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Abstract Cracks in reinforced concrete are unavoidable.

Durability is of increasing concern in the concrete industry,

and it is significantly affected by the presence of cracks.

The corrosion of reinforcing steel due to chloride ions in

deicing salts or sea-water is a major cause of premature

deterioration of reinforced concrete structures. Although, it

is generally recognized that cracks accelerate the ingress of

chlorides in concrete, a lack of consensus on this subject

does not yet allow reliable quantification of their effects.

The present work studies the relationship between crack

widths and chloride diffusivity. Flexural load was intro-

duced to generate cracks of width ranging between 29 and

390 lm. As crack width was increased, the effective dif-

fusion coefficient was also increased, thus reducing the

initiation period of corrosion process. For cracks with

widths less than 135 lm, the effect of crack widths on the

effective diffusion coefficient of mortar was found to be

marginal, whereas for crack widths higher than 135 lm the

effective diffusion coefficient increased rapidly. Therefore,

the effect of crack width on chloride penetration was more

pronounced when the crack width is higher than 135 lm.

Results also indicate that the relation between the effective

diffusion coefficient and crack width was found to be

power function. In addition, a significant amount of self-

healing was observed within the cracks with width below

50 lm subjected to NaCl solution exposure. The present

research may provide insight into developing design cri-

teria for a durable concrete and in predicting service life of

a concrete structures.

Introduction

Corrosion of steel reinforcement is one of the major causes

of deterioration leading to shortened service life of rein-

forced concrete structures. The principal cause of corrosion

in reinforced concrete structures is chloride ion attack.

Concrete may be exposed to chloride by sea-water or

de-icing salts. Generally, after casting concrete, a passiv-

ation film is formed surrounding the steel bars that protect

them from corrosion initiation. However, when a sufficient

chloride concentration, a threshold value, is reached on the

steel surface, the passivation film disrupts and the corrosion

process is initiated. When the steel bar starts to corrode, the

volume of corrosion product exerts pressure on the concrete

resulting in spalling of the concrete cover. Moreover, the

cross-section of reinforcing bar is diminished, thus reducing

the load carrying capacity of the concrete member.

Extensive research has been conducted over the past

decades to study transport properties of concrete and

numerous service life prediction models have been intro-

duced. While these models correlate with laboratory

investigations, they usually fail to accurately predict ser-

vice life of real structures. Their common disadvantage is

that all predictions are carried out considering a sound

concrete [1]. Concrete has very low tensile strength, and

thus, it is impossible to keep concrete from cracking during

its service life. Cracking is usually a result of various

physical and chemical interactions (thermal stress, shrink-

age, creep, attacks of aggressive chemicals, external

mechanical loads, etc.) between concrete and environment,

and it may develop at different stages throughout the life of

the structure. Cracks most often tend to be tapered or

V-shaped due to flexural loads; however, parallel-wall

cracks are also common in concrete structures under direct

tension. Once initiated, cracks create pathways for oxygen
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and water transportation, thus, facilitating the ingress of

deleterious species, such as chlorides, carbonates, sulfates

and acids into concrete.

The role of the crack differs according to mechanism of

transportation. Permeation, diffusion, and absorption are

three different transportation mechanisms for a fluid and

deleterious species to move through a concrete [2]. The

main driving force behind permeation is the presence of a

hydraulic pressure gradient. The transport of chloride in

concrete by means of permeation may occur in concrete

with a high intensity of cracks and defects. Absorption,

driven by capillary pore suction, is the predominant

transport process when the unsaturated concrete is exposed

to chloride solution. Diffusion is the most commonly

studied transport process of chloride ions. When the satu-

rated concrete is exposed to a chloride solution, a chloride

concentration gradient is created between the concrete

element surface and the pore solution. In this case, diffu-

sion will be the predominant driving mechanism of chlo-

ride transport. The chloride always diffuses into zones with

smaller chloride concentrations. Therefore, depending

upon the conditions, mass transfer may be driven by one or

a combination of these three mechanisms.

The influence of cracking and crack widths on the

transport property of concrete is a subject that has received

much debate. In the past, considerable research and dis-

cussion has been devoted to this topic without arriving at a

general consensus. One of the main reasons of the diversity

(lack of consensus) of results obtained from these different

studies can be attributed to the variety of experimental

methods to create these cracks. A comparison of diffusion

coefficients for cracked and uncracked concrete shows an

increase in the diffusion coefficient for cracked concrete by

one or two orders of magnitude, with wider cracks resulting

in higher values [3]. Chloride diffusion in concrete pre-

cracked under 3-point bending loading was also studied by

Gowripalan et al. [4]. Prisms were pre-loaded up to 0.3 mm

crack width. The experiment showed that the apparent

chloride diffusion coefficient is larger in the tensile than in

the compression zone. Mangat and Gurusamy studied the

influence of cracks on chloride diffusion of steel fiber

reinforced concrete [5]. Crack of widths ranging between 70

and 1,080 lm were produced on prism specimens and

exposed to cycles of splash and tidal zone marine exposure.

