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Abstract
Steel rebars are conventionally used in combination with concrete in buildings and civil engineering structures. A 
main degradation issue of these composite systems is the localized corrosion of the steel rebars. This fact promotes 
a scaling of the concrete surface and an aggressive localized attack of the rebars, until a cross-section reduction 
and detrimental static consequences. In this concern, steel rebars were immersed in a 3.5 % weight NaCl solution. 
A set of rebars were subjected to continuous immersion in the solution, whereas another set to a cyclic exposure 
consisting of immersion and drying at 25oC, 50oC and 100oC. The cyclic exposure and the temperature influenced 
the corrosion speed. A different extent of localized deterioration was detected. Some surface corrosion features 
barely affected the tensile properties of the rebar. Only at a later corrosion stage, the morphological features of 
the degradation contributed to a lowering of the mechanical properties, especially the tensile strength. The load-
extension response of reinforcement during the tension tests did not directly correlate with the rust grade and the 
visual degradation aspect. An increase in the temperature and the water evaporation enhanced the presence of pits 
until 50oC. Corrosion pits were also seen, if the exposition to the solution was done in an intermittent rapid and 
cyclic mode, along the corroded bars. The corrosion features tend to affect the stress-strain response in tension of 
the rebars.

Introduction
The corrosion of steel rebar is a main concern in the building 
sector. The rebars mainly carries the tensile stress of reinforced 
concrete structures. The concrete cover provides a protection 
against the direct contact with the environmental degrading 
agents, such as rain, sun radiation, CO2, pollutants and salts. 
However, with time and depending on the concrete cover 
quality, the detrimental agents enter the concrete and reach the 
steel rebars. The presence of chloride enhances the phenomena, 
by turning the degradation into a dangerous localized form. 
Steel rebars embedded within Portland cement-based systems 
are affected by this form of deterioration. Nonetheless, waste-
based geopolymer systems behave similarly with respect to the 
steel rebar corrosion (Wasima et al., 2021). The combination 
of oxygen, water, chlorides from sea water or de-icing salts 
or the cyclic combination of these elements lead to cracking 
and spalling of the concrete cover (Torres-Acosta, 1999) 
and severe durability issues in reinforced concrete structures 
(Bazant, 1979). The lost of the load bearing capability is a 
major concern (Yao & Chen, 2022). Different methods (Bazant, 
1979) try to assess the corrosion behaviour of the steel rebars 
embedded within concrete and the dishomogeneous corrosion 
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products distribution around the rebars. The chloride-induced 
form of corrosion is by far more intense than the carbonation-
induced corrosion. The former exhibits an intense and 
localized attack, thus leading to the reduction of the steel rebar 
section in extreme cases. The formation of corrosion products 
with a higher volume as compared to the original steel, also 
leads to a mass and rebar-concrete adhesion loss, thus lowering 
the mechanical properties of the steel rebars (Sanchez et al., 
2017). Pits depth and cross-sectional areas exhibit a relevant 
influence on the ultimate strength and strain also on strands 
(Franceschini et al., 2022).

The relationship between the mechanical properties, namely the 
stress-strain properties of the rebar, depending on the corrosion 
level, is a difficult task to be clarified. Generally, the mechanical 
properties and the ductility of the rebars are negatively affected 
by an increasing corrosion stage. Nonetheless, the measurements 
and identification of the corrosion level, the steel rebar type and 
the multiple detrimental actions may exhibit a controversial 
relationship between the steel rebar mechanical performance 
and the corrosion stage (Zhang et al., 2012; Apostolopoulos 
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et al., 2013; Zhu et al., 2017; Subramanian et al., 2018). On 
the one side, the reduction of the strain at maximum force 
seems more pronounced as compared to the ultimate strength 
reduction during corrosion progression (Tang et al., 2014). 
Impressed current (Sun et al., 2018) or real exposed reinforced 
concrete steel rebars (Fernandez & Berrocal, 2019) can be 
taken to verify the relation with the mechanical properties. 
On the other side, the corrosion of steel rebars is associated 
with an increase in the volume of the corrosion products. This 
is particularly seen with the carbonation-induced uniform 
corrosion. In this case, the internal stress causes cracking and 
concrete cover spalling along the rebars. On the other hand, 
the prediction of the corrosion process and stage based on 
the visible signs along the concrete cover surface may not be 
reliable. In fact, the formation of corrosion products for the 
chloride-induced corrosion may be delayed or even not present 
(Angst et al., 2012). However, the stress-strain curve may be 
correlated with the corrosion level. A premature yielding and 
a disappearing yielding plateau seem to be observed with an 
increasing localized corrosion stage, while localized pitting 
corrosion seems to exhibit a higher reduction of the strain at 
early stage as compared to extensive pitting corrosion at a later 
stage. Contrarily, the ultimate tensile strength related to the 
cross-sectional area, seems to show only a slight decrease with 
increasing corrosion stage (Chena et al., 2020).

