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SUMMARY: In this work an experimental research will be presented in which reinforced concrete specimens were 
exposed to accelerated corrosion and tested in uniaxial tension in order to investigate the degradation of tension 
stiffening due to reinforcement corrosion. Before exposing the reinforced concrete specimens to accelerated corrosion in 
a cyclic corrosion test chamber cracks were introduced into the specimens. Testing was conducted on both corroded and 
controlling un-corroded specimens, and a relationship between the applied load and mean strain of the cracked 
specimens was established. The proposed test-setup is closer to the nature of a great number of reinforced concrete 
structures subjected mainly to bending, meaning that the cracks form in concrete members already at the beginning of the 
exploitation of the construction, i.e. well before the corrosion process has started. 
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1 INTRODUCTION 

Experiments on reinforced concrete specimens with corroded reinforcement loaded in uniaxial tension have been 
performed by many authors. Amleh and Mirza [1] carried out an experimental campaign using 14 specimens, 100 mm in 
diameter and 1000 mm long reinforced only with a 20 mm bar in the middle of the section. The specimens were first 
electrochemically corroded in a tank with 5 % sodium-chloride (NaCl) solution by using electric current (several levels of 
corrosion were achieved), and then loaded in uniaxial tension by applying force at both ends of the reinforcing bar 
protruding from the concrete specimen. Shimomura and Maruyama [2] demonstrated that corrosion reduces not only the 
reinforcing bar cross-sectional area but also the tension stiffening of the member with corroded reinforcement. Their 
experimental campaign consisted of 7 specimens and was similar to [1], with the main difference that the cross-section 
was square (100x100 mm). were prepared as in previous studies and tested in uniaxial tension, but 
here the specimens were laid and tested horizontally. Giordano with co-workers [4] investigated the effects of corrosion 
deterioration in an experimental campaign where the specimens were simultaneously subjected to loading (static or 
cyclic) and accelerated electrochemical corrosion. Prismatic specimens with 90x90 mm cross-section of 500 mm length 
and 14 mm bars were used. A power supply was connected to the bar (which acted like an anode) while 4 stainless steel 
plates were connected to the specimen sides, with the insertion of stainless steel wool, and acted like cathodes around 
the specimen.  also added in the concrete mix to ensure reinforcement 
depassivation. The concentration of corrosion was evident in the specimens subjected to cyclic loading [5]. Uniaxial 
tensile tests on 4 specimens with corroded reinforcement were also conducted by Kim and co-workers [6]. Corrosion was 
induced by electrochemical process using a pool containing NaCl solution with a cooper plate inside placed on the top 
surface of the specimens, and electric current applied between the rebar and the copper plate. The location of the pool 
was either on the entire top surface, half, centre or only on the side, thus inducing irregular corrosion. Finally, Imperatore 
and her team [7] tested 2 full-scale  meters long tie specimens (150x150 mm with an embedded 16 mm bar) which were 
artificially corroded in a pool with NaCl solution. 

As can be observed, in experiments carried out so far (except in [4]) the specimens are first corroded by an external 
current power supply and then subjected to uniaxial tension, i.e. specimens do not have cracks when the accelerated 
corrosion is induced. Disadvantage of the effect of corrosion on deterioration of RC elements obtained in this manner lies 
in the fact that (i) members in structures usually subjected to bending and/or axial force already have cracks 
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perpendicular to longitudinal reinforcement, and that (ii) galvanostatic accelerated corrosion (which causes mostly 
homogeneous reinforcement corrosion) does not represent the actual corrosion process under natural environment 
(localised corrosion) [8].  

In this paper test setup and results of a preliminary series of RC ties will be presented: specimens were first subjected 
to uniaxial loading in order to induce cracks and afterwards exposed to accelerated corrosion. Corrosion was induced in 
an artificial climate environment, by exchanging wet (salt water) and dry (heating) cycles, simulating sufficiently 
representative the natural process of corrosion. After the corrosion process the specimens were again loaded in tension 
and a relationship between the applied load and mean strain of the cracked specimens was established. 

This project is a continuation of a previously conducted comprehensive experimental research on reinforced concrete 
beam and slab specimens [9]. The specimens were simultaneously subjected to accelerated corrosion of reinforcement in 
an environmental chamber , with wetting and drying cycles (representing natural chloride environment) and 
sustained loading (what caused cracks in concrete) for the whole duration of the experiment. Deflections and crack 
pattern was periodically monitored. During the experiment a high level of reinforcement corrosion was achieved (up to 8% 

 of mass loss in beams and plates, respectively). The measured corrosion rates were much greater in cracked 
areas of beams and slabs, and a frequent appearance of localised corrosion was noticed in cracked areas and areas 
near cracks. This can be explained by an easier chloride ions penetration, but also oxygen and water, through cracks and 
further along the reinforcing bars due to deteriorated bond between steel and concrete near cracks. 

