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A B S T R A C T   

The resistance of cracked ECC against chloride ingress is mainly governed by the accumulated crack width of all 
the cracks rather than the maximum width of multiple cracks. However, most studies focus on the influence of a 
single fine crack (<100 μm), which is far smaller than the accumulated crack width. To this end, this study 
focuses on a relatively large crack width scale. Cracks with widths of 0.1, 0.2 and 0.3 mm were notched on an 
ECC specimen. Both NaCl solution immersion and wet-dry cycles conditions were applied. Chloride penetration 
profile as well as the change of total and water-soluble chloride ion content was measured. Relationship between 
the bound chloride and water-soluble chloride was studied. X-ray diffraction (XRD) and mercury intrusion 
porosimetry (MIP) tests were carried out to show the influence of crack width and wet-dry cycles on the changes 
of the mineral phases, porosity and pore size distribution in the vicinity of the crack.   

1. Introduction 

Chloride-induced corrosion of reinforcement is considered as one of 
the primary causes of deterioration of reinforced concrete structures, 
especially in the marine environment [1–3]. As the chloride can ingress 
into concrete by combined diffusion and absorption under unsaturated 
conditions, structures in tidal and splash zones are considered to be at 
most risk [4]. Therefore, considerable research has been conducted on 
understanding the influence of wet-dry cycles on the chloride penetra
tion in concrete [5–7]. 

Concrete structures are prone to cracking under mechanical or 
environmental loads during their service life. The presence of cracks not 
only causes a loss of stiffness and bearing capacity of structural mem
bers, but also provides accessible channels for transport of moisture and 
chloride ions, thus accelerating the chloride ingress [8,9]. Crack width is 
one of the main factors affecting chloride transport in concrete [10,11]. 
It was found that the influence of crack width on chloride diffusion 
behaviors in concrete materials had lower and upper thresholds [12], 
with transport properties being essentially unaffected by cracking when 
the crack width is less than a certain threshold. Once the crack width is 

greater than the upper threshold, the ingress of chloride along the crack 
surface is consistent with that of the external (i.e. exposed) surface. Jang 
et al.[13] reported an upper threshold crack width of about 55 ~ 80 µm. 
Li et al. [14] reported the lower and upper threshold of 0.05 mm and 0.1 
mm, respectively. Ismail et al. [15] showed that crack width<53 µm did 
not increase chloride diffusion. Wang et al. [16] reported the lower 
threshold and upper threshold were 0.05 mm and 0.2 mm respectively. 
Besides the crack width, other crack parameters also have an impact on 
chloride penetration, including the orientation [17], density [18], and 
roughness [19]. Differences in reported threshold crack widths can be 
attributed to those factors. For example, a load induced crack is more 
torturous than a notched one, which would give a large value of the 
threshold. 

Engineered Cementitious Composite (ECC) is a strain-hardening 
cementitious material with a deformation capacity about two orders of 
magnitude larger than that of plain concrete under tension [20–22]. 
Previous investigations have shown that chloride diffusion coefficient of 
ECC was only about 1/2 that of mortar and 10 %–35 % that of concrete 
[23–25]. Reinforced ECC is therefore expected to have better durability 
compared with conventional reinforced concrete. Considering the high 
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cost of ECC, it is generally used in parts of a structure under high static/ 
fatigue stress and strain [26–32]. Multiple fine cracks are successfully 
generated on the ECC cover under load with enhanced deformation 
capacity of the hybrid ECC concrete system. Although it is generally 
believed that such fine cracks can effectively limit the penetration of 
chloride ions, studies have shown that the resistance of cracked ECC 
against chloride ingress is mainly governed by the accumulated crack 
width rather than the maximum one [33,34]. Therefore, influence of a 
relatively large crack width, typically>0.1 mm, on the chloride pene
tration should be reviewed. 

Considering the difficulties on controlling the accumulated crack 
width of ECC, cracks with widths of 0.1 mm, 0.2 mm and 0.3 mm were 
notched on the ECC specimens herein. Both NaCl solution immersion 
and wet-dry cycles conditions were applied. Chloride penetration profile 
as well as the change of total and water-soluble chloride ion content was 
measured. Relationship between the bound chloride and water-soluble 
chloride was studied. X-ray diffraction (XRD) and mercury intrusion 
porosimetry (MIP) tests were carried out to show the influence of crack 
width and wet-dry cycles on the changes of the mineral phases, porosity 
and pore size distribution in the vicinity of the crack. 

