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A B S T R A C T   

The corrosion of reinforced concrete structures influences not only their structural strength but also their 
ductility. In this scenario, the use of Special Ductility Tempcore rebars, which belong to the highest ductility 
class, can reduce the risk of having a brittle failure when corrosion occurs. 

Therefore, this paper presents experimental and numerical studies to evaluate the rotation capacity of 
corroded RC beams with this type of steel. The experimental part consists of testing five beams to rupture and the 
numerical part uses the non-linear finite element method to correctly model the beam’s behaviour. 

The results indicate that for 20% damage, the rotation capacity reduced about 50%; however, these values are 
still higher than the Eurocode 2 normalized curve. In this scenario, the ultimate load only reduces 12%. 
Nevertheless, corrosion affects the ultimate deflection of isostatic beams much more than hyperstatic beams.   

1. Introduction 

The European construction market is worth about 1.6 billion euro. 
Activities concerning the evaluation, repair and restoration of concrete 
structures are estimated as 35% of all the work in the building sector. 
The main reason for the degradation of reinforced concrete (RC) struc
tures is the corrosion of steel reinforcement [1]. In literature, the 
corrosion of rebars is usually divided into two types, pitting and general 
corrosion. 

The mechanical consequences of corrosion are: i) reduction in the 
cross-sectional area of the rebars, ii) deterioration of the bond with the 
surrounding concrete and iii) loss of concrete cover [2]. This means that, 
besides the structural strength being reduced, the ductility of reinforced 
concrete structures is also severely reduced by rebars’ corrosion. 

The ductility of reinforced concrete elements is an essential property 
to accommodate the change that occurs in a deformation field during its 
service lifetime [3], especially when high redistribution of bending 
moments was applied [4]. The ductility can be evaluated at several 
levels: material, section and structural. In this paper, the last is mainly 
applied. There are several studies concerning the influence of corrosion 
on ductility, with the study of corroded rebars and corroded RC beams 
being most relevant for this paper, as detailed below. 

Regarding corroded rebars, Du et al. [5] states that the ultimate 
strain of corroded reinforcement reduces much more significantly than 
their yield and ultimate strengths. Similarly, François et al. [6] 
concluded that a reduction of the ultimate strain appeared to be the 
major effect of corrosion, which could affect compliance with standards. 
Moreover, Tang et al. [7] noticed that both the yield and ultimate 
strength linearly decreased with an increase of corrosion loss while the 
elongation and ductility decreased exponentially. Zhu et al. [8] noted 
that the residual cross-section shape and the amount of cross-section loss 
had considerable influence on the ductility of bars. Likewise, Imperatore 
et al. [9] observed that pitting corrosion provokes a higher decrease in 
ultimate strain, yield and ultimate strength. Chen et al. [10] observed 
that when the corrosion level exceeded a critical value, the region 
outside the pit did not develop yielding, which means that rebar 
ductility decreases a lot. Hawileh et al. [11] observed that the yield and 
tensile strength decreased 26% and the ultimate strain reduced 76.6%, 
for corrosion damage level of 19.6%. Andisheh et al. [12] reports that 
the reductions of mechanical properties related in literature has a large 
scatter and the use of reduction factors could not be safe. 

Concerning corroded RC beams, Castel et al. [13] noticed that in 
service a reduction of bending stiffness was observed due to degradation 
in the tensile zone and for ultimate behaviour the loss of steel cross- 
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section leads to a reduction of bearing capacity and ductility. Dang & 
François [14,15] found that the reduction of ductility in bending 
behaviour was more pronounced on the reduction of load-bearing ca
pacity. Almusallam et al. [16] concluded that the ultimate deflection 
decreases with an increase in the magnitude of reinforcement corrosion, 
leading to a marked and progressive reduction in the ductility. Ou & 
Nguyen [17], found that as the corrosion level in tension reinforcement 
increased, the failure mode of the beam changed from flexural shear due 
to crushing of core concrete to flexural tension due to fracture of tension 
reinforcement, and corrosion had a significant negative effect on the 
yield drift, yield load, peak load and ultimate drift. Yadav et al. [18] 
concluded that an increase in the corrosion percentage of reinforcement 
bars from 10 to 30% decreased the plastic hinge length, making it un
desirable as a seismic member. Ye et al. [19] found that neither the 
average mass loss ratio of corroded rebar nor the crack widths can be a 
reliable way to estimate the residual capacity of beams. However, Dasar 
et al. [20] established good correlations between crack width and cross- 
section loss and between cross-section loss and ultimate capacity loss. 
Azad et al. [21] states that size-effect of the tension bars should be taken 
into account in the calculation of the flexural capacity of a corroded 
concrete beam. 