The effect of the temperature on the corrosion of the steel 
rebars is often investigated for a high temperature fire exposure 
(Thongchom et al., 2023), or for steel rebars processed with 
special thermal treatments or cooling procedures (Lundberg, 
2002). Contrarily, the effect of atmospheric exposition 
temperatures, ranging from room temperature 25oC, 50oC up 
to 100oC is rather poorly clarified. These temperatures are 
often cyclically present during conventional corrosion and 
degradation processes. Furthermore, during restoration works 
in practice, the visual inspection of the steel rebar corrosion 
degree is often used as main und unique evaluation criteria 
to identify the conservation state and the repair actions to be 
considered. In fact, the visual aspect of the rebars, the type 
of corrosion, the presence of pits, their frequency and the 
depth estimation are often taken as main evaluation points 
for the degradation. Nevertheless, it is difficult to estimate the 
influence of the corrosion stage on the mechanical properties 
of the rebar.

This work aims at supporting the visual evaluation of the 
corrosion stage along steel rebars in practice and its possible 
consequence on the tensile strength properties. In addition, 
the influence of the intermittent localized corrosion by cyclic 
water evaporation and 3.5% weight NaCl exposition and 
the temperature on the visual appearance of the corrosion 
morphology is also investigated with respect to the tensile 
properties of the rebars.

Experimental Procedure
The material used was a steel rebar B 500 C with a nominal 
diameter of 12 mm. The chemical analysis exhibits a Carbon 
content of 0.20%, a Phosphorous content of 0.023%, a 

Sulphur content of 0.040%, a Copper content of 0.39% a 
Nitrogen content of 0.010% and a Carbon a equivalent Ceq of 
0.35, which makes the steel weldable. The main mechanical 
properties reported on the technical specification were a yield 
strength Re of 524 Mpa, a tensile strength Rm of 617 Mpa, 
a ratio Rm/Re of 1.18 and a strain Agt of 11.4 %. The main 
material requirement classes are indicated below (Table 1).

Table 1: Steel rebar classes (Swiss standard SIA 262:2003 
Civil Engineering, Concrete Structures, 2003).

A visual and optical inspection were done, while for the 
fractographic analysis, a scanning electron microscopy with 
an applied voltage of 15 KV was used. The tensile strength 
of the steel rebars with the evaluation of the mean mechanical 
parameters was determined (Standard ISO 15630-1:2019, 
Steel for the reinforcement and prestressing of concrete — 
Test methods, Part 1: Reinforcing bars, rods and wire, 2019; 
Standard ISO 6892-1:2019, Metallic materials — Tensile 
testing — Part 1: Method of test at room temperature, 2019).

The steel rebars (3 sample for each condition) were exposed 
to the following conditions prior to the determination of the 
tensile strength: 
•	 Rebars not exposed to NaCl solution, stored at 25oC
•	 Rebars continuously immersed in a 3.5 % weight NaCl 

solution at 25oC
•	 Rebars intermittently sprayed (every six weeks) with 

a constant amount of 3.5% weight NaCl solution and 
after two minutes placed in an oven at 50oC. Procedure 
repeated for 10 months.

