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ABSTRACT: Reinforced concrete structures exposed to aggressive environments 
throughout their design life often sustain high levels of deterioration due to corrosion of 
reinforcement. This causes large losses in cross-section and diminished bond performance 
resulting in reduced performance under seismic and everyday loading. This paper 
assesses the monotonic and cyclic bond performance of corroded reinforcing through a 
series of 24 tests that focus on reductions in bar cross-section between 15-25%.  The 
effects of high levels of corrosion were substantial with over 50% reduction in bond 
rupture stress resulting from only 15% reduction in cross-sectional area due to corrosion. 
More importantly, when subjected to cyclic loading, the rate of bond degradation was 
much higher than would be expected if the uncorroded result was simply scaled by the 
reduced rupture stress. 

1 INTRODUCTION 

Corrosion of steel reinforcement is one of the main causes of deterioration of reinforced concrete 
structures. It is particularly prevalent in structures consistently exposed to aggressive environments, 
where deterioration often progresses at a rapid pace, resulting in severe damage to reinforcement and 
its surrounding concrete. While the most obvious effect of corrosion is a reduction in cross-sectional 
area of reinforcing bars, there are other associated effects caused by the build up of corrosion products 
at the interface between the reinforcing and surrounding concrete. These corrosion products are 
expansive in nature and so induce radial pressures on the surrounding concrete resulting in cracking 
and spalling. Furthermore, the build up of corrosion products affects the bonding between the steel 
reinforcing and surrounding concrete. Corrosion impacted significantly on the performance of 
structural elements (Al-Hammoud, et al. 2010) in beam capacity for static and fatigue loading of 25% 
and 30% respectively with only 3.9% loss of reinforcing steel. The seismic performance of corroded 
members has been investigated (Biondini, et al. 2010, Ou, et al. 2010, Oyado, et al. 2007) where it 
was shown that their performance was diminished significantly.  

Alternatively, research focusing on bond performance found that low levels of corrosion (<~5% 
reduction in bar cross-section) have a beneficial effect on bond in deformed bars (Almusallam, et al. 
1996). At corrosion levels above this, the bond capacity dropped off significantly with a change in the 
failure mode from splitting of concrete to continuous slippage of the bar (Fang, et al. 2004). Bond 
performance is primarily dependent on factors: concrete compressive strength, confinement and 
surface of the bar (deformed or round) (Paulay and Priestley 1992).   

The cyclic bond performance has been investigated for corroded round and deformed bars with and 
without confinement (Fang 2006, Fang, et al. 2006). The testing consisted of either fixed maximum 
displacement or incremental increases in displacement of 0.1~0.3~1.0mm and were carried out at four 
levels of corrosion ranging from 0.0% to 7.6%. At 5.1% corrosion the sample displayed the largest 
amount of bond degradation for deformed confined bars while all samples displayed large reductions 
in bond capacity when loaded cyclically. Research in the 1980’s (Eligehausen, et al. 1983) developed 
a comprehensive model for uncorroded cyclic bond performance. This cyclic model will be used as the 
foundation for the analysis of the data gathered and is based around using the energy encapsulated by 
the stress-slip relationship to determine the level of bond degradation.   
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In the first phase of this study carried out at the University of Canterbury, the effects of high levels of 
corrosion on the monotonic and cyclic behaviour of the bond between reinforcing bars and concrete 
was assessed through 24 pull-out tests on specimens subjected to accelerated corrosion conditions. 

2 EXPERIMENTAL PROGRAMME 

The first phase of this experimental research programme consisted of testing a total of 24 small 
reinforced concrete specimens with different levels of corrosion and under both monotonic and cyclic 
pull-out loading. The corrosion level refers to the reduction (%) in cross-sectional area of the 
reinforcing bar and ranged from 15% to 25%, replicating a highly damaged structure. In later phases 
of the research programme the effects of reduced confinement and lower levels of corrosion were 
assessed. 

2.1 Test Specimens 

Specimens consisted of a deformed steel reinforcing bar set in a concrete prism with three stirrups to 
provide confinement. PVC pipe was used to limit the bonded length to four times the bar diameter (4 x 
20mm = 80mm). The bonded length is much less than the development length of the bar so that the 
bond stress along the bar is relatively uniform. Stirrups at close spacing provide confinement along the 
bonded length and help to limit any end effects. More details are shown in Figure 1.  