2. Materials and experimental program 

2.1. Materials and proportions 

The raw materials of ECC consisted of P.O. 42.5 Portland cement, 
Class F fly ash, local quartz sand with grain size ranging from 125 to 180 

μm, polyvinyl-alcohol (PVA) fiber, Hypromellose-type viscosity modi
fying admixture (VMA) and polycarboxylic superplasticizer. The PVA 
fibers were produced by the Kuraray company, Japan. The chemical 
compositions of the used cement and fly ash as provided by the supplier 
are given in Table 1. A water to binder ratio (w/b) of 0.26 was used. The 
mix proportion of ECC used is shown in Table 2. As shown in the au
thors’ previous study [35], the resulting ECC possesses a 28-day 
compressive strength and elastic modulus of 48.6 MPa and 21.5 GPa, 
respectively. The direct tensile strength and strain of this material are 
about 4.2 MPa and 4.2 %, respectively. 

2.2. Specimens and exposure conditions 

Prismatic specimens with size of 53 × 40 × 35 mm cured in a room 
with relative humidity of 95 % and temperature of 20 ± 2 ◦C for 28 days 
were used for the chloride penetration test. Cement, fly ash, quartz sand 

Table 1 
Chemical constituents of cementitious materials (wt.%).  

Oxides CaO SiO2 Al2O3 Fe2O3 MgO SO3 Na2O K2O TiO2 MnO P2O5 

Cement  63.21  18.48  6.74  3.45  3.24  3.16  0.17  0.53  0.35  0.27  0.16 
Fly ash  3.43  49.66  35.97  5.77  0.63  1.12  0.62  0.93  0.99  0.04  0.28  

Table 2 
Mix proportion of ECC (kg/m3).  

Cement Fly ash Sand VMA Water Superplasticizer Fiber 

568 682 455  0.57 325 10 26  

Fig. 1. Schematic view of the specimen used for the analysis.  

Table 3 
Test configurations.  

Name Exposure condition Crack width (mm) 

IM-CW0 Immersion  – 
IM-CW1  0.1 
IM-CW2  0.2 
IM-CW3  0.3 
WD-CW0 Wet-dry cycles  – 
WD-CW1  0.1  
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Construction and Building Materials 352 (2022) 129030

3

and VMA were first mixed for two minutes. Water and superplasticizer 
were then added to the mixture and mixed under medium speed for 4 
min. Afterwards, fibers were added with low mixing speed. This pro
cedure was completed within one minute. The mixing was resumed for 
another 3 min mixing at medium speed. After mixing, the fresh mixture 
was poured into the molds. More details for the mixing process can be 
found in [35]. A crack was created on the middle line of surface with size 
of 53 × 40 mm, which is parallel to the long side, see Fig. 1. A steel sheet 
of certain thickness was used to create the cracks in the middle of 

specimen with a depth of about 25 mm. The generated crack widths are 
0.1 mm, 0.2 mm and 0.3 mm, respectively. A specimen with no crack 
was produced as reference. The cracked surface was left open for the 
chloride penetration while the other sides were coated with epoxy resin. 
The same surface was used for the chloride penetration for the reference 
specimen. The specimens were then subjected to the exposure envi
ronment for chloride ingress. Afterwards, the specimen was cut as 
shown in Fig. 1 for the free chloride content, chloride penetration depth, 
X-ray diffractometer (XRD) and mercury intrusion porosimetry (MIP) 

Fig. 2. Chloride penetration profile of specimens with different crack widths and diffusion duration.  
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Construction and Building Materials 352 (2022) 129030

4

measurements. 
Two exposure conditions were considered. The first was soaking 

specimens in the 3.5 wt% NaCl solution. The temperature was kept at 20 
± 2 ◦C The second was wet-dry cyclic condition. The dry-wet cycle 
scheme was as follows: the specimen was soaked in the NaCl solution for 
3 days and then oven dried at 60 ◦C [36] for the other 3 days. After a 
certain period, the specimens were taken out for analysis. Table 3 
summarizes the conditions of all the cases. For each case, four exposure 
periods were considered: 30, 60, 90, and 120d. Three specimens were 
tested for each case under a certain exposure time. The average value 
was used. 