•	 Rebars intermittently sprayed (every six weeks) with 
a constant amount of 3.5% weight NaCl solution and 
after two minutes placed in an oven at 100oC. Procedure 
repeated for 10 months.

The rust grade was determined by analyzing the visual 
appearance of the rebar’s surface, after exposition to the NaCl 
solution and to the temperatures and by determining the rust 
grade. The following scala with an increasing corrosion stage 
was applied (Standard ISO 8501-1:2007, Preparation of steel 
substrates before application of paints and related products — 
Visual assessment of surface cleanliness — Part 1: Rust grades 
and preparation grades of uncoated steel substrates and of 
steel substrates after overall removal of previous coatings, 
2007):

Rust grade A: steel surface covered with scale, but little rust.
Rust grade B: steel surface begins to rust and scale start to 
flake.
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Rust grade C: steel surface rusted and the rust can be scraped. 
Slight pitting visible.
Rust grade D: steel surface rusted away and general pitting 
is visible.

Results and Discussion
The visual appearance of the steel rebars after the exposition 
to the NaCl solution and to the temperatures exhibits variable 

degree of corrosion. The reference specimens do not exhibit a 
visual presence of uniform corrosion or pits (Fig. 1 left). The 
steel rebars exposed at 25oC exhibit a rust grade D, namely the 
highest presence of corrosion features (Fig. 1 centre-left). By 
increasing the temperature, the rust grade shifts from the level 
C, for the specimens heated at 50oC (Fig. 1 centre-right), to the 
level B for the specimens exposed to a temperature of 100oC 
(Fig. 1 right).

       
Figure 1: Steel rebars exposed to a 3.5% wt. NaCl solution and after the exposition to an increasing temperature (form left to 

right).

A more detail investigation of the corrosion features along the steel rebar surface indicates the reference samples with a relatively 
clean surface (Fig. 2 left). Contrarily, the samples exposed at 25oC exhibit a more advanced corrosion stage (Fig. 2 centre-left), 
although a more intense localized form is seen for the samples exposed at 50oC (Fig. 2 centre-right), followed by the 100oC 
exposed samples. In this latter case, the water evaporation is faster and the corrosion intensity is slightly reduced (Fig. 2 right).

    
Figure 2: Binocular lens images of the corrosion morphology along the steel rebars: reference, rebar at 25oC, rebar at 50oC, 

rebar at 100oC (from left to right).

The stress-strain curves shape of the reference specimens exhibits a yield plateau and a yield strength Rp0.2 / Re of 670 ± 16 
MPa. The maximum tensile strength reaches 772 ± 23 Mpa and the strain Agt shows a mean value of 12 ± 1.5% (Fig. 3). A slight 
strain hardening and necking in the final phase of the curves are observed.

   
Figure 3: Stress (y-axis)-strain (x-axis) curves shape of the reference steel rebars.

The graphs of the steel rebar specimens continuously exposed to the 3.5 weight % NaCl and showing the highest rust grade D, 
indicate a rusted steel surface and with a general pitting and a clear yield plateau (Fig. 4). This in spite of the relatively advanced 
corrosion stage (Chena et al., 2020). The yield strength Rp0.2 / Re exhibits a mean value of 573 ± 94 MPa. The maximum tensile 
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strength shows a value of 674 ± 94 Mpa and the strain Agt shows 13 ± 0.7%.

   
Figure 4: Stress (y-axis)-strain (x-axis) curves shape of the steel rebars continuously immersed in a 3.5 % NaCl at 25oC.

An increase in the temperature at 50oC for the specimens intermittently sprayed (every six weeks) with a constant amount of 
3.5% NaCl solution and after two minutes placed in an oven at 50oC, with the procedure repeated for 10 months, maintains a 
characteristic shape of the stress-strain curves, with the mean yield strength Rp0.2 / Re at 496 ± 2.5 MPa, the maximum tensile 
strength at 600 ± 0.5 MPa and the strain Agt at 12.6 ± 0.4 % (Fig. 5).