The authors concluded that crack widths larger than 500 lm

have more pronounced influence on chloride intrusion while

crack widths less than 200 lm appeared to have nearly no

effect on chloride intrusion. The relationship between crack

width and chloride diffusivity was also examined by

Rodriguez and Hooton [6]. The authors concluded that the

diffusion coefficient of concrete is not influenced by the

occurrence of cracks. However, in that work the influence of

the artificially created, roughly constant width cracks on

chloride ingress into concrete was studied. Konin et al.

performed research on penetration of chloride ions in rela-

tion to microcracking resulting from flexural load [7]. The

results indicated that chloride penetration rate increases

with increasing density of microcracks. Moreover, a linear

relationship between the chloride apparent diffusion coef-

ficient and the applied tensile load was established, which is

in agreement with research by Francois and Arliguie [8]. It

was noted that chloride diffusion coefficients and concrete

strengths are also linearly related. Aldea et al. performed

rapid chloride permeability tests on normal and high

strength concrete samples pre-cracked under feedback-

controlled splitting tensile test, with crack width up to

400 lm [9]. It was concluded that cracks less than 200 lm

had no effect on chloride conductivity, while cracks

between 200 and 400 lm resulted in higher chloride con-

ductivity. A summary of maximum allowable crack widths

at the tensile face of reinforced concrete structures for

severe environment in various codes and technical com-

mittee is shown in Fig. 1 [10–18]. As seen from Fig. 1, the

strictest requirement is specified by ACI 224.

In the present research, experimental work was con-

ducted on reinforced mortar beam specimens preloaded to

different deformation levels to produce different crack

widths. The cracked specimens were then exposed to

sodium chloride solution. The performance of cracked and

uncracked reinforced mortar specimens in terms of chlo-

ride penetration profile and depth, and effective diffusion

coefficient was compared. The main objective of this study

was to quantify how transverse cracking caused by flexural

loading influences the chloride transport properties of

mortar, which may be used to predict changes in durability

performance under service conditions.

Materials and mixture proportions

The mixture proportion of the mortar specimens are sum-

marized in Table 1. To eliminate any variation due to
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coarse aggregate, mortar mixture was intentionally used to

determine the effect of crack width on the diffusion coef-

ficient of chloride. The mortar mixture included only

Portland cement (ASTM Type-I) as a binder. The sand

used for mortar is river sand with an average size of

0.6 mm. A standard water to cement ratio (W/C) of 0.485

was selected in accordance with ASTM C109. The com-

pressive strength test results of mortar mixtures are also

listed in Table 1. The compressive strength was computed

as an average of three Ø75 · 150-mm cylinder specimens.

