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Abstract 

The corrosion of steel reinforcement is commonly believed to be the primary cause of structural deterioration of rein-
forced concrete (RC) structures; as a result of this deterioration, a RC structure can incur a considerable reduction in 
structural serviceability and safety. Because of their inherent redundancy, statically indeterminate structures develop 
resistant mechanisms that can potentially assist in delaying the collapse of severely damaged RC structures. In order 
to experimentally demonstrate these resistant mechanisms, four groups of three two-span continuous RC beam 
members each were deteriorated using induced corrosion methods and tested to failure under monotonic loads. For 
control, one group of three RC beams was left uncorroded and similarly load tested. All the RC beam specimens sub-
jected to corrosion demonstrated a significant reduction (a maximum reduction of 55% as compared to the uncor-
roded control group) of their ultimate capacity. The presence of corrosion induced a transition from flexural failure 
to anchorage failure in some specimens; despite the induced damage some redistributed structural capacity was 
observed. Modelling of deterioration effects by the inclusion of different aspects of corrosion was also conducted. 
Three-dimensional (3D) Finite-Element Method (FEM) models were developed to assess the variation in the mechani-
cal properties of the corroded steel and the reduction in the bond interaction between concrete and steel due to the 
corrosion of the steel reinforcement. In general, the current 3D FEM models demonstrated a good agreement with 
the experimental data; however, 3D FEM models that exhibit greater sophistication are necessary to better describe 
the failure mode of some RC beam specimens when they are associated with local effects.

Keywords:  statically indeterminate beams, reinforced concrete, corrosion, ultimate capacity, redistribution, bond, 
anchorage, 3D FEM modeling
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1  Introduction
Structural safety is the most important requirement to be 
fulfilled in the design of reinforced concrete (RC) struc-
tures. A comprehensive understanding of the structural 
behaviour of RC structures is important for improving 
design quality and develop safe structure that can with-
stand varying loading combinations and environmental 
conditions. The corrosion of the steel reinforcement is 
commonly believed to be the most severe of the many 
factors that can result in the structural deterioration of 
RC structures. Several studies have concluded that the 

corrosion of steel reinforcement is the first natural cause 
of structural failure; these failures affect a large num-
ber of RC structures (Broomfield 2002). The structural 
performance of RC structures at service load levels is 
adversely impacted when corrosion leads to a reduc-
tion in the cross-sectional area and the potential reduc-
tion of the mechanical properties of the reinforcing steel 
(Apostolopoulos et al. 2016; Fernandez et al. 2015). The 
corrosion is hastened as a result of incremental increases 
in deflections and crack widths (along with the genera-
tion of new cracks) that create an environment for cor-
rosion to advance. Moreover, the corrosion of reinforcing 
steel can directly impact structural safety by significantly 
reducing the carrying capacity (Ballim and Reid 2003; 
Cairns and Millard 1999; Val et al. 1998; Dang and Fran-
çois 2013; Tahershamsi et al. 2016) and/or the ductility of 
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the RC structure thereby leading to the development of 
unexpected failure modes for which the RC structure has 
not been designed (e.g. brittle failures).

The corrosion of steel reinforcement structures has 
been widely studied by many researchers (Malumbela 
et  al. 2009c; Cabrera 1996; Torres-Acosta et  al. 2007; 
Rodriguez et al. 1997; Tahershamsi et al. 2014; Biondini 
and Vergani 2014; Coronelli 2002). Researchers have 
conducted experiments to determine the impacts of 
corrosion; however, these experiments have primarily 
focused on basic structures (such as simply supported 
beams), where the global response is directly related to 
the response of the critical section. Some researchers 
have been forced to work with reduced test setups as the 
development of experimentation in the field of corrosion 
has been hindered by the complexity of the corrosion 
phenomena and by the complicated experimental setup 
required to perform accelerated corrosion testing.

The observations and findings presented herein corre-
spond to the second and last phase of the analysis com-
pleted within a study on the structural effects of steel 
reinforcement corrosion on statically indeterminate RC 
members; the referenced study utilised two-span con-
tinuous RC beams subject to the effects of corrosion as 
the basis for testing (Fernandez et  al. 2016c). The steel 
reinforcement within twelve statically indeterminate RC 
beams (divided into four groups of three) was subjected to 
varying levels of impressed current; these RC beams were 
subsequently loaded to failure. This paper presents the 
effects of steel reinforcement corrosion on the carrying 
capacities of the RC beams. The current density applied 
to the reinforcement was defined using second Faraday’s 
Law theory (El Maaddawy and Soudki 2003; Caré et  al. 
2008; Lu et al. 2011; Austin et al. 2004). For control, one 
group of three RC beams was left uncorroded. No steel 

reinforcement stirrups were utilised within the RC beams 
in order to avoid an electrical connection from occur-
ring between the top and bottom longitudinal steel rein-
forcement bars; as a consequence, premature push-out 
of the outermost longitudinal reinforcement bars took 
place near the supports at loading (Fig.  1c). Because of 
the premature reinforcement push-out three RC beams 
without strengthening were tested to failure. The remain-
ing RC beams were strengthened by laterally confining 
the ends of the beams, which significantly increased the 
bond capacity between the steel reinforcement and the 
concrete. During the incremental loading-to-failure pro-
cess structural and corrosion parameters of the RC beams 
were monitored and evaluated.

The final stage of the study consisted of performing 
numerical analyses of the RC beam specimens utilising 
a three-dimensional (3D) Finite-Element Method (FEM) 
model (‘DIANA’ by TNO Diana BV); the results from the 
numerical analyses were then compared to the results of 
the RC beam tests. The impact of the local corrosion phe-
nomena was observed to result in a reduction of the steel 
reinforcement bar cross-sectional area (with a corre-
sponding reduction in the bar perimeter) and the degra-
dation of the bar’s mechanical properties. The bond-slip 
relationship was implemented by utilising an embed-
ded reinforcing steel approach with interface elements 
including a non-linear bond relationship to the concrete. 
The scope, suitability, and advantages and disadvantages 
of the completed modelling have been previously studied 
(Tahershamsi et al. 2017).

