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Abstract. Damage to the reinforced concrete structure is mainly occurring because of two reasons either due to end of ser-
vice life or due to load exceeds beyond structural capacity. Along with these two reasons degradation of material property
is the one more major factor which causes the risk of failure. A concrete structure constructed in an aqueous environment
get exposed to the corrosion process. Consequently, this causes the generation of crack, fragilization, a decrease of bond
strength between reinforcement and concrete. All these factors affection static and dynamic behavior of concrete structure
reducing the service life of an affected area. Whereas service life carries the major role in the economy of a concrete struc-
ture that is why various methods have been developed in the second half of the 20" century to find out the residual life of
the structure. In this proposed work, a non-destructive technique is used to predict the residual life of reinforced concrete
beams having different cracking levels, as results of steel reinforcement corrosion, considering the variation produced in
the dynamic behavior, through the variation of the first natural vibration frequency. Whereas to accelerate the corrosion
process, impress current technique is used in which a current is externally applied to induce corrosion in reinforcement
and then crack widths and vibration natural frequencies were measured. A numerical model is proposed with the help of
FEM based Auto desk Algor simulation software to predict attack penetration depth. At the end, the paper is concluded by
giving an effect of “water to cement ratio” and “cover to diameter ratio” on the initiation and propagation of corrosion and

residual life of corroded beam specimen is graphically represented.
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Introduction

In the twenty-first century, all infrastructures like residen-
tial buildings, public buildings, and commercial buildings
all reinforce concrete or steel structure. Failure of rein-
forced concrete structure takes place due to two important
reasons, either load over a structure exceeds load carrying
capacity or serviceability criteria of structure get expired.
Along with these two significant reasons for structural
failures, material property degradation is another fore-
most reason for the collapse of reinforced concrete struc-
tures. Material property degradation consequently results
in to change the physical and mechanical behavior of the
structure and this mainly occurs due to environmental
conditions. A reinforced concrete structure constructed in
marine environment gets affected due to the salty nature
of the atmosphere and results in reinforcement corrosion.

Corroded members of affected structure show initiation
of crack, fragilization, concrete-steel bond loss and risk of
failure or even collapse may arise that could have a major
socioeconomic impact (Torres-Luque, Bastidas-Arteaga,
Schoefs, Sanchez-Silva, & Osma, 2014).

Corrosion is the gradual destruction of metal by
chemical and electrochemical reaction with an aqueous
environment. During the electrochemical process of cor-
rosion, a formation of rust takes place which exerts ra-
dial pressure on the surrounding concrete subjecting it to
axial tension which induces cracking (Khan, Franois, &
Castel, 2014; Capozucca, 1995). The width of these cracks
depends on the quality and the cover thickness of the
concrete, along with the spatial distribution of the rein-
forcement and stress state to which the reinforcing steel
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is subjected (Alonso, Andradel, Rodriguez, & Dies, 1998;
Aveldano & Ortega, 2009). Formation and propagation of
crack lead into the reduction of the reinforced concrete
element cross section, which diminishes the effective mo-
ment of inertia, influencing the elements dynamic and
static behavior (Ortega & Robles, 2016).

In this work, the experimental-numerical methodol-
ogy is presented to estimate the end of the functional ser-
vice life. Where service life can be defined as the period
of life in which structural resistance withstand the design
structural load. Structural life is getting affected by the en-
vironmental condition. The residual life of the structure
can define as the life remains after spending a certain pe-
riod of structural service life. Here in this work dynamic
parameter as a first natural frequency taken into consid-
eration to analyze the behavior of structures before and
after corrosion and for this beam specimens are selected
(Razak & Choi, 2001). Corrosion is an electrochemical
process even in a severe corrosive environment, it takes
significant time to initiate and propagate. Therefore, to ac-
celerate corrosion in the shortest period of time accelerate
test like impressed current technique is utilized. Concrete
mix design is done in three different water to cement ratio
and two different covers to diameter ratio of reinforce-
ment to study its effect on the initiation and propagation
time of corrosion. Variation of natural frequency at differ-
ent damaged level is simulated in Autodesk Algor simula-
tion software and attack penetration depth is found using
Faraday’s law of electrochemistry. The proposed method
quantifies residual life of the structure in non-destructive
approach without disturbing serviceability of study beam.

After the several types of research on corrosion of re-
inforcement, it has shown that corrosion not only effects
on the mechanical or physical property of the structure
but it also reduces the service life of an affected structure.
Reinforcement corrosion influences load carrying capac-
ity, the overall strength of the structure reduces and ser-
viceability criteria get disturbed so that structural safety
comes in danger (Ortega & Robles, 2016). All the process
of corrosion and its influence on service life shows that
there is a need to develop the non-destructive method
to analyze the state of structural deterioration, a method
which evaluates the structure without separating its in-
tegrated part for performing testing. There are several
methods available under the nondestructive technique of
corrosion monitoring which monitor and find corrosion
affected area of the structure (Ahmad, 2003).

