelerates the ions transport significantly. Therefore, it is
assumed that the corrosion initiates once the crack occurs when specimens are immersed in the mixed sulfate and chloride solution, e.g.
shorten the initial corrosion time to 340 days when immersed in the combined chloride and sulfate solution.
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Fig. 10 shows the initial corrosion time of steel bars in concrete specimens under the combined sulfate and chloride solution with
different SO /Cl" ratios at the boundary by fixing chloride concentration (cgo = 19.162 g/kg in seawater [46]). It indicates that the
increase in sulfate concentration can decrease the initial corrosion time of concrete. For example, the increase of SO?{/CI’ ratio from 2%
to 10% could shorten the initial corrosion time from 878 days to 183 days. Therefore, even though sulfate ion accounts for only a small
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Fig. 10. Initial corrosion time of steel bars in concrete specimens under both sulfate and chloride attack with different SOZ /Cl" ratios (cco =

19.162 g/kg).

proportion in the corrosion environment, its destructive effect on chlorine ion or other ions cannot be ignored.

5. Conclusions

The role of reactive transport and competitive binding of sulfate and chloride ions in the deterioration of offshore concrete
structures was investigated in the present study through developing a theoretical model in conjunction with experimental studies. The
early stage before cracks initiation was studied and the following conclusions are reached:

o The transport of sulfate ions under different combinations of sulfate and chloride concentrations with time can be modelled by
using the parameters of K and m (i.e. Kq; = 0.21, Kq2 = 0.45, m; = 2 and my = 7) obtained through calibrating experimental data.
The decrease of diffusion coefficients of ions during early period is due to the filling effects of deterioration products precipitated in

concrete pores.

o At the initial stage (i.e. first 20 days), there is a significant increase in the concentration of sulfate ions, and the increasement rate

remains stable with time.

There is a considerably decrease in the diffusion coefficient of ions on account of the filling of reaction product, and the effects of

ettringite filling are more significant (Vag/ VI'J”‘”‘ = 0.21) than that of Friedel’s salt (Vi / VI’,"“x = 0.45). In addition, the filling effects
can decrease sulfate concentration in concrete by more than 10% at 200 days whereas filling has limited influence on chloride

concentration.
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e The concentration of free sulfate and chloride ions can significantly decrease with the increase of binding sites. However, under a
low binding site concentration (e.g cca/cca-r < 0.1), the change of binding site has little influence on sulfate and chloride ion
concentration due to the saturation of binding sites.

e The transport of sulfate ions into concrete could shorten the initial time of corrosion induced by chloride ions, especially when
S03% /Cl  ratio (csp/cco) is high. For example, the increase of c5p/c.o from 2% to 10% could shorten the initial corrosion time from 878
days to 183 days.
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