2.3. Chloride penetration depth measurement 

After being subjected to chloride for a certain period of time, ECC 
specimens were taken out and cut in the direction perpendicular to the 
crack plane with no water. The freshly cut surface was treated by 0.1 
mol/L AgNO3 solution as a chloride color indicator. The area with 

existence of free chlorides (at least approximately 0.15 % by weight of 
cement [37]) would turn into white while the area with no chloride or 
low chloride content shall become brown. The chloride penetration 
depth was measured by a caliper. Considering the symmetry of speci
mens, only one side of the specimen was measured. As shown in Fig. 1, 
the measurement started from the edge that is away from the crack of 20 
mm. The interval of measurement was 2 mm away from the crack of 4 
mm. Within the area close to the crack, the interval gradually decreases 
with the distance to the crack becoming smaller. They are 1 mm, 0.5 mm 
and 0.25 mm, see Fig. 1. Note that for reference (i.e. uncracked) speci
mens, a constant interval of 2 mm was used. 

2.4. Chloride content measurement 

The change of total amount of chloride and water-soluble chloride 
perpendicular to the exposure surface was measured as shown in Fig. 1. 
The specimen was sliced and sampled by a cutting machine along the 
crack. The slice has a width of about 10 mm (i.e., 5 mm to both sides of 

Fig. 3. Variations of chloride penetration depth with time at the position far away (i.e. 12 mm) from the crack.  

Fig. 4. Chloride penetration depths perpendicular to the crack wall at crack depth of 10 mm (The dash lines correspond to the chloride penetration depth of sounded 
area at various exposure periods). 
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the crack). The thickness of the slice changed along the depth where it 
was cut from. Their corresponding depths were 0–2 mm, 2–4 mm, 4–7 
mm, 7–10 mm, 10–15 mm, 15–20 mm, 20–25 mm, and 25–30 mm, 
respectively. The slices were crushed and ground into a powder. A 0.3 
mm sieve was used to sieve the powders. The remaining powders were 
oven-dried under 60 ◦C for 24 h. In terms of the water-soluble chloride 
measurement, 2 g of powder was dissolved in 200 mL distilled water 
using magnetic stirrers. After 30 min of mixing, the free chloride content 
test was measured using a NELD-CL420 chloride ion selective electrode. 
With respect to the total amount of chloride, dilute nitric acid (volume 

ratio of concentrated nitric acid and distilled water = 3:17) was used to 
dissolve the binding chlorides according to AASHTO T 260–97 [38]. The 
NELD-CL420 chloride ion selective electrode was then used to measure 
the chloride content. Specimens with no crack were used as reference. 

2.5. XRD and MIP measurements 

To reveal the change of mineral composition of different phases, 
porosity and pore size distribution under the aforementioned exposure 
conditions, small cubes with size of 5 mm next to the top of the crack 

Fig. 5. Chloride penetration profile of specimens under immersion and wet/dry cycles.  
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(see Fig. 1) were cut out for the XRD and MIP analysis, respectively. 
Specimens soaked in water were used as reference. The exposure time 
was 60 and 120 days for all cases. 

In terms of XRD, a PANalytical AERIS X-ray diffractometer was used. 
Prior to the test, the samples were dried in an oven at 60 ◦C for 24 h, 
ground, and sieved through 75 µm. The powders were dried in an oven 
at 45 ◦C for 48 h. The adopted Cu-Ka radiation has a voltage of 40 kV and 
current of 30 mA. The scanning speed was 0.02◦/s for a range of 5–90◦. 

Regarding MIP, the collected samples were first immersed in iso
propanol for 3 days. Afterwards, they were dried under 45 ◦Cfor 48 h 
using vacuum. An Autopore II 9220 mercury porosimeter was then used 

for the measurement. The adopted contact angle was 130◦. The pressure 
capacity of the instrument is between 4 × 10-3 and 4.13 × 102 MPa, 
corresponding to a pore size ranging from 7 nm to 314 μm. 