Several researchers work on the residual life structure
by considering either mechanical behavior or physical
property. In case of physical property, researcher relates
the penetration of chlorides and /or carbonation to estab-
lish a limit for the service life after the reinforcement de-
passivation and other studies take under consideration the
structural behavior of the corrosion affected element. In
this way, it established the ultimate load carrying capacity
turn into structural safety coefficient, which further helps
to determine the residual life of the structure.
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W. Zhu and R. Francois (2014) present the effect of
chloride corrosion on the reinforcement bars and the
influence of corrosion on the residual mechanical per-
formance of a corroded beam at the age of 26 years by
loading it in a three-point loading system until failure.
X. Wang, W. Zhang, X. Gu and H. Dai (2013) used re-
bar specimens under carbonation induced corrosion and
chloride-induced contamination and three-dimensional
(3D) laser scanning technique was then employed to build
virtual models of corroded bars with the aid of a computer
to analyses area loss of corroded reinforcement. N. Pa-
lumbo (1991) gives the results of an experimental research
program carried out at McGill University dealing with ac-
celerated electrochemical corrosion testing of reinforced
concrete. The main objective of this study is to determine
the importance and influence of the depth of the concrete
cover thickness on the rate of corrosion of steel reinforce-
ment and thereby, on the resistance of concrete. N. Ortega
and S. Robles (2016) presents results from an experimen-
tal study monitoring the behavior of reinforced concrete
beams with different reinforcement positions (stirrups and
main longitudinal reinforcement) that have undergone a
galvanostatic process of accelerated corrosion. R. Capo-
zucca and M. Nilde Cerri (2003) deal with the response
of RC beams damaged by the reinforcement corrosion in
the compressive zone of the RC sections.

By the end of discussion on few of past work given
above concluding remark is given that there are many im-
portant structures like a historical building, Government
building, hospitals, etc. All this old building needs to be
strengthened to increase its durability so that it will be a
long lasting until the end of service life. Various papers
referred in this work are shown that till the date research
is carried out in the field of service life is based upon the
prediction of the ultimate value of shear force or bending
moment, the prediction of appropriate cover thickness,
analysis of area loss due to corrosion, but very less work
is carried out in the field of remaining service life or how
service life reduced or get influenced by corrosion. All the
methods yet develop to find residual life are having math-
ematical models only, whereas the method developed in
this work is a combination of the experimental and ana-
lytical work and proposed method is based up the NDT
approach which further can be applied to find a residual
life of existing building, and that is the major advantage
of this method.

1. Methodology

The methodology presented in this work to estimate end
of service life was divided into two parts. The first part of
this proposed work consists of laboratory experiment to
analyze changes in the behavior of a concrete specimen
before and after corrosion through the dynamic parameter
as a natural frequency. For this; beam specimen of size
150150500 mm was casted in the laboratory. Concrete
beams were casted along with three different water to ce-
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ment ratio and two different covers to diameter ratio to do
a simultaneous study on the effect of water to cement ratio
and cover to diameter on the initiation and the propa-
gation period of corrosion. The second part of this work
consists of numerical analysis. For this FEM based Au-
todesk Algor simulation software was used. First natural
frequency found by experimental work was further used
to find equivalent Young's modulus (E,,,) at different
damage levels. The same beam casted in the laboratory
is simulated in the software and iterations are made until
and unless the first natural frequency of a simulated beam
does not match with the experimental value of first natural
frequency. Where all equivalent value of Young’s modulus
(Ecquy) at different level of damages were obtained simulta-
neously. Chloride attack penetration depth was calculated
using Faraday’s law of electrochemistry and at the end, the
graphical representation of residual life was given. All the
necessary steps taken to estimate the end of the functional
life of the concrete beam specimen are summarized as fol-
lows in the next subsection.

2. Experimental work

2.1. Test specimen characteristic

To study the effect of reinforcement corrosion on RC
structure; beam specimen of size 150x150x500 mm as
shown in Figure 1 (a & b) was selected with steel rein-
forcement of diameter 10 mm and 12 mm. Concrete was
designed with three different water to cement ratio, which
are 0.45, 0.55 and 0.65. The maximum size of aggregate
used is 20 mm with 20 MPa as a characteristic compres-
sive strength of concrete. Three beam specimens of each
water to cement ratio was casted which gives total 9 num-
ber of specimens with cover depth 20 mm and embedded
steel reinforcement of 10 mm diameter. Another 9 speci-
mens are casted with same concrete mix proportion, but
with 12 mm diameter of embedded reinforcement and 40
mm cover depth as shown in Table 1.