In corroded RC beams, Yu et al. [22] found that 1% reduction in 
cross-section corresponds to 1% reduction in yielding and ultimate ca
pacity, and that the influence of corrosion on the ductility of RC beams 
depends on the initial ductility of the steel bar. Similarly, Hansapinyo 
et al. [23] concluded that the ultimate strength decreased linearly with 
the amount of corrosion and the ductility also decreased with the in
crease of the corrosion. 

In corroded RC beams, Du et al. [24] noted that the combined effect 
of loading and corrosion impairs beam strength and ductility more 
significantly. Likewise, Liu et al. [25] noted that strength and ductility 
are significantly impaired due to the simultaneous effect of loading and 
corrosion. Dong et al. [20] also concluded that simultaneous loading and 
corrosion led to more severe and faster cracking damage on the beams 
and reduced the beams’ ductility. Similarly, the coupled action of 
corrosion and fatigue increases the structural deterioration, reducing the 
service lifetime of RC structures [26], because accelerates the fatigue 
crack propagation [27]. In this scenario, the yield and ultimate strength 
of rebars decrease, and the yield plateau is shortened or even dis
appeared, which motivates the development of a new constitutive 
relationship for the mechanical behaviour of rebars after fatigue [28]. 

Concerning the numerical simulation of corroded RC beams, several 
researchers performed their studies, as described below. Lundgren [29] 
noted that corrosion can increase the bond capacity of smooth bars to 
about the level of ribbed bars, however high corrosion levels may 
damage the bond, especially if transverse reinforcement is not supplied. 
Sæther & Sand [30] successfully simulated the mechanical behaviour of 
reinforced concrete members with corroded steel bars. Biondini & 
Vergani [31] stated that designing concrete structures exposed to 
corrosion for durability needs to rely on structural analysis methods 
capable of accounting for the global effects of local damage phenomena 
on the overall system performance. According to Hanjari et al. [32], not 
considering pitting corrosion can lead to an overestimation of structural 
strength; therefore, both general corrosion and pitting corrosion should 
be taken into account in modelling corroded concrete structures. Stew
art [33] also indicates that the inclusion of accurate mechanical prop
erties of corroded rebars in numerical models is essential to achieve 
good results, especially to evaluate the reliability and to estimate the 
lifetime of structures. Devi et al. [34] found that the reduction of the 
cross-sectional area and yield strength is the best technique to simulate 
the behaviour of rebars when modelling RC corroded beams. Kallias & 
Rafiq [35] numerically found the reasons for the large scatter observed 
during the laboratory tests of corroded RC beams. 

As described above, several studies tried to quantify the ductility of 
corroded RC beams; however, few of them have been dedicated to 
specifically evaluate the rotation capacity, although in most of them this 

could be estimated from their results. Note that in literature, the most 
relevant models to calculate the rotation capacity of non-corroded RC 
beams include the Stuttgart model, Naples model, Darmstadt-Leipzig 
model, Zürich model, Delft model (all detailed in [3]), Coimbra model 
[36], Adelaide model [37] and Hong Kong model [38]. 

