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ABSTRACT: The paper presents results of an experiment study of chloride penetration into 

concrete specimens with epoxy-coated reinforcement. The test specimens were made of 

ordinary Portland Cement (PC) concrete with w/c ratio of 0.44 and reinforced with uncoated 

and epoxy-coated reinforcing bars. For the latter two nominal coating thicknesses: 200 µm 

and 600 µm, were chosen. The specimens were divided into three groups and then the 

specimens from two groups were subjected to different fatigue loads. After that all specimens 

were repeatedly fully immersed in 3.5%~ 5% NaCl solution and dried; these wetting/drying 

cycles simulating seawater attack continued for 388days. Four ϕ100×120-mm cylinders were 

then drilled out from the bottom side of the central 300-mm long zone of each specimen. The 

cylinders were used to measure chloride profiles within the concrete cover. Results of the 

measurements are presented in the paper. The apparent chloride diffusion coefficient and 

surface chloride concentration of each sample were estimated by fitting a solution of Fick’s 

2
nd

 law of diffusion to the measured chloride profiles. It can be concluded that the chloride 

content at the bar level and the apparent chloride diffusion coefficient are influenced by pre-

exposure fatigue loads, especially in the specimens with epoxy-coated reinforcement. It is 

also interesting to note that according to the test results undamaged specimens with epoxy-

coated reinforcement had lower chloride diffusivity than those with uncoated reinforcing 

bars. 
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INTRODUCTION 

Corrosion of reinforcing steel in reinforced concrete (RC) structures due to penetration of 

chloride ions from in-service environments is one of the main causes of deterioration of these 

structures. In the past decades, a large amount of research has been carried out to study the 

chloride penetration into sound and cracked concrete (e.g., [1-5]).A particular attention has 

been paid to the influence on this phenomenon of flexural loading and induced by it concrete 

cracking (e.g., [6-8]), including the effect of flexural cyclic loading on the chloride diffusivity 

of plain concrete [9]. Research on chloride penetration in RC structures with epoxy-coated 

reinforcement has been mainly focused on field surveys [10-12]. For example, based on 

concrete samples obtained from 44 bridge decks with epoxy-coated reinforcement it was 

determined that the chloride concentration at the bar level in most cases were above the 

threshold level of corrosion initiation in black steel; its average value was 2.1kg/m
3
with the 

highest of 6.8kg/m
3
[10]. Another field study of six bridge decks in West Virginia showed that 

the average chloride content in the decks with epoxy coated reinforcement was similar to that 

in the decks reinforced with uncoated bars [12]. Since epoxy-coating affects the bond 

between reinforcing steel and concrete it also influences cracking of the concrete cover under 

loading, in particular under fatigue (i.e., cyclic) loading. In its turn, the concrete cover 

cracking affects chloride penetration into concrete. Thus, it may be worth to specifically 

investigate the effect of fatigue loading on chloride penetration in RC elements with epoxy-

coated reinforcement.  

 

The paper presents results of an experiment study of chloride penetration into RC specimens 

with uncoated and epoxy-coated reinforcing bars. The specimens were cast from ordinary 

Portland cement (PC) concrete with w/c ratio of 0.44. After 28-day curing, the specimens 

were divided into three groups and then the specimens from two groups were subjected to 

fatigue loads (500,000 cycles with two different load ranges).After that all specimens were 

repeatedly fully immersed in 3.5%~ 5% NaCl solution and dried; these wetting/drying cycles 

simulating an environmental attack continued for388days. Four 100-mm diameter and 120-

mm long (ϕ100×120-mm) cylinders were then drilled out from the bottom side of the central 

300-mm long zone of each specimen. The cylinders were cut into 10-mm thick slices, which 

were oven-dried and grounded into powder for measuring the total chloride content. The 

apparent chloride diffusion coefficient and surface chloride concentration in the specimens 

were then estimated by fitting the error function solution of Fick’s 2
nd

 law of diffusion to the 

measured chloride profiles. 

