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Corrosion of steel reinforcement due to chloride attack remains a major reinforced concrete durability concern. The

problem is prevalent for concrete structures located within marine environments or frost-prone locations where

chlorides containing de-icing salts are used. 
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1. Introduction

Chloride-induced corrosion of steel reinforcement has been identified as one of the primary causes of early

deterioration and failure of marine concrete structures, bridges, viaducts, tunnels on roads and highways where de-

icing salts are applied during the winter period. Hence, one of the greatest challenges facing the construction

industry is how to ensure the longevity of reinforced concrete structures. A key concern is the ingress of chlorides,

which are known to cause the initiation of embedded steel bar corrosion by de-passivating the protective film

provided by the high alkalinity of concrete pore solution around the steel bar . Aggressive, chloride-rich

environments can arise through, for example, the application of de-icing salts or the presence of aggressive marine

environments. In the latter situation, the principal agents of attack are a combination of chlorides and sulphates

from seawater .

Furthermore, changes in binder composition, with increasing use of supplementary cementitious materials and

cement-replacement materials, leads to changes in phase assemblage, more structure and pore solution pH.

However, these binders also offer increased aluminate levels, which can bind both sulphates and chlorides .

2. Resistance of Concrete to External Chlorides

Chloride attack can be considered as either internal or external. Internal sources of attack are thankfully rare, but

can arise due to inappropriate admixtures, chloride-contaminated aggregates or chloride-bearing mix water.

External chloride attack is more prevalent and arises through the application of de-icing salts or through the ingress

of brackish water or seawater.

Exposure conditions have significant effects on the rate of chloride ingress. The requirement for water as a

transport medium means that airborne chlorides pose little danger, while cyclic wetting and drying allows for the

[1]

[2][3][4]
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accumulation of salts through crystallization during drying periods and more severe attack . Chloride

ingress into permanently wet concrete lies somewhere between these extremes. For this reason, most national and

international standards incorporate exposure classes in their specifications for concretes. For example, BS EN

206  sets out minimum requirements for concretes to resist chlorides, other than from seawater (XD classes) and

chlorides from seawater (XS classes). Each of these are sub-divided into three, with XD/XS1 for exposure to

airborne chlorides, XD/XS2 for chlorides ingressing into permanently submerged concrete and XD/XS3 for

structures exposed to cyclic wetting and drying, such as tidal, splash and spray zones.

The rate at which external chlorides permeate into concrete is often used as an indicator of the concrete’s

durability, with lower rates indicating more durable structures. The chloride diffusion coefficient (D ) describes the

rate of chloride ingress, and can be derived by fitting laboratory or field chloride ingress data into chloride diffusion

models. Various models have been used to describe chloride ingress, as shown in Table 1. For saturated concrete,

chloride ingress is assumed to be governed by pure diffusion , while for unsaturated concrete, e.g. for concrete

exposed to alternate wetting and drying cycles, chloride ingress is governed by a combination of diffusion and

convection .

2.1. Factors Influencing the Rate of Chloride Ingress into Concrete

The rate of chloride ingress into concrete depends on the pore structure of the hardened cement paste, which is in

turn affected by many factors, such as curing conditions, w/b ratio, binder content and binder composition,

including the use of supplementary cementitious materials (SCMs). These are briefly presented in Table 1, while

the role of chloride binding is discussed in the next section.

Table 1. Factors influencing the rate of chloride ingress into concrete.

[8][9][10][11]

[12]

c

[13]

[14][15][16]

Factor Effect References

Porosity
The finer the pore structure, the greater the resistance to ingress of

aggressive species, including chlorides.

Curing conditions

Prolonged curing reduces porosity and hence permeability, so

enhances resistance to chloride ingress. Elevated temperatures,

e.g., 40 °C and above, while increasing the degree of hydration,

lead to a more porous network for a given degree of hydration. This

leads to higher rates of chloride ingress.

w/b ratio At any given temperature, higher values of w/b will result in higher

rates of chloride ingress

[17][18][19]

[18][20][21][22]

[16][23][24]
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2.2. The Role of Chloride Binding

When external chlorides permeate into concrete, they can exist as free ions dissolved in the pore water, can be

bound chemically in the form of Friedel’s or Kuzel’s salt or bound physically to the surface of the hydration products

(e.g., C-S-H). Since free chlorides induce reinforcement corrosion, chloride binding improves concrete durability.