Moreover, the variety of steels used is representative of several ages 
and places of production; the final results are dependent on the initial 
steel properties [22], which increase the scattering of results. The pro
duction of rebars has changed over the years. Although Tempcore rebars 
have been used for 50 years, in 2003 a new enhanced generation of 
Tempcore rebars was created [39], called Special Ductility Weldable 
Steel. This was developed to be used in seismic regions, where high 
levels of ductility are required. The main differences to the previous 
rebars are: i) satisfies the rigorous ductility requirements of Model Code 
2010 [40] (class D) and Eurocode 2 [41] (class C), namely: maximum 
values of k’=fy,actual/fy,nominal, minimum and maximum characteristic 
values of k=(ft/fy)k, the minimum characteristic value of strain at 
maximum force (εuk), bendability and bond characteristics, ii) weld
ability, and iii) minimum number of cycles (tensile and compression) 
without breaking. 

The internal mechanical properties of these rebars (with and without 
damage) is detailed in [42], where is shown that when local damage is 
introduced in rebar, the main anomaly is the decrease of the ultimate 
strain since the yield strength reduction is partially offset by the steel 
hardening. Thus, the rotation capacity of beams with these new rebars in 
case of corrosion is unknown but relevant to allow estimating the 
strength and ductility of new structures when corroded in future. 

This paper presents experimental and numerical studies to evaluate 
the rotation capacity of corroded RC beams with Special Ductility 
Tempcore rebars. Two levels and two combinations of corrosion were 
applied in simple supported beams. Pitting corrosion was simulated by 
introducing local damage in the rebars, while general corrosion was 
simulated by reducing the bond between rebar and concrete. Numerical 
simulation was also done, initially to evaluate if the numerical models 
can rigorously predict the rotation capacity of corroded beams and, in 
the end, to make an additional study with continuous beams where the 
ductility of rebars is even more relevant. 

2. Experimental work 

To quantify the rotation capacity in reinforced concrete beams with 
corroded Special Ductility rebars, an experimental campaign was 
developed. Five simple supported beams with a tensile reinforcement 
ratio of 0.6% and different damage levels were tested to rupture. These 
beams had a length of 2.9 m (2.7 m free span), a width of 0.30 m and a 
height of 0.35 m (Fig. 1). In these beams, the tension reinforcement was 
3ϕ16 (3 rebars of 16 mm diameter), the compression reinforcement was 
2ϕ6 (2 rebars of 6 mm diameter for constructive reasons) and the shear 
reinforcement was ϕ8//0.20 (closed stirrups of 8 mm diameter spaced 
by 0.20 m). The concrete cover of stirrups was 20 mm. In general, 
rotation capacity may be limited by either reinforcement ductility or by 
limiting concrete compression strain. With the selected value of tensile 
reinforcement ratio, it is expected to achieve nearly the maximum 
rotation capacity, which coincides with the transition between the types 
of failure. So, it is expected that for the undamaged beam, failure is due 
to concrete in compression and for the four damaged beams, the failure 
is due to lack of reinforcement ductility. 

In this work the damage on Tempcore rebars was induced in an 
artificial way to simulate two types of corrosion: a) reduction of cross- 
sectional area (Fig. 2a), like pitting corrosion, and b) add to this a 
reduction of bonding using an insulating tape (thickness 0.11 mm) on 
the rebar surface (Fig. 2b), like simultaneous general and pitting 
corrosion. 

Table 1 shows the type of damage and its intensity for each beam. 
The values indicated for pitting damage correspond to the maximum 
reduction of cross-section area (with a semi-circular shape of radius 5 
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mm (10% damage) and 8 mm (20% damage)) of rebars, with these local 
damages repeated every 10 cm along and with one exactly at midspan. 
Note that the semi-circular shape of Fig. 2a is in accordance with 
experimental results obtained by Liu et al. [43]. The unbonded zone (in 
beams V4 and V5) was applied along the rebars except near the supports, 
with the total length (where insulating tape was applied) equal to 2 m. 

Note that, in general, pitting corrosion is produced at several points 
and not only at so localized points of the rebar, as considered here with a 
uniform spacing of 10 cm. Note also that general corrosion consists of a 
reduction of cross-section and not only a reduction in bond stress be
tween concrete and rebar, as done here. However, the simplified hy
pothesis used here are more demanding in terms of strength and 
ductility than real corrosion, so they are conservative. 