 
Figure 1: Test specimen (using 6mm stirrups), Left: Cross-section front, Right: Cross-section side 

To ensure that the bars do not yield, Ф = 20 mm, Grade 500E steel, typical to New Zealand,  was used 
for the main bar, with the designation HD20. The R6 stirrups were constructed using Grade 300 steel.  

2.2 Concrete Mix Design 

The concrete was designed to have at least a 45MPa compressive strength with a w/c ratio of 0.4 
which conforms to the requirements from NZS3101:2006 for a ‘C’ class aggressive environment 
which is related to structures exposed to marine conditions. The concrete mix consisted of 155 kg / m3 
water, 387 kg / m3 General Purpose Cement, 744 kg / m3 Sand, 1136 kg / m3 Stone (13 mm) and 2.1 l / 
m3 Water Reducer. This mix was found to have a 28 day compressive strength of 50.8 MPa, elastic 
modulus of 35.2 GPa and a tensile strength of 7.1 MPa.  

2.3 Construction 

The specimens were constructed to be identical prior to the initiation of corrosion. The bars were clean 
thoroughly to remove any surface corrosion on the bars along with any machining fluid that may have 
come in contact with the surface prior to pouring of the specimens. PVC piping was also used to keep 
the submerged end of the reinforcing dry when in the corrosion bath. 
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2.4 Accelerated Corrosion 

The specimens were corroded using an electrochemical accelerated corrosion technique that involved 
impressing a current through the specimens to accelerate the oxidation process in a 5% NaCl solution. 
The current was 0.1A per specimen, allowing for the required reduction in cross sectional area to take 
place over approximately 60 days. Specimens were soaked for 3 days prior to application of the 
current. The accelerated corrosion set up is shown in Figure 2.  

 

a)                       b) 
Figure 2: Electrochemical corrosion system. a) Schematic drawing b) Photograph of set-up in the lab 

A similar set up has been adopted by several researchers (Cairns, et al. 2008, Fang 2006, Fang, et al. 
2006, Fang, et al. 2004, Yingshu, et al. 2007). Rough predictions of the level of corrosion can be made 
using Faraday’s Law as shown in Equation 1 which states that the mass loss is proportional to the 
number of electrons exchanged and the molar mass of the element.  = = 55.8472 96487                                                                                          (1) 

Where mt= mass loss, I = current, M = molar mass of element, z = valency of the element, t = time and 
F = Faraday’s Constant. The current flowing through each specimens ( I ) was measured at daily 
intervals to track the mass loss. This current was maintained at 0.6A by the power supply which gave 
an approximately even distribution between six specimens. This was found to be correct with the 
majority of specimens receiving 0.1 +/- 0.005A throughout the process. By linking the specimens in 
parallel it is possible to corrode more than one specimen at a time.  

After the accelerated corrosion process was completed, the true reduction in cross section was 
measured by the mass loss of the corroded reinforcing in the bonded section, giving an average mass 
loss over the bonded section. Bars, before and after applied corrosion, were cleaned using a 5% nitric 
acidic solution to remove scale and rust products and then weighed.  

2.5 Loading Protocol and Instrumentation 

Once corroded, the specimens were tested under either monotonic or cyclic loading in a purpose built-
in frame shown in Figure 3. Load was measured through the load cell and the displacement (slip) was 
measured using a potentiometer, accurate to ±0.002 mm. Monotonic testing consisted of a simple pull 
out test to determine the bond rupture slip and back-bone curve, while reversed cyclic loading was 
incrementally increased through values of maximum positive and negative displacement of 0.2, 0.4, 
0.6, 1.2, 1.8, 2.4 and 4.8 mm, with 3 complete cycles performed at each displacement limit.  
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Figure 3: Schematic (left) and picture (right) of the testing frame set up 

3 RESULTS  

3.1 General Comments 

The level of bar reduction in the bonded area was typically far greater than that observed on the rest of 
the bar with most of the unbonded regions shown little to no signs of corrosion. The severity of 
corrosion along the bonded section was not uniform in the majority of the specimens. It was 
commonly seen that a 10-30mm section of the bonded region would display reduction of cross-section 
in excess of 30% with far less reduction found in other regions, as shown in Figure 4. The lack of 
uniform corrosion over the length of the bar is typical of that associated with chloride induced 
corrosion.  