3. Experimental results and discussion 

3.1. Chloride penetration depth 

3.1.1. Influence of crack width 
Fig. 2 illustrates the mean chloride penetration profile of ECC under 

soaking conditions. Away from the crack, the penetration depth is 

Fig. 6. Comparison of chloride penetration depth in uncracked area with or without wet-dry cycles.  

Fig. 7. Penetration depth perpendicular to the crack walls at depth of 10 mm.  
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relatively constant. When the distance to crack decreases, an increase in 
penetration depth is observed as the chloride can ingress from both the 
crack wall and the top surface. This influence becomes more significant 
with increasing immersion time and crack width. Furthermore, the 
penetration depth perpendicular to the crack wall decreases along the 
crack depth and reach the minimum value at the end of the crack. 
Remarkable increment of the penetration is observed at the end when 
the crack width increases from 0.1 mm to 0.2 mm. This is in accordance 
with the plain concrete [39]. 

Fig. 3 shows the average penetration depth at the positions over 12 
mm away from the crack. At the same immersion period, the difference 
among all cases is within 5 %. This means that the crack width has no 
influence on the chloride ingress in this area. The penetration depth 
increases with the immersion time. It is 2.57 mm at 30 days, and 
gradually increases to 3.61 mm, 4.34 mm and 4.84 mm at 60, 90 and 
120 days, respectively. The increments are 40.5 %, 20.2 %, and 11.5 % 
for every 30 days interval. The significant decrease in the chloride 
ingress can be attributed to the densification of the microstructure 

Fig. 8. Water-soluble chloride profile after different immersion period.  
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which is further discussed in Section 3.4. 
The penetration depth perpendicular to the crack walls at crack 

depth of 10 mm is compared in Fig. 4. Regardless of the immersion time, 
the larger the crack, the higher the penetration depth is observed. After 
immersion of 30 days, the penetration depths were 0.50 mm, 1.46 mm, 
and 2.52 mm for specimens with crack width of 0.1 mm, 0.2 mm and 0.3 
mm, respectively. The penetration depth of IM-CW3 and IM-CW2 are 
about 2.92 and 5.04 times of IM-CW1. Note that the penetration depth of 
IM-CW3 at this crack depth is very close to that of the exposed surface. 
This observation remained unchanged with the exposure time 
increasing. Therefore, 0.3 mm can be regarded as the upper threshold 
crack width of ECC. Furthermore, with exposure time increasing, the 
difference between IM-CW3 and IM-CW2 decreased while opposite 
trend is obtained for IM-CW2 and IM-CW1. After 90 days exposure, the 
chloride ingress rate is significantly reduced, which is possibly attrib
uted to the self-healing behavior of such material which is more prom
inent in small cracks [40–42]. 

3.1.2. Influence of wet-dry cycles 
Fig. 5 shows the influence of wet-dry cycles on the chloride pene

tration profile of uncracked and cracked specimens at various exposure 
period. Clearly, the chloride penetration depth is significantly increased 
at all the tested positions, especially at the area influenced by both the 
crack wall and the flat surface. The difference between the two exposure 
conditions becomes more obvious with exposure duration. This can be 
attributed to the fact that the wet-dry cycles combine both the sorption 
and diffusion, which induces a steep concentration gradient and am
plifies the diffusion rate [43]. Furthermore, in cracks, capillary suction 
plays a more important role when the concrete is unsaturated, making 
the penetration of moisture (and associated ions) much faster [44]. 

The average chloride penetration depth at the region away from the 
crack is shown in Fig. 6. Clearly, the crack has no influence on this area. 
Different with immersion condition, the increment rate of penetration 
depth under wet-dry at does not significantly change with the exposure 
period. It is increased by 28.8 %, 25.1 %, 24.5 % and 27.0 % with each 
30 days interval. 

The penetration depth perpendicular to the crack walls at crack 
depth of 10 mm with and without wet-dry cycles is compared in Fig. 7. 

