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Abstract

Corrosion of steel reinforcement is one of the most widespread pathologies that leads to a loss of 
structural performance of reinforced concrete (RC) members. Thus, understanding the mechanical 
consequences of this pathology is of great importance. In the past decades, many studies have been 
performed to assess the influence of the reinforcement corrosion on the quasi-static behavior of RC 
structures. However, few investigations have been carried out to characterize the corroded structural 
dynamic behavior under extreme loading. In this study, the case of the earthquake loading is 
investigated. The objective is to provide the scientific community with reference experimental data to 
assess the influence of corrosion on the dynamic properties of structural members. These experimental 
data are very valuable when calibrating numerical models aiming to determine some significant 
engineering demand parameters (EDP) such as the bearing capacity, the ductility and the dissipation 
ability. Furthermore, the relevance of the use of quasi-static tests in predicting the seismic behavior of 
corroded RC elements is assessed. To reach this goal, an experimental campaign is conducted on large- 
scale RC beams. The corroded and non-corroded beams are subjected to a four-point bending test and 
to dynamic loads on the AZALEE shaking table (keeping the same loadings and boundary conditions). 
In this paper, a detailed description of the experimental campaign is presented. Then, the results are 
exposed, showing the influence of the corrosion rate on the bearing capacity, hysteretic response, 
ductility offer, eigenfrequencies and damping ratios.

Keywords: Steel corrosion, shaking table, reinforced concrete, aging

1. Introduction
Reinforced concrete (RC) has been the most widely used construction material for many decades. It is 
commonly used for buildings as well as nuclear facilities. This is mainly due to its low cost, good 
mechanical properties, and satisfactory durability properties. However, the service-life of RC structures 
may be reduced along with time, due to the emergence of pathologies. Among them, the steel 
reinforcement corrosion is one of the major pathologies, which makes the structural performance 
decrease. This phenomenon can lead in its early stages to a loss of durability at the material scale, a loss 
of service ability and lately, a loss of structural safety.

In the civil engineering field, the steel reinforcement corrosion is a concern, especially for RC structures 
located in marine environment. For this reason, the infrastructure operators are required to carry out 
maintenance operations throughout the structure lifetime. Based on structural auscultation, these 
operations seek to restore the initial structure bearing capacity without considering the dynamic 
response, less well known in the case of corrosion pathology. Hence, the study of the effect of corrosion
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on the dynamic behavior of RC structures is of crucial importance to perform efficient maintenance 
operations. The latter are determined, in practice, by the means of numerical models which need to be 
calibrated based on experimental data. In this context, this study aims at expanding the available datasets 
regarding the static and dynamic response of corroded RC members.

Corrosion in reinforced concrete is caused by the introduction of some aggressive agents from the 
external environment, reaching the steel bar surface through the concrete pores. In this context, two 
types of steel corrosion can be distinguished: a first type resulting from a carbon dioxide dissolution and 
a second due to chloride penetration [1]. In case of corrosion induced by carbonation, also called uniform 
or generalized corrosion, one can observe a homogeneous distribution of the cross-section loss along 
the steel bar. In case of corrosion induced by chlorides, also called pitting or localized corrosion, the 
morphology of corroded bars shows a localized loss of cross section. As a result, this second type of 
corrosion seems to be the most harmful for reinforced concrete structures [2]. That is why the present 
study focuses on the chloride-induced corrosion.

Corrosion in RC structures is a process which takes a long period of time: a study carried out on a RC 
specimen subjected to natural corrosion shows that after 16 months of exposure the degradation of the 
specimen remains insignificant [3]. In the research field, using natural corrosion process to get corroded 
specimens is time demanding. That is why the research community has come up with some technics to 
accelerate corrosion. One can cite the galvanostatic method (whether by imposed current [4] or imposed 
voltage [5]), the artificial environment [6] [7], and additives in concrete mixture [8] [9]. The differences 
between each accelerated corrosion technique and the natural corrosion process have been widely 
discussed in the literature.

The use of additives in concrete mixture is highly criticized. Indeed, by using this accelerated technique, 
the concentration of chlorides is relatively constant on the bar surface and the obtained concrete is more 
porous [10]. This observation is not in accordance with the fact that the natural corrosion process occurs 
by the local introduction of chlorides through the pores of the concrete cover. The artificial environment 
corrosion technique is the closest to the natural corrosion regarding the mechanical consequences and 
the electrochemical process. It can be assimilated to the natural corrosion phenomenon occurring in tidal 
area in a bridge pier for instance. However, it is still a time consuming process with no access to the 
final corrosion ratio unless destructive tests are performed [11]. The main advantages of the 
galvanostatic method are a great time saving and a direct access to an estimation of the induced corrosion 
ratio without any further investigations. That is why this technique has been chosen for the present work. 
Many studies have shown that the choice of the current density value has a direct consequence on the 
more or less similitude with natural corrosion regarding crack patterns for example. Most of the existing 
studies suggest not to exceed 100 pA.cm-2 to have similar structural effects as natural corrosion [12] 
[13], even if the corrosion products are slightly different.