EXPERIMENTAL PROGRAM 

Specimen Details and Materials 

 
Figure 1Test specimens [13] 



All test specimens had a rectangular cross section with the following intended dimensions: 

width =300 mm, height = 120 mm, overall length =1500mm (Figure1). The actual 

dimensions could slightly deviate from the intended ones. The specimens were reinforced 

with three 12-mm diameter deformed bars in the longitudinal direction and 8-mm diameter 

plain bars in the transverse direction. Commercial ordinary PC concrete with w/c ratio of 0.44 

from a single batch was used to cast all the test specimens to ensure that they had the same 

concrete properties. Portland cement PⅡ52.5 with micro furnace slag and coarse aggregate 

with maximum aggregate size of 25mm were used in the concrete mixture. The slump of the 

concrete was 140±20mm. Concrete mix proportion of the water: cement: sand: aggregate: 

super plasticizer: admixture = 180:320:770:1020:4.51:90. The compressive strength of a 

150×150×150-mm concrete cube at 28 days was 50 MPa. The specimens were designated 

with letters and numbers. The letters ‘E’ and ‘FE’ indicate the type of exposure and loading 

to which the specimens were subjected, namely the Environmental attack and Fatigue load & 

Environmental attack, respectively. The first letter ‘E’ with the following number ‘0.2’ or 

‘0.6’ (i.e., E0.2 or E0.6) denotes the specimens with epoxy-coated reinforcement, where the 

numbers represent the nominal thickness of the epoxy coating, 200µm or 600µm, 

respectively. The final number in the designations indicates the specimen number. There 

were in total 9 specimens, which were divided into three groups: Group 1 (E1, E0.2E2 and 

E0.6E2) was subjected only to an environmental (i.e., simulated seawater) attack, Group 2 

(FE1, E0.2FE3 andE0.6FE3) and Group 3 (FE2, E0.2FE5 andE0.6FE5) were initially subjected to 

fatigue loading and then to an environmental attack. 

 

Pre-Exposure Fatigue Loading 

After 28-day curing, the specimens in Groups 2 and 3 were subjected to fatigue loading. A 

three-point loading setup with span of 1100 mm was used for this purpose. Loads were created 

by a 100-kN pulse fatigue testing machine. The specimens from Group 2 were subjected to 

500,000 cycles of loads in the range of 5.4 to 18 kN, Group 3 – 500,000 cycles and the load 

range 2.8~14 kN. Displacements at mid-span and two pivots of the supports of each test 

specimen were measured by displacement transducers. A load cell was used to control and 

record the magnitudes of fatigue loads [13]. For the test specimens subjected to 500,000 

fatigue loading with 4 Hz frequency, when the number of cycles reached 50,000, 100,000, 

300,000 and 500,000, the fatigue load was unloaded to zero; during each load stopping, 

developments of the cracks were observed and the corresponding numbers of the load cycles 

were recorded at the cracking tips. Then, test specimen was reloaded to the upper limit of the 

fatigue load and the developments of the cracks and the maximum cracking widths were 

recorded again. 

 

Exposure Conditions 

All test specimens were subjected to a simulated environmental attack: from Group 1 straight 

after curing, from Groups 2 and 3 after loading. Initially, the specimens were turned upside 

down, horizontally placed and their bottom surfaces were covered by sponges, which were 

wetted with 3.5%~ 5% NaCl solution simulating seawater. Plastic sheets were then placed 

over the sponges. Two weeks later, the plastic sheets and sponges were removed and the 

specimens were air-dried for one week. The three weeks constituted one cycle of wetting and 

drying. After four such wetting-drying cycles, in order to accelerate the tests, the specimens 

were fully immersed in 3.5%~ 5% NaCl solution. A 4m×5m pool was specifically built for 

this purpose. After one month of the full immersion, the NaCl solution was discharged and the 



specimens were air-dried for one month. In total, three such wetting-drying cycles were 

performed. The simulated environmental attack continued for 388 days. 

 

Location of Drilled-out Cylinders in Test Specimens 

To measure chloride content in the test specimens, four ϕ100×120-mm cylinders were drilled 

out from the bottom side of the central 300-mm long zone of each specimen after the 

simulated environmental attack had been completed. The location of the cylinders is shown in 

Figures 2-4. The cylinders were labelled with numbers: the first digit indicated the number of 

the longitudinal bar (1 or 3) under which the cylinder was drilled out, the second just 

distinguished two different positions. 

Sample Preparation for Measuring Chloride Content in Concrete 

After the cylinders were drilled out and labelled, they were transported to a laboratory of the 

Shanghai Research Institute of Building Science CO., LTD for measuring the chloride 

content in concrete. Since the concrete cover to the longitudinal reinforcing bars in each 

specimen was 40mm, four 10-mm thick slices were cut from each cylinder between its 

bottom surface and the surface of a reinforcing bar. The slices were then put in an oven for 

drying and after that grounded to powder. From each slice 1.5 g of fully-mixed powder were 

taken to measure the chloride content in the slice.   