With exposed period increasing, the difference between the two expo
sure conditions become more significant. The penetration depths are 0.5 
mm, 0.76 mm, 0.90 mm, and 0.98 mm under immersion conditions at 
30, 60, 90 and 120 days. Under wet-dry cycles, the penetration depth is 
increased by 80.0 %, 84.2 %, 95.6 % and 100 % at the corresponding 
exposure periods. The increment is more significant than the sounded 
area. 

3.2. Water-soluble chloride content 

3.2.1. Influence of crack width 
Fig. 8 shows the influence of crack width on the water-soluble 

chloride content profile along the crack depth. Similar to the chloride 
penetration depth, the water-soluble chloride content increases with an 
increasing crack width. The water-soluble chloride content profile of IM- 
CW0 and IM-CW1 is more or less the same. This implies that a 0.1 mm 
crack in ECC has limited effect on the chloride ingress in ECC under 
immersion condition. When the crack width increases to 0.2 mm, a 
significant increase is observed. Therefore, 0.1 mm can be regarded as 
the lower threshold of crack width. 

Fig. 9 shows the water-soluble chloride content versus diffusion time 
at the depths of 0–2 mm and 2–4 mm. Clearly, the influence of the crack 
becomes more obvious with the increase of crack width. The water- 
soluble chloride content of ECC without the crack was 0.305 % in 
depth of 0–2 mm at 30 days. An increase of 2.3 %, 8.5 % and 14.8 % is 
found for IM-CW1, IM-CW2, IM-CW3 respectively. In the depth of 2–4 
mm, the water-soluble chloride content of IM-CW1, IM-CW2, IM-CW3 is 
0.236 %, 0.271 % and 0.297 %, 12.9 %, 29.7 % and 42.1 % greater than 
the integrated ECC (0.209 %) respectively. Furthermore, the effect of 
crack width on the chloride content becomes more obvious with 
increasing time. The changes in water-soluble chloride content are 
particularly prominent when the crack width is>0.2 mm. An increase of 
8.7 % and 14.9 % is observed for IM-CW2 and IM-CW3 compared to that 
of IM-CW0 at depth of 0–2 mm. These increments reach 17.4 % and 29.4 
% respectively at 120 days. In terms of 2–4 mm, increment of 29.5 % and 
41.6 % is observed for IM− CW2 and IM-CW3 compared to that of IM- 
CW0 at 30 days. They become 42.9 % and 61.2 %, respectively at 
120 days. 

Fig. 9. Water-soluble chloride content at depths of 0–2 mm and 2–4 mm under immersion condition.  
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3.2.2. Influence of wet-dry cycles 
Fig. 10 compares the water-soluble chloride content profile of 

specimens under immersion and wet-dry cycles. Unlike the immersion 
condition, chloride content first increases to the maximum and then 
decreases with depth increasing, which is generally termed as the 
“maximum phenomenon”[45,46]. It is the rapid accumulation of chlo
rides at a certain depth caused by the coupled effects of capillary 
adsorption and water evaporation during the wet-dry cycles [47,48]. It 
seems that the depth at which the maximum chloride content appears 

(dCmax) remains in the depth of 2–4 mm regardless of the crack width 
and exposure time, while the maximum content increases with the 
exposure time. The existence of the crack further stimulates such in
fluence. Compared with the reference specimen, the maximum chloride 
content increases by 8.57 %, 15.94 %, 12.75 % and 11.52 % for 30, 60, 
90 and 120 days, respectively. 

For the reference specimen, the chloride content at depth smaller 
than dCmax is less than that of the immersion condition. When the 0.1 
mm crack is introduced, this phenomenon does not exist after 90 d as the 

Fig. 10. Comparisons of water-soluble chloride profile under immersion and wet-dry cycles.  
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wet-dry cycles promote the chloride ingress perpendicular to the crack 
wall. Furthermore, it seems that, beyond a certain depth, the chloride 
content of IM-CW0, IM-CW1 and WD-CW0 remains the same, although 
this depth is enlarged with the exposure period. In terms of WD-CW1, 
the water-soluble chloride content is always higher than the other 
cases. This become more remarkable with exposure period increasing. In 
this case, the lower crack width threshold does not exist or become much 
smaller. 