    
Figure 5: Stress (y-axis)-strain (x-axis) curves shape of the steel rebars intermittently sprayed with a constant amount of 3.5% 

NaCl solution and after two minutes placed in an oven at 50oC.

The cyclic exposition to the 3.5% weight NaCl solution and the placing for two minutes at 100oC indicates a similar stress-strain 
curve shape with a yield strength Rp0.2 / Re of 555 ± 96 MPa, the maximum tensile strength at 668 ± 117 MPa and the strain Agt 
at 13 +/- 0.4% (Fig. 6).

    
Figure 6: Stress (y-axis)-strain (x-axis) curves shape of the steel rebars intermittently sprayed with a constant amount of 3.5% 

NaCl solution and after two minutes placed in an oven at 100oC.

The curve shape of the samples exposed to different 
temperatures in the 3.5% weight NaCl solution shows a similar 
trend with the elastic region, the yield point, a plateau, a strain 
hardening region, the necking zone and the failure point.

However, as compared to the reference uncorroded samples, 
the corroded samples exhibit a lowering of the mechanical 
properties (Sanchez et al., 2017). The lowest values are seen 
for the 50oC exposed samples, that show a more intense 
localized corrosion phenomena. The 100oC exposed samples 
show less intense localized corrosion pits and may have a slight 
mechanical recovery, due to the temperature. The corrosion of 
the 25oC exposed samples is more homogeneously distributed, 
because of the lack of a significant water evaporation and 
chloride enrichments (Fig. 7).

Figure 7: Mean yield strength and maximum tensile strength 
of the specimens treated with intermittent chloride and 

temperature exposure.
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At 25oC, the corrosion of the samples immersed in the NaCl 
solution is clearly visible and a reduction of 15% of the yield 
strength and 13% of the maximum tensile strength are clearly 
observed. A similar behaviour of the mechanical properties is 
seen for the 100oC samples, while the 50oC exposed specimens 
exhibit an additional slight reduction of the mechanical 
properties, likely due to the more localized corrosion 
morphology and intense pitting formation. This temperature 
may accelerate the kinetics of the localized corrosion. 
However, the temperature is still not enough to cause a too rapid 
evaporation of the water as for the 100oC exposed samples. 
In this latter case, the pit formation is partially inhibited. The 
rust degree B, C and D decrease the mechanical properties and 
show a maximum variation of 90 Mpa of the tensile strength. 
Nevertheless, no direct correlation exists between the rust 
grade seen on the surface and the reduction of the properties 
(Zhang et al., 2012; Apostolopoulos et al., 2013; Zhu et al., 
2017; Subramanian et al., 2018), as far as the corrosion stage 
remains in a low to medium level with a few craters and no 
relevant cross-sectional reduction is measured. This is due 
to the variable intensity of the localized aggressive spots. In 
addition, the temperature may largely regulate the corrosion 
process, speed and form. The pits agglomeration at 25oC 
emphasizes the advanced corrosion stage and the surface visual 
appearance of the samples as compared to the 50oC and 100oC 
samples. With a temperature of 50oC, the localized corrosion 
is accelerated, while for the 100oC exposed specimens, the 
rapid humidity decrease, due to higher temperature, lowers the 
intensity of the localized corrosion.

The modulus of elasticity is slightly related to the corrosion 
advancement stage and type. A more uniform distribution of 
corrosion pits with the 25oC treatment seems to reduce the 
values to a lower level as compared to the more localized pits 
presence of the 50oC exposition or for the specimens exposed 
to 100oC (Fig. 8). 

Figure 8: Modulus of elasticity of the steel rebars after the 
different exposure conditions and temperature. The standard 
deviations are not visible in the graph, when they are too small.

A slightly longer yielding plateau is seen for the corroded 
samples, especially for the 100oC treated specimens. However, 

this behaviour is likely not influenced by the temperature 
exposition at 100oC. Nevertheless, the values do not change 
significantly for all tested samples (Fig. 9).

Figure 9: Range [%] of the yielding plateau in the stress-strain 
graphs of the steel rebars after the different exposure conditions 
and temperature. The standard deviations are indicated on the 

side of the columns.