2 EXPERIMENTAL SETUP 

2.1 Specimen details 

This experimental test setup aims to demonstrate how the existing cracks affect localised corrosion. The experimental 
campaign consisted of a preliminary series of tests on six specimens. Geometry and cross-section properties of the tie 
specimens are shown in Fig. 1. Length of the specimens was limited by corrosion test chamber dimensions. The concrete 
specimens are reinforced with a single hot-rolled ribbed bar of 8 mm in diameter running longitudinally through the 
centroid of the cross-section. Special attention was given to preventing corrosion at concrete ends, where the distance 
from outer surface to the bar is smaller than in the rest of the specimen. Before casting, at the specimen ends a rubber 
tube was inserted on the bar into the specimen for 5 cm; after casting it was removed while the resulting free space was 
filled with polyurethane sealant. Epoxy coating was also applied at the bar ends. The concrete compressive strength was 
measured on cubes (150 mm): mean compressive stre  

After casting, specimens were first cured for 7 days and then stored in laboratory conditions. The first tensile test was 
performed after 9,5 months. During this period shrinkage of concrete wa  specimens using 
mechanical strain gauge with 250 mm gauge length: stainless steel marks were attached on two opposite sides of the 
specimen: on each side 4 steel marks at 250 mm distances (Fig. 2). Average shrinkage deformation measured after 9,5 

-6. As reported in [10] if shrinkage is not accounted for, initial member shortening can lead to reduction 
in tension stiffening. Procedures for subtracting the effect of shrinkage can be also found in [11, 12]. 

 

Figure 1: Test specimen details (dimensions in cm) 
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Figure 2: Measuring shrinkage deformation via stainless steel marks glued on specimens along the central axis 

2.2 Testing procedure 

The testing procedure is described in detail in Table 1. The tensile axial force was applied to the ends of the 
reinforcing bar protruding from each end of the concrete specimen and the specimen elongation measured. Testing was 
conducted on both corroded and controlling reinforced concrete specimens without corrosion. Before exposing the 
reinforced concrete specimens to accelerated corrosion, 
MPa), what caused formation of cracks in the specimens: 4 or 5 cracks perpendicular to the member axis were observed 
(Fig. 4). Consequently, this cracks have significantly deteriorated the bond in the vicinity of the cracks. After unloading, 
the cracks were not complete  

Table 1: Testing procedure  

Specimen Phase 1 Phase 2  Note 
A1 uniaxial tension   trial specimen 

A2 uniaxial tension 15,5 kN,  
unloading 

accelerated 
corrosion 

uniaxial tension 15,5 kN, 
unloading 

 

 uniaxial tension 15,5 kN, 
unloading 

accelerated 
corrosion 

uniaxial tension 15,5 kN, 
unloading 

 

A4 uniaxial tension 15,5 kN, 
unloading 

accelerated 
corrosion 

uniaxial tension 15,5 kN, 
unloading 

 

A5 uniaxial tension up to 4% elongation  
0 kN)   monotonic 

loading 

A6 uniaxial tension 15,5 kN, unloading, 
kN   reverse  

loading 

All tests were carried out in displacement control (universal testing machine Zwick/Roell 600 kN): load rate 0,00667 
mm/s up to 15,5 kN for A2-A4; load rate 0,00667 mm/s up to 15,5 kN and 0,15 mm/s afterwards for A5; load rate 0,00667 
mm/s up to 15,5 kN, unloading 0,5 mm/s and reloading 0,1 mm/s for A6. The applied force was measured by an external 
load cell, while the elongation of the specimen was recorded using 2 linear variable displacement transducers (LVDT), 
with original gauge length of 100 mm extended to 800 mm through specially made extensions, symmetrically placed on 
two opposite sides of the specimen. The experimen . 

After unloading, specimens were exposed to reinforcement corrosion in a cyclic corrosion test chamber (Ascott 
CCC1000ip) by exchanging wet and dry cycles. An accelerated corrosion cycle is described in Table 2. The cycles were 
selected according to [9, 14]. In order to induce corrosion NaCl was melted into water ( ) 
and sprayed onto the specimens. The corrosion process lasted for 1 year: actually 87 cycles were conducted; there were 
some random pauses in the beginning due to some unexpected damage of the equipment. After the corrosion process, 
specimens were taken out from the corrosion test chamber, and stored for 1 year in the laboratory (Fig 4.). 