The mechanical properties of the materials were: i) concrete: fc =
34.4 MPa (cylinder compressive strength), fct = 2.6 MPa (axial tensile 
strength) and Ec = 24.6 GPa (modulus of elasticity), and ii) rebars: fy =

537 MPa (yield strength), fu = 649 MPa (tensile strength), εsh = 1.4% 
(strain at the beginning of hardening), εu = 10.9% (strain at maximum 

load), Es = 193 GPa (modulus of elasticity) and Esh = 3.4 GPa (strain 
hardening modulus). Fig. 3 shows the force-strain curves for damaged 
Tempcore rebars. The base length used for strain calculation was 5ϕ and 
includes one pitting damage. 

As the damage is localized, the plastic deformations concentrate in 
these zones, which leads to a substantial reduction in strain at maximum 
force (from 10.9% to 6.3% and 5.1%, that is, a reduction of 42 and 53% 
in this parameter, for damages of 10 and 20%, respectively). Note that in 
these scenarios (pitting damage of 10 and 20%), the steel is not a 
ductility class C (Eurocode 2) or D (Model Code 2010) anymore, but as it 
remains with considerable strain at maximum force, the steel would be 
classified as ductility class B. The reduction of yield strength was 79% 
higher than the reduction in cross-sectional area, which is explained by 
the fact that surface layer of Tempcore rebars is much harder and 
resistant than the core layer [42]. The reduction of tensile strength was 
only 28% higher than the reduction in cross-sectional area. 

The simple supported beams were vertically loaded at midspan by a 
hydraulic jack, with a 10 cm loading length through an auxiliary steel 
beam (Fig. 1 and Fig. 4), while at the ends, free supports were used to 
allow free horizontal displacements. The tests were carried out in 
displacement control mode with a loading velocity equal to 0.02 mm/s. 

Some LVDTs (linear variable displacement transducers) were used 
(Fig. 4a): i) one for measuring the vertical displacement of beams at 
midspan, ii) two in the horizontal position for measuring the elongation 
of the beams on compression and tension fibres at midspan (placed at 10 
mm from the bottom and top with a 60 cm measuring length) to evaluate 
the rotation, and iii) others not considered in this paper. In the opposite 
surface (Fig. 4b) from where LVDTs were applied, a mesh of points was 
plotted on the beams in a rectangular matrix to allow these points to be 
followed by a video camera during the tests. After that, using a digital 
image correlation (DIC) routine developed by the authors in Matlab, the 
positions of each point during the test were calculated. Note that from 
the horizontal LVDTs or the DIC system, the maximum horizontal strains 
(compressive and tensile) could be calculated and from this, the relative 
rotation of the sections could be calculated. 

A load cell in the hydraulic jack measured the total load applied to 

Fig. 1. Beam layout and cross-section [m].  

Fig. 2. Artificial damage: a) pitting, b) general.  

Table 1 
Description of the analysed beams.  

Beam Pitting Damage General Damage 

V1 0% No 
V2 10% No 
V3 20% No 
V4 10% Yes 
V5 20% Yes  

Fig. 3. Force-Strain curves for damaged Tempcore rebars.  
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the beams. Although not used in this paper, several electrical resistance 
strain gauges (Vishay, type EP-08-125BT-120) were also glued to the 
rebars, separated longitudinally by 15 cm and with one at midspan. 

3. Numerical simulation 

In addition to the experimental work, a numerical simulation was 
also carried out to evaluate the ability of numerical models to estimate 
the rotation capacity of reinforced concrete beams with damaged rebars. 
Note that at the end of Section 6, an additional numerical study with 
continuous beams was done, but it is not detailed in this section. The 
beams tested to rupture, as described in the previous section, were 
simulated using the finite element method with non-linear behaviour of 
concrete, rebars and bond-slip. 

The applied models were developed on Diana software [44] (Fig. 5). 
Concrete was simulated by regular four-node plane stress elements, with 
0.01x0.01 m dimensions and a 2x2 integration scheme (10150 ele
ments). Compression rebars and stirrups were simulated by embedded 
bar reinforcements (815 elements). More details about the modelling of 
these beams can be found in [45]. 