2 � Experimental Programme
The present work is a part of a larger experimental study 
that utilised twelve statically indeterminate beams simu-
lating strips of slabs subjected to accelerated corrosion. 

a b c

Fig. 1  a Slab representing internal and external stripes. b Beam description. c Strut-and-tie mechanism developed in the cross-section at loading.
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The first part of this study was centred on the evaluation 
of specimen serviceability during the corrosion develop-
ment phase (Fernandez et al. 2016c); the work presented 
within this paper focuses on the ultimate state behaviour 
of identical test pieces. The RC beam specimens, which 
had been subjected to constant service loads until the 
desired degree of corrosion was attained, were unloaded, 
and then progressively loaded again to failure. The ulti-
mate capacity of the concrete specimens was assessed by 
measuring several physical parameters (e.g. deflections, 
reactions, strains in concrete and steel, crack widths, 
etc.).

2.1 � Material Properties
Concrete compressive strengths and the moduli of elas-
ticity were determined at 28  days after casting utilis-
ing a compression-testing machine. Three cylindrical 
150 × 300  mm specimens were tested for each type of 
concrete. The splitting tensile strength of concrete was 
obtained by means of the Brazilian Test. Table 1 details 
the mechanical properties and moduli of elasticity of 
all of the concrete specimens (tested following 28  days 
of curing). Specimen nomenclature as utilised within 
Table 1 is as follows:

•	 GR, G1, G2, and G3 indicate different corrosion lev-
els, from “reference” (uncorroded) to the most cor-
roded, according to the accelerated corrosion setup 
shown in Sect. 2.3.

•	 SW, P, 2P indicate different dead load levels applied 
during the corrosion process; respectively, self-
weight, load just below service design values and 
twice that load (over service design value).

The tensile strength of the steel reinforcement bars 
(400  mm-long) utilised within the RC beam tests was 
determined using a tensile testing machine. The modulus 
of elasticity in the elastic range was ascertained and the 
complete stress–strain curve was recorded by utilising 
three displacement transducers to obtain the longitudinal 
strains of the steel reinforcement under the applied load 
up to the point of load failure. Table 2 shows the differ-
ent material properties of the 10 and 12 mm diameter (ø) 
deformed steel reinforcement bars.

2.2 � Description of Specimens
Twelve continuous two-span RC beams were cast. The 
RC beam specimens were 5000 mm in overall length with 
two symmetric spans of 2400  mm between the support 
axes. The rectangular cross-section of the RC beam was 
250 mm in width and 120 mm in depth. Concrete cover 
was 15  mm on all four beam faces. Longitudinal steel 
reinforcement within the RC beam was arranged in order 
to avoid a potential direct electrical connection between 
the top and the bottom steel reinforcement bars; this pre-
ventative placement measure was aimed to prevent inter-
ference in the corrosion process. The intentional absence 
of steel reinforcement stirrups and the RC beam’s cross-
sectional shape closely represents the characteristics 
of corroded RC slabs (Fig.  1a). Beams representing two 
different zones of a corroded slab were tested: first zone, 

Table 1  Concrete properties.

Specimen Compressive 
strength (MPa)

Average Tensile splitting 
strength (MPa)

Average Modulus 
of elasticity (MPa)

Average

Group 1 G1_2P 43.03 41.79 3.38 3.35 37,816 36,798

G1_P 41.40 3.67 37,241

G1_SW 40.93 3.00 35,336

Group 2 G2_2P 39.36 39.09 2.70 2.65 36,165 35,615

G2_SW 36.81 2.57 33,929

G2_P 41,10 2,69 36,752

Group 3 G3_SW 37.64 38.43 2.70 2.60 37,605 36,598

G3_P 38.55 2.62 35,204

G3_2P 39.11 2.49 36,984

Group uncorroded GR_2P 38.61 38.36 2.64 2.83 36,795 37,097

GR_P 38.28 2.67 36,825

GR_SW 38.20 3.17 37,670

Table 2  Steel properties.

Diameter 
(mm)

Yielding 
stress 
(MPa)

Ultimate 
stress 
(MPa)

ey (−) eu (−) Modulus 
of elasticity 
(MPa)

10 550 650 0.0025 0.11 200,000

12 545 643 0.0027 0.12 195,000
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edge parts of the slab (where it might be possible to iden-
tify areas without stirrups and hence no lateral confine-
ment); and, second zone, internal zones of the slabs (the 
most common situation where the entire specimen is 
confined by the surrounding concrete).

Three out of twelve RC beams were unstrengthened; 
this unstrengthened situation represented the edge of 
the slab or ‘external strips’. Conversely, to simulate ‘inter-
nal strips’, the remaining RC beam specimens were fitted 
with external passive strengthening to provide confined 
conditions, as illustrated in Fig.  1a. The push-out effect 
due to the inclination of the struts in the transverse 
direction within the RC beam specimens was avoided 
with the addition of the passive strengthening and there-
fore a more realistic behaviour of the studied structural 
member could be reproduced in the laboratory.

The internal mechanistic scheme of truss and ties 
that was responsible for the push-out effect depicted in 
Fig. 1b. As illustrated within Fig. 1b, a truss was formed 
to transfer the applied load from the hydraulic jack 
to the tensile longitudinal steel bars; this truss can be 

figuratively decomposed into forces P1 and P2. Available 
concrete between the tensile bars and the hydraulic jack 
could withstand vertical force component P2. Conversely, 
the horizontal force component P1 (which in normal 
condition would be sustained by the adjacent slab sec-
tion) is pushing out the steel reinforcement bar result-
ing of insufficient concrete resisting the push-out force. 
Observations indicate that the absence of stirrups can 
lead to a detachment of the reinforcing steel from the RC 
beam concrete section. Figure 2a depicts the overall view 
of the RC beam whereas Fig.  2b describes the detailed 
geometry of the RC beam cross-section and the steel 
reinforcement layout at critical points. A description of 
the passive strengthening configuration can be seen in 
Fig. 2c.