Also, Friedel’s salt formation can lead to pore blocking, retarding chloride ingress . Hence, increased

chloride binding reduces chloride migration towards the reinforcement.

2.3. Factors Affecting Chloride Binding

Several factors chloride binding, such as the cement type, alkalinity of the pore solution, cation type of the salt,

chloride concentration, temperature, presence of other anions, e.g., sulphates and carbonates, and the presence of

SCMs in the mix, as discussed below.

1. Cement type:

Chlorides can be readily bound as Friedel’s salt (Ca Al(OH) (Cl, OH)·2H O), so higher aluminate contents

encourage chloride binding. For pure cements, the C A content is an important determinant of chloride binding

capacity. Thus, sulphate-resisting Portland cements exhibit low chloride binding capacities and can lead to greater

free chloride penetration for a given permeability than ordinary Portland cements .

2. Alkalinity of the pore solution:

The free chloride to hydroxide ratio is proportional to reinforcement corrosion susceptibility. However, the stability of

bound chlorides also decreases with increasing pore solution pH (Figure 1), with Friedel’s salt being more soluble

at pH > 12 .

Binder content

The cementitious binder provides a route by which chlorides may be

bound to the hydrated cement paste. Higher binder contents lead to

slower chloride ingress into the concrete

 

SCMs

SCMs such as fly ash and GGBS, when used as partial

replacement materials for PC lead to reduced porosity, and hence

can reduce the rate of chloride ingress

[25][26][27][28][29]

[1][30][31]
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Figure 1. Effect of hydroxyl ion concentration on chloride binding for OPC pastes with water–cement ratio of 0.40

.

3. Cation type of the salt:

The nature of the cations associated with chlorides affects chloride binding , with increased binding upon

exposure to calcium and magnesium chlorides than to sodium chloride  (see Table 2). This is due to the cation’s

influence on chloroaluminate solubility and cation-induced changes in pore solution pH . Sodium ions raise the

pH, thus increasing Friedel’s salt solubility and reducing chloride binding.

Table 2. Influence of cation type on chloride binding for 2-day-old PC paste samples (w/c = 0.5) immersed in 20 g

Cl/L solution for 28 days .

[35]

[36][37][38]

[37]

[34]

[37]

Cl Content (% by wt. of Cement) NaCl CaCl MgCl

Free 0.831 0.765 1.480

Bound 0.804 1.408 2.347

2 2
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4. Concentration of chloride solution:

Chloride binding capacity increases with increasing chloride concentration (Figure 2) [39], due to changes in the

Cl /OH  ratio in the pore fluid.

Figure 2. Effect of varying concentrations of chloride ions on chloride binding capacity .

5. Temperature:

The effect of temperature on chloride binding is complex, with mixed results being reported in the literature. Some

studies have reported increased chloride binding with increasing temperature, while others have reported the

opposite. However, in most of the latter case, the reduction in chloride binding was seen at significantly higher

Total 1.635 2.173 3.827

Bound/Total (%) 50 65 61

- -

[39]
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temperatures, i.e. circa 70 C. Increased binding has often been associated with increased degrees of cement

hydration at elevated temperatures.

6. Presence of other anions:

The presence of other anions, e.g., sulphates and carbonates, may affect the chloride binding capacity of the

cements. This has been attributed mainly to reactions between the various anions in the pore solution.

Reduced chloride binding in the presence of sulphates is due to the preferential reaction of C A with

sulphates  to form ettringite. This reduces the availability of C A to bind chlorides as Friedel’s salt.

Meanwhile, carbonation leads to changes in phase assemblage and a reduction in pore solution pH. This reduced

pH destabilizes Friedel’s salt  and reduces chloride binding.

7. Presence of SCMs:

SCMs primarily affect resistance to chloride ingress by modifying the pore structure and reducing permeability.