 

         a)                    b) 

 

         c)                   d) 
Figure 4: The bonded sections displaying the reduction in cross section observed. a) 21% corrosion, b) 

20% corrosion, c) 16% corrosion, d) 21% corrosion prior to cleaning.   

It should be noted that when preparing the specimens for testing at levels of corrosion greater than 
20% some rotation of the bar was observed in a few specimens due to differential movement between 
the loading frame and the test specimen. While care was taken to stop rotation from happening, the 
smallest applied moment may have jeopardised the bond integrity. It follows therefore, that if the 
forces required to twist the bar were this low then the bond had already been severely degraded by the 
corrosion products.   

Moderate levels of corrosion were observed in the stirrups that confined the reinforcing. This was 
predominantly located on just one of the three stirrups in each specimen. Since the deterioration was 
generally limited to the one stirrup at the edge of the bonded section of primary reinforcement it is 
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assumed that the overall confinement was not significantly affected, but further investigation will be 
required to determine the confinement effect. 

Under regular conditions, the corrosion products would have been expected to produce a red-orange 
colour of iron (III) oxide. Some red orange oxide was produced under accelerated process but the bulk 
of the corrosion product was black in colour which suggests the formation of an iron (II) oxide with 
lower expansive properties.  

3.2  Monotonic Response 

The results from the monotonic testing displayed a reasonable level of variability across the range of 
corrosion levels and can be seen in Figure 5. The uncorroded control specimens had a rupture stress of 
32.6 MPa and 30.1 MPa, far greater than the corroded specimens. Their rupture is followed by a 
decrease in stresses until a frictional response is reached. At this point a roughly constant stress of 8 
MPa was reached at a slip value of 12 mm, which corresponds to the rib spacing on the HD20 
reinforcing bar used in the specimens and purely friction stresses.  

The tests with a corrosion level of 16% would be expected to display similar behaviour. This was 
found with two of the three tests which had rupture stresses of 12 -13 MPa, but the third reached 20.2 
MPa. This was attributed to differing corrosion patterns in the bonded section. At 16% corrosion there 
is not a significant reduction in initial stiffness of the specimens, but it is clear that the nature of the 
rupture mechanism changed with a clearly defined peak no longer being displayed. The change in 
mechanism is attributed to the removal of the ribs on the bar through corrosion. This significantly 
reduces the mechanical inter-lock between the bar and concrete leaving frictional forces to resist the 
bulk of the load. One test did display a small peak, which was attributed to the non-uniform loss of 
cross-section along the bar, meaning that some sections retained their ribs and still offer mechanical 
inter-lock. 

At corrosion levels greater than 20% all specimens reached a similar bond stress of 6 MPa by 1 mm of 
slip and continued along roughly the same path despite one of the specimens having 28% bar 
reduction. This single specimen did however display a significantly reduced initial stiffness. This 
suggests that for greater than 20% reduction of cross-section the bond is so heavily damaged that the 
effect on rupture stress of additional corrosion will be negligible, though the initial stiffness may 
further diminish.  

 
Figure 5: Average Monotonic pull-out test results for each corrosion level 

The uncorroded tests showed rupture occurring at approximately 0.4 mm, whereas the corroded tests 
at 16% corrosion displayed a rapid reduction of stiffness to near zero in the 0.02 - 0.1 mm region. At 
corrosion levels greater than 20% the stiffness reduction occurred in the range of 0.05 – 0.2 mm, with 
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much lower initial stiffness.   

In Figure 6 the rupture stress of all the monotonic, and a number of the cyclic tests that reached 
rupture in their initial cycle, were graphed against the level of corrosion found in each of the test 
specimens. It can be seen that there is a sound correlation between the factors, with 16% corrosion 
resulting in over 50% reduction in bond strength. Based on this relationship, it would be expected that 
by 30% corrosion there would be close to 100% loss in bond strength. This seems unrealistic and the 
evidence is insufficient to extrapolate the trend further than 25% corrosion. 