Concerning tension rebars, two distinct implementations were 
developed for each beam: i) first, rebars were simulated by an embedded 
bar reinforcement (290 elements), and ii) afterwards, rebars were 

simulated by truss elements (290 elements) coupled to the bond ele
ments (290 elements) that connected to the concrete mesh (Fig. 6). The 
bond element was a regular four-node plane stress elements, with di
mensions: 0.01x0.001 m and integration scheme 1x1. This bond 
element, which also takes into account the influence of steel strain on 
bond, is described in detail in [46]. Several laws for the relationship 
between bond stress and slip were applied (Proposed [47], MC2010, 
MC90). Regarding the simulation of the bond reduction due to the 
insulating tape on the rebar surfaces of beams V4 and V5, a reduction of 
50% in the bond stress was assumed. 

For concrete elements, the combination of Rankine Principal Stress 
(in tension) with Drucker–Prager (in compression) was selected for 
rupture criteria to avoid: i) some incoherencies in mesh deformation 
after cracking, in the Total Strain Models [44,48], and ii) the unrealistic 
constant value for shear retention, needed in the Multi-Directional Fixed 
Crack Model [44,48]. 

In the elastic range, the properties of concrete were: E = 24.6 GPa 
and ν = 0.2. For non-linear tension behaviour, the following parameters 
were defined: fct = 2.6 MPa and the Hordijk curve (with Gf = 138 N/m) 
for tension softening. The value of Gf was calculated from fc using the 
equation from Model Code 2010 [40]. 

For non-linear compression behaviour, the Drucker–Prager law (with 
cohesion: c = 0.42 fc and friction and dilatancy angles: φ = ψ = 10◦) for 

Fig. 4. Beam setup: a) electric sensors, b) mesh of points for DIC system.  

Fig. 5. Major elements of the numerical model.  
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isotropic plasticity and a parabolic curve (with GC = 25000 N/m) for 
strain hardening were chosen. The selected values for plasticity pa
rameters consider the behaviour of concrete under biaxial states of stress 
[44]. The value for GC was previously calibrated for compressive 
rupture. 

4. Experimental results 

According to Equation (1), the rotation capacity (θpl) can be esti
mated by the difference between the total rotation (θtot) at maximum 
load level and the rotation at the onset of rebar yielding (θy) [3]. 

θpl = θtot − θy (1) 

In Fig. 7, the curves of rotation capacity versus rebar damage are 
shown for the two simulated corrosion formats described in Section 2. 
The main remark is that rotation capacity is seriously influenced by 
corrosion. Note that for pitting corrosion damage up to 10%, the rotation 
capacity was not significantly changed, but for higher values, large re
ductions occurred in the rotation capacity. Additionally, when general 
and pitting corrosion act simultaneously, the rotation capacity was al
ways influenced by the damage. For 20% damage, both results were 
quite similar, with a rotation capacity reduction close to 50%. 

The cracking patterns for beams V3 and V5, both with 20% damage, 
are shown in Fig. 8. For pitting corrosion (Fig. 8a), a very regular pattern 
with cracks spaced approximately 10 cm was observed, with all cracks 
equally opened. However, for general and pitting corrosion (Fig. 8b), 20 
cm crack spacing was observed, with the two central cracks more 
opened than the others. These facts were confirmed by the total rotation 
measurements in Fig. 9, which indicated some curves coincide for 
general and pitting corrosion (Fig. 9b). In these figures, the base length 
(Lo) is the length, centred in the middle of the beam, where the total 
rotation is measured. Note that for pitting corrosion (Fig. 9a), similar 
increases in total rotation were observed since the base length (Lo) in
creases, which means that all hinges had similar deformations. 

In Fig. 10 the Force-Midspan deflections curves are shown. For 
pitting corrosion (Fig. 10a), although the damage inserted on rebars was 
different, the curves are similar in the post-yield range until 50 mm. 
Otherwise, for simultaneous general and pitting corrosion (Fig. 10b), 

near failure, the load capacity for each deflection is different, as eluci
dated in Section 6. For 20% damage, the maximum load for damaged 
beams was about 152 kN for both beams (V3 and V5), while for the 
undamaged beam (V1), the maximum load was 172 kN, which means a 
reduction of 12% in the damaged beams’ capacity. 