3.3. Chloride ion binding isotherm 

The bound chloride ion content is calculated as the difference be
tween total chloride ion and water-soluble chloride ion content. The 
profile of bound chloride content along the crack is shown in Fig. 11. 
Clearly, the bound chloride ion profile has a similar trend with the 
water-soluble chloride ion. With exposure time increasing, the bound 
chloride content keeps increasing. Under immersion conditions, the 

Fig. 11. Bound chloride profile under immersion and wet-dry cycles.  
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bound chloride decreases with the crack depth. The larger the crack 
width, the higher the bound chloride content is observed. Furthermore, 
the increment of crack width from 0.1 mm to 0.2 mm leads to more 
significant change of the bound chloride content profile. The “maximum 
phenomenon” occurs for the wet-dry cycles. Different with the water- 
soluble chloride ion, the bound chloride ion content at depth smaller 
than dCmax is larger than the immersion condition. This means that ECC 
possesses a higher chloride ion binding capacity under wet-dry cycles 
than immersion conditions. This is in accordance with the observation in 
concrete [49,50]. 

The relationship between free and bound chloride ions over a range 
of chloride concentrations at a given temperature is known as the 
binding isotherm. Both linear and nonlinear chloride binding isotherms 
have been proposed [34]. The linear binding isotherm is generally 
expressed as Eq. (1): 

Cb = aCf (1)  

where Cb is the bound chloride content, Cf the water-soluble chloride 
content, a is a constant that can be fitted by experimental data. For the 
nonlinear isotherms, Langmuir and Freundlich are the mostly applied. 
Tang and Nilsson [51] showed that the Freundlich isotherm is more 
suitable when the free chloride concentration is in the range of 0.01 to 1 
M. The equation as expressed following was used. 

Cb = αCf
β (2)  

where α and β are the Freundlich constants. 
Fig. 12 shows the fitted Linear and Freundlich isotherms after 30 

days exposure. Clearly, Freundlich isotherm shows high determination 
coefficient (>0.93) for all cases. The determination coefficient of the 
linear model is smaller than 0.9. In terms of IM-CW0, it is as low as 
0.7667. Therefore, it is more suitable to use the Freundlich isotherm to 
represent the chloride binding behavior of studied ECC. Table 4 shows 

the fitted Freundlich constants for all exposure periods. As can be seen 
from the table that determination coefficient remains high (>0.93) for 
all cases. With exposure period increasing, value of α and β also increase. 
This means that more chloride ions are bound at a certain water-soluble 
chloride content after a relatively longer exposure period. Although it is 
generally believed that the chloride binding capacity is independent of 
exposure time, this is not the case in the current study as the test 
duration is not long enough [49]. Additionally, the binding capacity 
increases with crack width, as the crack promotes the ingress rate of 
chloride ions and it takes less time for the specimens with larger crack to 
reach a certain concentration of chloride ion. When wet-dry cycles are 
applied, α and β are higher than that of the immersion condition. As 
expected, more bound chloride ions are observed in the specimens under 
wet-dry cycles at the same water-soluble chloride content compared 
with those under immersion condition. This is in accordance with the 
observation in [49]. 

3.4. XRD and MIP 

3.4.1. XRD 
XRD pattern of ECC samples subjected to different conditions is 

depicted in Fig. 13. The diffraction peak at 2θ of 11.2◦ corresponds to 
Friedel’s salt. Since quartz sand is used in ECC, quartz diffraction peaks 
are observed. The variation of the crystal phase mainly lies in Friedel’s 
salt, portlandite, and calcite. After being soaked in water for 60 days, the 
intensity of peak corresponding to portlandite decreases significantly. 
This can be attributed to the pozzolanic reaction of the fly ash and 
dissolution of portlandite [52]. 