2.3 � Accelerated Corrosion
The corrosion of the steel reinforcement was forced using 
an impressed current. Following Faraday’s Law (Eq.  1), 
it is possible to estimate the weight loss of steel due to 
corrosion, knowing the applied intensity over time, I(t), 

a

b

c

Fig. 2  Geometrical description of the beams.
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and the geometrical bar properties such as diameter and 
exposed bar length.

In Eq. (1): mFe is the atomic mass, V is the steel valence 
(taken as equal to two) and F is Faraday’s constant.

As the applied intensity was constant during the test, it 
is possible to rewrite Faraday’s Law as Eq. (2).

In this study, current densities below 350  µA/cm2 
were applied in order to corrode the steel reinforcement 
bar specimens; by taking this current density value into 
account, it was possible to estimate the different expo-
sure times for each specimen according to the target 
corrosion level. Each group of RC beams, numbered G1, 
G2, and G3 (Group GR being the uncorroded reference 
group), was exposed to an impressed current for a period 
of 42, 56 and 100 days, respectively. Accordingly, the esti-
mated corrosion level for each group was 10% (56 days), 
15% (42 days) and 20% (100 days).

RC beams to be corroded were placed over two pools 
situated under each of the free span areas. A 6 mm diam-
eter stainless steel wire situated in the centre of the RC 
beam cross-section was routed along the beam length to 

(1)E =

mFe ·

∫
I · dt

V · F

(2)�m =

mFe · I · t

V · F

act as the cathode and the steel reinforcement (or ‘rebar’) 
was to act as the anode within the corrosion circuit. An 
irrigation system consisting of a porous tube discharg-
ing water on the top face of the RC beam kept the beam 
wet throughout the exposure time. Concrete moisture 
had to be maintained at a high level in order to facilitate 
the corrosion process; adding 4% in cement weight of 
sodium chloride (NaCl) to the water mixture during cast-
ing further served to reduce the resistivity of the concrete 
as the NaCl served as an electrolyte within the corrosion 
cell. It was possible to connect different RC beam speci-
mens in series; this wiring ensured that the impressed 
current would be identical for every specimen in the cir-
cuit (Fig. 3). In the presented work, corrosion rates below 
350 µA/cm2 were applied in order to corrode the speci-
mens. Further details of the corrosion setup are provided 
within reference (Fernandez et al. 2016c).

2.4 � Measurement Equipment
Several measurement instrumentation systems were 
placed on each of the RC beams in order to measure 
and assess the physical changes incurred during both 
of the following study phases: the corrosion under con-
stant load phase; and, the loading to failure phase. Load 
cells were placed at the two external supports and at 
the two mid-spans (corresponding to where the point 
loads were applied) thereby allowing the reaction at 
the central support to be obtained by equilibrium. All 
load cells complied with Organization Internationale 

Fig. 3  Connection setup for accelerated corrision.
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de Metrologie Legale (OIML) Standard R60. OIML R60 
Class C load cells (1000 divisions) measured the load-
ings to a resolution of 0.5 kg and exhibited a total error of 
less than ± 0.05%. The RC beams were tested to failure in 
the same location where corrosion under constant load 
took place and the same load cells were utilised to cal-
culate the bending moment. Strain gauges were placed 
at selected points along both the compressive and tensile 
steel reinforcement bars. Ten strain gauges were placed 
on each RC beam to measure the tensile and compressive 
strains at both mid-span cross-section and at the central 
support cross-section during the corrosion and the load-
ing to failure phases. The strain gauges attached to the 
steel reinforcement bars were protected from physical 
and corrosive damage by means of encapsulation. Dur-
ing the corrosion phase the encapsulation of the strain 
gauges served to mitigate the potential for water, rust 
and/or cement intrusion from interfering with the strain 
gauges. In some instances, water and/or rust managed to 
penetrate the protective encapsulation, which resulted 
in a non-functioning strain gauge; failure of the strain 
gauges due to a breach of the encapsulation occurred at 
a greater frequency within the highly corroded RC beam 
specimens. Most of strain gauges utilised on the uncor-
roded RC beam specimens functioned satisfactorily 
throughout the testing to failure phase. In addition to 
the strain gauges, linear variable differential transform-
ers (LVDTs) were placed at the two mid-span positions 
to measure deflections during both the corrosion and 
loading-to-failure phases. The detailed positioning of the 
different sensors is illustrated in Fig. 4.

2.5 � Loading Test Setup
Two load frames anchored to the laboratory testing slab 
and two identical hydraulic jacks (connected in paral-
lel to the same pressure supply) were utilised in order to 
introduce two equal loads to the mid-spans of each tested 
beam. The loads exerted by the hydraulic jacks were sys-
tematically applied by means of displacement control; 
two load cells recorded the applied forces to the point of 
beam failure. Neoprene bearing pads (20 mm thickness) 
were placed under the two applied load points and under 
the two external points of support. Figure 5 illustrates the 
loading test setup.

2.6 � Pull‑Out Tests
Eight direct pull-out tests were performed on separate 
concrete specimens to characterise the strength of the 
bond between the same types of reinforcement steel and 
concrete. The recognised assertion for short pull-out 
tests (utilising ribbed (i.e. deformed) steel reinforcement 
bars, defined by an embedment length of less than five 
times the bar diameter) is that the distribution of bond 

stresses is uniform along the bonded portion (Losberg 
1962; Ruiz et  al. 2007). Accordingly, the uniform bond 
stress hypothesis was utilised; as a result, the local bond 
stress could be estimated by the formula in Eq. 3.

In Eq.  (3): P is the applied load (N), Φ is the nominal 
diameter of the steel bar (mm), and L is the embedded 
length (mm).

The experimental setup for the pull-out testing com-
plied with UNE-EN 10080:2006 code recommenda-
tions (UNE-EN_10080 2006). Steel bars of φ12 mm were 
embedded into the centre of eight 200  mm cubic con-
crete specimens. The steel bars completely traversed the 
200 mm cube section. A segment of plastic tube was uti-
lised to debond 140  mm of the steel reinforcement bar 
from the concrete, leaving the remaining 60 mm length 
of bar to bond with the surrounding concrete (Fig.  6). 
The passive slip between concrete and steel reinforcing 
was measured during the pull-out test. An LVDT was 
affixed to the bottom of the concrete cube in order to 
register the total slip of the reinforcing steel. A hydraulic 
jack clamp was affixed to the end of the steel reinforce-
ment bar. A load was then applied directly to the steel 
reinforcement bar at a constant rate of 0.2 mm/min (by 
means of control displacement) to the point of failure in 
order to describe the pre- and post-peak bond behaviour 
and the residual bond capacity. The applied load and the 
LVDT readings were recorded every half a second by 
means of a data acquisition system. Details of the experi-
mental pull-out test setup are illustrated at Fig. 6.

