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A B S T R A C T

Reinforced concrete (RC) structures are highly susceptible to reinforcement corrosion, which leads to a signifi
cant reduction in their structural capacity. Corrosion particularly affects the bond between concrete and steel 
reinforcement in RC members, affecting the tensile capacity of the uncracked concrete between cracks—a 
phenomenon known as tension stiffening. Existing research on tension stiffening behaviour in corroded RC 
members has primarily focused on low corrosion levels under monotonic loading, leaving gaps in understanding 
its behaviour at higher corrosion levels or under cyclic loading. This study addresses these gaps by experi
mentally investigating the effects of corrosion on the nonlinear tension stiffening behaviour of RC members 
under both monotonic and cyclic loading, across a range of corrosion levels. A total of 28 RC specimens, 
including uncorroded and artificially corroded specimens, were tested under uniaxial tension. Crack formation 
and propagation were monitored using Digital Image Correlation (DIC). The results demonstrate that corrosion 
significantly reduces the tension stiffening of concrete, with larger steel bar sizes exacerbating this effect. 
Furthermore, current models are insufficient in prediction of crack spacing and width of corroded structural 
elements, which highlight the need for more robust and reliable models.

1. Introduction

In recent years, infrastructure deterioration has emerged as a critical 
global challenge. Among reinforced concrete (RC) structures, the 
corrosion of steel reinforcement has proven to be a major factor 
contributing to the degradation of functionality and longevity [1–3]. 
Corrosion in RC structures typically initiates via two primary mecha
nisms: (1) when the carbonation front in the concrete cover reaches the 
reinforcing steel bars without significant chloride content [4], and (2) 
when the chloride concentration in the pore water adjacent to the 
reinforcing steel bars exceeds a critical threshold [4]. Once initiated, 
corrosion significantly compromises the integrity of the concrete cover 
and diminishes the mechanical properties of the steel reinforcement 
[5–8]. Specifically, it results in concrete cover cracking [9–13], a 
reduction in steel strength [14], and a decrease in the cross-sectional 
area of steel bars [15]. Collectively, these effects deteriorate the struc
tural performance of RC members, threatening their operational safety 
and long-term durability [16,17].

To ensure the continued safety and functionality of RC structures, 
thorough performance assessment is essential. Traditionally, the tensile 

strength of cracked concrete is often disregarded in structural evalua
tions. However, even after cracking, the intact concrete between adja
cent cracks continues to contribute to the tensile strength of RC members 
due to the bond between the concrete and the embedded steel rein
forcement. This phenomenon, known as tension stiffening, enhances the 
stiffness of RC members beyond that of bare reinforcing steel [18–20], as 
illustrated in Fig. 1.

Tension stiffening shows the ability of concrete to sustain load be
tween cracks within the elastic region. This effect helps in the assess
ment of the post-cracking behaviour of concrete. Hence, it is the 
difference between the response of the reinforcing bar and the RC 
element under tensile loading (Bischoff 2001, 2003) and results from the 
bond between the concrete and steel reinforcement [21,22]. Most in
vestigations into tension stiffening have been on plain RC [23] or fibre 
(steel, glass or carbon) reinforced concrete [21,24,25], with very little 
on corroded concrete RC elements. Also, many of these works are uses 
analytical and numerical modelling to investigate the tension stiffening 
responses of such elements to loading [26–28]. Hence, there is a need to 
investigate the effect of corrosion on the tension stiffening of corroded 
RC elements.
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Corrosion has a pronounced impact on the concrete-steel bond 
[29–34], thereby altering the tension stiffening behaviour of concrete. In 
the initial stages of corrosion, bond strength may increase due to the 
expansive pressure exerted by corrosion products. However, as corro
sion progresses beyond a critical threshold (e.g., 0.3 %-4 % [35]), bond 
strength deteriorates significantly. Once the concrete cover cracks, bond 
capacity drops sharply, leading to a substantial reduction in tension 
stiffening [33,34].

Extensive research has explored the effects of corrosion on the load- 
bearing capacity of RC beams and columns [36]. For instance, detailed 
investigations into the flexural and shear performance of corroded RC 
beams can be found in the literature [36–41]. Similarly, the axial and 
flexural performance of corroded RC columns has been thoroughly 
studied [17,42–50]. However, there is a notable lack of comprehensive 
research on the tension stiffening behaviour of corroded RC members.