Obvious Friedel’s salt diffraction peak appears after exposed to NaCl 
solution for 60 days. It becomes stronger with the crack width 
increasing. The wet-and-dry cycles strengthen the peak of Friedel salt for 
both cracked and integrated specimens. With the increase of exposure 
time the influence of crack and wet-and-dry cycles become more 
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Fig. 12. Chloride ions binding isotherms of different cases after 30 days exposure.  
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significant. The same trend is observed for calcite. Furthermore, the 
diffraction peak of Portlandite becomes much smaller in the integrated 
specimen after 60 days exposure and disappears after another 60 days 
exposure. When cracked specimens were subjected to wet-dry cycles, no 
Portlandite was observed. This is attributed to the reaction between 
tricalcium aluminate and chloride ions, which generates Friedel’s salt. 
In this process, CO3

2– are released from AFm, which further reacts with 
portlandite to form calcite [53–55]. Meanwhile, another reason for the 
reduction of portlandite is carbonization, which also generates calcite 
[56]. These products densify the microstructure, thus decreasing the 

porosity of the ECC as revealed in section 3.4.2. This leads to the 
reduction of the chloride ingress rate. For a quantitative study, the 
approach proposed in Ref [57]. 

3.4.2. MIP 
The change of porosity and pore size distribution of ECC under 

various exposure conditions is shown in Fig. 14 and Fig. 15. It can be 
seen that, after 60 days water immersion, the porosity of ECC decreases 
from 6.57 % to 6.05 %. Pores > 10 μm and < 0.1 μm are reduced. 
Porosity further decreases to 5.70 % with another 60 days immersion. At 

Cb = 0.06Cf
R² = 0.8665

Cb= 0.0348Cb
0.7897

R² = 0.9687

0.000

0.002

0.004

0.006

0.008

0.010

0.00 0.03 0.06 0.09 0.12

)
L/lo

m(tnetnoc
edirolhc

dnuo
B

Water-soluble(mol/L)

IM-CW2

Linear isotherm

Freundlich isotherm

Cb= 0.0665Cf
R² = 0.8532

Cb = 0.0417Cb
0.8119

R² = 0.9623

0.000

0.002

0.004

0.006

0.008

0.010

0.00 0.03 0.06 0.09 0.12

B
ou

nd
 c

hl
or

id
e 

co
nt

en
t(

m
ol

/L
)

Water-soluble(mol/L)

IM-CW3

Linear isotherm

Freundlich isotherm

Cb = 0.068Cf
R² = 0.8883

Cb = 0.0523Cf
0.8889

R² = 0.9459

0.000

0.002

0.004

0.006

0.008

0.010

0.00 0.03 0.06 0.09 0.12

)
L/lo

m(tnetnoc
edirolhc

dnuo
B

Water-soluble(mol/L)

WD-CW0

Linear isotherm

Freundilch isotherm

Cb= 0.0792Cf
R² = 0.8855

Cb = 0.0632Cf
0.9097

R² = 0.9357

0.000

0.002

0.004

0.006

0.008

0.010

0.00 0.03 0.06 0.09 0.12

B
ou

nd
 c

hl
or

id
e 

 c
on

te
nt

(m
ol

/L
)

Water-soluble(mol/L)

WD-CW1

Linear isotherm

Freundlich isotherm

Fig. 12. (continued). 
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this period, pores in the size range of 0.1 and 10 μm turns into smaller 
sizes. The reduction in porosity is mainly attributed to the prolonged 
hydration of cement and pozzolanic reaction of fly ash, as revealed in 
section 3.4.1. When chloride exposure condition is introduced, the 
porosity is further reduced. This is attributed to the formation of calcite 
and Friedel’s salt [58]. It seems like the crack with width of 0.1 mm does 
not significantly influence the porosity in the tested area. The reduction 
in porosity is more significant in specimens with cracks wider than 0.2 
mm. Their porosities are 5.06 % and 4.64 % after 60 days of soaking, 
respectively. Compared with water immersion condition, the reduction 
ratios are 16.4 % and 23.3 % for IM-CW2 and IM-CW3, respectively. A 
more remarkable change is found for 120 days immersion. The porosity 
of IM-CW1, IM-CW2 and IM-CW3 reduces to 4.99 %, 4.45 % and 3.95 % 
respectively, which are 12.46 %, 21.93 % and 30.7 % smaller than that 
of the water immersion condition. This indicates that the influence of 
crack width on chloride ingress becomes more significant as the time 
increases. 