5. Numerical results 

The deflection of the structures is a variable easily perceptible. In the 
tested simple supported beams, the midspan deflection is proportional to 
the total rotation (θtot). For this reason, the midspan deflection is used in 
this section dedicated to the numerical results. 

Fig. 11 shows the Force-Midspan deflection curves obtained for beam 
V2, considering several bond-slip relationships and the experimental 
result. The curves obtained for the other beams were similar. Notice that 
all the numerical results were very close to the experimental result. 

To evaluate the ability of numerical models in estimating the 
maximum midspan deflection or the rotation capacity, the relative 
maximum midspan deflection for all tested beams (maximum deflection 
numerically calculated divided by maximum deflection measured) is 
shown in Fig. 12. Despite the very different bond-slip relationships used 
in the several models, the scattering of the results was not high. Note 
that the numerical results show higher deflection estimations for 
simultaneous general and pitting corrosion (V4 and V5) than for pitting 
corrosion (V2 and V3), as discussed in Section 6. 

The numerical crack patterns are exhibited in Fig. 13. These patterns 
are comparable to the experimental patterns in Fig. 8. For pitting 
corrosion (Fig. 13a) a very regular pattern with cracks equally spaced by 
10 cm was observed. This pattern was also registered in the experi
mental work. Regarding the general and pitting corrosion (Fig. 13b) the 
cracks were more distant than in only pitting corrosion (Fig. 13a). Once 
more, this pattern was slightly similar to the experimental work. 

6. Discussion 

To evaluate the rotation capacity of corroded RC beams with Special 
Ductility Tempcore rebars, experimental and numerical studies were 
realized. One of the limitations of this work is the reduced number of 
experimental tests. However, one of the most relevant points is the use of 
a specific type of rebar. 

Regarding the experimental tests, the decreasing rotation capacity 
with corrosion was expected, taking into account that the reduction of 
cross-section area was done only at localized points. The differences 
found out between the two types of corrosion for damage up to 10% 
suggests that the bond between concrete and rebar is very important for 
the range of moderate damages, but for higher damages, its influence 
becomes negligible. This suggestion is also sustained in the fact that 
bond increases for initial corrosion [49–51]. The influence of bond on 
the ductility of slabs with corroded rebars was also discussed and sup
ported by other authors [52]. When general and pitting corrosion acted 
simultaneously, the reduction of rotation capacity was 2.5 times higher 
than for the rebar damage. 

In Fig. 14 the results obtained for the rotation capacity of damaged 
beams are compared with the Eurocode 2 normalized curve for rotation 

Fig. 6. Detail of the connection between concrete and rebar: a) total mesh, b) concrete mesh, c) interface mesh (bond elements), d) rebar mesh.  

Fig. 7. Rotation capacity as a function of rebar damage.  
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capacity in undamaged beams. This curve represents the characteristic 
values of rotation capacity corresponding to the fifth percentile. Despite 
the high reduction of rotation capacity for damage up to 20%, the values 
obtained from the tests were always higher than the Eurocode 2 curve. 

This fact indicates that even hyperstatic RC structures with corrosion 
up to 20% can guarantee a level of ductility similar to the implicit 
ductility design values for an undamaged structure, which allows at least 
reaching the ultimate design deflection for current structures, that is, 
having a ductile failure. However, depending on the degree of corrosion, 
the ultimate design load could not be achieved. Notice that Yu et al. [22] 
concluded that highly ductile steel bars belonging to Class C according 
to Eurocode 2 could prevent the brittle collapse of corroded RC beams 
because of sufficient residual ductility of the corroded steel bars, which 
is in agreement with these results. 

Regarding the maximum load, although 20% damage was intro
duced, only a 12% reduction in beams capacity was observed. This could 
be explained by the fact that the steel in the undamaged beam (V1) only 
achieved the yield strength (failure due to concrete in compression), 
while the steel in the damaged beams (V3 and V5) achieved the ultimate 
strength (failure due to reinforcement). 