Most existing studies have focused on the local interfacial bond 
behaviour between steel and concrete under monotonic loading condi
tions, typically using pull-out tests [29,32–34]. These tests, conducted 
on small-scale specimens, tend to produce localized bond-slip behaviour 
that does not fully represent the global tensile performance of full-scale 
RC members. A rare study on the tensile behaviour of full-scale corroded 
RC members examined only three specimens, two of which were artifi
cially corroded up to 4 %, under monotonic loading conditions [51]. 
This limited scope underscores the need for further investigation into the 
effects of higher corrosion levels and cyclic loading on tension stiffening.

In summary, while there is extensive knowledge regarding the 
compressive, shear, and flexural performance of corroded RC members, 
their tension stiffening behaviour remains inadequately studied. This 
study presents several novel contributions to the understanding of 
corrosion-induced degradation in reinforced concrete members under 
tension. This paper is the second experimental investigation (after the 
work in [51]) focused on the tension-stiffening behaviour of corroded 
RC members. The experimental programme is comprehensive, involving 
28 specimens tested under both monotonic and cyclic loading across a 
range of corrosion levels, from uncorroded to highly corroded condi
tions. Moreover, the influence of the concrete cover-to-bar diameter 
ratio on cracking characteristics and stiffness degradation is systemati
cally explored, offering new insights into parameters that have received 
limited attention in prior studies. These aspects collectively enhance the 
practical relevance and originality of the current study.

This study seeks to address this gap by investigating the impact of 
corrosion on tension stiffening in RC members. The research focuses on 
theoretical corrosion levels up to 20 % under both monotonic and cyclic 
loading conditions. A detailed experimental programme was under
taken, involving the mechanical characterization of steel and concrete 
materials, the preparation of artificially corroded RC specimens, and 
uniaxial tensile testing. The tension stiffening behaviour of the speci
mens was characterized using uniaxial tensile tests and monitored 
through Digital Image Correlation (DIC) techniques.

2. Experimental programme

To evaluate the impact of reinforcement corrosion on the tension 
stiffening behaviour of full-scale concrete members, 28 reinforced con
crete (RC) specimens were fabricated and tested under uniaxial tension. 
These tests were conducted at the Testing and Structures Research 
Laboratory (TSRL) at the University of Southampton. Among the spec
imens, 14 were tested under monotonic loading, and 14 under cyclic 
loading. Table 1 provides an overview of the RC specimens tested for 
each loading type and target corrosion levels.

For each combination of loading type and reinforcement size (Φ20 or 
Φ25), 3 specimens were left uncorroded, serving as benchmarks (0 % 
corrosion). The remaining 4 specimens were artificially corroded to 
target levels of 5 %, 10 %, 15 %, and 20 % using an accelerated corro
sion procedure (see 2.2).

2.1. RC specimens and material characterisation

The RC specimens used for uniaxial tensile testing are shown sche
matically in Fig. 2. Each specimen measures 1050 mm in length with a 
square cross-section of 100 × 100 mm. The steel reinforcement, posi
tioned at the centre, consisted of B500B ribbed steel bars conforming to 
BS EN 10080:2005 [52] and BS 4449:2005 + A3:2016 [53] standards. 
The concrete encases 800 mm of the steel bar, while 125 mm at each end 
remains exposed for testing. Two steel bar diameters (Φ20 mm and 
Φ25 mm) were selected to assess the effect of bar size on tension stiff
ening behaviour.

The construction process for the RC specimens is shown in Fig. 3. 
Timber moulds were prepared, and steel bars were placed centrally 
within the moulds (Fig. 3a). Concrete was poured and compacted 
(Fig. 3b), followed by curing for 28 days after mould removal (Fig. 3c). 
Black grease was applied to the exposed ends of each specimen to pre
vent corrosion during testing (Fig. 3c).

Before fabricating the RC specimens, the mechanical properties of 
the concrete and steel reinforcement were determined. Two tests were 
performed on concrete: (1) Compression Test: Six 100 × 100 × 100 mm 
cubes were tested, yielding a mean compressive strength of 40 MPa, and 
(2) Four-Point Flexural Test: Two 100 × 100 × 500 mm beams were 
tested according to BS EN 12390–5:2019 [54], resulting in a mean 
tensile strength of 2.85 MPa (Figs. 4 and 5). The concrete was tested for 
compressive and flexural strengths at 60 days.

Steel reinforcement bars were subjected to tensile tests using a 
630 kN servo-hydraulic Schenck machine. Tests adhered to BS EN 
10080:2005 [52] and BS 4449:2005 + A3:2016 [53], with strain rates 
applied as per BS EN ISO 6892–1:2019 [55]. A 50 mm dynamic exten
someter recorded extensions during loading. The stress-strain curves for 
Φ20 and Φ25 bars are shown in Fig. 6, and the mechanical properties are 
summarized in Table 2.