In terms of the mechanical response of corroded RC structures, several experimental campaigns have 
been conducted. Experimental campaigns dealing with quasi-static loadings have been widely achieved 
in the literature. These campaigns considered different types and dimensions of specimens varying from 
small scale beams [14] to large scale columns [15]. The corroded specimens using the suitable 
accelerated corrosion technique are subjected to monotonous static loadings in the majority of cases [16] 
[11] [17] and less frequently to cyclic static loadings [18] [19] [15]. In the study carried out by [11] for 
example, 3 m long corroded beams were subjected to a 3-point bending load. A loss of the structure 
load-bearing capacity, elongation at failure, and stiffness have been observed. The authors of [20] have 
tested 13 circular corroded RC columns under cyclic loading. A decrease of the loading capacity, the 
evolution of ductility and the stiffness, and the energy dissipation with an increasing corrosion ratio 
have been observed. The study of [18] came to confirm these observations. The experimental results 
analysis demonstrated a reduced hysteretic response, a decrease of ductility and a drop in the energy 
dissipation capability for the highly corroded columns, compared to the non-corroded ones.
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Dynamic loadings, on the other hand, have been used in a very limited number of studies [21]. Therefore, 
the dynamic properties (such as the equivalent damping ratio) of RC elements are deduced from the 
quasi-static cyclic response. Among the existing studies, an experimental campaign was carried out by 
[22] on corroded RC frames using accelerated corrosion by imposed current technique in order to assess 
the influence of corrosion on the modal properties of RC structures. Using hammer shock tests, the 
determination of both the eigenfrequency and the modal damping ratio was possible. At low level of 
loading, an increase in the fundamental frequency and the damping ratio is observed for an increasing 
corrosion degree. However, at a critical corrosion degree, these quantities of interest tend to decrease. 
Different results were addressed in another study [23]. In [21], shaking table tests were performed on 
corroded bridge piers. A decrease in both shear and flexural capacity as well as an increase in the natural 
period and the damping ratio have been observed as the corrosion severity gets worst.

Since dynamic tests are few and very expensive, the experimental campaigns using cyclic loadings are 
a significant means to predict the dynamic response of structures. However, some aspects are not taken 
into account in such experiments, like the inertial effect or viscous phenomena. The present paper 
intends to fill this gap. An experimental campaign is carried out on 18 large-scale corroded RC beams, 
in addition to 2 reference beams. The specimens are corroded using an induced current corrosion 
technique at three different corrosion rates and three reinforcement corrosion configurations. The 
corroded beams are then subjected to cyclic four-point bending tests as well as dynamic loadings on the 
shaking table considering the same experimental setup. This study aims to:

(1) extend the available experimental database concerning the static and dynamic behavior of 
corroded RC members;

(2) assess the effect of corrosion on the dynamic properties (eigenfrequency and damping ratio) of 
RC members;

(3) compare the experimental results (bearing capacity, ductility, hysteretic response...) resulting 
from quasi-static cyclic tests with the ones resulting from dynamic tests, considering the same 
experimental set-up;

(4) give a new and innovative insight on the reliability of commonly used damage indicators, such 
as the element's natural frequency drop-off and modal damping ratio, in case of corroded RC 
members.

This paper will first give a detailed overview of the carried out experimental campaign. Then, the 
experimental results in terms of static and modal properties, obtained from quasi-static as well as 
dynamic testing, are underlined. Finally, the concordance between the results obtained from dynamic 
and quasi-static testing is evaluated.

2. Experimental campaign
2.1. Scope

The experimental campaign DYSBAC, a French acronym for “Dynamic behavior of corroded RC 
structures”, is performed by means of the AZALEE shaking table and the strong floor, which are parts 
of the TAMARIS experimental facility operated by the French Alternative Energies and Atomic Energy 
Commission (CEA) located in Saclay, France. The main objective of this experimental campaign is to 
study the influence of corrosion on the dynamic behavior. In particular, the natural frequencies and 
damping ratios are investigated. The quasi-static behavior is also studied in order to determine whether 
the prediction of the dynamic response is possible through a quasi-static test.

2.2. Specimens

In order to be representative of real RC structures and overcome any scale effect, the choice of large- 
scale RC beams has been made. The geometry of the DYSBAC specimens has been designed 
considering the constraints related to the test facilities. The beam length was set at 4.5 m in order to 
conform to the strong floor dimensions. The maximal stroke of the available actuator (± 500 mm) and
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the will to reach the beam failure were décisive parameters in the choice of the cross-section dimensions 
and the considered reinforcement. The beam design matches with the technical requirement of the 
AZALEE shaking table. Especially, its operating frequency range is in between 0.5 Hz and 30 Hz in 
order to ensure that the target seismic inputs can be accurately realized. With these constraints, each 
beam is 4.5 m long with a cross-section of 200 x 400 mm2 as shown in Figure 1. a.

The reinforcement pattern, as presented in Figure 1. b, is designed according to the European standards 
Eurocodes 2 and 8 [24] [25]. The steel reinforcement consists of ribbed B500A steel bars according to 
the French steel classification NF A 35-080-1 [26], with a minimum yield strength equal to 500 MPa 
and an ultimate strain (Agt) higher or equal to 2.5 %. 4 bars of 12 mm diameter constitute the 
longitudinal reinforcement, whereas the transversal reinforcement is formed of 8 mm diameter stirrups 
with a spacing of 100 mm. The concrete cover is 30 mm.

Figure 1: Specimen’s design: (a) Geometry, (b) Reinforcement details. - dimensions in millimeters -

The 20 specimens are cast with a C25/30 concrete class according to the Eurocodes 2 [24]. The 
considered concrete is formulated with a high water cement ratio of around 0.6. This leads to a porous 
and low strength concrete, representative of concrete in aged RC structures. The mean concrete 
properties, measured on 12 cylinders ($ 16 cm, height 32 cm), are presented in Table 1.

Table 1: Concrete characteristics measured on cylinders.

Compressive strength 
(MPa)

Tensile strength 
(MPa)

Young modulus 
(MPa)

Mean 35.6 2.6 23 200

Standard deviation 0.6 0.2 543.1

2.3. Sample corrosion

Based on the overview of the accelerated corrosion methods provided in the introduction section, the 
induced corrosion by imposed current technique was used [15]. By using this method, the exposure time 
was highly reduced. Moreover, the targeted corrosion rates are easier to reach by choosing the suitable 
parameters (the exposure time and the current density), which might not have been the case if other 
accelerated corrosion techniques had been used. The corrosion phenomenon is fully driven by the 
electron flow or, in other words, by the electrical current intensity [27]. For this reason, the imposed 
current method was preferred to the induced corrosion by imposed voltage method.