However, SCMs also affect chloride binding, the extent of which depends on the type of SCM.

GGBS:

The addition of GGBS to PC increases the chloride binding capacity. This is due to: (1) GGBS having a higher

aluminate content than OPC , (2) increased hydrotalcite formation, especially at high slag contents

, (3) a typically lower sulphate content in PC-GGBS blends  and (4) the formation of a C-A-S-H phase

responsible for binding, through adsorption, of about two-thirds of the chloride .

The chloride binding capacity of PC–slag blends is also dependent on the level of slag replacement, the chemical

composition of the slag and the curing temperature. As with C A contents of cements, slags with higher alumina

contents increase chloride binding , while increased slag replacement also increases aluminate contents, so

increases chloride binding .

Fly ash:

As with GGBS, the use of fly ash increases chloride binding . Again due to increased alumina contents and

formation of Friedel’s salt. However, at very high replacement levels, fly ash can reduce chloride binding

capacity , due to the more gradual formation of C-S-H, which therefore reduces chloride binding by adsorption.

Chloride binding in fly ash cements can also be influenced by other factors. Prolonged curing improves chloride

binding , due to the slow pozzolanic increasing the quantity of C-S-H present in the hardened cement paste.

Curing with internal sources of chlorides can lead to increased chloride binding , presumably due to the

accelerating effect of chlorides on cement hydration. Mixes containing class C fly ashes have been found to show

improved chloride binding capacities than those containing class F ashes . However, it is difficult to know if this is

o

3

[40]
3

[41][42]

[21][27][39][40][43] [44]

[45] [40][46][47]

[48]

3
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due to changes in phase assemblage or the increased reactivity of class C ashes leading to increased C-S-H

formation and reduced permeability.

Metakaolin:

Metakaolin increases chloride binding, and its use is widespread in concrete exposed to chloride-rich

environments. Metakaolin’s high chloride binding capacity is attributed mainly to its high alumina content.

Silica fume:

Unlike the other SCMs mentioned above, silica fume has a low aluminate content. Thus its impact on chloride

binding is mixed. While most studies  report decreased chloride binding capacity, the addition of silica

fume can sometimes increase chloride binding capacity . Chloride binding can be reduced by the pozzolanic

reaction between portlandite and silica fume decreasing the pore solution pH and clinker dilution reducing the C A

content. Conversely, the pozzolanic reaction leads to C-S-H formation and so increases chloride binding. Whether

chloride binding increases or decreases thus depends on the replacement level. Above ca. 10% replacement

chloride binding is reduced, but it is decreased at replacement levels below 5%.

Limestone:

While not strictly cementitious, a drive to reduce carbon footprints means that limestone is also increasingly used

as a cement-replacement material. However, the use of limestone alters the hydration and microstructure of the

hardened cement paste.

The replacement of up to about 15% clinker with limestone leads to pore structure refinement due to the filler

effect, and so reduced permeability. This hinders chloride ingress . However, higher replacement levels lead to

increased clinker dilution and so to pore coarsening. Limestone in cement can react with C A with the formation of

carboaluminates. This can inhibit chloride binding in Friedel’s salt and lead to increased free chloride contents.

Calcined clay:

Decreasing global availability of traditional SCMs has led to the consideration of calcined clays as suitable

replacements, so long as the clays show appreciable kaolinite contents. As such, binary Portland cement–calcined

clay systems are expected to show performance akin to Portland cement–metakaolin blends, albeit without the

significant pore refinement and improved chloride binding capacity seen for those systems. However, in recent

years, low-grade calcined clays have shown significant potential in limestone calcined clay (LC3) cements.

Limestone Ternary Cements:

Up to 50% clinker replacement is possible without loss of performance by blending clinker with a mixture of

limestone and an SCM . The early-age improvement in performance induced by the addition of limestone is

complemented by the subsequent reaction with aluminates in the SCMs to produce carboaluminate phases. Again,

a combination of pore structure refinement and modified phase assemblages can have an impact on chloride

binding .

