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A B S T R A C T 

The aim of this study was to investigate the pullout strength behaviour of self-compacted concrete under 

corrosion conditions. Block samples with two configurations were formulated. A total number of twelve 

block samples in addition to 24 cubes were tested. The hardened concrete samples were either cured in tap 

water or exposed to salt solution. A suitable epoxy was used for coating part of the formulated samples. The 

preliminary mechanical properties and the rate of corrosion were firstly measured, the pullout was then 

carried out. A comparison was also made with the relevant code of practice. The results obtained showed 

that both compressive strength and density features exhibited a notable increase at an early age when the 

samples are exposed to salt solution. The adverse effect of such curing condition appeared at the later ages 

when the corrosion rate became more intensive. The highest decrease in the value of pullout strength was 

observed for the reinforced concrete block samples containing epoxy coating reaching to 44.5% less than 

those cured in tap water.       

 

© 2019 University of Al-Qadisiyah. All rights reserved. 

    

1. Introduction  

It is well known that the steel bars can effectively use in reinforcing the 

plain concrete to increase its resistance to tension stresses. However, under 

the conditions of rust and corrosion, maintaining such ability of steel bars 

is a real challenge for the construction engineers. The rust and corrosion 

phenomena usually appear at the moist environments and presence of 

oxygen in addition to salts in the soil or groundwater [1, 2]. Consequently, 

the designed age of the reinforced concrete structures will be affected.  

The adverse effect of the corrosion of reinforced steel bars was the main 

concern for many of the published research works [3-6]. Most of them 

focused on the ways of protection of the reinforced steel bars from the 

impact of environmental conditions. It was noted that the coated method 

can be effectively used in reducing the effect of corrosion. The coating 

technique mainly depends upon a buffer layer which works as a thin film 

over the outer surface of the reinforced steel bars [7].  

In general, corrosion of minerals is a result of the formation of what so 

called rust cell. This cell allows for transition of electrons from the anode 

pole to the cathode pole via an electronic solution [8]. In case of reinforced 

concrete, the water filling the inner pores of the concrete is the electronic 

solution responsible for the transmission of electrons released from the 

oxidation of the steel bars. The aforementioned transmission solution is 

usually saturated with a high concentration of calcium, potassium and 

sodium hydroxides resulting from the processing of cement hydration. It 

was noted that the presence of the basal environment helps to form a 

protective layer that protects the steel bars from corrosion. In the structural 
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applications, the bond strength is a function for the integrity of the 

reinforced concrete composition and usually defined as the force that resists 

the separation of mortar and concrete from reinforcing steel [9]. The 

interaction between the reinforced steel bars and the surrounding concrete 

in addition to the nature of cohesion are the basis of the idea for any 

structural design [1, 9]. Previous studies [10, 11] pointed out that the critical 

bond stress developed between the concrete and reinforced steel is revealed 

throughout applying loading parallel to the direction of steel bars. Such 

behaviour can be evaluated using a pull-out test which is indicative of a 

static strength property of the reinforced concrete composition. 

Recently, many research works have been published regarding the 

corrosion of reinforced concrete structures. However, no available research 

was conducted to investigate the pullout strength behaviour of the self-

compacted concrete (SCC) elements exposed to aggressive environments 

similar to those found in the soil and groundwater of the southern parts of 

Iraq. In this paper, the bond strength of SCC samples was experimentally 

evaluated under the conditions of curing in water and exposed to aggressive 

salt solution. The effect of using epoxy coated was also investigated. A 

comparison with the expression proposed by relevant codes of practice was 

then made.  

2. Experimental Work  

2.1.  Materials used 

In order to get the desired objectives of this study, a high performance self-

compacted concrete mixes were produced using ordinary Portland cement 

complying with the EN BS 197-1 [12]. Natural sand and crushed gravel 
were used as fine and coarse aggregates. They have maximum particle sizes 

of 4.75mm and 10mm, respectively. The corresponding sulfate contents 

were 0.126% and 0.082%, respectively. Both of limestone powder and 
Caplast Super-R were used as a filler and superplasticizer admixture, 

respectively. Deformed steel bars with diameters of Ø12.5 mm and Ø25 

mm were adopted in formulating the samples of the block. They have 
ultimate and yield tensile strength of 660 MPa and 415 MPa, respectively. 