4



The imposed current technique consists in applying an electrical current from a Direct Current (DC) 
power supply between the cathode, which is a stainless steel grid, and the anode, which is the 
reinforcement inside the RC specimen [13]. The whole specimen is immersed in an electrolytic solution 
containing chlorides in order to ensure electrical conduction and to be representative of corrosion by 
chlorides. Figure 2. a is a simplified representation of the accelerated corrosion by imposed current 
setup. Figure 2. b is a top view of campaign beams subjected to accelerated corrosion technique.

Figure 2: Accelerated corrosion technique: (a) Simplified setup, (b) Corrosion of the specimens.

One of the study objectives is to separately assess the effect of corrosion of the different reinforcement 
parts (longitudinal and transversal reinforcements) on the mechanical response of the specimens. For 
this reason, three beam configurations are considered:

• for the longitudinal reinforcement corrosion;
• C2 for the stirrups corrosion;
• C3 for the full reinforcement corrosion.

In order to reach the corrosion targets for the three configurations, different parts of reinforcement were 
electrically insulated and different cathode settings were adopted, depending on the configuration. The 
insulation consists of putting an electrically insulating paint and some heat-shrink cable sleeve on each 
contact zone to be insulated. Electrical connection is achieved by drilling the reinforcing bar and welding 
an electrical wire. To make sure of the good behavior of the insulation and the electrical connection, a 
preliminary experiment was performed on a bare reinforcing cage with insulation.

For the Ci beam configuration:

• an insulation is put on the stirrups to keep only the longitudinal bars crossed by the electrical 
current;

• each longitudinal bar is considered as an anode with an independent cathode made of stainless 
steel (Figure 3. a);

• a four channels DC power supply is used.

For the C2 beam configuration:

• the insulation is put on the longitudinal bars at the connecting points with the stirrups. In this 
way, only stirrups are crossed by the electrical current;

• the full beam is wrapped with the stainless steel grid (Figure 3. b);
• one DC power supply is used.

For the C3 beam configuration:

• no insulation is put;
• the full beam is wrapped with the stainless steel grid (Figure 3. b);
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• one DC power supply is used.

Cathode for 
each bar

(b)
Figure 3: Cathode position : (a) Ci configuration (b) C2 and C3 configurations.

As recommended in [28], the current density was limited to 100 pA. cm-2 in order to obtain 
représentative rust close to natural oxidation products. It is important to note that despite the fact that 
the chemical nature of rust product is not strictly equivalent to the one observed in case of natural 
corrosion, the mechanical consequences are the same [29]. Three corrosion rates, expressed in terms of 
mass loss are targeted:

• 5 % , because many studies demonstrated a degradation of the bond between steel and concrete 
for a corrosion rate between 1.5 % [30] and 5% [31] [32];

• 10 % , rate from which civil engineering maintenance operations start [33] ;
• 15 % , demonstrated in some studies to be the threshold from which a change ofthe steel failure 

mode is observed [34] [35].

All the beams are immersed in a 3.5 % NaCl solution (Figure 2. b). The exposure duration is estimated 
for each type of beam and each corrosion rate using Faraday‘s law (Equation 1) with a = 1.3.

At =
a .Aw .z.F 

M.l
(1)

where Aw is the mass of steel consumed due to corrosion (kg.m-2), I is the current density (A.m-2), At is 
the exposure time (s), F is the Faraday constant 96 500 (C.mol-1), z is the ionic charge (2 for Fe), M is 
the atomic weight of steel (g.mol-1), a is a coefficient usually taken between 1 and 2 to take into account 
the duration of chloride ingress into concrete before reaching the rebar. Table 2 sums up the estimated 
exposure time for each corrosion degree and each beam configuration.

Table 2: Exposure duration for different beam configurations.

Configuration C1 Configuration C2 Configuration C3

For each bar HA12 44 stirrups HA8 4 bars HA12 and 44 stirrups HA8
Corrosion rate 

(%)
Exposure 

duration (days)
Corrosion rate 

(%)
Exposure 

duration (days)
Corrosion rate 

(%)
Exposure 

duration (days)

5 47 5 31 5 36
10 94 10 62 10 72
15 141 15 94 15 109

For the sake of clarity, each beam has been labeled with respect to its corrosion configuration (C1, C2 or 
C3 ) followed by the targeted corrosion rate (5 %, 10 % or 15 %). To be more specific, the label Cn_R 
refers to the configuration n and to the corrosion rate R. For example, the label C1_15 corresponds to a 
longitudinal corrosion beam corroded at 15 %.
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2.4. Setup

Experimental testing consists of a quasi-static as well as a dynamic characterization. 9 corroded 
specimens (3 corrosion rates and 3 corrosion configurations) and the reference beam are tested by means 
of an actuator on the strong floor. The dynamic testing of the 9 other corroded beams (3 corrosion rates 
and 3 corrosion configurations) in addition to the un-corroded beam is performed on the AZALEE 
shaking table. The setup is similar to the one used for the IDEFIX campaign [36], except for some 
modifications designed to adapt the spinning supports for accommodating unusually high range 
displacements and rotations.

2.4.1. Quasi-static testing

Regarding the quasi-static tests, the corroded and non-corroded beams are subjected to a classical four- 
point alternate bending test on the TAMARIS strong floor. The loading is applied by means of a long- 
stroke actuator linked with a reinforced metal beam able through swivels at its ends to distribute the 
loading on two points of the DYSBAC beam. The actuator of 100 KN capacity has a maximum 
displacement of ± 500 mm and a maximum velocity of 1.7 m. s -1. A general view on the experimental 
setup is given in Figure 4.