3 � Experimental Results
Table  3 details the ultimate load achieved on each RC 
beam and the degree of corrosion attained (quantified 
as the uniform percentage of steel loss) at the end of the 
corrosion phase. RC beam specimen G3_2P failed under 
the service load applied during the corrosion phase; the 
significant reduction in the ability of G3_2P to accom-
modate the applied load was a marked departure from 
the loading capacities exhibited by the other RC beam 
specimens. The corrosion of the steel reinforcement 
within G3_2P was very severe resulting in a steel loss of 
up to 24%. In addition, intense localised corrosion of the 
G3_2P tensile steel reinforcement was observed in the 
central support cross-section following the cleaning pro-
cess by sandblasting of the bars for the rust removal (Fer-
nandez et al. 2018). Several corrosion pits were observed 
in two segments of the G3_2P tensile reinforcing steel; 
the advanced state of corrosion effectively cut completely 
through the reinforcing steel leading to the structural col-
lapse of the RC beam. The deflections that were recorded 

(3)τ = P/πΦL
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just prior to the failure of the G3_2P beam were not par-
ticularly significant so the structural failure was consid-
ered to be completely a result of brittle failure.

3.1 � Description of Specimen Damage Prior to Load Testing
The corroded RC beams were observed to be highly dete-
riorated due to the induced steel corrosion. Longitudinal 
cracks aligning approximately with the top and bottom 
reinforcement of all RC beam specimens were observed; 
this longitudinal cracking was attributed to rust expan-
sion. RC beams loaded during the induced corrosion 
procedure exhibited three transverse cracks: a transverse 

crack appeared at each mid-span location (under the 
applied load point); and, the third transverse crack 
appeared over the central support (within the negative 
bending moment zone). The by-products of the corro-
sion process were highly visible in the form of rust stains 
along the RC beam member (Fig. 7).

3.2 � Results of the Structural Behaviour of Tested 
Specimens

3.2.1 � Uncorroded RC Beam Members
Uncorroded beams exhibited a ductile flexural failure 
mechanism. Both the top and bottom steel reinforcement 

Fig. 4  Arrangement of the external measurement equipment; strain gauges for concrete, L VDT’s and load cells. Arrangement of strain gauges for 
steel reinforcement.
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yielded demonstrating high ductility at failure. The ulti-
mate applied load was around 36 kN. The load–displace-
ment curves for the three uncorroded members are 
illustrated within Fig.  8. Up to a 10% redistribution of 
moments between the weaker and the stronger structural 
sections was observed (Fig.  9). Given the nature of the 
uncorroded RC beam specimens this re-distribution of 
moments behaviour was anticipated. Figure 10 illustrates 
the steel reinforcement strains (as measured by strain 
gauges) within the GR_P beam sections directly under 
the point of applied loading and directly above the central 
support; both critical cross-sections yielded in bending.

3.2.2 � Corroded RC Beam Members
Figure  11 illustrates the overall load deflection for the 
corroded internal slab strips (laterally strengthened 
beams) compared to deflections associated with the 

uncorroded RC beam members. Corroded RC beams 
were observed to have comparative structural responses 
amongst themselves by exhibiting similar load capacities 
regardless of the respective levels of reinforcing steel cor-
rosion. The loadings at RC beam failure ranged between 
20 and 25 kN; these failure loadings represent of a load 
reduction ranging between 30 and 46% as compared to 
the failure loadings of the uncorroded RC beam speci-
mens. Despite the reduction in bearing capacities, the 
observation of large deformations prior to failure of the 
corroded RC beams indicated that ductility was pre-
sent at the time immediately preceding beam failure. 
The corroded RC beam specimens exhibited similar dis-
placements at ultimate load as the uncorroded RC beam 
references.

Redistribution of internal forces within corroded RC 
beam specimens was observed in some specimens as 

Fig. 5  Test configuration during load to failure.
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depicted in Fig.  12. The consequences of corrosion (i.e. 
steel cross-section reduction, degradation of reinforcing 
steel mechanical properties, concrete splitting cracks) 
are readily apparent when one compares the observa-
tions presented within Fig.  12 (corroded RC beams) to 
those observations within Fig. 9 (uncorroded RC beams). 
Within corroded RC beam members, the difference 
between the moment at the central support and the mid-
span moment was more pronounced than those respec-
tive moments observed in the uncorroded RC beam 

specimens. The difference in moments indicates that the 
structural capacity and the stiffness of the corroded spec-
imens were markedly reduced because of the deteriora-
tion of reinforcing steel due to corrosion.

Corroded RC beam specimens G2_P and G3_SW 
exhibited critical end slips at the bottom reinforcement 
(Fig.  13). The advanced extent of reinforcing steel dete-
rioration due to corrosion led to a significant drop in 
anchorage capacity; the loss of anchorage capacity led 
to the reduction in the load capacity of the corroded RC 

Fig. 6  Pull-out specimen description and test setup.

Table 3  Measured corrosion levels, exposure days, permanent load during corrosion and ultimate applied load on span 
centre at failure.

a  Beams without lateral strengthening.
b  Beam failed under permanent load.