All the casted specimens were demolded after 24 hours
under laboratory condition and put into water curing tank
until an age of 28 days as per IS 10262:2009. These casted
specimens were used further to accelerate corrosion and
the frequency was checked before and after the corrosion.

2.2. Accelerated methods of corrosion

Corrosion is a very slow process, even in the severe envi-
ronment corrosion takes a very long time for the genera-
tion and propagation of corrosion by destabilizing passive
layer generated during the hydration process of concrete
(Sohail, Laurens, Deby, & Balayssac, 2015).

The laboratory acceleration of corrosion is mainly con-
sisting on the acceleration of the initiation phase and that
causes the destabilization of the protective layer over steel
and further corrosion achieved in a small time period (Liu
et al., 2016; Otieno, Beushausen, & Alexander, 2016). In
this work impressed current technique was used by 5%
concentrated NaCl as an electrolytic solution. The stain-
less steel rod was used as an anode and embedded rein-
forcement in beam specimen is used as a cathode. It was
applied a constant voltage of 30 V with output current 3A
within the laboratory setup across the beam specimen as
shown in Figure 2.

Once the corrosion process advances due to the elec-
trochemical process of corrosion, rust starts to develop
which much larger in a volume than existing reinforce-
ment and get started to fill inside the pores of the con-
crete and developed radial pressure which further leads to
cracking of concrete cover (Zhu, Francois, Fang, & Zhang,
2016). To measure the penetration depth of chloride in
concrete Faraday’s law was used and presented by equa-
tion 1 (Alonso et al., 1998).

150 mm 150 mm

500 mm

/

\/

Figure 1. Beam specimen with dimension: a - Symmetrical
representation of beam specimen; b — Casted beam
specimens as per the symmetry

Table 1. Mix proportion of concrete with three different water to cement ratio

Mixture Type

A10, A12

B10, B12

C10, C12

Water to cement ratio

0.45

0.55

0.65

Reinforcement diameter

A10 with 10 mm diameter

B10 with 10 mm diameter

C10 with 10 mm diameter

A12 with 12 mm diameter

B12 with 12 mm diameter

C12 with 12 mm diameter

Number of specimen

3 of A10 and 3 of A12

3 of B10 and 3 of B12

3 of C10 and 3 of C12

Cement 451 370 320
Fine Aggregate 653 826.2 1254
Course Aggregate 1153 1047.2 680
Water 203 203 203
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Figure 2. Laboratory setup of accelerated method of corrosion using impressed current technique

P=0.32x1,,.xt, (1)

where P - Theoretical radius loss or bar penetration depth
(mm); 0.032 - Unit conversion factor (mA/cm? to mm/
day); I.,,, - Average value of current density (mA/cm?);
T - Time since the current was applied (days).

2.3. Cracking and first natural frequency

To analyze the behavior of beam before and after the cor-
rosion dynamic parameter as the first natural frequency of
the beam specimen was taken into consideration (Chopra,
1995). Rust formed due to corrosion exert radial pressure
on the adjacent surface of the concrete and in response to
this applied pressure crack starts to develop in the beam
specimen. Cracking pattern of the beam was checked after
every two days during accelerated method of corrosion
using microscope graded with scale of precision 0.02 mm
as shown in Figure 3 (a & b).

In order to determine the fundamental natural fre-
quency electronic exciter was used. Beam specimens were
kept over an exciter and in a central area of beam speci-
men piezoelectric accelerometer (sensitivity 102.1 mg/g)
was fixed which further connected to national instrument
(NT 9234) and it passes the accelerometer signal to the
spectrum analyzer as fast Fourier transfer (FFT), where
lab view was used to determine frequency and amplitude
corresponds to different measurements. Figure 4 shows
lab setup to determine first natural frequency.

3. Numerical model

Numerical analysis was carried out using Autodesk Algor
simulation software. In this work to find the effect of cor-
rosion on the mechanical behavior of reinforced concrete
beam specimen material property as equivalent Young’s
modulus (E,,,) was taken into consideration. Therefore,
to find this effect experimental value of first natural fre-
quency was used and iterations were made in the software
until the value of first natural frequency does not match
with the experimental value. Further when it matches with
the experimental value the corresponding value of equiva-
lent Young’s modulus was taken into consideration.