 

(a) Specimen E1  

 

(b) Specimen E0.2E2 



 

(b) Specimen E0.6E2 

Figure 2 Position of cylinders on the bottom side of test specimens in Group 1 and the drilled-

out cylinders  

 

(a)Specimen FE1  

 

(b) Specimen E0.2FE3 



 

(c) Specimen E0.6FE3  

Figure 3 Position of cylinders on the bottom side of test specimens in Group 2 and the drilled-

out cylinders 

 

(a)Specimen FE2 

 

(b) Specimen E0.2FE5 



 

(c) Specimen E0.6FE5 

Figure 4 Position of cylinders on the bottom side of test specimens in Group 3 and the drilled-

out cylinders 

TEST RESULTS 

In this section results of the measurements of the chloride content in the concrete cover of the 

test specimens are presented in Figures 5-7. As described above, the 40-mm concrete cover 

zone of each cylinder was cut into four 10-mm thick slices. Thus, it is assumed that the 

chloride content obtained for each slice corresponds to the depth from the surface to the 

midpoint of the slice, i.e., the measured chloride contents correspond to the depths of 5, 15, 

25 and 35 mm. 

 

The chloride content, especially at the level of reinforcement, is needed in order to determine 

the time of corrosion initiation. The common approach is that corrosion starts when the 

chloride content at the surface of a reinforcing bar exceeds the so-called threshold 

concentration, Ccrit. There is still no general agreement on how to set the value of the latter 

because it depends on too many different factors [14]. Moreover, Ccrit has been presented in 

different forms, e.g., by total or free chloride content expressed as absolute value or relative 

to the weight of cement or concrete, or as chloride to hydroxyl concentration ratio (Cl
-
/OH

-
). 

Based on data presented in [14], Ccrit for uncoated reinforcement in the specimens tested in 

this study should be the range of 0.04-0.75% by the weight of binder or 0.007-0.129% by the 

weight of concrete (the binder content in the specimens’ concrete was 17.2%). For epoxy-

coated reinforcement values of Ccrit in the range 0.03-0.19% by the weight of concrete (or 

0.73-4.56 kg/m
3
) have been reported [15].The tests carried out in the present study do not 

allow to estimate Ccrit because the chloride content was measured only after completion of the 

simulated environmental attack. Thus, only a comparison of the final chloride content at the 

reinforcement level with the above values of Ccrit is possible. The measured chloride content 

will be presented as % relative to the weight of concrete. 

 

Chloride Penetration into the Bottom Concrete Cover of Test Specimens in Group 1 

The measured chloride profiles for the test specimens from Group 1 are shown in Figure 5. In 

most cases, the chloride content gradually decreases with the concrete cover depth except of 

at the 5-mm depth in the cylinders 11/E1 (Figure 5a) and 32/E0.2E2 (Figure 5b). The reason 

for that is that the chloride content within the external layer of concrete (the so-called “skin 

layer”) is mainly controlled by convection of the pore water, i.e., chlorides move in and out 



of the concrete with moisture [16]. 

 

 

(a) Specimen E1 

 

(b) Specimen E0.2E2 

 

(c)Specimen E0.6E2 

Figure 5 Measured chloride profiles in the test specimens from Group 1 

Comparing the chloride profiles for the three specimens from this group a noticeable 

difference can be observed between the ones obtained for the specimen E1 with uncoated 

reinforcement and those for the E0.2E2 and E0.6E2 with epoxy-coated reinforcing bars. The 
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chloride contents in the E1 are lower near the concrete surface but higher near the reinforcing 

steel. This indicates that the chloride diffusion coefficient in the E1 was higher than in the 

E0.2E2 and E0.6E2. Since no cracks were observed in the three specimens (see Figure 2) it 

could be explained by differences in the concrete compaction of the specimens. Another 

possible reason will be discussed further in the paper. The chloride content at the level of 

reinforcement in the E1 varied between 0.027% and 0.093% by the weight of concrete, i.e., 

well within the range of the Ccrit values mentioned above, and corrosion at the end of the tests 

was observed in both bars. In the E0.2E2 and E0.6E2 the chloride content near the 

reinforcing bars was below 0.03% by the weight of concrete (except of the cylinder 

31/E0.6E2, where it was 0.035%). After the tests, none of the epoxy-coated bars showed 

signs of corrosion. 

 

Chloride Penetration into the Bottom Concrete Cover of Test Specimens in Group 2 

The measured chloride profiles for the test specimens from Group 2 are shown in Figure 6. 

The chloride content gradually decreases in all specimens except of at the 5-mm depth in the 

cylinders 31/FE1 (Figure 6a) and 32/E0.2FE3 (Figure 6b); a possible reason for that has been 

explained previously. 