Table 2: An accelerated corrosion cycle in the cyclic corrosion test chamber 

Day  Temperature, °C Relative humidity, % Phase description 

1  
15 h off  n/a spraying with salt water 

2 off  70 wetting  

 off 
 

60 for 1h 
 in 20 h 

20 
20 
n/a 

heating and drying   
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Figure : Specimen prepared for testing with two LVDT-s mounted on opposite sides (left), uniaxial tension test setup (middle),    
cracks perpendicular to member axis formed during the tensile test (right)  

 

Figure 4: Test specimens after the accelerated corrosion process (crack pattern marked with red colour)  

3 RESULTS 

3.1 Uniaxial tensile test results 

A relationship between the applied load and mean strain of the cracked specimens was established. Strain was 
obtained by dividing the average deformation of two LVDT-s by their gauge length. Fig. 5 shows the response of the 
specimens after the Phase 1 (applied load vs. average deformation diagram), compared with bare steel bar response. 
Due to the contribution of the intact concrete between the cracks the member is stiffer than the bare steel bar response 
(this is referred as tension stiffening). As may be noticed, the stiffness of the member decreases with each new crack. 
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Figure 5: Uniaxial tension test: load - average strain diagram after Phase 1 

 

Figure 6: Uniaxial tension test: load - average strain diagram after corrosion (Phase 2) 
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Results of tensile test after corrosion are compared with control specimen A6 without corrosion on Fig. 6. Only results 

for two corroded specimens are shown , since on specimen A4 one LVDT has not been recorded, so it was 
not possible to obtain the mean value. Both corroded specimens show very similar behaviour, and a decrease of tension 
stiffening may be noticed. This results indicate that tension stiffening is influenced by corrosion. 

3.2 Testing of corroding bars  

To establish the mass loss due to corrosion, after the tensile test the specimens were crashed with a hammer and 
reinforcement has been taken out (Fig. 7). Bars were cleaned according to ASTM G1-  (2017) using 19% HCl for 2x15 
min and only cloth and soft brushes.  

- less than 2%. In 
case of uniform corrosion this wouldn’t affect much the cross-section area reduction. However, as in this case the 
corrosion was localised at the vicinity of the cracks, the cross-section reduction was quite significant at some points. This 
may be clearly noticed on Fig. 8, which shows results of accelerated corrosion visible on the bars after cleaning. Bars 
were visually inspected: pits are of various size and irregular shape (rather shallow and wide than narrow and deep), in 
some cases undercutting.  

  
 

  

Figure 7: Extracting the corroded reinforcing bars from the specimens after the tensile test 

: Mass loss due to corrosion 

Reinforcement bar from specimen Length, m Mass, g Mass loss*, g Mass loss**, % 
A2 1,10   1,65 

 1,10  4,29  
A4 1,095 427,77 6,01 1,89 
Unit mass of un-corroded bar (mean value of 6 samples) equals  

* Obtained as: mass – (un-corroded bar unit mass x bar length)                                                                                           
**Obtained as: mass loss / (un-corroded bar unit mass x 0,8 m), since corrosion was only possible on the                         
exposed part of the bar  
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Figure 8: Localised corrosion (top: bar from specimen A2, middle: bar from specimen : bar from specimen A4)   

Corroded reinforcing bars were finally tested in uniaxial tension. Fig. 9 shows force vs. deformation diagram of both 
the corroded and un-corroded bars. Although the mass loss was rather small, the corroded bars have significantly 
changed their mechanical properties: (i) there is a significant loss of ductility: around 50% 
more than 70% for A4 comparable with un-corroded reinforcement; (ii) decrease in yield strength (what can be related to 
cross-section area loss); (iii) decrease in strength; (iv) decrease of initial stiffness (note the reduced slope of corroded 
bars in Fig. 9 right). On the basis of this experimental campaign it may be concluded that tensile stiffness of RC 
specimens is decreased both due to rebar stiffness loss and due to bond loss (affected to tension stiffening). 

  

Figure 9: Force vs. deformation diagram for corroded and un-corroded bars, with enlarged initial part (right) 

4 CONCLUSIONS 

This experimental campaign aimed to confirm the effect of pre-existing cracks on localised corrosion initiation and 
development. In this test-setup corrosion has been induced in a test chamber using salt water and exchanging wet and 
dry cycles, what is similar to the corrosion process under natural environment.  

The following conclusions may be summarized:   
1) So far no such uniaxial tension RC tests have been conducted where specimens had been first loaded in order to 

induce cracks and then subjected to accelerated corrosion. As well, for the first time in tension specimens corrosion was 
induced in an artificial climate environment in a test chamber. 

2) Although the bar mass loss is rather small (less than 2 %), at the vicinity of the cracks considerable localised 
corrosion has been observed, with significantly larger bar cross-section reduction than away from the cracks. 
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4) This proposed experimental test-setup, where corrosion process has been coupled with cracks, is closer to the 
nature of a great number of RC structures. The focus of this preliminary 6 samples was on the test setup implementation. 
However, in order to propose a general degradation tension stiffening model that could better describe this process a 
more extensive experimental campaign has to be carried out including variations in: (i) bar diameters, (ii) concrete cross-
sectional dimensions, (iii) concrete strengths and (iv) corrosion levels. 
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