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Chart 1. Chloride-Induced Corrosion in Cracked RC structures Table 1. Composition and Property of Cement 


Density 3.16 g/cm3


Specific surface area 3260 cm2/g
Initital set (h:min) 2:15
Final set    (h:min) 3:40
Soundness Good
SO3 2.02%
IG loss 1.65%
Alkali content 0.54%
Cl content 0.012%
C3S 52%
C2S 22%
C3A 9%
C4AF 9%


Concrete Quality Environmental Existence of 
Cracks


  
 


 
  
 
 
 
 
 
 
 
 
 
 
 
Table 2. Mix Proportion and Property of Concrete 
 
 
S r .N o w /c C e m e n t


K g /m 3
W a te r
K g /m 3


S a n d
K g /m 3


C o a r s e
A g g


K g /m 3


A g g  V o l
(% )


C  S tr e n g th
M P a


S P ,
R e h o b u ild


D e n s ity
K g /m 3


1 0 .2 5 7 2 0 1 8 0 .0 6 1 4 .4 0 8 8 0 .5 0 5 7 .1 8 1 .0 4 0 .8 0 % 2 3 5 6


2 0 .4 5 4 2 4 1 9 0 .8 7 6 8 .0 0 9 4 1 .6 0 6 7 .3 4 5 .0 4 - 2 2 8 4


3 0 .6 5 2 7 7 1 8 0 .0 9 1 1 .4 0 9 4 7 .0 0 7 1 .2 2 7 .8 6 - 2 2 3 8
 


 
 
 
 


due to 
●Mix Proportion 
●Mixing Procedure 
●Ingredient Type, 
Size  
●Curing, Concrete 
Cover, age etc. 


Conditions 
●Cl- ion 
Concentration   in 
surrounding 
●RH 
●Temperature 
 


 
●Width 
●Length 
and so on. 
 


Surface Cl- ion Concentration 
 & Diffusion Rate 


Cl- ion Penetration  
through Crack 


Optimized Cl- Ingression into Cracked Concrete
 


Critical Concentration of Cl- ion at steel 
 


Corrosion Initiation of Reinforcement  
 


Crack 
plane 


100 mm 


Cl-


 exposed
100 mm 


400 mm 


76  mm


71.2  mm


EPMA 
Specimen


 


Fig. 1 Location of EPMA specimen in small RC beam 
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Table 3. Series and type of specimens  


No. Mix ID w/c Cracks Crack 
width 
(mm) 


NaCl 
solution 
concen-
tration 


(%) 


Cover 
thickness 


(mm) 


Remark 


Series 1) w/c 


      


1 45S28251 0.45 Single 0.2 8% 25 1 direction 


2 25S28251 0.25 Single 0.2 8% 25  


3 65S28251 0.65 Single 0.2 8% 25  


Series 2) Single and Multi Cracks    


1 45S28251 0.45 Single 0.2 8% 25 1 direction 


4 45M28251 0.45 Multi 
0.1, 
0.2 8% 25  


Series 3) Exposure direction     


1 45S28251 0.45 Single 0.2 8% 25 1 direction 


5 45S28252 0.45 Single 0.2 8% 25  2 direction 


Series4) Crack width      


6 45S18251 0.45 Single 0.1 8% 25  


1 45S28251 0.45 Single 0.2 8% 25 1 direction 


7 45S38251 0.45 Single 0.3 8% 25  


8 45S58251 0.45 Single 0.5 8% 25  


Series 5) NaCl Concentration     


9 45S23251 0.45 Single 0.2 3% 25  


10 45S25251 0.45 Single 0.2 5% 25  


1 45S28251 0.45 Single 0.2 8% 25 1 direction 


Series 6) Cover thickness     


11 45S28451 0.45 Single 0.2 8% 45  


1 45S28251 0.45 Single 0.2 8% 25 1 direction 


 
 
  
 
 
 
 


 
 