2.2. Accelerated corrosion procedure

Natural corrosion of reinforcement is a lengthy process, unsuitable 
for laboratory experiments [56]. Instead, an accelerated electrochemical 
procedure was employed, which has been shown to produce similar 
outcomes to natural corrosion [57]. In this work, artificial corrosion was 
used in a controlled laboratory space through an accelerated electro
chemical process, which exhibited similar results to the natural 

Fig. 1. Uniaxial tensile behaviour of RC members and tension stiffening effect.

Table 1 
Number of RC specimens tested for each loading type.

Steel Bar Size Target Corrosion Levels

0 % 5 % 10 % 15 % 20 %

Φ20 3 1 1 1 1
Φ25 3 1 1 1 1
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corrosion [56,58,59]. Fig. 7 schematically shows the accelerated 
corrosion of the RC specimens conducted in the current study. Each RC 
specimen, selected to be corroded, are initially immersed in 10 % so
dium chloride (NaCl) solution. Afterwards, a DC power supply is passed 
through the solution. The cathode (i.e., negative node) is connected to 
the steel bar and the anode (i.e., positive node) is connected to the 
stainless steel placed around the immersed specimen. Then, the DC 
power supply is tuned to provide a contact current of 2 Amp. The Far
aday’s second law of electrolysis [8] is adopted to estimate the time 
duration required for the target corrosion levels in Table 1. However, the 
actual mass losses due to corrosion are different from the target losses. 
To measure the actual mass losses (i.e., actual corrosion levels) after the 
corrosion process, the corroded steel bars are detached from the RC 
specimens after tensile tests (2.3) and immersed in vinegar to remove 
the rust and concrete on the steel bars. Afterwards, the steel’s surface is 
polished using a wire brush according to ASTMG1–03 [60], which 
removes remaining concrete and rust particles. The actual mass caused 
by corrosion is then given by: 

γ =
mu − mc

mu
× 100 (1) 

Fig. 2. RC specimens for uniaxial tensile testing (dimensions in mm).

Fig. 3. Manufacturing process of the RC specimens: (a) timber moulding and reinforcement placement, (b) concrete casting and compaction, and (c) mould removal 
and end greasing.

Fig. 4. Four-point flexural test setup (dimensions in mm).

Fig. 5. Concrete flexural tests, force-displacement curves.
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where mu and mc are the mass per unit length of the uncorroded and 
corroded bars, respectively; γ is the average corrosion level (i.e., average 
mass loss) across the length of the bar.

2.3. Instrumentation and uniaxial tensile tests

The RC specimens are tested under uniaxial monotonic tensile 
loading and uniaxial cyclic tensile loading. The load is exerted through 
the displacement control mode by the servo-hydraulic Instron Schenck 
630 kN testing machine available in the TSRL (see Fig. 8).

The machine uses an internal Linear Variable Differential Trans
former (LVDT) that measures the displacement of the actuator during 
loading. Additionally, an internal load cell measures the load resulting 
from the applied displacement. The test setup is shown in Fig. 8a. The 
axial displacement at the middle 600 mm part of the RC specimens is 
measured by the two LVDTs that are externally attached to each side of 
the specimens and are recoded via a multichannel data acquisition unit 

(Strainsmart 8000). For the monotonic loading, a total displacement of 
12 mm is applied to the RC specimens with displacement rate 
0.024 mm/s or strain rate of 0.0003 strain/s. Thus, the entire duration of 
each monotonic test is 8.33 mins, and the maximum strain applied is 
0.015. The cyclic loading pattern is composed of 8 cycles with 4 different 
mean strains, each strain peak repeating twice, as shown in Fig. 8b-d. 
The mean strain values are calculated using the results of the monotonic 
tests. All strain peaks are applied at the rate of 0.0003 strain/s that is 
equivalent to displacement rate of 0.024 mm/s.

2.4. Digital image correlation (DIC) of specimens

A digital image correlation (DIC) is a non-destructive, non-contact, 
full-field optical measurement technique capable of capturing digital 
images of the surface of a specimen to obtain the in-plane strains and 
out-of-plane deformations in its 2D and 3D configurations. The DIC was 
used simultaneously with the LVDTs to capture the crack propagation 
and deformations at the middle section of the RC specimens under 
tensile load for monotonic tests. The video imaging is performed using 
MatchID imaging software involving Imager E-Lite 5 M cameras fitted 
with Nikon AF Nikkor 28 mm f/2.8D (28 mm focal length and 2.8 
maximum aperture) lens. The camera was calibrated to capture the RC 
tensile specimens’ vertical displacements and crack formations during 
loading using the dots marked on the specimens. The images recorded 
were further processed using MatchID software to see the strain distri
bution resulting from the applied loading. The parameters used in the 
DIC image acquisition and processing are summarised in Table 3.