An epoxy H. Polypoxy CR type was used as a corrosion inhibitor for the 

reinforced steel bars. It is a solvent-free high build epoxy resin that provides 
a chemical resistant for both concrete and steel bars. It was supplied 

separately as two parts, namely resin and hardener.  

2.2. Selection of the concrete mix 

Following the procedure described for the common mix design method 

[13], an optimal concrete mix was designed in order to obtain a self-

compacted concrete mixture that possesses high flowability and 

compressive strength in the range of 35 MPa. This in turn gives a concrete 

mixture with a mix proportion of 1:1.8:2 (cement: sand: grave) by weight. 

The cement content and W/C ratio of the former mixture were 400 kg/ m3 

and of 0.58, respectively. The dosage of the super-plasticizer was 1% by 

weight of cement. For the assessment purposes, the flowability aspect was 

measured using slump, flow, J-ring, V-funnel, and L-box test methods. The 

results obtained for the flowability and compressive strength features are 

shown in Table 1. 

Table 1. Flowability and compressive strength values of the selected 

SCC 

Slump 

 (mm) 

Slump-

flow  

(mm) 

L-

test 

cm 

V-

funnel 

second 

j-ring 

test 

cm 

Compressive strength 

MPa at 28 days 

265 578 5.5 3  10 36.8 

2.3. Preparation of salt solution   

A composite solution of chloride and sulfate salts was prepared as an attack 

environment for the reinforced concrete samples. The concentrations of 

these salts are similar to those available in the soil and underground water 

of the southern parts of Iraq. The raw compositions of the former salts were 

NaCl, MgSO4.7H2O, and CaCl2.2H2O, as shown in Fig. 1. The 

concentration of the former salts are 45.l g/l, 17.9 g/l, and 5.5 g/l, 

respectively. 

 

 

Figure 1. Types of salts used in the preparation of aggressive solutions 

2.4. Preparation of moulds , mixing, casting and curing operations 

Play-wood moulds were designed for the purpose of casting the reinforced 

concrete blocks. Two configurations of wooden moulds were fabricated. 

The first has a dimensions of 200×120×120 mm (l× w× h) [14] which was 

designed for running the pullout test for the concrete blocks reinforced with 

the steel bar of Ø12.5 mm. Whilst, the second was designed with 

dimensions of 375×250×250mm (l× w× h) [14] to suit the pullout test for 

the concrete blocks reinforced with the steel bar of Ø25 mm, as shown in 

Fig. 2., while Fig. 3. shows the final composition for the beam and block 

moulds with their steel reinforcements. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Details of moulds: (a) blocks reinforced with Ø12.5 mm; (b) 

blocks reinforced with Ø25 mm 
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Figure 3. The final composition of the block moulds with their steel 

reinforcements 

The mixing, casting and curing operations were carried out in accordance 

with BS EN12390-2 [15]. Cubes samples were also cast to measure the 

compressive strength and density feature at different ages. Following the 

methodology adopted in this study, all of the concrete samples were firstly 

cured in water for 7 days. After that, the samples intended to be exposed to 

aggressive environment were only cured in salt solution for a period of 6 

months. The corrosion phenomenon of the reinforced block samples was 

computed under the conditions of cured in water, exposed to a salt solution 

with an without epoxy coated after a period of 6 months of exposure. After 

that period, the pullout test was then performed. 

2.5. Corrosion measurements 

The technique of electrical current passing through a specified length of 

steel bar was used to measure the amount of corrosion. A voltmeter device 

was used to supply a constant voltage (220 voltage), then the values of 

electrical current released were recorded, as shown in Fig. 4. In such a case, 

the corrosion of the steel bar is normally accounted for in the form of an 

affected cross-sectional area, as described in Eq.1.  

 A= (∫L)/R                                                                                              (1) 

where A is the affected cross-sectional area of steel bar due to the corrosion 

in mm2, ∫is the quality resistance in Omm which is equal to 7.36*10-8, L 

is the length of steel bar in mm and R is the electrical resistance of the steel 

bar in Omm per mm. 