The Agt strains appear not to clearly discriminate the influence 
of the corrosion on the deformation capability of the rebars. 
The values are relatively similar at all temperatures. In spite of 
the higher reduction of the strain as compared to the ultimate 
tensile strength with an advancement of the corrosion level 
(Chena et al., 2020), the corrosion stage variation between rust 
grades (A-D) seems to even slightly increase the ductility (Fig. 
10). This is also seen for the highest rust grade D, where the 
steel rebar surface is completely rusted and general pitting is 
visible. On the other hand, the corrosion level did not reach yet 
the formation of relevant craters and cross section loss.

Figure 10: Strain Agt registered on the stress-strain graphs 
of the steel rebars after the different exposure conditions and 
temperature. The standard deviations are indicated on the side 

of the columns.

The fracture morphology exhibits a ductile fracture mode 
of the samples with cup and cone fracture as well as a clear 
necking in the deformation region (Fig. 11).
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Figure 11: Fracture surface of the specimens for the reference, the sample treated at 25oC and constantly immersed in a NaCl 
3.5% weight solution, the samples intermittently exposed to a NaCl 3.5% weight solution and treated at 50oC and the samples 

intermittently exposed to a NaCl 3.5% weight solution and treated at 100oC (from left to right).

The reference untreated and uncorroded specimens exhibit fine cracks and ductile dimples along the fracture surface (Fig. 12 
left-right).

 
Figure 12: Fracture surface of the untreated reference steel rebars.

It is difficult to localize the initiation sites along the fracture surface of the steel rebars continuously exposed to the 3.5% weight 
solution at 25oC. Cracks and microcracks are present on the surface (Fig. 13 left). Surface corrosion products are partially 
visible (Fig. 13 centre), but the anodic dissolution features are not enough deep to clearly create identifiable corrosion sites for 
the cracking and the rupture initiation of the specimens. Such tensile tests performed at a relatively high speed rate as compared 
to environmentally assisted cracking, which are carried out at lower strain rates, are only partially influenced by the corrosion 
sites. The step–like and shear-tongue features as well as the ductile dimples (Fig. 13 right) indicate the general ductility of the 
specimens.

  
Figure 13: Fracture surface of the steel rebars continuously exposed to the 3.5% weight solution at 25oC.

More localized aggressive corrosion pits, due to water intermittent evaporation and sub-parallel cracks perpendicular to the 
tensile direction and occasionally mud-crack pattern are seen in the specimens treated at 50oC (Fig. 14).
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Figure 14: Fracture surface of the steel rebars intermittently sprayed with a constant amount of 3.5% NaCl solution and after two 

minutes placed in an oven at 50oC. Procedure repeated for 10 months.

In this case, the corrosion pits tend to create the initiation sites for cracking (Fig. 15 left), although no clear distinct zones are 
seen, due to high deformation rates. The specimens treated at 100oC exhibit less visible and intense corrosion pits (Fig. 15 centre) 
and slightly more shear deformation features can be observed along the fracture surface (Fig. 15 right).

  
Figure 15: Fracture surface of the steel rebars intermittently sprayed with a constant amount of 3.5% NaCl solution and after two 

minutes placed in an oven at 100oC. Procedure repeated for 10 months.
Conclusions
The corrosion surface features and morphology along the 
rebars influence the mechanical properties of reinforcing 
steel rebars. The localized corrosion pits distributed along 
the steel surface slightly change the load-extension graph 
of reinforcement in tension tests. The yield strength, the 
ultimate strength, the modulus of elasticity and the strain to 
failure are slightly modified from the corrosion features. The 
mechanical properties and the corrosion morphology are not 
always directly correlated with the rust grade and the visual 
appearance, in the case of intermittent localized corrosion. 
However, the distribution of pits along the corroded bars, 
caused by the locally enhanced corrosion intensity, due to 
temperature increase and the water evaporation, especially 
at 50oC, even if only during an intermittent rapid and cyclic 
mode, may affect the stress-strain response in tension of the 
steel rebars.
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