 


Penetration 
around steel 


Penetration from exposed 
surface 


           Penetration 
        around crack 


 


 
 
 
 
 
 
 
 


Photo 1. EPMA and Colorimetric test images of Cl- ion distribution 
for 45S58251-7days specimen 


45 S 2 8 25 1-7D 


w/c 
(%) 


Single crack 


crack width 
(x 0.1 mm) 


8% NaCl 
solution 


Cover thickness 
 (mm) 


1 direction 


7 days exposed 


Fig. 2. Nomenclature of Mix ID 
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  Fig. 5. Cl- ion penetration depth of crack     width
   series 
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Fig. 6. Comparison of Cl- ion penetration depth 
of some mixes for two type of tests 


0


5


10


15


20


25


30


45S18251-7D 45S38251-7D 45S23251-7D 45M28251/0.
1-7D


Pe
ne


tr
at


io
n 


D
ep


th
 (m


m
)


From surface-EPMA
Around crack-EPMA
From Surface-COLOR
Around crack-COLOR


Fig. 3. Cl- ion penetration depth of w/c series 
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Fig. 4. Cl- ion penetration depth of N
 Soluti
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Fig.  7. EPMA images of CL- ion concentration for w/c ratio series 0.25, 0.45, and 0.65 after 1 month exposure 







Cl- Concentration Profile
W/C , 0.25,0.45,0.65-7 Days
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Fig.  8. Cl- ion concentration profile of w/c series


Cl- Concentration Profile
W/C, 0.25, 0.45, 0.65-1 month
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      Fig. 9. Cl- ion concentration profile of  
w/c series- 1M 


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


Cl- Concentration Profile Cl-


NaCl Concentration, 3%,8 % -1 month
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Fig. 10. Cl- ion concentration profile of 
NaCl solution concentration series-1M


Fig. 11. Cl- ion concentration profile of 
Cover thickness series-1M 


 Concentration Profile
Cover Thickness(25 mm,45 mm)-1 month
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Fig. 12. Maximum Cl- concentration around   steel 
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Fig. 13. Maximum Cl- concentration along crack  


Maximum concentration along the crack
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Fig. 14. Concentration of Cl- , SO3, K2O and Na2O 


SO3,  K2O, Na2O and Cl- content of 45S28251 -7D
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Abstract 


A detail observation on the penetration profile of chloride ions through and around a crack in 


reinforced concrete structures was carried out. EPMA and colorimetric tests were conducted on cracked 


specimens, which were exposed to NaCl solution at a temperature of 20°C and a humidity of 60% RH. 


Research parameters included water to cement ratio (w/c), single and multi cracks, exposed direction, 


crack width, NaCl solution concentration and cover thickness. Increasing w/c led to a higher ingression 


rate of Cl- ions, not only from the exposed surface but also around cracks. It was found that the 


penetration depth from surface of the cracks was equal to or slightly higher than that from the exposed 


surface for higher w/c mixes of 0.45 and 0.65. The transportation of Cl- ion was strongly influenced by 


bulk movement of solution inside the concrete. 


Keywords: EPMA, crack, (D) chloride, chloride ion concentration, penetration depth 


1. Introduction 


Chloride-induced corrosion of reinforcing steel in concrete structures such as bridge decks affected 


by deicing salt, and coastal and marine structures is a great problem everywhere. A considerable number 


of structures cease to function adequately. The estimation of the life span of reinforced concrete structures 


having cracks is influenced by their characteristics such as crack width, crack length and so on in 


additional to the concrete properties and environmental exposure conditions as shown in Chart 1.  


Most previous research has been concerned with modeling the diffusion of chloride ions through 


uncracked concrete based on Fick’s second law. However, in practice, it is very common to have cracks 


in concrete structures in chloride ion environments. In that case, the transportation of chloride ions by 


water or moisture movement may take only a few hours to reach the steel, while penetration of ions 


through the uncracked concrete would take a longer time. 