[25][36][37][54][55]

[56][57]

3

[58]

3

[59]
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Various ternary blends have been investigated, containing various SCMs (fly ash, GGS or calcined clay).

Performance is influenced by the reactivity of the SCM and the replacement level. Prolonged hydration leads to

reduced porosity and so reduced chloride ingress. The extent of this reduction depends on aluminosilicate

hydration. Thus, improved performance is seen sooner in GGBS and calcined clay blends than in fly ash blends.

The former also offer the potential for greater clinker replacement without loss in performance than fly ash blends.

In addition to changes in permeability, ternary cements also possess modified phase assemblages, which can

affect chloride binding. Chloride binding increases with increasing degree of hydration and aluminate content .

Thus, ternary limestone cements show higher chloride binding potentials than limestone cements, but lower

binding capacities than equivalent binary cements.

2.4. Chloride Binding Isotherms

Chloride binding isotherms are mathematical models relating free chlorides to bound chlorides. The simplest of

these are linear, but they are an oversimplification except for very low chloride concentrations, such as in non-

marine field conditions . Consequently, non-linear isotherms are considered more appropriate, the two most

common of which are the Freundlich and Langmuir isotherms. These isotherms were originally derived to describe

gas adsorption on solid surfaces, where the Langmuir isotherm assumed monolayer coverage on a homogeneous

surface and the Freundlich isotherm assumed multilayer coverage. In solid-solution systems, the situation is much

more complicated and the underlying assumptions may no longer be valid. Therefore, the isotherms should be

considered merely as empirical models and may be expressed in the forms given below:

Freundlich isotherm:

(1)

Langmiur isotherm:

(2)

where α and β are adsorption constants, which vary for different cement types. These constants do not have any

physical meaning as they are not material properties but can be used to give an indication of the chloride binding

capacities of the cementitious materials .

The Freundlich isotherm is more applicable at free chloride concentrations above 0.01 mol/L, while the Langmuir

isotherm is more suitable for free chloride concentrations below 0.05 mol/L  (see Figure 3).

[61]

[35][62]

Cb = α ⋅ C
β

f

Cb =
α ⋅ Cf

(1 + β ⋅ Cf)

[21][27]

[63]
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Figure 3. Plots showing linear and non-linear chloride binding isotherms .

3. Resistance of Concrete to External Chloride in the
Presence of Sulphate

Most research has considered chloride binding in isolation from other anions. But this is unrealistic in natural

environments, despite standards recognizing a difference between marine and non-marine chlorides. Of key

importance is the co-existence of chlorides and sulphates, such as found in sea water.

Both chlorides and sulphates react with hydrated aluminate phases to form Friedel’s salt and ettringite,

respectively. However, when present concomitantly, sulphates preferentially bind to aluminates, thus reducing

chloride binding . However, many factors can affect these interactions, as discussed below.

3.1. Effect of Chlorides on Sulphate Deterioration

While the general concensus is that chlorides mitigate sulphate attack, some studies have found that chlorides may

accelerate sulphate attack or have no significant effect . However, differences in material compositions and

testing regimes between studies have made comparisons difficult.

With chlorides considered as an admixture, i.e. mixed within the cement paste, Harrison   found that sodium

chloride did not have any substantial effect on sulphate attack, while calcium chloride increased the rate of

[64]

[65][66][67]

[68]

[68]
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sulphate attack.

Pure Portland cement (CEM I, Type I) systems show considerable long-term expansion upon exposure to pure

sulphate solutions. This is due to the formation of ettringite. However, ettringite solubility increases in chloride

solutions. Thus, sulphate-induced expansion is reduced  (Figure 4), but not avoided.

Composite cements, e.g. those containing GGBS, undergo reduced expansion upon exposure to sulphates.

Consequently, the presence of chlorides has minimal effect on the reported expansion of composite cements .