An explanation for the similarities between curves in Fig. 10a, 
comparing to Fig. 10b, is related to the bond stress. In the first case, the 
bond stress is high, while in the second case the bond stress is low. Since 

bond stress is high, the stress in the rebar is high, so more force is 
reached, for the same beam deflection. Consequently, for the same 
midspan deflection, since the bond is high, the applied force could be 
similar even though the levels of corrosion are different. 

Concerning to the numerical simulation, the obtained results were in 
good agreement with the experimental work, especially considering the 
usual dispersion of the experimental work and the approximations in the 
formulations of concrete. Though, it was only possible with a rigorous 
selection of the models for concrete, particularly in compression. The 
different relationships for bond-slip moderately influenced the results, 
particularly near the rupture. As a matter of fact, in service, all the re
lationships are similar. 

The results of numerical simulations (Fig. 12) allow emphasising the 
importance of bond-slip modelling in estimating the ductility of RC el
ements with corroded rebars. It should also be mentioned that the model 
proposed by authors [47] tends to achieve better results. The higher 
values of numerical midspan deflection for general and pitting corrosion 
obtained in Fig. 12 could be explained by the inadequate selection of the 
bond-slip relationship (reduction of 50% in the bond stress) when gen
eral corrosion is also present. 

The experimental and numerical crack patterns are similar. In fact, 
the location of cracks (Fig. 8 and Fig. 13) coincides with the positions of 
local damage introduced in the rebars, which was previously defined as 

Fig. 8. Cracking patterns near the failure: a) pitting corrosion (V3), b) general and pitting corrosion (V5).  

Fig. 9. Total rotation for different base lengths (Lo): a) pitting corrosion (V3), b) general and pitting corrosion (V4).  
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equally spaced by 10 cm. This regular pattern could be one of the rea
sons why rotation capacity remains higher than the Eurocode 2 
normalized curve, although local damage reached 20%. This conclusion 
could also be useful for situations where, in general, high rotation ca
pacity is required. If previous local damage is introduced in concrete to 
create a crack pattern with many cracks, high values of rotation capacity 
would probably be achieved. 

With numerical models giving reliable results, an additional 

numerical analysis was done to evaluate the relevance of having high 
ductile rebars when corrosion occurs in hyperstatic beams. Thus, a 
continuous beam with two 6 m spans and a 0.3 × 0.5 m2 cross-section 
was considered, as represented in Fig. 15. Two steels with the same 
yield strength but different ductility classes were used, Class A (fy = 550 
MPa, ft = 580 MPa and εu = 2.5%) and Class C (fy = 550 MPa, ft = 635 
MPa e εu = 7.5%), representing the minimum mechanical properties 
according to the Eurocode 2. In the beam design, a degree of moment 
redistribution η of 30% over the internal support was considered, and 
external supports were assumed as pinned connections. The damage 
(only pitting corrosion) was introduced considering stress–strain rela
tion curves for steel similar to Fig. 3 but with some adjustments to 
consider the two types of steel. 

In Fig. 16, the results of the ultimate load and ultimate deflection as a 
function of rebar damage is shown. Since the tensile strength of the two 
steels is different, it was expected that the ultimate load of the beams 
with steel Class C would be higher than that of the beams with steel Class 
A. In addition, it is observed that the ultimate load decreases much more 
quickly with corrosion in beams with steel class A than in beams with 
steel class C. Thus, two important conclusions can be drawn: i) struc
tures with high ductile steel rebars will have longer durability, espe
cially if corrosion is slow, which happens in most structures; and ii) 
structures with high ductile steel rebars will have a higher level of 
safety, particularly from the instant the corrosion occurs. Regarding the 
deformation, the ultimate deflection of beams with steel class C is much 
higher than for beams with steel class A, in this case, about twice as high. 
This is also a very important observation, particularly when the loading 
consists of imposed deformations. 