Fig. 6. Stress-stain curves of the steel bars: (a) Ф20, and (b) Ф25.

Table 2 
Material characterisation results.

Property Mean Value (MPa)

Concrete Compressive Strength (cube) 40
Concrete Tensile Strength 2.85
Reinforcement Yielding Strength (Φ20) 550
Reinforcement Yielding Strength (Φ25) 576
Reinforcement Ultimate Strength (Φ20) 653
Reinforcement Ultimate Strength (Φ25) 671

Fig. 7. The accelerated corrosion process conducted in this study.
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3. Experimental test results and discussion

The experimental tests conducted on the 28 reinforced concrete (RC) 
specimens provided valuable insights into the effect of reinforcement 
corrosion on the tension stiffening behaviour of RC members under both 
monotonic and cyclic loading conditions. While the target corrosion 
levels were defined for the specimens (5 %, 10 %, 15 %, and 20 %), the 
actual corrosion levels varied due to various factors in the accelerated 

corrosion process. These actual corrosion levels were carefully measured 
after the tests using a mass loss calculation, as described in 2.2, and are 
summarized in Table 4. Despite the discrepancies, the measured corro
sion levels were sufficiently close to the target values, confirming the 
effectiveness of the artificial corrosion procedure used in this study. 
However, due to the differences in actual corrosion levels between the 
monotonic and cyclic specimens, direct comparison of their results is not 
entirely straightforward.

Fig. 9 shows the monotonic test results for the 20 mm-diameter RC 
specimen alongside those of the corresponding 20 mm bare steel bar 
under both uncorroded and corroded (18.6 %) conditions. Fig. 9a and c 
display the full-range axial load–strain response, while Fig. 9b and 
d provide a zoomed-in view focusing on the low strain range (up to 
0.002) to highlight early-stage behaviour. As shown in Fig. 9a and c, at 
higher strain levels, the tensile force in the RC member approaches the 
yield strength of the bare bar for both uncorroded and corroded con
ditions. This behaviour is expected, as the tension-stiffening effect di
minishes at larger strains, and the load is primarily carried by the 
reinforcement. At lower strain levels, Fig. 9b and d indicate that initial 
cracking in the concrete occurs at relatively small strain values, 

Fig. 8. (a) The tension stiffening test setup, and cyclic loading pattern: (b) applied displacement versus loading time, and (c) applied displacement versus 
cycle number.

Table 3 
DIC processing parameters.

Technique used 2D DIC

Camera ​
Camera name Imager E-lite 5 M
Focal length 28.4621 mm
Exposure time and recording rate 19000 μs, 1 Hz
RMS of fit 0.303396 pixel
Size of dewarped image 1961 × 2479 pixel
Resolution 3.45μm
Processing ​
Subset, step 53, 17
Matching correlation criterion ZNSSD
Shape function Affine
Interpolation function Local bicubic splines
Prefiltering Gaussian
Strain ​
Smoothing method None
Strain window 7 pixels (24.15 μm)
Virtual strain gauge 117 pixels
Mean strain resolution 524 με
Calculation mode accurate

Table 4 
Actual corrosion levels.

Loading Type Specimen Name Actual Corrosion Levels (%)

5 10 15 20

Monotonic SMΦ20 6.3 8.4 12.4 18.3
SMΦ25 2.3 9.1 12.3 21.3

Cyclic SCΦ20 5.1 8.2 16.9 24.7
SCΦ25 4.3 12.0 - 22.1
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consistent with typical RC member behaviour. These comparisons sup
port the consistency of the current experimental results with established 
axial tension behaviour in RC members, as shown in Fig. 1.

Fig. 10 illustrates the results for a specimen with a 20 mm diameter 
(40 mm concrete cover thickness) under monotonic tests. At low tensile 
strain rates or small extensions, the tensile capacities of both uncorroded 

and corroded specimens are similar. At this stage, the concrete remains 
uncracked and fully bears the tensile load without significant contri
bution from the steel reinforcement. However, at higher tensile strain 
rates or larger extensions, the concrete cracks, transferring the load- 
bearing responsibility to the steel bar. At this point, the corrosion of 
the steel bar significantly reduces the tensile capacity of the specimen. 