In this study, a four-point bending test was chosen rather than a three-point bending test to ensure a 
homogeneous state of stress between the two loading points of the specimen, and to limit shear. Indeed, 
if three-point bending test had been performed, damage would have resulted from a combination of 
bending and shear.

2.4.2. Dynamic testing

The dynamic tests are performed on the AZALEE shaking table. It is a 6 x 6 m2 shaking table able to 
reproduce seismic signals up to 3 g depending on the payload. The table is controlled on the 6 degrees 
of freedom (3 rotations, 3 translations) (Figure 5).
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2.4.3. Boundary conditions and additional masses

The specimens are excited for both dynamic and quasi-static tests along their weakest flexural axis with 
the aim of achieving the failure and to characterize structural responses related to ultimate limit state 
such as the maximum ductility level. The boundary conditions are the followings:

• spinning supports allowing the rotation at the beam extremities around the vertical axis. These 
supports are designed to ensure a maximum rotation angle of ±24° at the beam boundaries 
which is consistent with the expected maximal displacement at the loading points of ±400 mm 
(Figure 4);

• two additional masses of 94 kg weight each, fixed at the intermediate supports. These masses 
ensure a first natural frequency around 13 Hz within the operating frequency range of 
AZALEE shaking table. The lumped masses including the intermediate support and the 
additional masses are around 310 kg each (Figure 5). The initial first eigenfrequency has been 
designed sufficiently high in order to follow its decrease with respect to the undergone damage;

• two air-cushion systems to bear the beam weight and to drastically reduce the friction between 
the beam and the shaking table’s or strong floor’s upper plate. These measures are taken to 
prevent the beam from cracking under its dead weight in addition to the lumped masses weight 
(Figure 4 and Figure 5).

2.4.4. Measurements

In order to fully characterize the mechanical response of the specimens during the tests, different types 
of sensors are used:

• 5 displacement wire sensors;
• 2 high precision displacement wire sensors;
• 2 six-axis load cells at the beam ends;
• 7 three-axis accelerometers.

In addition, the digital image correlation technique (DIC) is used. It consists of painted black and white 
strips on the upper surface of the beam. The displacement of these strip is followed in time using a 
stereoscopic system. In this way, the deformed shape of the beam during the tests can be estimated. 
Figure 6 shows the type and position of the used sensors.
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Figure 6: Sensors positions - front view - dimensions in millimeters.

2.5. Loading

2.5.1. Quasi-static loadings

The applied loading is composed of blocks of 3 identical cycles during which displacement is prescribed, 
with an increasing amplitude between two consecutive blocks (Figure 7). Each cycle involves 4 phases: 
loading in one direction, unloading, loading in the other direction and unloading. The goal behind having 
3 cycles is to stabilize the new damage level of the current block before moving on to the next one. The 
amplitude range varies from 0.4 mm up to 200 mm. The loading velocity is kept constant equal to 
0.5 mm. s-1.

Hammer shock testing between the blocks is also performed in order to get the evolution of the modal 
properties with damage. Since hammer shock results, in particular the equivalent viscous damping ratio 
(EVDR), are sensitive to the test conditions (impact intensity, direction of impact...), all hammer tests 
have been performed by the same operator all along the experimental campaign.

c«aUUC3

:S
o<Z5

VhPh
0 1000500 

Time (s)
Figure 7: Applied loading in quasi-static testing.

2.5.2. Dynamic loadings

The dynamic loading consists in a synthetic signal able to excite only the first natural mode of the beam. 
It is a bandlimited signal between 2 and 13 Hz (Figure 8). This choice has been made in order to take 
into account the frequency shift due the damage growth during the test. Five acceleration levels are used: 
0.125 g, 0.5 g, 0.8 g, 1.25 g and 2 g. A modal characterization of each beam is performed befors 
testing and between two consecutive testing sequences using a white noise signal (PGA = 0.1 g).
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Figure 8: Response spectrum of the applied signal.

3. Corrosion state characterization
3.1. Mass loss measurement

The mass loss rate is difficult to measure experimentally on the tested beams, because of their large 
dimensions as well as the high reinforcement density. To address this issue, 9 dedicated RC specimens 
were cast with the same concrete formulation and the same steel reinforcement used for the real tested 
beams. The specimens of 72 x 72 x 4500 mm3 are crossed by a HA12 bar and have a concrete cover 
thickness equal to the one of the campaign beams (Figure 9). A group of 3 specimens were corroded at 
5 %, 3 others at 10 % and the last 3 at 15 % using the same setup as the one presented in section 2.3.

Figure 9: Design of specimens dedicated to measure the actual mass loss - dimensions in millimeters.

The rebars were removed from the concrete and mechanically cleaned afterwards. The objective was to 
remove the rust products and to weigh the residual steel. The corrosion rate is estimated according to 
Equation 2.

_ Mt- Mf
M

(2)

where Mt is the weight of the rebar before the corrosion process and Mf is the residual weight of the
rebar after removing the corrosion products.

Table 3 summarizes the mean weighing results. Based on these results, we can notice that the measured 
corrosion rate is lower than the target ones. This is due to the under-estimation ofthe a coefficient which 
is a parameter depending on the concrete porosity and the concentration of chlorides in the solution. It 
is important to be noted that the initial assumed value of a is taken from some experiments carried out 
in published studies [15].

Table 3: Mean weighting results.

Target corrosion rate (%) Mi (g) Mf (g) Estimated corrosion rate (%)
5 3966 3841 3.1
10 3966 3716 6.3
15 3966 3592 9.4
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3.2. Cross section loss measurement

Since the chloride RC corrosion is not uniform, the mass loss ratio is not a sufficient indicator to 
characterize the corrosion state. For this reason, using the same bars extracted from the specimens 
dedicated to the mass loss measurement (see paragraph 3.1), the distribution of the steel cross section 
diameter has been measured. The measurements have been realized by the means of a profilometer 
bench with a running transverse laser beam along the bar. This technique makes it possible to measure 
the diameter with a great precision and to make measurements at very close points, at each one 
millimeter in this case of study.