Test specimen preparation and testing

Chloride ion profiles and diffusion coefficient of mortar

were evaluated in accordance with AASHTO T259-80

[19]. About 355.6 · 50.8 · 76.2 mm prisms were pro-

duced for salt ponding test. According to AASHTO T259,

it is not necessary to place steel bars in mortar to determine

chloride ion profiles and diffusion coefficient of uncracked

mortar. In this experimental study, however, chloride ion

profiles and diffusion coefficient of cracked and uncracked

mortar were compared. It is very difficult to achieve cracks

of varying controlled widths for mortar specimens. For this

reason, each mortar prism was reinforced with three levels

of steel mesh reinforcement made of 1 mm diameter in a

6 mm grid. Mortar specimens were compacted using a

vibrating table. The prisms were demolded at the age of

24 h, and moisture cured at 95 ± 5% RH, 23 ± 2 �C for

14 days. The specimens were then air cured at 50 ± 5%

RH, 23 ± 2 �C until the age of 42 days for testing. At the

age of 42 days, the prisms were pre-cracked using 4-point

bending test to obtain different crack widths. The ponding

test was carried out with the pre-cracked specimens in the

unloaded state. A small amount of crack closure occurred

on unloading. To account for this, all crack width mea-

surements are conducted in the unloaded stage. The widths

of the crack were measured on the surface of the specimens

by an optical microscope. In this study, cracks due to

flexural loads were not identical in widths on the inside as

on the surface and crack widths were narrower at the

deeper level of prism specimens than at the surface

(V-shaped crack). The average width of the resulting crack

was obtained through measurement of the crack widths on

the surface at five different points. In addition to crack

widths, the optical microscope was also used to establish

the extent to which the crack had traveled up from the

tension face of the beam towards the compression face

(crack depth). After the bending load application, one

single crack was present in the mortar specimens. Table 2

shows the pre-loaded beam deformation (BD) value, their

corresponding average crack widths (CW), depths and

number of cracks for prism specimens. Two prisms were

also tested without pre-loading for control purpose. After

load application, plexiglass was used around the side sur-

face of the prism to build an embankment for holding

chloride solution on the exposed surface of prisms. At the

age of 43 days, a 3% of NaCl solution was ponded on the

cracked surface of prisms. In order to retard the evapora-

tion of solution, aluminum sheet was used to cover the top

surface of the specimens. After 30 days of ponding, the salt

solution was removed from the prism surface and samples

were taken from each specimen for measuring chloride

concentration with depth. In the case of initially unloaded

specimens, ponding test was also conducted after 90 days

NaCl solution exposure in accordance with AASHTO

T259-80 [19].

After 30 days sodium chloride exposure, it was found

that chloride penetration concentrates at where the pre-

crack was located, and the penetration depth was deep,

approximately 40–75 mm depending on the crack width

and crack depth of the specimen. At each cracked zone

(Fig. 2), two sample holes were dry drilled for chloride

analysis at various depths by using a 15 mm diameter

rotary drill. Potentiometric titration method was used to

determine the total chloride concentration in the powdered

mortar samples [20].

The chloride profiles were then input into a statistical

and curve-fitting software. Equation 1, Crank’s solution to

Fick’s second law, was fitted to the data [21]. The

regression analysis yielded the values of the effective dif-

fusion coefficient (De) and surface chloride concentration

(Cs) for each specimen

Table 1 Mixture properties of mortar

Mortar

W/C 0.485

Cement (C) 1.00

Sand/cement (by mass) 2.75

7-day compressive strength (MPa) 28.7

28-day compressive strength (MPa) 35.9

Table 2 Crack widths, numbers and depths of pre-loaded reinforced

mortar prisms

Beam deformation

(mm)

Average crack

widths (lm)

Crack depth

(mm)

Crack

number

0.38 29.4 18.7 1

0.52 49.0 28.1 1

0.61 102.9 36.6 1

0.86 210.7 47.3 1

0.98 283.0 63.2 1

1.10 392.0 73.4 1
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Cðx;tÞ ¼ Cs 1� erf
x

2
ffiffiffiffiffiffiffi
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p
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; ð1Þ

where C(x,t), chloride concentration at time t at depth x

(wt.% of mortar); Cs, surface chloride concentration (wt.%

of mortar); erf( ), error function; x, distance from mortar

surface (m); t, exposure time (s); and De, effective chloride

diffusion coefficient (m2/s).

This equation would perfectly describe the diffusion

process of chlorides when no other transport mechanism of

chloride ions (absorption and permeation) is present.

However, this is not the case in real field conditions. In this

experimental study, the coefficient of diffusion found by

regression analysis of chloride profiles using Eq. 1 is

referred to as effective diffusion coefficient (De) which

includes the combined transport mechanics (absorption,

permeation, diffusion, etc.). The De calculated in this study

helps describe the shape of the chloride profiles and forms

a reasonable basis of comparing the diffusion properties of

cracked and uncracked mortar specimens.

Experimental results and discussion

The chloride concentration profiles of uncracked mortar

from the ponding test of prism specimens after 28 and

90 days of exposure, with the values of effective diffusion

coefficients (De) and coefficient of determinations (R2) as

determined by regression analysis, are shown in Fig. 3. The

coefficient of determination (R2) represents the correlation

between the Eq. 1 and the actual data. A perfect fit of the

equation and the data will have R2 equal to one. The value

of De for uncracked mortar after 30 days sodium chloride

solution exposure is 2.34 · 10–11 m2/s, which reduces

sharply to 1.09 · 10–11 m2/s after 90 days sodium chloride

solution exposure. This exposure age dependence of

effective diffusion coefficient is due to the continuing

cement hydration process which is beneficial in reducing

pore sizes and densifying matrix [5].

The chloride concentration profiles of cracked mortar,

which were exposed to NaCl solution, are shown in Fig. 4.

The chloride concentration profiles of initially uncracked

specimens cured in the same environment and of same age

are also included in this figure. The chloride contents at

different depths from the exposed surface were determined

after 30 days exposure to chloride environment. The

chloride content in the cracked zone decreased with

increasing crack depth because cracks generated in beams

under bending load have crack width reducing along its

length (V-shaped crack). In all cases, chloride concentra-

tions increase with increasing crack width at all depths

from the top of the mortar specimens. The increase is fairly

high at crack widths especially larger than 200 lm for

mortar specimens. These conclusions are also consistent

with previous research findings [5].

The effective chloride diffusion coefficients of prisms

calculated by using Fick’s second law are given in Table 3.