From reference no [1,2], it was noted that the critical chloride content or threshold value has been 


established recently that significant corrosion rates in noncarbonated concrete occur only at chloride 


contents of at least 1% of total chloride by cement weight.  Almost previous studies of effect of cracks on  


* Corresponding author. Tel: +81-48-858-3550, Fax: +81-48-858-7374.  
     Email: papawin@mtr.civil.saitama-u.ac.jp  (pa pa win) 
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steel corrosion in cracked concrete were done by electrochemical methods [3]. 


This study was carried out on six series of small reinforced concrete beams (prisms) with variations 


on w/c, single and multi cracks, exposed direction, crack width, NaCl solution concentration, and cover 


thickness. As a reference, specimens namely 45S28251 with w/c of 0.45, crack width of 0.2 mm, NaCl 


concentration of 8% by weight and cover thickness of 25 mm were used. 


2. Experimental Program 


2.1 Preparation of specimens and mix proportions 


Six series with 11 types of specimens were prepared as shown in Table 3. Beam (Prism) specimens 


of 100 x 100 x 400 mm were reinforced with 2 x ɸ 10 mm plain bars for single crack specimens and with 


deformed bars for multi cracks specimens at the tension side. Cylinders of dimension ɸ 100 x 200 mm 


were used for compressive strength testing.  


Concrete ingredients used were ordinary Portland cement with 5~12.3 mm crushed stone, fine 


aggregate, tap water and superplasticizer for water to cement ratio of 0.25. The superplasticizer (SP) used 


here was Rheobuild 8N, with a specific gravity of 1.05 g/cm3 at 20 ºC and Cl- content less than 0.01%. 


The composition and properties of cement used are shown in Table 1. 


The mix proportion was referred to the reference no [4]. Mix proportions, density and 28-days 


compressive strength were listed in Table 2. The specimens were sealed in plastic bag for the first 28 days 


at 20 ºC. After that, loading was applied to get the required crack width which was measured by using PI 


strain gauges with 100 mm gauge length while loading and crack gauge after released of loading. Visible 


crack length ranged from 60 to 90 mm. A three point bending test was applied to the single-crack 


specimens and a four point bending test to multi crack (mostly two cracks) specimens. The crack width of 


multi-cracks specimens could not be controlled to be uniform. The crack width of 2 cracks of multi-


cracks specimens in this study was 0.1 and 0.2 mm. 


The specimens were epoxy coated to prevent penetration of Cl- ion from the unintentional sides.  


Therefore coating was done depending upon the direction of flow of NaCl solution. After all preparations, 


the specimens were kept in the control room of 20 °C and RH of 60% pre-curing and waiting for exposure 


to NaCl solution. 


The experimental set up was started at 3 months of concrete age in the control environment of 20 °C 


and RH of 60% room. The specimens were laid in the solution trays of specified concentration for 


exposure time of 7 days and 1 month. Here, all series for 7-days and 5 specimens for 1 month with mix 
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ID of 25S28251-1M, 45S28251-1M, 65S28251-1M, 45S23251-1M, 45S28451-1M were carried out 


exposure test. Notation for mix ID is explained in Fig 2.   


In remark of Table 3, the 1 direction means that the Cl- ions penetrated from the bottom surface of 


prism specimens and supposed that the flow of solution together with Cl- ions took place mainly in the 


vertical direction. The 2 direction means that the solution penetrated through the bottom and one of the 


side surfaces of the beam specimen. For each flow direction, the 3 layers coating was applied to 


unexposed surfaces by using primary, putty and epoxy as final coat. As a matter of actual fact, the crack 


width mentioned were initial crack widths just before exposure and they were reduced with time due to 


relaxation, which could not been controlled in this experimental set up. The crack width was controlled in 


another experimental set up by using torque wrenches throughout the exposure time and will be presented 


in separate paper. The single and multi cracks series is to observe the effect of adjacent cracks.  