Figure 10. a shows the experimental setup and Figure 10. b is an example of the measured diameter 
distribution for a 10% corroded bar.

1000 2000 3000 4000
Position along the bar (mm) 

(b)
Figure 10 : The cross section loss measurement: (a) the experimental setup, (b) example of a measured diameter distribution.

Figure 11 is a statistical analysis of the measured cross section diameter. Based on these results, a 
substantial decrease of the measured cross section diameter with the increase of the corrosion degree is 
observed. Moreover, the frequency of small diameters increases with the increase of the corrosion level.

9.5 10 10.5 11 11.5 12 12.5
Measured diameter (mm)

Figure 11 : The frequency of the diameter distribution for the targeted corrosion ratios.

Table 4 summarizes statistical indicators coming from the measured diameter distributions. A decrease 
of both average and minimum diameter with the increase of corrosion degree can be noticed. The 
maximum value of the diameter mainly depends on the pits position, which can be in the bar ribbed 
parts or not.
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The standard déviation is an indicator that assesses the measurements dispersion. It can be observed that 
the more the bar is corroded, the more the diameter distribution is dispersed. These experimental 
investigations will help one to perform numerical analysis of the experimental campaign for model 
identification or validation purposes.

Table 4 : Statistical indicators of the measured diameter distributions.

Targeted mass loss 
(%)

Minimum 
diameter (mm)

Maximum 
diameter (mm)

The average 
diameter (mm)

Standard 
deviation (mm)

0 11.693 13.555 12.096 0.144
5 10.901 12.598 12.083 0.167
10 9.820 12.983 11.997 0.300
15 9.656 12.766 11.797 0.295

3.3. Steel/concrete interface

In order to characterize the degradation of bond strength between steel and concrete with corrosion, 
additional specimens were cast.

The pull-out specimen is a concrete cube of 200 x 200 x 200 mm3 crossed by a steel bar (HA12 in 
our case). The steel bar is covered by a tube, generally made of polyvinyl chloride (PVC), to prevent 
bonding between steel and concrete over a length equal to 5 times the diameter of the bar. The design 
and casting of these specimens were achieved according to the recommendation of the RILEM 
association [37].

12 pull-out specimens were cast: 3 of them were kept non-corroded whereas the others were corroded 
using the technique of corrosion induced by an imposed current at 5%, 10% and 15%. These specimens 
are tested, according to the method described in [37]: a tensile force is applied to one side of the bar 
through an hydraulic cylinder (Figure 12). The end slip is measured by a linear variable displacement 
transducer sensor (LVDT) placed on the unloaded side of the bar.

IFigure 12: Pull-out experimental setup.

The applied load P is measured by the actuator load cell whereas the displacement is measured by the 
sensor put on the steel bar edge. The bond strength is calculated by Equation 3.

f=-1 n.d.l (3)

where P is the applied load by the actuator, d is the steel bar diameter and l the embedment length of 
the reinforcement.

The mean results in terms of ultimate bond strength and rebar slip for the corroded and non-corroded 
specimens are presented in Table 5. The maximum rebar slip corresponds to a total loss of bond between
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steel and concrète. Based on these results, we can notice an increase of the ultimate bond strength and a 
decrease ofthe rebar slip in the early stages of reinforcement corrosion (5 % and 10 % targeted corrosion 
rates). For the target corrosion rate of 15 %, a brutal decrease of the ultimate bond strength and in the 
rebar slip as well is observed. These results are consistent with previous studies dealing with the effect 
of corrosion on bond-strength [32].

Table 5: Mean results of the carried out pull-out tests.

Corrosion rate 
(%)

Ultimate bond strength 
(MPa)

Maximum rebar slip 
(mm)

0 6.2 28.06
5 8.6 20.79
10 8.2 17.72
15 2.4 6.09

4. Experimental Results and discussion
In this section, the experimental results are presented and discussed. The quasi-static and dynamic 
testing results are presented and cross-checked in order to reveal the similarities and the potential 
differences. It is to be noted that the C3_15% beam is excluded from the results discussion. This is due 
to an incident that occurred during the corrosion process, making the experimental results incomparable 
with the other configurations and corrosion rates.

4.1. Capacity and hysteretic curves

The capacity curve is one of the first interesting indicators to assess the structural performance of RC 
structures. In this paragraph, capacity curves are extracted for the different beam configurations and 
corrosion degrees from both quasi-static and dynamic testing.

The hysteretic curves are an interesting tool that reveals the ability of a structure to dissipate more or 
less energy. The hysteretic curves have been extracted from both quasi-static and dynamic tests for the 
non-corroded specimen in addition to the C1 corroded beams.

The objective is twofold and consists in highlighting the effect of the corrosion (configuration and 
corrosion rate) on structural response of corroded RC members as well as comparing the trends revealed 
by both types of testing.

4.1.1. Quasi-static testing condition

Figure 13 depicts the cyclic force-displacement curves for the non-corroded beam and the three C1 
corroded specimens. The force considered is the sum of the reactions measured on each beam support 
in the direction of the force application, whereas the displacement is measured at mid-span.

From Figure 13, the hysteretic capacity is analyzed. A decrease of the loop area is observed at each 
prescribed displacement level with an increasing corrosion degree. This result is consistent with what 
was revealed by other studies in the literature [18] [20].
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specimen, (b) C1_5 specimen, (c) C1_10 specimen, (d) C1_15 specimen.