 

 

 

 

 

 

 

 

Figure4. Corrosion test method 

3. Results and discussion 

3.1. Preliminary mechanical properties   

The results obtained for the mechanical properties of the hardened concrete 

samples are shown in Figs. 5 and 6. It can be seen that the compressive 

strength of the plain concrete samples tends to increase with the increase of 

curing age. This is due to the progressing in the hydration of cement paste 

with time. At early ages, the concrete samples cured in salt solution showed 

higher compressive strength than those cured in tap water. This behaviour 

can be explained by increasing the volume of solid hydration products in 

the present of salt solution. The latter prompts formation of calcium 

trisulfoaluminate which so called ettringite. At the later curing ages, the 

former product being unstable and convert to calcium monosulfoaluminate 

[8, 9]. This in turn means decreasing the value of compressive strength and 

the effect of salt being appear in terms of disintegration of the concrete.   

Similar behaviour was also noted for the values of densities of hardened 

concrete samples to that observed for the compressive strength. This 

supports the justified previously mentioned for explaining the behaviour of 

compressive strength with time of curing. The percentage increase in the 

value of density at 7 days for the concrete samples cured in salt solution 

was about 5% compared with those cured in water. On the other hand, the 

density value showed a reduction at 180 days age with a percentage 

decrease reaching to 2%. Conversely, a continues increase in the value of 

density with time was observed for the concrete samples cured in water. 

This was expected as the empty capillary pores are filled with the solid 

hydration products.  

 

 

 

 

 

 

 

 

 

 

 

 

 

    Figure 5. The values of compressive strengths at different curing 

conditions 

Figure 6. The values of concrete densities at different curing 

conditions 

3.2. Corrosion behaviour of the reinforced concrete elements 

The results obtained for the corrosion behaviour of the reinforced block 

samples at different curing conditions in terms of the value of current 

passing and the calculated volume of the embedded steel bar are presented 

in Table 2 and Figs 7 and 8.  
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Table 2. The current values for the reinforced block samples 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7. The volume of the embedded steel bars of Ø25 mm in the 

block samples at different curing conditions 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8. The volume of the embedded steel bars of Ø12.5 mm in the 

block samples at different curing conditions 

It can be seen that the volume of the embedded steel bars tends to decrease 

with the increase in the time of curing. So, for the purpose of durability 

evaluation, the behaviour of reinforced concrete element usually monitored 

for a long-term (at least for a six months) [16]. This is consistent with the 

results obtained for the plain concrete samples in which the adverse effect 

of sulfate attack appeared at the later ages. In general, the decrease in the 

volume of steel bar depends mainly on the nature of curing conditions. It 

was minimal for the block samples incorporated epoxy coated. Whilst a 

notable decrease in the volume of steel bars was noted for the case of curing 

in tap water. On the other hand, the highest volume change was observed 

for the samples exposed to salt solution. This is indicative for the corrosion 

of the reinforced steel bars and can be explained by the reaction of chloride 

salt with the outer surface of steel bar [8]. Existence of the salt solution 

prompts the aforementioned reaction throughout disintegration of the 

concrete cover and increasing its porosity [9]. On this basis, a direct contact 

can be achieved over the available surface of steel bar.  

It is important to note that the value of electrical current passing through 

the steel bar for constant voltages exhibited a constant decrease over time, 

as shown in Tables 2. This represents the concept of the electrochemical 

process of corrosion phenomenon which results in a volume change of the 

reinforced steel bars. 

The percentage decrease in the volume of steel bars of Ø25 mm used in 

reinforcing the block samples at 180 days compared with those cured at 7 

days for the cases of curing in water, cured in salt solution and cured in salt 

solution with epoxy coated were 18, 27% and 5%, respectively. Whilst, the 

results for the steel bars of Ø12.5 mm were unrealistic.  

3.3. Pullout  behaviour 

Figs. 9 and 10  illustrate the results obtained for the pullout behavour of 

the reinforced concrete blocks. Except for the ultimate values of pull-out 

force and slipping, both of these figures showed identical bond-slip curves 

for all of the tested samples. This was expected as a similar type and 

composition of concrete was used in this study.  