 

 

(a) Specimen FE1 

 

(b) Specimen E0.2FE3 
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(c) Specimen E0.6FE3 

Figure 6 Measured chloride profiles in the test specimens from Group 2 

 

The specimens in this group were subjected to pre-exposure fatigue loading that induced 

damage to the concrete in the form of visible cracks and invisible but much more numerous 

micro-cracks. This led to an increase in the concrete diffusivity and as a result of that an 

increase in the chloride content at the level of reinforcement compared to the specimens from 

Group 1. In the FE1 the chloride content near the uncoated reinforcing bars varied between 

0.063% and 0.083% by the weight of concrete and corrosion was observed in both bars. In 

the specimens with epoxy-coated bars, E0.2FE3 and E0.6FE3 the increase in the chloride 

concentration near the reinforcing bar compared to those from Group 1 was even more 

significant, especially in the cylinders with visible cracks. The chloride content at the depth 

of 35 mm in the cylinder 31/E0.2FE3 was 0.155% by the weight of concrete and in 

31/E0.6FE3 – 0.094%, i.e., about five and three times, respectively, greater than in the similar 

specimens from Group 1. Signs of corrosion were observed in the epoxy-coated bars. 

 

Chloride Penetration into the Bottom Concrete Cover of Test Specimens in Group 3 

The measured chloride profiles for the test specimens from Group 3are shown in Figure 7. 

The chloride content gradually decreases in all specimens except of at the 5-mm depth in the 

cylinder 12/E0.6FE3 (Figure 6b); a possible reason for that has been explained previously. 

 

 

(a) Specimen FE2 
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(b) Specimen E0.2FE5 

 

(c) Specimen E0.6FE5 

Figure 7Measured chloride profiles in the test specimens from Group 3 

 

Like the specimens in Group 2, the specimens from this group were subjected to pre-

exposure fatigue loading but with the slightly lower magnitude of applied loads. The chloride 

content at the level of reinforcement in practically all cases was higher compared to that in 

the specimens from Group 1, except of the results for the two cylinders without visible cracks, 

11 and 31, from the specimen E0.6FE5, for which very low values of the chloride content, 

0.021% and 0.017% by the weight of concrete were obtained (see Figure 7c). At the same 

time, the chloride concentrations in the specimens with epoxy-coated reinforcement, E0.2FE5 

and E0.6FE5, were lower than those in the similar specimens from Group 2. In the specimen 

FE2 the chloride content was higher compared to that in the FE1 from Group 2 due to the 

higher concentrations in the surface layer. Corrosion was observed in the uncoated bars in the 

FE2 and also in the epoxy-coated bars with the thinner coating, i.e., in E0.2FE5. 

ANALYSIS AND DISCUSSION 

Chloride profiles in concrete are commonly described by the error function solution of Fick’s 

2
nd

 law of diffusion (e.g., [1, 16]) 

0 

0.05 

0.1 

0.15 

0.2 

0.25 

0.3 

0 5 10 15 20 25 30 35 40 

T
o

ta
l 

 C
l- 

 b
y
 w

ei
g
h
t 

o
fc

o
n
cr

et
e 

(%
) 

Concrete cover depth (mm) 

Cylinder 11/E0.2FE5 

Cylinder 12/E0.2FE5 

Cylinder 31/E0.2FE5 

Cylinder 32/E0.2FE5 

0 

0.05 

0.1 

0.15 

0.2 

0.25 

0 5 10 15 20 25 30 35 40 

T
o

ta
l 

 C
l- 

 i
n
 w

ei
g
h
t 

o
f 

co
n
cr

et
e 

 

(%
) 

Concrete cover depth (mm) 

Cylinder 11/E0.6FE5 

Cylinder 12/E0.6FE5 

Cylinder 31/E0.6FE5 

Cylinder 32/E0.6FE5 



  

















Dt

x
CtxC

2
erf1, 0  (1) 

where C(x,t) is the chloride content at the depth x and time t from the beginning of 

exposure,C0the surface chloride concentration, D the apparent chloride diffusion coefficient 

and erf(.) the error function.  