 
Figure 6: Peak bond stress against the level of cross-section reduction for the reinforcing bar,  

3.3 Cyclic Response 

Twelve cyclic tests were carried out at a range of corrosion levels matching the monotonic testing, all 
following a similar loading regime to that shown in Figure 7 with each increase in slip increment 
being followed by three full reversed cycles before the maximum slip increment was increased. The 
general behaviour was similar to the monotonic, with higher levels of corrosion providing higher 
reduction in bond stresses.  

 
Figure 7: Stress-Slip relationship for Cyclic (0%) and Monotonic (0%) 
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Moreover the bond stresses associated with the horizontal sections in Figure 7, when the bar is not 
near maximum slip, were initially higher in the corroded specimens but diminished quickly. In 
contrast to this, the uncorroded specimens tended to show an increase in stress with the increase in 
displacement associated with the fourth cycle where the maximum displacement increased from 0.2 
mm to 0.4 mm. At the end of testing, after 18 cycles, the sliding stress was only 0.1 MPa for the 
corroded specimens whereas it was between 1.0 and 2.0 MPa for their non-corroded counterparts. This 
suggests that the corrosion products initially increase the confining stresses on the bar due to their 
expansive nature but, once disrupted, have a lubricating effect on the sliding process. 

In the analysis of the cyclic data both dimensionless bond stress (T/Tm) and Energy (E/E0) were used 
to characterise behaviour using a similar method to Eligehausen, et al (1983). The peak stress at each 
cycle (T) was divided by the monotonic envelope value at the same slip (Tm), given from monotonic 
testing of a similarly corroded test specimen. The cumulative energy (E) was divided by the energy 
encapsulated by the monotonic envelope prior to a purely frictional response being reached (E0). Using 
this process it might be expected, based on (Eligehausen, et al. 1983), that the effect of corrosion on 
reducing bond performance would not affect the dimensionless energy. The results from this series of 
testing suggest otherwise. 

 
Figure 8: Maximum stress / Monotonic stress envelope against non-dimensional energy displayed for 0%, 

15% and 20% reduction in bar cross-section due to corrosion. 

Figure 8 shows a significant difference in the rate at which damage is sustained when related to the 
dimensionless energy dissipated. The reduction is significantly more than the reduction in rupture 
stress due to corrosion and also significantly more than would be expected with respect to the 
monotonic. This suggests that bond degradation is far more severe in heavily corroded reinforcing on 
top of their already decreased monotonic performance.  

The data for the uncorroded tests shows an acceptable fit to an exponential trend line though at higher 
corrosion levels the correlation is not as strong. Based on the relationship found between the three 
series the following equation is proposed to relate the percentage corrosion to the slope of the 
dimensionless stress against non-dimensional energy relationship; = . . = %                                                                                                (2)                                   

% = 0.2742 .                                                                                                                       (3) 

Where α% is the corrosion energy damage factor and K is the corrosion level (%).  This has been found 
over a very limited range and using erratic data but does provide a sensible and logical relationship 
that can be used in cyclic bond performance prediction and requires further investigation. 

y = e-0.268x

R² = 0.9048

y = e-2.465x

R² = -0.186

y = e-4.232x

R² = 0.3458
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

0 0.5 1 1.5 2 2.5 3 3.5

T
/T

m

E/E0

0%

15%

20%



8 

4 CONCLUSIONS 

Corrosion has a significant influence on the bonding performance of steel reinforcing in concrete with 
over 50% reductions in bond strength observed associated with 16% reduction in average cross-
section due to corrosion. At some level of corrosion lower than 16% there is a change in the failure 
mechanism from rupture to a gradual sliding associated with a reduction in stiffness. It is believed that 
this is associated with corrosion removing the ribs of the reinforcing, hence the interlock they provide 
between the reinforcing bar and concrete. At high levels of corrosion (>20%) there is a significant 
reduction in initial stiffness though at lower levels the initial stiffness in similar to the uncorroded 
behaviour until sliding is initiated.   

Under cyclic loading the level of corrosion affects the sliding stresses which are initially higher in 
corroded bars, but diminishes rapidly when compared to uncorroded bars as cycling continues. The 
energy dissipated by highly corroded bars through bond slip is significantly less than in non-corroded 
bars. In addition to this, bond degradation is far more severe is heavily corroded reinforcing even 
when dimensionless bond stress and energy are used.  
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