Fig. 9. Monotonic test results, SMΦ20, bare steel bar vs RC member: (a) no corrosion, (b) no corrosion, zoomed at very low strain values, (c) 18.3 % corrosion, and 
(d) 18.3 % corrosion, zoomed at very low strain values.

Fig. 10. Monotonic test results, SMΦ20: (a) 6.3 % corrosion, (b) 8.4 % corrosion, (c) 12.4 % corrosion, and (d) 18.3 % corrosion.
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Increasing corrosion levels markedly decrease the tensile capacity and 
lower the tensile force or strain rate/extension threshold at which the 
capacities of uncorroded and corroded specimens converge.

To monitor crack formation and development, which significantly 
influences the tension-stiffening behaviour of concrete specimens, 
Fig. 11 presents the Digital Image Correlation (DIC) strain fields for 
specimens reinforced with 20 mm steel bars at varying corrosion levels. 
The DIC images depict the von Mises equivalent strain within the elastic 
limit of the specimens under tensile loading. For uncorroded specimens 
and those with lower corrosion levels (0 %, 6.3 %, and 8.4 %; 
Fig. 11a–c), lateral cracks were more prominent with no noticeable 
longitudinal crack. This indicates effective tension stiffening, as the 
concrete between the lateral cracks resists strain and contributes to the 
tensile strength of the steel bar by maintaining bond integrity. The crack 
opening in the uncorroded specimen is evenly distributed between three 
cracks. However, as the corrosion level increases, the crack pattern and 
opening become more uneven. For instance, (as discussed in Fig. 9b), the 
specimen with 8.4 % corrosion failed prematurely due to localised 
pitting corrosion. The DIC strain contours in Fig. 11c show that the 
specimen with 8.4 % corrosion has a significant crack opening in the 
location of crack 2, which is the location of the pitted section.

Moreover, at higher corrosion levels (12.4 % and 18.3 %; 
Fig. 11d–e), both lateral and longitudinal cracks appear. Mainly, first 
lateral crack was developed and at higher strain values followed by 
longitudinal cracks. These longitudinal cracks, induced by rebar corro
sion, suggest weakened bonding or complete debonding of the steel bar 
from the surrounding concrete. This debonding eliminates tension 

stiffening, as the concrete between the lateral cracks no longer con
tributes to the tensile strength of the steel bar. These results demonstrate 
that high corrosion levels significantly impair the tension-stiffening 
capacity of concrete.

Fig. 12 presents the results of cyclic tests conducted on specimens 
with 20 mm steel bars at various corrosion levels. At the theoretical 
corrosion levels of 5 % (measured corrosion = 5.1 %), the corroded 
specimens exhibited a slightly higher tensile force capacity compared to 
the uncorroded specimens. This observation aligns with findings in the 
literature, which indicate that at the initial stages of corrosion, bond 
strength tends to increase up to a threshold corrosion level (e.g., 0.3 %– 
4 % [27]). This phenomenon explains the observed increase in force 
capacity at low corrosion levels. However, at higher corrosion levels, a 
significant reduction in tensile force capacity is observed. Specifically, at 
advanced corrosion levels of 16.9 % and 24.7 %, the corroded speci
mens fail after only a few loading cycles. This behaviour is attributed to 
the combined effects of negligible tension stiffening in the surrounding 
concrete and the reduced capacity of the steel bars due to severe local
ised pitting corrosion. In addition to the diminished tensile force ca
pacity, the highly corroded specimens exhibit significantly reduced 
ductility, which is a critical consideration in the design of such structural 
members.

To evaluate the impact of cover thickness on the tension stiffening 
behaviour of specimens, Fig. 13 presents the results of monotonic tensile 
tests conducted on specimens with a steel bar diameter of 25 mm 
(37.5 mm concrete cover thickness). According to Eurocode 2 [61], the 
minimum cover for concrete elements must be at least 2 times the bar 

Fig. 11. DIC von Mises strain contours and crack developments for SMΦ20 at different corrosion levels: (a) uncorroded, 0 %, (b) 6.3 %, (c) 8.4 %, (d) 12.4 %, and 
(e) 18.3 %.
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Fig. 12. Cyclic test results, SCΦ20: (a) 5.1 % corrosion, (b) 8.2 % corrosion, (c) 16.9 % corrosion, and (d) 24.7 % corrosion.