Specimen Exposure time 
(days)

Steel loss (% top/bottom 
reinforcement)

Permanent load 
(kN)

Ultimate load 
(kN)

Loss 
of capacity 
(%)

Group 1a G1_2P 56 6/14 16.50 24.50 29

G1_P 6/12 6.74 24.75 29

G1_SW 9/11 0.00 11.40 67

Group 2 G2_2P 42 6/15 17.70 25.75 26

G2_SW 6/10 0.00 21.00 39

G2_P 7/15 8.34 24.75 29

Group 3 G3_SW 100 15/15 0.00 21.80 37

G3_P 17/20 8.47 21.00 39

G3_2P 10/24 17.50 17.50b 56

Group Uncorroded GR_2P – –/– 31.60 –

GR_P 36.59 –

GR_SW 36.42 –
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beam member. Reinforcement slip occurred within cor-
roded RC beam specimen G3_SW at very low levels of 
loading. The observation of the G3_SW reinforcement 
slip indicates that a reduced bond between the reinforc-
ing steel and the concrete was the result of corrosion that 
in turn led to the decreased effectiveness of the provided 
lateral confinement. Conversely, corroded RC beam 
specimen G2_P displayed a brittle bond failure. There 
was minimal reinforcement slip at very low load levels; 
however, when the applied load reached 25 kN the bond 
between the concrete and steel drastically diminished 
triggering severe reinforcement slippage that subse-
quently led to the reduced load capacity of the corroded 
RC beam.

Figure  14 illustrates the overall structural behaviour 
of the corroded external RC beam strips (unstrength-
ened beams) as compared to the structural behaviour of 
the uncorroded RC beams. All the external strip mem-
bers exhibited anchorage failures. Figure 15 details the 
final state of the unconfined RC beams (G1_2P, G1_P, 

G1_SW). Concrete splitting and concrete cover spalling 
was observed and the damage attributed to the push-
out effect; the push-out mode of failure was not pre-
vented by the presence of external confinement. The 
level of reinforcing steel corrosion that the external 
strip group realised was sufficient to alter the failure 
mode from bending to anchorage failure (even though 
this external strip group experienced the least corro-
sive effects). Figure  16 illustrates the evolution of the 
strain (strain gauge readings) within the bottom steel 
reinforcement with respect to the measured deflec-
tion of the RC beam; for the purposes of comparison 
a second vertical axis representing the evolution of the 
loading is also presented within Fig. 16. Reinforcement 
slip occurred within the bottom reinforcement steel 
following the application of a 10 kN load; the reinforce-
ment slip led to the aforementioned anchorage failure. 
A constant stress value within the reinforcing steel was 
a result of the remaining bond capacity. The loading 
capacities of the external strip members were reduced 
up to 55% as compared to the loading capacities of 
the uncorroded specimens. As foreseen, the signifi-
cant reduction in load redistribution and redundancy 
was the result of the failure being premature and more 
brittle.

Figure  17 details the anchorage failure of RC beam 
specimen G1_P; measured end-slip is compared to 
both the strains recorded within the bottom reinforcing 
steel bar (Fig.  17a) and to the applied load (Fig.  17b). 
The reduction of stress on the bottom reinforcement as 
reinforcement slip increases (until residual bond capac-
ity is reached) is illustrated within Fig. 17a. Figure 17b 
also illustrates the anchorage failure mode; from this 
figure, we can see that the remaining bond capac-
ity allowed the recovery of some load capacity after 
anchorage failure occurred.

Fig. 7  Deterioration at the end of the accelerated corrosion process: (left) longitudinal and (right) transverse cracks.
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3.3 � Discussion of the Experimental Results
Experimental observations support that the ultimate 
capacity of the tested, statically indeterminate RC beam 
members was clearly reduced when corrosion of the steel 
reinforcement occurred.

Brittle and premature failures of the corroded external 
strips (unstrengthened RC beams) due to anchorage fail-
ures was noted. The lack of transverse steel in conjunc-
tion with the impacts of the corroded reinforcing steel 
contributed to local splitting failures and the subsequent 
decrease in bond capacity of the bottom reinforcement. 
The remaining bond capacity between the reinforc-
ing steel and the concrete was not sufficient to transfer 
the applied forces; and, as a result, the load capacity of 
the corroded external strip RC beams was significantly 

reduced (even though the corrosion level within these 
external strips was not as pronounced as other members).

The internal RC beam strips (laterally strengthened 
beams) provided superior overall structural characteris-
tics as compared to the structural characteristics of the 
external RC beam strips. Despite being exposed to higher 
corrosion levels, the internal RC beam strips exhibited a 
higher total load capacity than that of the external strips; 
the increase in load capacity was attributed to the con-
finement provided by external passive strengthening 
that ensured preservation of some bond capacity and 
avoided premature failure due to push-out effects. All of 
the internal RC beam strips failed when subjected to the 
same approximate failure loadings; failure was independ-
ent of the respective corrosion levels. The independence 
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between the approximate singular failure loading and the 
varied corrosion levels of the internal RC beam strips 
may initially appear counter-intuitive; however, the 
explanation of this behaviour can be explained by the 
redistribution capacity (inherent to redundancy) of the 
statically indeterminate RC elements., The loss of steel in 
highly damaged cross-sections produces increased dis-
placements, which in turn generate secondary (compat-
ibility) moments in a statically indeterminate structure 
(based upon the assumption that no loss of anchorage 
is produced by corrosion before flexural failure occurs). 
These secondary moments reduce moment demand in 
the highly damaged zone while increasing the moment 
in the less damaged regions. Global equilibrium can be 

attained without collapse of the structure if these dam-
aged sections exhibit sufficient flexural capacity to with-
stand the increased moment demand. In summary, the 
structural redundancy generates a beneficial indirect 
effect (reduction of the demand in deteriorated cross-
sections) in opposition to the directly harmful effect pro-
duced by corrosion of the reinforcing steel (i.e. reduction 
of cross-section capacity) thereby mitigating a reduction 
in carrying capacity.

The redistribution/redundancy effect was clearly 
exhibited by RC beam specimen G3_2P when the struc-
ture failed under dead weight load conditions because of 
extreme corrosion of the reinforcing steel (i.e. local cor-
rosion severed one of the tensile reinforcing steel bars at 
the mid-span). High strains at the mid-span cross-sec-
tion triggered a moment redistribution towards the less 
damaged part of the structure (i.e. central-support sec-
tion). The maximum capacity of the G3_2P cross-section 
(with consideration that only one tensile bar was pre-
sent) was attained at approximately t = 71 days (Fig. 18). 
From t = 71 days, to failure of the structure occurring at 
approximately t = 100  days, the moment at the G3_2P 
damaged section was progressively reduced. The reduc-
tion in moment made it possible for the damaged section 
to sustain the applied load in spite of the increased dam-
age; therefore, the redistribution capacity of the continu-
ous beam prevented premature failure of the structure.