The capacity curves are obtained by considering the envelope of the force-displacement responses. The 
capacity curves obtained through the cyclic quasi-static loads is similar to the one resulting from a 
pushover analysis, assuming that the compressed cracked concrete fully regains its initial properties 
when the cracks are closed. Only the loading phase is considered in each block. The results are shown 
in Figure 14 .

(a) (b) (c)
Figure 14: Capacity curves obtainedfrom quasi-static tests: (a) C1 configuration, (b) C2 configuration, (c) C3 configuration.

For the C1 specimens, a decrease of the capacity and the maximum measured displacement is observed 
with respect to the non-corroded beam with an increasing corrosion degree. The bearing capacity of the 
un-corroded beam is decreased by 12%, 18% and 23% for the C1 corroded beams at 5%, 10% and 15% 
respectively. This decrease is even more significant (51%, 52% and 77%) regarding the maximum
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measured displacement for the same beams. It is to be noted that the failure of the tested specimens is 
govemed by bending, as illustrated in Figure 15.

For the C2 configuration, the corroded beams exhibit almost the same capacity as the non-corroded one. 
This can be explained by the fact that stirrups do not provide bending stiffness.

Regarding the C3 configuration, the corroded beams show a decrease of the capacity as well as the 
maximum measured displacement with respect to the non-corroded one. The obtained results are in good 
agreement with the ones presented in different studies reported in the literature [3].

40

35

30

tu 20
o
O 15

10

5

0

Non- corroded 
—C 1 _5 %

C 1 _ 1 0 %
—C 1 1 5%

0 50 100 150
Displacement (mm)

Figure 15: Failure mechanisms of the tested beams.

4.1.2. Dynamic testing condition

Thanks to the measurements carried out during the dynamic testing, the force-displacement curves are 
obtained. Figure 16 depicts the force-displacement curves for the non-corroded beam and the three C1 
corroded specimens. The force considered is the sum of the reactions measured on each beam support 
in the direction of the force application, whereas the displacement is measured at mid-span.

Based on Figure 16, it can be noticed a decrease in the global displacement capability of the specimen 
with an increasing corrosion degree. Furthermore, the force-displacement loop at a given excitation level 
becomes narrower with an increasing corrosion rate. This result is consistent with what was revealed 
during the quasi-static tests (see paragraph 4.1.1) as well as a previous experimental campaign using 
dynamic loadings [21].
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(b) C1_5 specimen, (c) C1_10 specimen, (d) C1_15 specimen.

The obtained capacity curves from dynamic tests are plotted in Figure 17. The same observations as the 
capacity curves obtained from quasi-static testing can be made (see paragraph 4.1.1). It is important to 
notice that the curve trends obtained from both types of testing are comparable, which is not the case 
for the numerical values. This might be due to the difference between the loading nature (quasi- 
static/dynamic) used in each testing type.

(a) (b) (c)
Figure 17: Capacity curves obtainedfrom dynamic tests: (a) C1 configuration, (b) C2 configuration, (c) C3 configuration.

4.2. Ductility offer évolution

The ductility offer is an indicator that measures the ability of a structure to accommodate the loading 
without compromising the structural integrity. In earthquake engineering, a high ductility offer denotes 
a great ability of the structure to deform and therefore, to dissipate energy without reaching ultimate 
failure. The maximum ductility ratio was determined during the DYSBAC experimental campaign for 
each beam configuration and corrosion rate for both quasi-static and dynamic testing. The ductility ratio 
is defined according to Equation 4:

u = maxiHÇüi (4)
uy

where max|u(t)| is the maximum of the absolute value of the relative displacement measured at 
midspan with respect to the supports, and uy is the midspan displacement corresponding to the first 
yield occurrence in the beam steel rebars. It is determined based on the appearance of a residual 
measured displacement along the beam.
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4.2.1. Quasi-static testing condition

Figure 18 depicts the évolution of the maximum ductility ratio with respect to targeted corrosion degree.

Based on Figure 18, it is observed that for the C1 beams, an increase in the corrosion degree leads to a 
decrease of the maximum ductility ratio. This can be explained by the degradation of the steel 
mechanical properties, namely the ductility, as reported in many previous studies [35] [2].

For the C3 configuration beams also, an increase in the corrosion severity leads to a decrease in the 
ductility ratio. This observation is consistent with the fact that increasing corrosion induces a decrease 
in the steel bars ductility [35].

As far as the C2 configuration is concerned, no noticeable difference in the maximum ductility ratio is 
revealed with the increase of the corrosion degree. This experimental finding was expected because the 
transverse reinforcement does not affect the flexural ductility. The minor differences in the measured 
ductility ratios may be due to the variability usually observed in the material parameters, particularly 
concrete and the slight differences in the dimensions of the reinforcement cages.

Targeted corrosion ratio (%)
Figure 18: Evolution of the maximum ductility ratio obtained from quasi-static tests.

4.2.2. Dynamic testing condition

For the dynamic testing, the maximum ductility ratio was calculated for each tested specimen at the final 
acceleration level. One can notice that the failure of some beams could not be reached due to the 
limitations of the shaking table in terms of the maximum allowed displacement and velocity. Figure 19 
shows the evolution of the maximum ductility ratio as a fonction of the targeted corrosion rate.

We can notice that the same trends are revealed in both quasi-static and dynamic testing. For the C1 and 
C3 corroded beams, a decrease in the ductility ratio is observed with the increase ofthe corrosion degree. 
As far as the C2 configuration is concerned, the ductility ratio of the different beams is similar to the 
reference one. This result was expected since the stirrups does not contribute in the flexural ductility. 
These observations are fully consistent with respect to the results coming from the quasi-static testing 
in paragraph 4.2.1.

Targeted corrosion ratio (%)
Figure 19: Evolution of the maximum ductility ratio obtained from dynamic tests.
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4.3. Eigenfrequency évolution

The decrease of the eigenfrequencies during an excitation is a great indicator of the increase of damage 
in the structure [38]. For this reason, the evolution ofthe eigenfrequencies has been followed by hammer 
tests (for quasi-static loading) and white noise signal (for dynamic loading) after each excitation level.