2.2 Testing details 


The tests performed on the exposed specimens were Electron Probe Micro Analysis (EPMA) for Cl- 


ion concentration and penetration depth profile and Colorimetric tests with 0.1 M Silver Nitrate Solution 


for checking of penetration depth of Cl- ion and 1.0 w/v % Phenolphthalein Ethanol (90) solution (for 


PH>7.8) for Carbonation depth. Colorimetric tests were done on separate adjacent cut specimens since 


spraying could not be carried out on the EPMA tested specimens. The specimens were cut by using two 


different diamond blade cutters without using water or oil to avoid the disturbance to Cl- ions distribution 


inside while cutting. The cut specimen location inside the beam was shown in Fig. 1. The sizes of the 


specimens for EPMA were <76 mm (L) x 76 mm (W) x 18 mm (thickness). From which, an array of 


approximately 400 x 400 numbers resulted for each of the elements measured such as Cl-, SO3, etc. which 


was used for further analysis. The concentration profiles of Na2O, K2O and SO3 were also detected to get 


supporting information on the movement of Cl- ions and carbonation if any. 


3. Result and Discussion 


After the start of experiment, bulk movement of solution containing Cl- ions occured along the crack 


and reached the crack tip within a very short time. Due to continuous supply of solution and initially low 


moisture content inside the concrete, the moisture flow proceeded speedily to reach to the top of the beam 


specimens of 100 mm thickness within 3 hours. Although the visible crack length from the side of 


specimens were only 60-90 mm, the NaCl solution penetrated to the top of the specimens and could be 


seen spreading on the top of specimens except those specimens with shorter crack lengths of all 0.25 w/c 


and 0.1 mm crack width and few of 4.5 cm cover thickness after 3 days of exposure to solution.  







While the capillary suction flow of bulk movement of solution within the crack is taking place during 


exposure, the secondary movement of moisture containing Cl- ions around the crack that is in 


perpendicular direction to the crack also took place. We also observed horizontal flow along the steel 


once the penetrated solution moving along the crack reached the steel level. As the interface between steel 


and concrete is structurally weaker, the flow in that direction is considerably fast as shown in Photo 1. An 


exception to this were the samples with a very low water cement ratio of 0.25, which had no flow along 


the steel due to the denser structure.  


3.1 Penetration depth of chloride ion 


From EPMA test results, the “penetration depths” were measured from the grid lines on the EPMA 


images where the clear profile could be seen for the concentration of higher than 0.1% by weight of 


concrete. For colorimetric tests, measurements were carried out 3 days after spraying of freshly cut 


specimens. The comparisons were made on the penetration depths of “penetration from exposed surface” 


and “penetration around crack” from EPMA and colorimetric tests for some specimens since not all the 


colorimetric tested specimens showed clear profile. See Photo 1. The very close results were found for 


those mixes tested by two tests as shown in Fig. 6. Therefore, although the colorimetric test could not 


present actual results alone, it is useful for preliminary viewing stages. 


As shown in Fig. 3, 4 and 5, it was found that the penetration depth around the crack (to both sides of 


crack) is slightly higher than twice of that from the exposed surface except for low w/c of 0.25 mixes. It 


seems that the penetration from the surface of the crack (to only one side of crack) is similar in nature to 


the one from exposed surface and the reason of slightly higher might be due to open pores and widened 


micro-cracks along the crack surface which might increase the connectivity to interior pores.  From those 


figures, it can be seen that increased in w/c, exposed to higher NaCl solution concentrations and wider 


crack widths led deeper penetration especially for longer exposure time of 1 month. Therefore, it can be 


concluded that higher porosity, concentration gradient and larger crack widths could increase penetration 


rate.  