Because all the RC beam specimens exhibited a change 
in the failure mode towards bond-induced failure it is our 
contention that the redistribution mechanism was suf-
ficiently enabled to guarantee the global stability of the 
beams until bond capacity was exhausted. Adverse effects 
of a highly corrosive environment (i.e. reduction of steel 
cross-section, degradation of steel mechanical proper-
ties) did not influence the structural behaviour of the RC 
beams as much as the bond capacity (very strong con-
finement conditions would be needed to avoid anchorage 
failure in these conditions). The effects of reinforcing steel 
corrosion (i.e. concrete cover spalling, concrete mechani-
cal properties degradation, steel cross-section reduction, 
steel mechanical properties degradation) may have a 
greater influence on structural performance at low corro-
sion levels where the bond between the concrete and the 
steel has not markedly deteriorated.

3.4 � Pull‑Out Test Results
The results of the pull-out tests utilising ø12  mm rein-
forcing steel are detailed within Fig. 19. The average τmax 
observed was τ equals 1.74 MPa. Figure 19 also provides 
a comparison with the local bond-slip curves presented 
within the CEB-FIP Model Code 90 (fib Model Code 
1990). The bond-slip curves presented within CEB-FIP 
Model Code 90 overestimate the observed experimental 
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bond-slip performance. Moreover, the decrease in bond 
capacity after peaking that was experimentally observed 
was less pronounced than exhibited by the curves pre-
sented within CEB-FIP Model Code 90.

4 � Modelling the Structural Behaviour of RC 
Members

A 3D, non-linear, macro-scale, finite-element method 
(FEM) model of the statically indeterminate RC beams 
utilised within the experiment was developed to inves-
tigate the structural behaviour of the RC beams when 
varying levels of reinforcing steel corrosion was incurred. 
The aim of the FEM model was to assess the adequacy of 
different local bond-slip relationships and to reproduce 
the effects of corrosion on embedded steel reinforcement 
elements. The software program ‘DIANA’ in conjunction 
with the pre- and post-processor Midas FX+ (Diana et al. 
2015) was utilised for the numerical simulations. The 

experimental results were then utilised to validate the 
findings of the FEM model.

4.1 � FEM Model Development
Because of the symmetry of the experimental test setup, 
only half of the RC beam was modelled. The central 
support was represented as being perfectly fixed in all 
degrees of freedom. The outer support was represented 
as a pinned support. The existence of the neoprene bear-
ing plates was simulated in the model for both the sup-
ports and the applied load point in order to avoid local, 
undesired crushing phenomena due to localised stress 
or geometrical configuration of the mesh. Beam load-
ing was implemented by controlling the displacement 
of the applied load point. The beam self-weight was not 
included in the FEM model as it was considered negligi-
ble with respect to the total applied load.

Different element types were utilised within the devel-
oped model: 3D tetrahedral elements (type TE12L) for 
concrete; 1D truss-bar embedded elements (L2TRU) 
for reinforcement steel; and, interface elements (L8IF) 
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Fig. 15  Final appearance of corroded beams, showing splitting and spalling.
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between the concrete and the reinforcement steel ele-
ments to consider the 1D bond-slip relationship. The 
use of embedded steel reinforcement allows defining the 
reinforcement wherever inside the concrete mother ele-
ments so that it is not necessary to re-mesh the concrete 
mesh including nodes along the reinforcement. The con-
crete elements were modified to reflect the incremental 
stiffness provided by the embedded steel reinforcement. 
Intersection nodes were internally created on the tetra-
hedral elements faces to define the interface elements 
between the concrete and the steel reinforcement. An 
overview of the developed FEM model is illustrated at 
Fig. 20.

4.2 � Material Models
4.2.1 � Concrete and Steel Reinforcement
Concrete behaviour was characterised by means of a con-
stitutive model based on non-linear fracture mechanics 
using a total strain-based, smeared-crack model with 
rotating crack approach. The FEM model required the 
specification of the compressive behaviour and the ten-
sile softening behaviour. A Thorenfeldt (Thorenfeldt et al. 
1987) compression curve was utilised in order to more 
realistically describe the behaviour of the concrete in 
compression. The softening branch was adapted to the 
element size. The tensile behaviour of plain concrete was 
governed by a softening law as referenced (Cornelissen 
et al. 1986), using a fracture energy as calculated within 
CEB-FIP Model Code 90 (fib Model Code 1990). The 
concrete compressive strength that was utilised within 
the FEM model was identical to the concrete compres-
sive strength obtained in the tests.
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The effects of corrosion on the mechanical properties 
of the steel reinforcement were taken into account within 
the FEM model. The model presented within reference 
(Fernandez et al. 2016a) was enhanced by incorporating 
corrosion of the steel (Bairan et al. 2011) and further vali-
dated within (Fernandez et al. 2016b; Diana et al. 2015), 
and it was used to define the mechanical properties of the 
corroded steel reinforcement. A reduction of the elastic 
limit and the steel strength is contingent upon the degree 
of corrosion. Figure  21 illustrates the different stress–
strain curves utilised. A non-linear material model for 
steel was implemented in the model, with an isotropic 
plasticity and Von Mises yielding criterion. In addition, 
post-yielding hardening behaviour was included; this 
behaviour considers the incremental stress incurred 
after the constant stress zone due to steel hardening. The 
remaining cross-section and the remaining perimeter of 
the reinforcing steel associated with each level of corro-
sion was also defined within the model’s steel properties 
in order to be able to apply the different bond-slip rela-
tionships described in the following section. The outlined 
parameters were necessary to describe the stress transfer 
to the concrete and to obtain the reinforcement slips.