The effective diffusion coefficient of pre-cracked mortar

specimens is calculated on the crack zone, because, for

cracked specimens, the majority of chloride penetration

occurs through the crack and not uniformly through the

material area. As expected, this table clearly demonstrates

NaCl Solution 

Cracked Zone ~ 15 mm Cracked Zone ~ 15 mm 

76.2 mm 

Fig. 2 Locations of the sampling for chloride profiling

Fig. 3 Chloride profiles of uncracked mortar prisms after 30 and

90 days in 3% NaCl solution

Fig. 4 Chloride profiles of mortar prisms in cracked zone after

30 days NaCl solution exposure
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that effective diffusion coefficient increased as the crack

width of the mortar specimens increased.

Figure 5 shows the relationship between the crack width

and the effective diffusion coefficient of chloride ions

through a crack on mortar specimens which were exposed

to 30 days NaCl solution. At the crack, salt solution may

fill the crack and diffusion may also occur from the crack

plane [4]. This is evident from the high chloride concen-

trations measured along the depth of crack. As seen from

Fig. 5, two different trends were observed. The effective

diffusion coefficient increased with increases in the crack

width and was almost constant when the crack width was

between 29.4 and 102.9 lm. As shown in Fig. 5, a critical

crack width occurs at approximately 135 lm. The effective

diffusion coefficient is significantly increased when the

crack width was larger than 135 lm as illustrated in Fig. 5.

It also appears that the effective diffusion coefficient of

mortar has the form of power function of the crack width.

The relationship between crack width and chloride diffu-

sivity was also examined by other researchers. Despite the

numerous tests and experimental methods used, a consen-

sus on relation between crack width and the coefficient of

diffusion has never been reached. Some authors found

some increase of the diffusivity with a multiplicative factor

in the range of 1–10 [3, 22]. Others found no effect or a

decrease of the diffusion, but in that work the influence of

the artificially created, roughly constant width cracks on

chloride ingress into concrete was studied [6]. However, in

real field condition, crack generally does not constant in

widths on the inside as on the surface and the shape of the

crack is generally V-shaped. The experimental methods to

create cracks, the methods used to measure chloride

transport properties, the methods used to measure chloride

contents and the reactivity of the chemical element with the

solid body are the main reasons of diversity obtained from

different studies [23].

Due to the high diffusion coefficient, mortar beams

reinforced with three layers of steel mesh, pitting corrosion

was also observed in the steel mesh of specimens having

crack widths of 392 lm after 30 days NaCl solution

exposure. Therefore, cracks can reduce the service life of

reinforced concrete structures by accelerating the initiation

of corrosion especially when the crack width is larger than

135 lm.

The self-healing of cracks should also be taken into

account when crack width is small. Based on experimental

results, Evardsen, and Reinhardt and Jooss proposed that

cracks with width below 0.1 mm can be closed by a self-

healing process [24, 25]. In the case of pre-cracked mortar

specimens that have crack width less than 50 lm exposed

to salt solution, a distinct white traces at the mortar surface

was visible at the end of 1 month exposure period

(Fig. 6a). X-ray diffractogram of the crack surface have

shown the formation of calcite (CaCO3) as practically an

exclusive cause of self-healing (Fig. 6b). This white

deposit on the crack surface easily blocked the flow path

when the crack width was less than 50 lm. These results

show that the transportation process of chlorides along the

crack path of mortar specimens that have crack width less

than 50 lm is considerably slower due to self-healing and

tight crack width.

Conclusion

Chloride diffusivity of mortar with different crack widths

was evaluated. After bending load application, a single

V-shaped crack is present on the mortar specimens. The

relation between the effective diffusion coefficient and

crack width was found to be power function. As crack

width was increased, the effective diffusion coefficient was

also increased, thus reducing the initiation period of cor-

rosion process. For crack widths less than 135 lm, the

effect of crack widths on the effective diffusion coefficient

of mortar was found to be marginal, whereas for crack

widths higher than 135 lm the effective diffusion coeffi-

cient increased rapidly. Therefore, the effect of crack width

on chloride penetration was more pronounced when the

Table 3 Chloride ponding test—effective diffusion coefficient

Beam deformation

(mm)

Average crack

widths (lm)

Effective diffusion

coefficient (m2/s · 10–11)

– – 2.34

0.38 29.4 2.82

0.52 49.0 3.70

0.61 102.9 5.47

0.86 210.7 14.19

0.98 283.0 21.00

1.10 392.0 32.36
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crack width is higher than 135 lm. Additionally, cracks

width less than 50 lm, a significant amount of self-healing

was observed within the cracks subjected to 30 days

sodium chloride solution. Ultimately, the formation of self-

healing products slows the rate of chloride penetration

through the crack zone and further reduces the effective

diffusion coefficient of cracked mortar specimens.
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