Fig. 13. Monotonic test results, SMΦ25: (a) 2.3 % corrosion, (b) 9.1 % corrosion, (c) 12.3 % corrosion, and (d) 21.3 % corrosion.
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diameter to provide full bonding between reinforcement and concrete. 
The specimens with 25 mm diameter bars represent old and substandard 
concrete structural elements that often suffer from reinforcement 
corrosion. As anticipated, especially at higher corrosion levels, a more 
pronounced reduction in the tensile force capacity of the specimens is 
observed. This is attributed to the fact that specimens with smaller 
concrete covers are more susceptible to extensive corrosion, which 
significantly reduces their force capacity. It is important to note that 
Eurocode 2 [61] provides guidelines for durability and fire protection, as 
well as bonding, in the design of new structures, particularly when 
determining the concrete cover. Additionally, at higher strain rates or 
extensions, a substantial decline in tensile force capacity is noted for 
corrosion levels of 9.1 %, 12.3 %, and 21.3 %. This behaviour is asso
ciated with the formation of longitudinal cracks in the specimens under 
elevated strain rates, which critically impair their tensile performance. 
For illustrations of these longitudinal cracks, refer to Fig. 14c–e.

Fig. 14 illustrates the Digital Image Correlation (DIC) strain fields for 
specimens reinforced with 25 mm diameter bars at varying corrosion 
levels. The images display the von Mises equivalent strain within the 
elastic limit under tensile loading. Similar to the behaviour observed in 
specimens with 20 mm steel bars, lateral cracks were initially detected 
in the uncorroded specimen and the specimen with a lower corrosion 
level of 2.3 % (Fig. 14a and b).

The DIC images indicate that at a corrosion level of about 9.1 %, 
longitudinal cracks began to emerge in the RC columns during loading. 
The longitudinal cracks started appearing during the accelerated 
corrosion of the specimens with higher corrosion levels (16.9 % and 

24.7 % corrosion), likely due to the expansion and cracking of the 
concrete cover induced by the corrosion process (Fig. 14c–e). This 
confirms that a smaller concrete cover not only accelerates corrosion but 
also amplifies its impact on the debonding of the steel-concrete inter
face. At higher corrosion levels of 16.9 % and 24.7 %, only longitudinal 
cracks were observed, with lateral cracks no longer evident (Fig. 14d 
and e). This absence of lateral cracks indicates a marked reduction in the 
concrete’s tension-stiffening effect, as the presence of longitudinal 
cracks compromises the material’s ability to resist tensile forces. At the 
24.7 % corrosion level (Fig. 14e), the longitudinal crack resulting from 
severe corrosion was significantly large. Consequently, the DIC system 
was unable to capture the strain field, and therefore, no DIC strain im
ages were generated.

Compared to specimens reinforced with 20 mm diameter bars 
(Figs. 11 and 14), the earlier onset of longitudinal cracks at lower 
corrosion levels in the 25 mm diameter bar specimens highlights the 
accelerated reduction in the tension-stiffening capacity of concrete as 
bar diameter increases. This finding emphasises that inadequate con
crete cover exacerbates the degradation of structural integrity under 
corrosive conditions.

Fig. 15 presents the cyclic test results for specimens with a steel bar 
diameter of 25 mm. It is important to note that the test results for a 
corrosion level of 15 % are unavailable due to a procedural error during 
testing. Unlike the cyclic test results for specimens with a steel bar 
diameter of 20 mm (Fig. 12), where specimens exhibited brittle failure 
after only a few cycles, the 25 mm steel bar specimens demonstrated a 
more ductile failure. These results suggest that the corrosion in these 

Fig. 14. DIC strain images and crack developments for SMΦ25 at different corrosion levels: (a) uncorroded, 0 %, (b) 2.3 %, (c) 9.1 %, (d) 16.9 %, and (e) 24.7 %.
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specimens was more uniform than the specimens with 20 mm diameter 
bars.

3.1. Discussion of the influence of corrosion on concrete cracking and 
crack pattern

The changes in crack patterns and the timing of the first cracking in 
corroded RC specimens can be attributed primarily to the deterioration 
of the bond between concrete and steel reinforcement, loss of cross- 
sectional area, and internal stresses due to corrosion products. As 
corrosion progresses, it introduces expansive rust products that apply 
pressure on the surrounding concrete. This pressure initiates radial 
tensile stresses, which result in longitudinal cracking along the rein
forcement, especially at higher corrosion levels.

At low corrosion levels (≤~8 %), the corrosion tends to enhance the 
bond strength initially due to the slight expansion of corrosion products, 
which increases confinement at the steel-concrete interface. This 
sometimes even leads to marginal improvements in tensile force ca
pacity, as observed in both our monotonic and cyclic test results.