The hammer shock tests were performed after each prescribed displacement block after disassembling 
the rigid beam to which the actuator was connected. The objective was to keep the same boundary 
conditions as the ones considered in the dynamic testing. The hammer tests were done only till the steel 
yielding because of the technical difficulty to connect again the rigid beam to the concrete beam when 
the latter is permanently deformed. Given the fact that after the steel yielding the degradation of the 
eigenfrequencies is not significant, this choice is fully justified.

The white noise signal, which is a random signal having equal intensity at different frequencies, is 
applied by the means of the shaking table after each acceleration level. In our case, the frequencies 
considered to generate this type of signal are between 0.5 Hz and 40 Hz. Given the fact that the 
theoretical initial 1st and 2nd eigenfrequencies are respectively around 13 and 36 Hz, the determination 
of the two first eigenfrequencies was possible. Because the specimens exhibit a behavior that mostly 
includes bending, only the first eigenfrequency is analyzed. However, the acquired data allow a similar 
analysis for the second eigenfrequency to be performed if needed.

4.3.1. Hammer shock tests

When performing hammer shock tests, the beam is excited along its weakest flexural axis in two 
locations: at midspan (in order to get symmetrical modes) and at the quarter-beam (for the non- 
symmetrical modes). Then, the frequency response fonction (FRF) is calculated for each accelerometer. 
The observed peak corresponds to an eigenfrequency of the beam. The midspan accelerometer is used 
to determine the 1st eigenfrequency. The evolutions of the 1st eigenfrequency with respect to the 
maximum prescribed displacement (in absolute value) related to the last applied loading block for the 
different tested beams are plotted in Figure 20. In this figure, the imposed displacement level leading to 
the steel yielding is presented in dashed lines.

Based on Figure 20, at the same prescribed displacement level, the corroded beams are characterized by 
a higher eigenfrequency with respect to the no corroded one. This observation may be explained by the 
enhancement of the bond strength at the steel/concrete interface (paragraph 3.3). Paradoxically, the 
corroded beams are more damaged than the reference beam at the same displacement level, as shown 
by the capacity curves presented in paragraph 4.1. Consequently, the eigenfrequency seems to be an 
unreliable damage indicator in the case of RC structures affected by a low corrosion level.

If we focus on the level of damage of each beam at the time of steel yielding, we can compare the 1st 
eigenfrequency identified for each beam and consider it as an indicator of the structural damage level. 
In case of the C1 configuration, we can notice that the steel yielding phase for the 10 % and 15 % 
corroded beam is characterized by a 1st eigenfrequency around 6 Hz, whereas in case of the beam with 
a corrosion rate of 5 % and the non-corroded one, yielding occurs when the 1st eigenfrequency is around 
3 Hz (see Figure 20. a). This observation is consistent with the results regarding the ductility offer 
presented in paragraph 4.2.

The C2 configuration beams undergo the steel yielding at the same imposed displacement level as the 
one applied in case of the non-corroded beam. At this yielding stage, the first eigenfrequency of these 
beams is around 3 Hz. The steel yielding for the 5 % and 10 % C3 corroded beams occurs when the 1st 
measured eigenfrequency is around 5 Hz.

18



(a) (b) (c)
Figure 20: Evolution of first eigenfrequency obtainedfrom quasi-static tests: (a) C1 configuration, (b) C2 configuration, (c)

C3 configuration.
4.3.2. White noise tests

During the dynamic testing, a white noise (WN) signal is applied along the weakest flexural axis of each 
beam after each applied acceleration level. A first advantage of this type of tests, compared with the 
hammer shock tests, lies in the fact that the same excitation level is applied to the specimens. A second 
advantage is that there is no need to change the assembly before applying the desired signal whereas 
this has to be done in case of hammer shock tests. Therefore, the analyses were done up to the loading 
block prior to failure for the beams having experienced failure, and include the last dynamic test for the 
beams for which failure could not be reached. The eigenfrequencies of each beam related to each 
acceleration level are determined by the detection of the FRF peaks.

In Figure 21, the 1st eigenfrequency evolutions for the different tested beams are plotted in fonction of 
the realized PGA measured on the shaking table upper plate during the previous applied acceleration 
level. No major differences were noted regarding the 1st natural frequency drop-off identified for the 
different specimens. The results obtained regarding the 1st eigenfrequencies identified after the steel 
yielding phase for the different tested beams are consistent with the results coming from hammer shock 
tests and presented in in paragraph 4.3.1.

Figure 21: Evolution offirst eigenfrequency with respect to the realized PGA identified from dynamic tests: (a) C1 
configuration, (b) C2 configuration, (c) C3 configuration.

4.4. Damping ratio évolution

Thanks to the hammer shock tests performed during the quasi-static campaign as well as the WN tests 
during the dynamic campaign, we were able to identify the modal damping ratio. Many methods can be 
used to estimate the modal damping ratios, in particular the half-power bandwidth method [39]. This 
method is particularly suitable when low level excitations are considered [39]. Therefore, this technique 
was applied to the data coming from hammer shock and low intensity white noise tests. In this method, 
the system is assumed to be a linear viscously damped single degree of freedom system (SDOF), 
subjected to a mono-harmonic loading. Equation 5 can be used to identify the modal damping ratio. The 
reader can refer to [39] for more details.

^2“Wi
2.ter

(5)
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where oy is the eigenfrequency, w1 and w2 are the half-power frequency points. If we note X the FRF, 
|X(^r)| =|X(^)U* and |Z(Wl)| = |*M| = ^

V2

4.4.1. Hammer shock tests

The 1st modal damping ratios identified from the hammer shock tests are presented in Figure 22 for the 
different specimens. We can notice that for all the tested specimens, the damping ratio increases during 
the first displacement blocks then remains almost constant.