The situation is slightly different when limestone cements are used, where research has been concerned with the

risk of thaumasite formation. The situation depends on binder composition, plus both the chloride and sulphate

concentrations of the exposure solutions. At low sulphate concentrations (6 g/l), thaumasite formation is

accelerated by the presence of 0.5% sodium chloride, but damage is reduced when the chloride concentration is

increased to 2% . However, at artificially high sulphate concentrations (20g/l), deterioration of limestone cements

was reduced in the presence of 3.5% sodium chloride solution (21.14 g/l Cl) , but deterioration of limestone

cements blended with aluminate-rich SCMs was slightly increased.

Figure 4. Comparison between expansion of CEM I mortar prisms exposed to pure sulphate   and combined

chloride–sulphate solution .

3.2. Effect of Sulphate on Chloride Diffusion

[69]

[70]

[71]

[67]

[72]

[69]
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In addition to the effect of chlorides on sulphate-induced expansion, sulphates can have a clear impact on chloride

ingress. The formation of ettringite upon exposure densifies the hardened cement paste matrix, and has been

suggested to reduce chloride ingress. However, at later ages, ettringite formation can lead to cracking of the

concrete, facilitating chloride ingress . Typical data are shown in Table 3   showing chloride ingress

upon exposure to sodium chloride and combined sodium chloride–sulphate solutions.

However, results are not conclusive and some studies have shown increased total chloride penetration in seawater

compared to pure sodium chloride solution , and possible acceleration of chloride ingress up to 30 weeks has

been reported upon exposure to very high salt concentrations, but beyond 30 weeks and prior to any visible

cracking, chloride ingress was reduced .

Table 3. Comparisons between chloride diffusion in mortars exposed by submersion to pure chloride and

combined chloride–sulphate solutions from different authors .

Note: C1-20 °C = CEM I 42.5R samples cured at 20 °C; 30S1-20 °C = samples with 30% GGBS in CEM I cured at

20 °C, etc.

[71][73] [74][69][75]

[3]

[76]

[74][69][75]

Curing

Duration

(Days)

20 °C

Ogirigbo  & Ukpata 

20 °C

Maes & De Belie 

38 °C

Ogirigbo  & Ukpata 

Binder/Temperature

D  (m /S) D  (m /S)

Binder/Temperature

D  (m /S)

Pure Cl Combined Pure Cl Combined Pure Cl Combined

(×10 ) (×10 ) (×10 ) (×10 ) (×10 ) (×10 )

7 C1-20 °C 51.50 1.40 - - C1-38 °C 44.10 2.03

7 30S1-20 °C 5.41 0.76 - - 30S1-38 °C 3.56 0.67

28 C1-20 °C 17.50 1.43 5.27 3.72 C1-38 °C 7.92 2.01

28 30S1-20 °C 3.87 0.64 2.94 2.55 30S1-38 °C 2.47 0.94

[74] [69] [75] [74] [69]

a
2

a
2

a
2

−12 −12 −12 −12 −12 −12
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3.3. Effect of Sulphate on Chloride Binding Capacity

As mentioned previously, aluminates preferentially bind with sulphates over chlorides, forming ettringite at the

expense of Friedel’s salt. This can decrease chloride binding. However, the extent of this appears dependent on

the binder composition, with aluminate-rich SCMs providing some resilience and maintaining chloride binding

capacity.

Combined sulphate–chloride exposure has been found to exacerbate reinforcement corrosion. Al-Amoudi and

Maslehuddin   showed that steel corrosion was greater in combined chloride–sulphate solutions than in either

pure chloride or sulphate solutions. Similarly, Dewah et al.  concluded that long-term corrosion current density in

chloride solutions increased in the presence of sulphate.

3.4. Effect of Exposure Conditions

Exposure conditions have significant effects on the deteriorations caused by chloride and sulphate attack, whether

in combination or in isolation. Cyclic wetting and drying conditions are more deleterious than permanent

submersion due to the build-up of salts during drying stages . This is well-noted and classified

accordingly in the European Specification for concrete EN 206 . However, variations in compositions of the

combined chloride–sulphate solutions, as highlighted in Table 4, make comparisons across different findings

difficult.

Table 4. Selected recent studies to highlight differences in binder compositions and methodologies.