However, at higher corrosion levels (>~10–12 %), the accumulation 
of corrosion products leads to extensive cracking and degradation of the 
steel-concrete bond, resulting in longitudinal cracking and debonding, 
particularly evident in the DIC strain contours. These effects disrupt the 
tension stiffening mechanism and lead to significant reductions in ten
sile capacity, earlier cracking, and degradation under cyclic loading. 
Additionally, high corrosion levels were associated with localised 
pitting, which led to premature failure in some specimens.

As explained above, initially, lateral cracks dominate at low corro
sion levels, indicating preserved bond integrity and efficient tension 
stiffening. However, at advanced corrosion levels (e.g., 12.4 % and 
18.3 %), the specimens show a transition to dominant longitudinal 
cracks, showing significant bond deterioration or complete debonding 

between the steel and concrete. Moreover, corrosion causes localised 
pitting, which weakens the rebar more significantly than uniform 
corrosion. This leads to stress concentrations, reducing the effective 
tensile capacity of the steel. Consequently, the RC specimens crack at 
lower tensile strains and forces, as seen in the early failure of the 8.4 % 
corroded specimen due to a large local pit. In addition, weakened bond 
strength shifts more of the tensile force to the reinforcement early, 
thereby triggering earlier cracking compared to uncorroded specimens. 
The build-up of corrosion products within the concrete also introduces 
internal microcracks and tensile stresses even before any external load is 
applied. This pre-existing damage reduces the strain threshold needed 
for cracking under tensile loads, thereby advancing the onset of the first 
crack. Further research is required using Computing Tomography Scan 
(CT scan) to be able to quantify the influence of internal corrosion 
damage on tension stiffening behaviour.

Despite the significant influence on crack pattern and time of first 
crack, crack spacing remains relatively unaffected by corrosion in this 
study. This is because the spacing of cracks is primarily influenced by the 
bond strength and reinforcement ratio, which govern the distribution of 
tensile stresses in the concrete between cracks. At initial cracking stages, 
even corroded specimens exhibit some residual bond, enough to control 
the distribution of tensile strains and allow the formation of multiple 
cracks at roughly regular intervals. Although corrosion reduces bond 
strength, this effect becomes critical only at higher strain levels, when 
longitudinal cracks dominate. For the initial crack spacing, especially in 
specimens with corrosion levels below ~10 %, the degradation is not yet 
severe enough to disrupt the uniform stress transfer between rein
forcement and concrete. Hence, the measured crack spacing remains 
close to that of uncorroded specimens, even as crack width increases. 
Crack spacing is strongly influenced by the bar diameter-to-concrete 
cover ratio, reinforcement arrangement, and concrete tensile strength, 
all of which remain constant across specimens. Since the test specimens 

Fig. 15. Cyclic test results, SCΦ25: (a) 4.3 % corrosion, (b) 12 % corrosion, and (c) 22.1 % corrosion.
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maintained consistent geometry and material properties, and because 
the bond degradation was not yet fully destructive during early loading, 
crack spacing did not significantly deviate even with corrosion.

4. Evaluation of existing crack spacing and width models

In this section, the tension stiffening crack spacing and width pre
dictions based on fib Model Code 2010 ([62,63]) and fib Model Code 
2020 [64] are evaluated using the experimental data presented in 3. The 
calculation of crack width in RC structures follows the guidelines pro
vided by these models, considering factors such as the tensile strength of 
concrete, reinforcement properties, bond stress, etc.

The concrete properties used in the calculations include the mean 
tensile strength, fctm, and the mean compressive strength, fcm. The 
Young’s modulus of concrete, Ecm, is calculated using an empirical for
mula based on the compressive strength: 

Ecm = 21500
(

fcm

10

)1
3

(1) 

The bond stress, τb, is a critical factor that influences crack formation. 
According to fib Model Code, it can be estimated as: 

τb = 1.8fctm (2) 

In cases where corrosion occurs, the bond strength between the 
reinforcement and concrete decreases. Corrosion is quantified by the 
corrosion penetration depth, xc, measured in microns, μm. Based on fib 
Model Code 2020, the corrosion factor, ηcor, is 1 for xc < 50 μm, for 
insignificant corrosion scenarios, and reduces to 0.5 for xc > 200 μm, for 
severe corrosion cases. The effective bond stress, accounting for corro
sion, is: 

τb,cor = ηcorτb (3) 

The maximum crack spacing, smax, in fib Model Code 2010 is deter
mined using the following equation: 

smax,2010 = 2
(

kc,2010c +
fctmϕ

ρeffτb

)