For all the tested beams, the corroded beams are less damped compared to the reference one for all 
applied displacement level. This observation was not expected since the cracking induced by corrosion 
in the concrete cover should increase the damping by the friction between cracks. In [18], the authors 
performed an experimental campaign on cantilever piers by considering cyclic loadings. The 
corresponding damping ratios were calculated using the results of the cyclic tests as the ratio between 
the dissipated energy and the elastic one. The results show that the corroded specimens are characterized 
by a higher damping ratio than the un-corroded one in contrast with the results obtained with hammer 
shock testing during DYSBAC experimental campaign. The identified differences between the two 
studies are probably due to the nature of the hammer test itself, which relies on a local excitation of the 
specimen. In this case, not all the damping mechanisms are activated and the damping ratio is 
underestimated. The use of WN identification considering a dynamic situation (following section), 
implying a complete inertial loading of the specimen helps one to better measure this evolution of 
damping ratio with the level of degradation.

(a) (b) (c)
Figure 22: Evolution offirst damping ratio obtained from quasi-static tests: (a) C1 configuration, (b) C2 configuration, (c) C3

configuration.

4.4.2. White noise signal

The 1st modal damping ratios after each PGA level for all the tested beams were identified using the 
half-bandwidth method applied on the data coming from WN tests. Figure 23 depicts the relationship 
between the identified modal damping ratios and the PGA of the applied signal.

For the C1 configuration, we can notice that the 5 % corroded beam is more damped compared to the 
reference beam, both before and after the steel yielding phase. The 10 % and 15 % corroded beams are 
characterized by a higher damping ratio at each acceleration level before the steel yielding. After this 
stage, the damping ratio of the corroded beams decreases below the value identified in case of the 
reference beam. This observation is consistent with the fact that the 5 % corroded beam is characterized 
by a better concrete-steel interface compared with the non-corroded one [32]. This enhancement is due 
to the corrosion products that fill the pores between steel and concrete without damaging the concrete 
cover. After the steel yielding, the damping is related to the rebars behavior. Knowing that the steel 
ductility decreases with the increase of the corrosion degree, the behavior of the beams C1_10 and 
C1_15, after the yielding, are fully understandable.
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For the C2 configuration, the évolution of the damping ratio identified in case of corroded specimens is 
almost similar to the reference beam. These results are consistent with all the inspected aspects in this 
part (ductility offer, capacity and eigenfrequency) where similarities between the behavior of the 
corroded C2 beams and the non-corroded one are unarguable.

Regarding the folly corroded beams (C3 configuration), the 5 % and 10 % corroded beams are more 
damped for low and intermediate applied PGA (up to 1.25 g). For the high acceleration levels and after 
the steel yielding, the modal damping ratio decreases more in comparison with the un-corroded beam. 
This may be explained by the fact that before the steel yielding the cracks induced by corrosion in the 
concrete cover dissipate the input energy; hence the damping capacity is higher for the C3 beams 
compared to the non-corroded beam. After the yielding, the steel ductility is the only parameter that 
drives the damping capacity, this parameter is reduced for the corroded beams. These results are in a 
good agreement with the conclusions drawn by [21].

Figure 23: Evolution of first damping ratio obtained from dynamic tests: (a) C1 configuration, (b) C2 configuration, (c) C3
configuration.

5. Conclusions
In this paper, the results and conclusions from an extensive experimental campaign aiming at assessing 
the influence of corrosion on both the dynamic and the static properties of RC members have been 
presented.

In this study, some well-known facts in the literature about corroded structures are consolidated. Lightly 
corroded specimens show an increase in the ultimate bond strength and a decrease in the maximum rebar 
slip compared with the un-corroded specimen. On the contrary, a brutal drop-off in the bar slip and the 
ultimate bond strength is observed for the highly corroded specimens.

The performed statistical analysis of the diameter distributions for the corroded bars shows a decrease 
in the average and minimum diameter with the increase of the corrosion degree. For the highly corroded 
bars, the diameter distribution is more dispersed compared with the lightly corroded bars.

The comparison between the findings coming from quasi-static and dynamic testing, which is one of the 
original contributions of the present study, leads to a good concordance of conclusions regarding the 
quasi-static properties (the bearing capacity, the hysteric response and the maximum ductility). The 
longitudinal corroded beams C1 as well as the fully corroded C3 beams display a degradation in quasi- 
static characteristics compared with the reference beam. Whereas, the corrosion of stirrups, in the C2 
beams, has little influence on the bending response of corroded members.

The dynamic properties, in particular the 1st eigenfrequency as well as the damping ratio, are determined 
based on experimental data obtained by hammer shock and white noise tests. The corroded specimens 
are characterized by higher eigenfrequencies than the reference beam, at each displacement level, 
despite of more observed damage. Thus, the eigenfrequency is an unreliable damage indicator for lightly 
corroded RC elements. The two testing methods (hammer shock and white noise) stand together on this 
finding. Regarding the damping ratio, the evolutions identified from white noise tests are more relevant
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compared with the ones coming from hammer shock tests. Identification under dynamic configuration 
should thus be chosen in the dynamic inspection of corroded RC members.

The next step of this study is to investigate more complex identification methods used to evaluate some 
major aspects related to the dissipation energy and the damping capability, as has been done for previous 
shaking table tests on uncorroded beams [36]. The main purpose is to compare the conclusions drawn 
from dynamic and quasi-static tests based on these complex processing ways. Henceforth, a non-linear 
numerical model, combining the corrosion pathology effects (using a probabilistic approach) and 
mechanical loadings (quasi-static cyclic / dynamic) can be developed and validated based on the 
experimental campaign measurements [40].
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