 The radial penetration depth from steel bar surface of 45S58251-7D, 45M28251/0.2-7D, 45S28251-


1M, 45S23251-1M, 45S28451-1Mspecimens was about 5 mm which is less than the one from exposed 


surface. Here, 25S28251-1M specimen having no penetration along the steel occurred and 65S28251-1M 


showed wider spreading of penetrations from exposed surface, around the crack and along the steel bar 


and they were not distinguishable on the examined surface of the specimens as shown in Fig. 7.  
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From Fig. 7, of EPMA images for w/c ratio series after 1 month exposure showed an obvious 


increase in penetration depth and concentration profile with increase in w/c ratio. Undoubtedly, it can be 


seen that the quality of concrete having great influence on the penetration process not only in uncracked 


concrete but also in cracked structures. At particular points near the exposed surface, the maximum Cl- 


ion concentration found to be 1.5~2% of percent weight of concrete in all of the 1 month exposed 


specimens.  


For higher w/c of 0.45 and 0.65, it was found that, although the penetration depth from the crack 


surface is higher than the one from exposed surface, the concentration values are lower. The reason for 


higher penetration depth might be due to small damages along the crack surface. However, the binding 


and adhering process of Cl- ion along the penetrating path made lower concentration values.  


3.2 Concentration profile of Cl- Ion, SO3, K2O and Na2O 


All the concentration data presented here are in percent weight of concrete which resulted from the 


EPMA test. The concentration value at a particular depth means average concentration within 2 mm depths 


each on a fixed area of 76 mm (Depth) x 71.2 mm (Width). As expected, from the w/c series and NaCl 


solution concentration series, a clear trend is found that the higher the w/c ratio and NaCl solution 


concentration, the higher concentration of Cl- ions over the depth of specimen due to having cracks, see Fig. 


8, 9 and 10.  The cover thickness series seems no effect on concentration profile as shown in Fig 11. 


All, except the 0.5 mm crack width specimen showed relatively higher penetration results at 7 days 


exposure, the others from crack width series showed more or less similar distribution of concentration, 


regardless of crack width.  


The maximum Cl- concentrations around steel of 7 specimens were observed and are shown in Fig. 12. In 


this study, although the maximum concentration of Cl- ion around steel bar of some specimens were 


exceeded the optimum limit of 0.4% of free chloride by weight of cement (which is equivalent to 0.195% for 


0.45 w/c and 0.128% for 0.65 w/c by weight of concrete in this study, assuming a free to bound chloride ratio 


of 0.6[2]), the corrosion initiation was not seen. Probably, it might be due to insufficient oxygen supply to the 


steel area and the very short exposure time.  


Fig. 13 shows the maximum Cl- ion concentration along a crack which is the average value within 2 mm 


distance around the crack can be observed. They are normally lower than the one from the exposed surface.            


Up to 1 month exposure time, the concentration of SO3, K2O, and Na2O were not affected by Cl- ion 


movement in cracked specimens. The origin of SO3 is the cement. Although there is some alkali content in 


cement, the K2O and Na2O are mainly found from aggregates, see Fig. 14. 







4. Conclusions 


The reinforced concrete specimens having cracks showed rapid penetration of Cl- ion which finally 


reached to steel and penetration along steel also occurred. Low w/c ratio of 0.25 specimens showed lower 


concentration profile and penetration depth both from exposed surface and around crack compared to 0.45 


and 0.65. No penetration along steel was observed for 0.25 w/c specimens. The increase of w/c led to a 


higher ingression rate of Cl- ions not only from exposed surface but also around the crack. In general, the 


penetration depth from the surface of crack is equal to or slightly higher than that from exposed surface in 


higher w/c mixes of 0.45 and 0.65. From this study, movement of Cl- ions along with the bulk solution 


movement through the crack and within the concrete can occur when the capillary suction take place. This 


fact has greatly influenced rather than diffusion mechanism and should not be ignored for real structures. 


There might have a critical limit of free ion movement due to flow of bulk solution and followed by diffusion 


mechanism after steady stage of flow. 
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