(4) 

where kc, 2010 = 1 is concrete cover correction factor; c is the concrete 
cover and ρeff is the effective reinforcement ratio. In contrast, fib Model 
Code 2020 refines the crack spacing formula by introducing additional 
coefficients: 

smax,2020 = βw

(

kc,2020c + kθ,pkflkb
fctmϕ

ρeffτb

)

(5) 

where kc,2020 = 1.5; kθ,p = 0.25 is reinforcement factor; kfl = 1 is load 
influence factor; kb = 0.9 is bond efficiency factor; βw is 1.7 for stabilized 
cracking stage, and is 2 for crack formation stage. For both models, the 
crack width is given by: 

w = smaxΔε (6) 

Δε is the strain difference between steel and concrete.
Table 5 summarises the measured and predicted crack spacing and 

width values for different bar sizes and corrosion levels. The stress and 

strain, at which the first crack is generated, is taken from the Monotonic 
test results, shown in Figs. 10 and 14. As seen, when there is no corro
sion, i.e., 0 %, the predicted crack width values are close to the predicted 
ones. However, as for corroded samples, the models under predict the 
crack width values. A mentioned above, the corrosion effects is 
considered in the models through corrosion factor that reduces the bond 
stress. For all corrosion levels studied in this work, the corrosion pene
tration is larger than 200 μm. Based on the models, a corrosion factor of 
0.5 should be used. It appears that this corrosion factor has been 
determined for lower corrosion factors. Hence, further investigation on 
corrosion factor is required to accurately determine this factor for a wide 
range of corrosion levels. For bar diameter of 20 mm, fib Models pre
dicted values are close to the measured ones. However, for bar diameter 
of 25 mm, the predicted spacing values are far larger than the measured 
ones.

5. Conclusion

This study investigates the nonlinear tension stiffening behaviour of 
reinforced concrete (RC) members subjected to varying levels of rein
forcement corrosion under monotonic and cyclic loading. Through an 
extensive experimental programme involving uniaxial tensile tests on 28 
RC specimens, several critical observations were made.

Corrosion significantly reduces the tension stiffening effect in RC 
members, particularly at higher corrosion levels (15 % and 20 %). At 
these levels, the concrete’s ability to transfer tensile stresses between 
adjacent cracks is severely compromised. Crack development patterns 
highlight that at low corrosion levels (0 %-10 %), lateral cracks domi
nate, maintaining effective tension stiffening. However, as corrosion 
progresses, longitudinal cracks emerge due to bond deterioration, 
leading to the loss of tension stiffening as the bond between concrete and 
steel reinforcement fails.

Larger steel bar diameters exacerbate the degradation of tension 
stiffening. Specimens reinforced with Φ25 bars exhibited earlier onset of 
longitudinal cracks and more pronounced reductions in tensile capacity 
compared to those with Φ20 bars. Furthermore, under cyclic loading, 
specimens with low corrosion levels initially demonstrated an increase 
in tensile capacity due to enhanced bond strength. At advanced corro
sion levels, however, cyclic loading accelerated failure due to the com
bined effects of bond degradation and reduced steel capacity.

The findings emphasise the importance of mitigating corrosion in RC 
structures, by proper durability considerations in the design of new 
structures. Furthermore, it is important to consider the effects of bond 
behaviour and tension stiffening in the assessment of existing sub
standard and corroded structures. Moreover, this research fills critical 
gaps in understanding the effects of high corrosion levels and cyclic 
loading on tension stiffening behaviour. Future studies should explore 
the integration of advanced materials or rehabilitation techniques to 
mitigate the adverse effects of corrosion, ensuring the longevity and 
safety of RC structures. Also, further investigation is required to develop 
more reliable models for prediction of crack spacing and width values of 
corroded structural elements.

Table 5 
Summary of measured and predicted spacing and crack width.

Bar Diameter (mm) Corrosion Level (%) Load (kN) Strain Measured Spacing (mm) Predicted Spacing (mm) Measured Width (mm) Predicted Width (mm)

2010 2020 2010 2020

20 0 26.5 0.00024 250 257 237 0.060 0.052 0.048
8.4 19.1 0.00018 0.045 0.022 0.021
12.4 17.1 0.00017 0.044 0.014 0.013
18.3 14.1 0.00015 0.037 0.002 0.002

25 2.3 30.6 0.00025 170 216 204 0.043 0.035 0.033
9.1 19.6 0.00018 0.031 0.010 0.010
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