4.2.2 � Bond‑Slip Model
The bond between the concrete and steel reinforce-
ment bars was modelled by means of the embedded 

reinforcing steel approach with non-linear bond-slip 
relationship, using interface elements as defined in the 
DIANA software documentation (Diana et  al. 2015). 
User-supplied multi-linear curves could be utilised as 
model input values. The local bond-slip behaviour uti-
lised within the FEM model was based on the approach 

Fig. 20  a View of 3D mesh DIANA model. b Reinforcement elements.
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outlined by Lundgren et  al. (2012). Input to the FEM 
model was based on the local bond-slip defined within 
CEB-FIP Model Code 90 (fib Model Code 1990) or by 
user-supplied, uncorroded bond-slip values. The speci-
men parameters, such as the amount of transversal rein-
forcement, concrete cover, diameter of the anchored 
reinforcement, concrete compressive strength and the 
measured degree of corrosion were taken into account. 
Corrosion of the steel reinforcement was accounted for 
by shifting the uncorroded bond-slip curve along the slip 
axis utilising a specific calibrated value (Fig. 22). Consid-
eration for the variation of the confinement conditions 
due to splitting cracks was also considered within the 
FEM model.

For the internal RC beam strips, the local bond-slip 
curves for the uncorroded, steel reinforcement were 
extracted from the experimental test results and utilised 
as input to the analytical model.

For the external strips, the reduced concrete cover 
implied reduced confinement conditions; thus, the exper-
imental bond-slip curves were considered unrealistic 
(from tests with concrete covers of 90 mm) and a bond-
slip curve based on the local bond-slip curves presented 

within CEB-FIP Model Code 90 (fib Model Code 1990) 
were utilised for input values.

In both analytical cases (internal strip and external 
strip) the corroded bond-slip curves were calculated 
accordingly within Lundgren et al. (2012); the bond-slip 
curves utilised are detailed within Fig. 23.

4.3 � Discussion of FEM Numerical Analyses
A comparison between the FEM model results and the 
experimental results for selected RC beams is presented 
within the following sections.

4.3.1 � Uncorroded RC Beam Specimens
Figure  24 illustrates the parameters measured on the 
experimental uncorroded RC beam member as compared 
to the numerical results obtained from the FEM model. 
In general, there was a good agreement with regard to 
overall structural behaviour between the numerical 
analysis results and the experimental test results as dem-
onstrated by the numerical analysis calculating similar 
ultimate loads as those encountered within the experi-
ment (Fig.  24a). However, the FEM model did not fully 
accommodate the post yielding and pull-out behavioural 
parameters exhibited within the experiment; the lack 
of adjustment for these parameters resulted in conver-
gence problems associated with large displacements. A 
potential reason to explain the lack of agreement within 
the FEM model could be attributed to inaccuracies in 
the definition of the bond-slip and fracture energy. The 
bond-slip data obtained from the experimental pull-out 
test represented very good confinement conditions as 
the concrete cover over/around the steel reinforcement 
bar was more than five times the bar’s diameter (12 mm). 
The concrete cover of the steel reinforcement bar within 

Fig. 22  Scheme of a local bond-slip curve for ‘good’ bond conditions; 
the curve is an interpolation of confined and unconfined cases.
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the RC beam member however was only 15 mm (slightly 
larger than one 12 mm reinforcement bar diameter) and 
despite the confinement provided by the external passive 
strengthening, the level of confinement associated with 
the RC beam was not the same as the level of confine-
ment associated with the pull-out tests. Additionally, 
no experimental tests for the fracture energy were per-
formed; the fracture energy parameter that was obtained 
for use within the FEM model was based on the expres-
sions described within CEB-FIP Model Code 90 (fib 
Model Code 1990).

The stresses within the tensile steel reinforcement bars 
and the concrete stresses in the midspan zone of the RC 
beam members were representatively calculated by the 
FEM model as demonstrated by the agreement between 
the results of the numerical analysis and the measured 
experimental results (Fig. 24b–d).

4.3.2 � Corroded RC Beam Specimens
A good agreement between the experimental results 
and the FEM model results for the internal RC beam 
strips was achieved. Figure 25 details the overall behav-
iour of four RC beams, comparing the experimental 
versus numerically-derived load–displacement curves. 
The maximum loading numerically derived agreed well 
with the maximum loading attained experimentally. 
The failure of the different RC beam specimens was 
also well reproduced by the FEM model despite the 
convergence problems discovered after the last crack 
occurrence. Figure  26 provides a comparison between 
the numerical and the measured strains on the bot-
tom reinforcement for RC beam specimen G2_SW. 
The material model utilised for the corroded steel as 
employed within the FEM model indicated yielding of 
steel reinforcement for this strain level; the numerical 
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analysis values mimicked those measured within the 
experiment.

The results of the numerical model of the external 
strips (unstrengthened beams) did not correlate well 
to the experimental results. In general, the numerical 
models calculated up to 30% more capacity than their 
experimental counterparts; the discrepancy was attrib-
uted to the bond model used. The input data for the 
bond-slip relationship was an interpolation from the 
CEB-FIP Model Code 90. Moreover, the embedded bond 
model offered by DIANA is a uniaxial model; no split-
ting stresses normal to the longitudinal steel bar direc-
tion are directly accounted for. The splitting effects due 
to the normal stresses are indirectly included in the local 
bond-slip relationship by decreasing its capacity simulat-
ing splitting failure. Hence, the inclusion of such relation-
ships may lead to overestimated anchorage lengths and 
residual bond capacity, resulting in an increased ultimate 

capacity. Therefore, the utilisation of simplified 1D bond-
slip models may result in high inaccuracies when describ-
ing anchorage failure due to splitting and the push out of 
steel reinforcement. This 1D bond-slip model problem 
was also reported within reference (Tahershamsi et  al. 
2017). Consequently, the use of more advanced model-
ling approaches that account for splitting effects would 
be more suitable to reproduce the structural behaviour in 
such situations.