Table 1 Comparison of the model parameters for reinforcing bars in four groups 

Test 

groups 
Specimens 

Cylinders and crack information 

(see Figures 2-4) 

D×10
-4

 

(m
2
/year) 

C0 

(% by concrete 

weight) 

Group 1 

E1 No cracks 5.157 0.2194 

E0.2E2 No cracks 2.688 0.2904 

E0.6E2 No cracks 2.484 0.3260 

Group 2 

FE1 

11: one middle crack (<0.15mm) 5.705 0.2861 

12: one edge crack (<0.1mm) 5.215 0.2852 

31: one edge crack (0.15 mm) 7.229 0.2851 

32: no crack 5.118 0.264 

E0.2FE3 

11: one edge crack (<0.15mm) 8.05 0.3682 

12, 32: no crack 4.752 0.3834 

31: one middle crack (0.15mm) 13.16 0.3043 

E0.6FE3 
11, 12, 32: no crack 2.258 0.2710 

31: one middle crack (0.2mm) 8.071 0.2486 

Group 3 

FE2 

11: one middle crack (0.16mm)  4.458 0.3899 

12 and 32: one edge crack (0.16mm) 7.470 0.2998 

31: one edge crack (0.22 mm) 3.904 0.3284 

E0.2FE5 

11: no crack 4.330 0.2489 

12: one middle crack (0.2mm) 7.065 0.2945 

31: one middle crack (0.2mm) 9.660 0.2584 

32: one edge crack (0.08mm)+ side crack 9.427 0.2576 

E0.6FE5 

11 and 31: no crack 2.715 0.1921 

12: one middle crack (0.12mm) 6.247 0.2324 

32: one middle crack (0.14mm) 6.517 0.1645 



The values of C0 and D are determined by fitting this solution to measured data using a 

nonlinear regression analysis. In this study MatlabR2014b was employed for this purpose. 

The values of C0 and D obtained using the data shown in Figures 5-7 (t = 388 days) are 

presented in Table 1. In the case of several uncracked cylinders drilled out from the same 

specimens the values C0 and D were estimated once using the data for all these cylinders. 

When the chloride content at the 5-mm depth was lower than those at larger depths in the 

same cylinder this data point was excluded from the analysis [16]. 

 

Comparing the values of the apparent diffusion coefficient for similar specimens from 

different groups the following observations can be made. Firstly, damage caused by the pre-

exposure fatigue loading led to an increase in the chloride diffusivity. This is especially 

noticeable for the specimens with epoxy-coating reinforcing bars when the damage was 

presented in the form of visible cracks. The maximum increase in D compared to its value for 

the corresponding specimen from Group 1 is 4.90 for the E.02 specimens (i.e., 200-μmepoxy 

coating) and 3.25 for the E.06 specimens (i.e., 600-μm epoxy coating). Both these results are 

for the cracked cylinders from Group 2. The increase for Group 3 is lower: 3.59 for the E.02 

specimens and 2.62 for the E.06 specimens. The magnitude of cycling loads applied to the 

specimens from Group 2 was slightly higher compared to those from Group 3 that might lead 

to larger damage and the more significant increase in the chloride diffusivity. For the 

specimens with uncoated reinforcing bars, the maximum increase in Dfor Groups 2 and 3 

compared to Group 1 is much smaller and practically the same for both groups: 1.40 for 

Group 2 and 1.45 for Group 3. This difference between the specimens with uncoated and 

epoxy-coated reinforcing bars can be explained by worse bond between the epoxy-coated 

bars and concrete that resulted in larger damage caused by fatigue loading and, subsequently, 

the larger increase in the chloride diffusivity. For uncracked cylinders from Group 2 and 3, an 

increase in D is only observed for the E.02 specimens: 1.77 for Group 2 and 1.61 for Group 

3. Secondly, it can be observed that the undamaged specimens with epoxy-coated 

reinforcement had lower chloride diffusivity than the one with uncoated reinforcing bars 

(Group 1). This observation is also valid for the uncracked cylinders from the E.06 specimens 

in Groups 2 and 3. As noted previously, it can be caused, e.g., by differences in the concrete 

compaction. However, there is another possible explanation. It is known that concrete under a 

bottom reinforcing bar is more porous because the bar obstructs plastic settlement of the 

concrete after casting. Since the epoxy coating decreases the surface adhesion between the 

reinforcing bar and concrete it also decreases this obstruction that may lead to reduction of 

the concrete porosity under the bar. The thicker the coating is the greater this effect. Of 

course, this is just a hypothesis and further research is needed to check it. 

CONCLUSIONS 

Results of the experimental study of chloride penetration into RC specimens with uncoated 

and epoxy-coated reinforcing bars have been presented. A part of the specimens were 

subjected to pre-exposure fatigue loading. According to the results, the loading led to an 

increase in the chloride diffusivity of the specimens, especially the ones with epoxy-coated 

reinforcement. It was also observed that the chloride diffusivity of the undamaged specimens 

with epoxy-coated reinforcement was lower than that of the specimens with uncoated 

reinforcing bars. However, due to the limited number of specimens that were tested this issue 

requires further research.  
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