It was clearly shown that the ultimate pull-out force increases with the 

increase of the bar diameters. This mainly due to higher shear resistance 

propagated over the bar perimeter. Such resistance is also dependent upon 

the geometry of the rib. The percentage increases in the values of ultimate 

pull-out forces for the steel bars of Ø25 mm in respect to those of Ø12.5 

mm for the block samples cured in water, exposed to salt solution and epoxy 

coated were 73%, 73 and 78, respectively. 

Similarly, the values of displacements were consistent with their 

corresponding values of ultimate pull-out forces. Consequently, the highest 

displacement value was recorded for the steel bar of the larger diameter. 

This means a higher potential of pull-out force is needed to cause the 

ultimate slipping and failure for the block sample. 

The role of curing conditions was obvious in the results obtained. For the 

same diameter of steel bar, the bock samples cured in water show the 

highest pullout force and slipping values compared with those cured in 

other conditions. A notable decrease in the values of pullout force and 

slipping was noted for the block samples exposed to salt solution. The 

percentages decrease in the values of ultimate pull-out forces for the steel 

bars of Ø25 mm and Ø12.5 mm compared with those cured in tap water 

were 21% and 22%, respectively. The corresponding percentages decrease 

for the slipping values were 5.7% and 14.4%, respectively. The reason for 

this reduction may be related to impairment of the bond between the 

concrete and steel bar resulting from the corrosion phenomenon. Such an 

attitude tends to reduce the cross-sectional area of the bar as early as 

mentioned. Consequently, many voids are formed in the interaction zone 

between the concrete and steel bar associated with the weakness of the bars 

itself [17].  

The worst scenario was observed for the case of reinforced block samples 

incorporated epoxy coated. The latter case an indicator of the adverse effect 

of epoxy on reducing both of the ultimate pull-out force and slipping value. 

The percentages decrease in the values of ultimate pull-out forces for block 

samples reinforced with steel bars of Ø12.5 mm and Ø25 mm containing 

epoxy coated compared with those cured in water were 44% and 31%, 

Type of element Type of  curing 
Current value (Ampere)  at different curing ages 

7 days 14 days 28 days 1 month 2 months 3 months 4 months 5 months 6 months 

Block samples 

reinforced  with steel bar 

of  Ø25 mm 

water 190 189.26 185.93 181.1 179 175 164 157 155 

Salt  with epoxy  coated 190 190 189.4 188 188 186 184 182 182 

Salt without epoxy 188.99 188.7 186 175.1 161 161 144 141.5 139.9 

Block samples 

reinforced with steel 

bar of 12.5mm 

water 85 85 79 99 110 105 114 102 78 

Salt  with epoxy  coated 83.5 86 72 102 116 91 72 119 100 

Salt without epoxy 79.9 77.9 70.7 95.5 93 114 121 44 90 
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respectively. The corresponding percentages decrease in the slipping values 

were 19.5% and 22.4%, respectively. Such behaviour can be explained by 

forming a film around the steel bars which considerably tends to reduce the 

mechanical friction resulting at both surfaces of concrete and steel bars. The 

latter friction is the major source of bond strength. Based upon the above 

results two opposite roles were noted for the epoxy coated: preventing the 

corrosion to be occurred and inducing less bond to the reinforced concrete 

composition.  

 

Figure 9. Pullout strength-displacement relationship for block 

samples reinforced with steel bar of Ø12.5 mm 

Figure 10. Pullout strength-displacement relationship for block 

samples reinforced with steel bar of Ø25 mm 

Figure 11. The failure modes of the block samples: (a) extension of the 

slipping cracks (b) completely failure 

In terms of the failure modes, the cracks appear firstly at the top surface of 

the samples underneath the holding plate associated with slipping of the 

steel bar. When the pullout load increases, the cracks extend to the sample 

height, as shown in Fig. 11-a. Completely splitting failure mode is then 

took place at the point of ultimate load, as shown in Fig. 11.b.   