4.3.3 � Modelling Approaches for the Assessment of Corroded 
RC Structures

Different approaches have been followed in the current 
state of the art for the modelling of the structural effects 
of corrosion of steel reinforcement in RC structures. As it 
is reflected in many studies and in the present work, the 
effects of corrosion on the structural behavior are very 
wide and complex (Fernandez et  al. 2015; Tahershamsi 
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et al. 2014; Berrocal et al. 2017; Malumbela et al. 2009b; 
Cairns et  al. 2005; Cobo et  al. 2011; Stewart 2009; Law 
et  al. 2008; Zhu et  al. 2013). One of the most relevant 
structural effects of corrosion of reinforcing steel bars 
are those derived from the change of the interaction 
between the concrete and steel, namely bond behavior. 
In order to adequately capture the effects of corrosion on 
bond ermine, adequate models, consistent with the level 
of idealization of the structures (1D or 3D) are required. 
For example, in order to capture local effects, full inter-
action models that account for the multiaxial stress state 
around the steel bar are necessary for a realistic repre-
sentation of the corrosion effects on the structure. Such 
models require the development of 3D solid models that 
can cope with the full description of the bond interaction 
(Berrocal et al. 2017; Jansson et al. 2012; Lundgren 2002; 
Ožbolt et al. 2011).

Nevertheless, some efforts have been carried out to 
perform simplifications in the modelling approaches 
for two reasons. First, the need to reduce the computa-
tional cost and to extend the scope of the modelling to a 
larger part of the structure; second, to provide simplified 
models and tools which can implemented in ordinary 
engineering practice assessments in a cost/time efficient 
way. To pursue such simplifications, the integration of 
some of the aforementioned multi-directional effects has 
been carried out into simpler models such as 3D beam 
elements or analytical expressions that can account for 
some of the described effects (Biondini and Vergani 2014; 
Fernandez et al. 2016c; Stewart 2009; Biondini et al. 2004; 
Ferreira et al. 2014; Bernat et al. 2012; Oliveira 2008). In 
addition, new approaches to reproduce the 3D complex 

behavior of the bond effects in RC concrete beams have 
been developed to include some of the multiaxial effects 
in simple bond slip relations that have proven to be on 
the safe side for the analysis of complex problems such as 
anchorage capacity of corroded bars (Tahershamsi et al. 
2017; Lundgren et al. 2012; Blomfors et al. 2018; Zhang 
et al. 2009; Bhargava et al. 2007).

However, according to the experimental observa-
tions presented by some authors (Fernandez et al. 2016c; 
Zhang et al. 2009; Malumbela et al. 2009a) and the results 
in Sect. 4 and in (Rodriguez et al. 1997; Lundgren et al. 
2015), it should be noted that the demand of performance 
of the numerical models of RC structures is different for 
adequately capturing the structural response at Service-
ability or at Ultimate load levels. For service load lev-
els, simplified bond-slip relations between concrete and 
steel have proven to be reliable to describe the structural 
behavior in a reasonable manner. To describe complex 
ultimate states of the structure, a higher level of model-
ling might be required, which should be able to capture 
in a trustworthy manner phenomena such as change in 
the failure mode (i.e. anchorage failure or bending to 
shear failure), loss of bond or splitting stresses (including 
confinement loss effects) among others.

5 � Conclusions
Conclusions of the study on the ultimate capacity of cor-
roded statically indeterminate reinforced concrete mem-
bers are as follows:

1.	 Premature, brittle anchorage failure due to splitting of 
RC beam specimens simulating external unconfined 
strips of a plate (laterally unstrengthened) resulted 
in a reduction in the loading capacity by up to 55%. 
Internal strips (laterally strengthened, simulating 
confined conditions) demonstrated a higher bearing 
capacity than the external strips even when higher 
corrosion levels were present. Reduction in the load-
ing capacity between 26 and 39% were observed 
within corrosion levels varying from between 15 and 
24% were observed.

2.	 Despite higher levels of corrosion exposure, inter-
nal strip members (where no premature loss of 
anchorage capacity takes place) exhibited up to a 
30% higher redistribution of internal moments over 
those observed within uncorroded beam specimens. 
A higher redistribution of internal moments is real-
ised as the loss of steel reinforcement in highly dam-
aged cross-sections produces imposed deformations 
and displacements; the imposed deformations and 
displacements subsequently generate secondary 
(compatibility) moments within a statically indeter-
minate structure. These secondary moments reduce 
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moment demand within the highly damaged zone 
while increasing the moment within the less dam-
aged regions of the RC beam.

3.	 As a consequence of conclusions 1 and 2, we contend 
that structural redundancy generates a beneficial 
indirect structural effect (reduction of the demand in 
deteriorated cross-sections) as opposed to the harm-
ful structural effect directly produced by corrosion 
(reduction of cross-section capacity) thereby mitigat-
ing the reduction in carrying capacity and affording 
higher safety levels compared to simply supported 
members. The impact of pitting or very localised cor-
rosion has proven to be very harmful to structural 
capacity with a potential reduction of up to 56% in 
the ultimate capacity of a RC beam.

4.	 The bond between the concrete and the reinforc-
ing steel is a key parameter that affects structural 
response. In all cases, very high corrosion levels 
produced a severe deficiency in the bond; the bond 
deficiency in turn primarily controls the failure mode 
and load bearing capacity of the specimens. Other 
local effects, such as degradation of the corroded 
steel mechanical properties, are more significant at 
low corrosion levels or on more confined specimens. 
However, the numerical analysis that was conducted 
demonstrates that the inclusion of such effects is 
relevant to adequately reproduce structural perfor-
mance in ultimate state conditions.

5.	 3D FEM models that utilise 1D bond-slip relation-
ships and incorporate the corrosion phenomena 
detailed within this study are suitable to reproduce 
the structural behaviour of a corroded structure. 
Nevertheless, these kinds of 3D FEM models cannot 
reproduce brittle anchorage failure due to splitting 
as result of conditions where confinement has been 
severely compromised (primarily when the push-out 
effect of steel reinforcement is developed).

6.	 More complex bond models that can model the full 
interaction, i.e. that account not only for simple shear 
stresses but coupled longitudinal/normal stresses to 
the steel bar, are required to better predict/reproduce 
actual structural behaviour when the risk of steel 
reinforcement push-out exists. Modelling needs to 
account for splitting stresses and no-bond capacity of 
the steel reinforcement.
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