In Fig. 17, the ultimate beam deformation and crack pattern for 
beams with 30% damage are shown. Beam with high ductile steel rebars 
(class C) presents much higher deformation, a higher number of cracks 
and much higher crack opening than beam with low ductile steel rebars 
(class A). That is why, especially when the damage is high, the rotation 
capacity is higher for beams with steel class C, which allows higher 
levels of real redistribution and small reductions in the loading capacity 
of continuous beams or slabs. 

Comparing the results of isostatic beams (experimental and numer
ical) with hyperstatic beams (numerical) for 20% damage and assuming 
the use of high ductile steel rebars, as studied in this paper, some find
ings can be stated: i) regarding the ultimate deflection, which depends 
directly on the rotation capacity, the average reduction is about 50% in 
isostatic beams, while it was only about 20% in hyperstatic beams (this 

Fig. 10. Force-Midspan deflection curves: a) pitting corrosion, b) general and pitting corrosion.  

Fig. 11. Force vs Midspan deflection for beam V2 (plots for experimental and 
numerical simulations). 

Fig. 12. Relative maximum midspan deflection.  
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large difference occurs because, in hyperstatic beams, maximum 
deflection depends on midspan and support plastic behaviours, while in 
isostatic beams, it depends directly only on midspan plastic behaviour); 
ii) regarding the ultimate load, the average reduction was 12% for both 
isostatic and hyperstatic. These findings allow concluding that the 
corrosion of Special Ductility Tempcore rebars will affect the ultimate 
deflection of beams much more than their loading capacity, which is in 
agreement with results of other researchers [14–16] for other types of 
steel. 

7. Conclusions 

The corrosion of RC structures consumes many economic resources 
in developed countries to repair and reinforce these structures. Usually, 
corrosion not only diminishes the loading capacity but also the defor
mation capacity of the structures. When the original rebars have high 
ductility, the consequences of corrosion can be delayed because their 
effects are less severe. In this context, this paper aimed to assess the 
rotation capacity of corroded RC beams when using Special Ductility 
Tempcore rebars. 

From the experimental campaign and numerical simulations devel
oped, the following conclusions were drawn:  

- The rotation capacity is seriously influenced by the corrosion. For 
20% damage, the rotation capacity reduced about 50%. For 10% 
damage, the results were non-uniform. For pitting corrosion, the 
rotation capacity was not significantly changed; however, when 
general and pitting corrosion act simultaneously, the rotation ca
pacity reduced about 33%.  

- Although a high reduction was observed in rotation capacity for 
damage up to 20%, the values obtained in tests were higher than the 
Eurocode 2 and Model Code 2010 normalized curves.  

- Especially for low levels of corrosion, the bond between concrete and 
rebars is important, influencing the rotation capacity.  

- One way to increase the rotation capacity, in general, is by having a 
crack pattern with many cracks. To ensure it, some local damage 
should be done in the concrete at desired crack locations. 

Fig. 13. Cracking patterns near the failure: a) pitting corrosion (V3), b) general and pitting corrosion (V5).  

Fig. 14. Rotation capacity of damaged beams versus Eurocode 2 curve.  

Fig. 15. Elevation of continuous beam analysed.  
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- Despite the high reduction observed in rotation capacity for 20% 
damage in the Special Ductility Tempcore rebars, the ultimate load of 
beams reduces only 12%.  

- The numerical simulations can predict the rotation capacity correctly 
if a rigorous selection of the models for concrete in compression, 
rebar in tension and bond-slip is done.  

- The bond element and bond-slip model proposed by the authors [47] 
tends to achieve better numerical results.  

- Corrosion affects the ultimate deflection of isostatic beams much 
more than hyperstatic beams but for the ultimate load, the impact is 
similar and smaller.  

- The ultimate load decreases much more quickly with corrosion in 
beams with steel class A than in beams with steel class C. The ulti
mate deflection of beams with steel class C is about two times higher 
than in the beams with steel class A for the same level of corrosion. 

The results presented here could be useful at the time of deciding the 
best intervention for a reinforced concrete structure with corroded 
Special Ductility Tempcore rebars. Decisions like simple repair or full 
strengthen could be more sustained, which could allow many economic 
savings during the rehabilitation of our RC structures. 

CRediT authorship contribution statement 
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