Under wet-dry cycle condition, porosity of WD-CW0 and WD-CW1 
are respectively 5.11 % and 4.83 % at 60 days, and respectively 4.53 
% and 4.21 % at 120 days. At each exposure duration, the porosity is 
smaller than that of the specimen without wet-dry cycles. Note that 
pores smaller than 0.1 μm are significantly increased after 60 days 
exposure, which may promote capillary suction. It tends to confirm that 
the wet-dry cycles accelerate the chloride transport and promotes the 
binding of chlorides, resulting in a greater filling in the micropores. The 
reduction of porosity is proportional to the measured chloride content 
although the reduction in porosity slows down the chloride ingress rate. 
For example, after 120 days exposure, the porosity of IM-CW3 is reduced 
by 23.3 % compared to that of IM-CW0, while the maximum chloride 
content is increased by 29.0 %. And the porosity of WD-CW1 decreased 
by 15.6 % compared to IM-CW1, while the maximum chloride content 
increased by 45.7 %. 

It should be emphasized here that the influence of addition of PVA 
fibers in cementitious materials on the resistance to chloride ion ingress 

is complex. On the one hand, fibers can block the connective pores, 
reducing the connectivity and reducing the permeability. On the other 
hand, the interface between fiber and matrix provides channels for the 
entry of chloride ions [59]. The compromise is mainly related to the 
amount and quality of used fly ash [60–62]. 

4. Conclusions 

In this paper, influence of crack width and wet-dry cycles on the 
chloride ingress in ECC was investigated. It can provide a reference for 
the design of hybrid ECC concrete system, especially on the thickness of 
the layered ECC and life predictions. The following conclusions can be 
drawn. 

The chloride penetration depth perpendicular to the crack wall in
creases with the crack width and decreases with the depth. Under im
mersion condition, the lower threshold of crack width of ECC material is 
about 0.1 mm and the upper threshold is about 0.3 mm. A significant 
reduction in chloride ingress rate is observed when crack width is 
smaller than 0.1 mm. However, when the wet-dry cycles are applied, the 
lower threshold crack width would be much finer. It should be noted 
that the width of the previously mentioned cracks is unchanged along 
the depth. 

The “maximum phenomenon” is observed for both water-soluble and 
bound chloride ions profiles under wet-dry cycles. Compared with 
bound chloride ions, more reduction occurs for the water-soluble chlo
ride ions at depth smaller than the one corresponding to maximum 
chloride content. 

Freundlich isotherm can be used to describe the influence of the 
crack width and wet-dry cycles on the chloride binging isotherm. Both 
the crack width and wet-dry cycles increase the bound chloride ion 
content at the same water-soluble chloride content within the exposure 
period of 120 days. 

The change of the mineral phases and porosity is related with the 
chloride binding behavior. Both the crack width, wet-dry cycles and 

Table 4 
Fitting results of Freundlich isotherm.  

Erosion time/d IM-CW0 IM-CW1 

α β R2 α β R2 

30 0.0251 0.7320 0.9589 0.0307 0.7789 0.9692 
60 0.0595 0.8767 0.9530 0.0773 0.9317 0.9698 
90 0.1116 0.9784 0.9739 0.1373 1.0256 0.9766 
120 0.1338 0.9928 0.9771 0.1427 1.0026 0.9822  

Erosion time/d IM-CW2 IM-CW3 

α β R2 α β R2 

30 0.0348 0.7897 0.9687 0.0417 0.8119 0.9623 
60 0.1000 0.9792 0.9674 0.1298 1.0124 0.9668 
90 0.1707 1.0661 0.9792 0.1733 1.0431 0.9833 
120 0.1868 1.0623 0.9846 0.2103 1.0755 0.9876  

Erosion time/d WD-CW0 WD-CW1 

α β R2 α β R2 

30 0.0523 0.8889 0.9459 0.0632 0.9097 0.9357 
60 0.1360 1.0483 0.9764 0.1524 1.0702 0.9705 
90 0.1896 1.0860 0.9857 0.1943 1.0907 0.9823 
120 0.2011 1.0764 0.9932 0.2124 1.0916 0.9921  
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exposure period refines the pore structure in the vicinity of the crack. 
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Fig. 13. XRD patterns of ECC specimens after 60 and 120 exposure.  
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Fig. 14. Cumulative pore size distribution of ECC under different exposure conditions.  
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