3.4. Compassion with the code of practice 

In order to explore the structural applications of the experimental results 

obtained in this study a comparison was made with the relevant code of 

practice. In this regards, CEB-FIP [18] proposed Eq.2 to calculate the bond 

strength in term of shear resistance of a specified steel bar embedded within 

a concrete composition, as follows: 

 

τ𝑏𝑢,𝑠𝑝𝑙𝑖𝑡 =  ƞ26.5 (
fcm

25
)

0.25

(
25

∅
)

0.2

[(
Cmin

∅
)

0.33

(
Cmax

∅
)

0.1

+ km ktr]          (2) 

 

where ƞ2  is a parameter representing the bond condition and taken as 1.0 

for good bond and 0.7 for all other bond conditions, fcm is the cylinder 

concrete compressive strength in MPa,  Ø  is the diameter of the anchored 

bar in mm, Cmin is the min. Cx, Cy and Cmax is the max Cx, Cy taken based 

on the Fig. 12, km represents the efficiency of confinement from transverse 

reinforcement which has a value of 12 where bars are confined inside a 

bend of links passing around the bar of at least 90° and  ktr is calculated 

using Eq. 3. 

 

 

 

Figure 12. Shows the spacing and cover of the straight bar; Cx and 

Cy 

𝑘𝑡𝑟 =
ƞ1𝐴𝑠𝑡

ƞ𝑏Ø𝑆𝑡

≤   0.05             (3) 

where ƞ1 is the number of legs of confining reinforcement crossing a 

potential splitting failure surface at a section, Ast is the cross-sectional area 

of one leg of confining bar in mm2, ƞb is the number of anchored bars or 

pairs of lapped bars in the potential splitting surface and St  is the 

longitudinal spacing of confining reinforcement in mm. 

Applying Eq. 2., taken into consideration ƞ2value is 1.0 for samples cured 

in water and 0.7 for those epoxy coated. On the other hand, the CEB-FIP 

[18] suggested the value of ƞ2 for the corroded reinforcement is 0.4 for the 

non-confinement elements. The calculated bond strength with their 

corresponding measured values are illustrated in Table 3. 

Table 3. The measured and calculated values of bond strength (τ) 

Type of curing 
Experimentally measured 

values of ( 𝛕 ) in MPa 

Calculated values of (𝛕) 

using Eq.2 in MPa  

 Ø 25 Ø 12.5 Ø 25 Ø 12.5 

Cured in water 12.42 12.16 14.00 16.00 

Exposed to salts  9.79 9.95 5.64 6.54 

Epoxy coated 8.47 7.36 9.88 11.45 

It can be seen that the highest differences between the measured and 

calculated results of the bond strength were noted for the block samples. 

This may be due to the nature of pullout technique which represents a direct 

test method. On this basis, Eq. 2 needs to be amended in order to fit the 

experimental measurements obtained in this study. It was found that the 

suggested values of (ƞ2) are as per in Table 4. 

(a)                       (b) 
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Table 4. The suggested values of ƞ𝟐 

Type of curing 
ƞ𝟐 values 
Ø 25 Ø 12.5 

Cured in water 0.88 0.76 

Exposed to salts  0.60 0.70 

Epoxy coated 0.64 0.48 

 

4. Conclusions 

This study was conducted in order to investigate the bond strength 

behaviour of reinforced self-compacted concrete elements exposed to 

different curing conditions. The main findings of this study can be 

summarized as follows: 

 

 The compressive strength and density values showed a notable increase 

at the early ages when the concrete samples exposed to aggressive 

solutions. However, a contrast behaviour was noted at the later ages (i.e. 

beyond 120 days) where a decomposition for the main components of 

cement paste took place.      

 The rate of corrosion increases with an increase in the time of exposure 

to the salt solution. Such behaviour was only noted for the uncoated 

steel bars, whilst the epoxy coated prevent the occurrence of the 

corrosion phenomenon.  

 The pull-out strength value adversely affected when the reinforced steel 

bar of the concrete block samples exhibited a notable corrosion at the 

external surfaces due to exposure to the salt solution. The percentage 

decreases in such a case compared with that of cured in tap water were 

17.7% and 21% for the steel bars of Ø12.5 mm and Ø25mm, 

respectively. 

  The highest decrease in the value of pull-out strength was observed for 

the reinforced concrete blocks containing an agent of epoxy coating. 

This was mainly due to the role of such agent in reducing the adhesion 

between the steel bars and the surround concrete. The percentage 

decreases in the former reinforced block samples when compared with 

those of free coating agent and cured in tap water were 44.5% and 

31.2% for the steel bars of Ø12.5 mm and Ø25mm, respectively. 
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