[77]

[78]

[9][79][80][81]

[12]

Binder

Compositions

Methods Employed

to Study Chloride

Attack

Methods Employed to

Study Sulphate Attack

Compositions of

Exposure

Solutions

References

PC, LS, NP, FA,

MK. GGBS
 

Visual inspection, mass

measurements,

Compressive strengths,

XRD

21.14 g/L Cl + 20

g/L SO

PC, SF, FA, GGBS XRD, Titration  
5% Na SO ,

KSO , MgSO

PC, APS, FA  
Flexural strength, SEM,

XRD, MIP

24,530 ppm-NaCl,

4090 ppm-Na SO

4

[67]

2 4

4 4

[82]

2 4

[65]
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PC

XRF, degree of

hydration, chloride

binding isotherms,

titration, SEM-EDX

 

MgCl , NaCl, NaCl

+ MgCl , MgSO  +

MgCl

PC, GGBS, HSR
Cl diffusion, Cl colour

boundary,

mass change, length

change, XRD

165 g/L NaCl,

27.5 g/L Na SO

PC, LS filler  

Infra-red spectroscopy,

XRD, SEM, Mass

change

5–20 g/L NaCl, 6

g/L MgSO 7H O

PC, 50% GGBS,

30% FA
 

DME, mass change,

XRD, TCC, TGA/DSC,

MIP wetting/drying

5% NaCl,

5, 10% Na SO

PC, Portland

pozzolana cement

XRD, FTIR, EDX,

potentiodynamic

polarization

 

3–7% NaCl, 3–

12% MgSO ,

Na SO

PC, CAC, GGBS MIP, XRD, TCC
mass-change,

compressive strength,

5% NaCl + 5%

Na SO

PC, FA

Titration, TCC,

coupled chloride-

sulphate diffusion

models

Titration, coupled

chloride-sulphate

diffusion models

10% NaCl + 5%

Na SO

PC  

Compressive strength,

length change, mass

change, SEM, EDX,

TG(DTG/DSC) and

XRD

3–10% Na SO  +

3% NaCl

2

2 4

2

[83]

2 4

[75]

4 2

[71]

2 4

[84]

4

2 4

[85]

2 4

[86]

2 4

[87]

2 4 [7]
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Notes: PC—Portland cement; LS—Limestone; NP—Natural pozzolana; FA—Fly ash; MK—Metakaolin; GGBS—

Ground granulated blast-furnace slag; SF—Silica fume; APS—Activated paper sludge; HSR—High-sulphate-

resistant cement; CAC—Calcium aluminate cement; TCC—Total chloride content; DME—Dynamic modulus of

elasticity; FTIR—Fourier-Transform Infrared Spectroscopy; MIP—Mercury Intrusion Porosimetry; XRD—X-ray

diffraction; SEM-EDX—Scanning Electron Microscopy-Energy Dispersive X-ray Spectroscopy; TGA—

Thermogravimetric analysis.

4. Summary

The rate of chloride ingress into concrete is dependent on several factors, such as the pore structure of the

concrete matrix, curing conditions, w/b ratio, use of supplementary cementitious materials (SCMs) and the

chloride binding ability of the cementitious materials in the concrete matrix.

Chloride binding improves concrete durability by removing chloride ions from the pore solution that could

otherwise initiate chloride-induced corrosion of steel reinforcement. Hence, higher chloride binding capacity

reduces corrosion risk.

Several factors, such as the cement type, alkalinity of the pore solution, cation type of the salt, chloride

concentration, temperature, presence of other anions, and the use of SCMs influence chloride binding. The

increased aluminate contents of SCMs improve chloride binding, as does higher C A contents in cements.

Environmental factors also affect chloride binding, it being reduced at higher pH, in the presence of sodium

ions, or other anions. Meanwhile, chloride binding increases with the concentration of the chloride solution.

Exposure to combined chloride–sulphate solutions can lead to reduced chloride binding, thus, ultimately leaving

reinforcement more susceptible to corrosion. However, in the short term, sulphate ions can hinder chloride

penetration due to ettringite formation. Conversely, the presence of sodium chloride tends to mitigate sodium

sulphate attack.
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