Total 6 types of the beam with three different water
to cement ratio and two different covers to diameter ratio

Figure 3. Beam crack measurement: a — Crack width measuring
pocket microscope; b — Crack width under microscope

Labview front pannel
NI Dac 9234

Constant current supply

Accelerometer

Beam
specimen

Exciter

Figure 4. Laboratory setup to measure first natural frequency

were analyzed and experimental natural frequency was
validated using Algor simulation software. A 3D model of
the simply supported beam was built using brick elements
and analyzed under no external load as shown in Figure 5.
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Figure 6. First natural frequency of beam A10

The reinforced concrete material was simulated as ho-
mogeneous and isotropic, with the following properties:
Elasticity Modulus = 22360.67 MPa, Poissons ratio = 0.2,
Density = 2400 kg/m3. Figure 6 gives a frequency result
after applying material property and boundary condition.

Simulation work was conducted to analyze the influ-
ence of reinforcement corrosion on the behavior of rein-
forced concrete beam. For this four models are built again
with the rectangular and triangular element and in order
to simplify model in commercial software linear elastic
analysis was conducted (Autodesk Algor Simulation Pro-
fessional, 2012). The damaged zone was analyzed with
equivalent Young’s modulus (E,,,) and damaged zone
E,gy value was adjusted until first natural frequency co-
incides with the experimental value of the different dam-
aged level. Subsequently, the graph was plotted between
E,quy and chloride attack penetration depth as shown in

Figure 7.

4. Results and discussion

Acceleration of corrosion is conducted in the laboratory
until the formation of the first crack into a beam speci-
men and in this experiment cracking area of the corroded
beam specimen, time to accelerate corrosion and first

25000

20000
y=-32928x + 21852

R%=0.9984

15000

quv (Mpa)

£ 10000

5000

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35
Chloride attack penetration depth (mm)

Figure 7. Variation of Eequv and chloride attack
penetration depth

natural frequency parameters are studied simultaneously.
Table 2 gives the first natural frequency of 18 beam speci-
men before and after corrosion. The compressive strength
is found out from casted cubes of size 15x15x15 cm. From
Table 2 it seems that the first natural frequency of all 18
non-corroded beams is almost same even though all these
18 beam specimens are cast with three different water to
cement ratio and 2 different diameters to cover ratio. This
can be explained as the first natural frequency is directly
proportional the square root of the modulus of elasticity
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Table 2. Frequency loss of beam specimen after corrosion

Compressive First natural frequency
Beam type strength
(kN) Initial first natural | Frequency

frequency (Hz) loss
A10 22.3 186.4 12.00%
Al2 22.4 187.2 11.00%
B10 22 185 14.00%
B12 22.1 186.5 14.50%
C10 21.5 184 16.40%
C12 21.7 184.8 17.00%

multiplied by the moment of inertia and inversely propor-
tional to mass. For this reason, the strength of concrete
does not meaningfully affect the first natural frequency
wherein opposite direction modulus of elasticity and mo-
ment of inertia shows the effect on the first natural fre-
quency.

Table 2 also shows frequency loss of beam specimen
after corrosion and it is noticed that due to corrosion 11%
to 17% frequency loss is occurring and loss in first natural
frequency is mainly related to cracking area and penetra-
tion depth of chloride in concrete. The effect of corrosion
on the modal parameter and they had a test on beam spec-
imens similar those used in this work and reported that,
there is a 4% reduction in the first natural frequency with
a loss of the bar section of about 8%. After analyzing first
natural frequency loss parametric study is carried out and
the graph is plotted. The first graph is assigning between
first natural frequency and time to accelerate corrosion as
shown in Figure 8. The second graph is assigning between
first natural frequency versus cracking area as shown in
Figure 9. The cracking area is determined by the product
of length times the width of each crack, measured using a
pocket microscope on the concrete surface.

From Figure 8 it is noticed that as the corrosion ad-
vances first natural frequency decreases similarly in all the
beams with little dispersion, whereas in case of cracking
area it increases with increase in test time period of accel-
erated corrosion. C. Alonso et al. (1998) studied all those
factors which affects on cracking of concrete due to cor-
rosion and from this paper it is observed that the crack-
ing of concrete due corrosion is not only control by the
cover depth of concrete but there are number of another
factor like quality of concrete, water to cement ratio and
efficiency of current which equally contribute in process of
corrosion cracking. A considerable amount of dispersion
is occurring in the first natural frequency and cracking
area after the end of 14 days of the accelerated corrosion
experiment.

Figure 9 gives that, with the end of accelerated corro-
sion testing cracking area of all the beam specimens are
ranges between 50 to 200 mm?. The cracking areas of all
the beams are different and this takes place due to different
water to cement ratio of all the three different design mix
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Figure 8. Variation of first natural frequency (Hz) versus test
time (days): a — First natural frequency vs test time (Beam A10
and A12); b - First natural frequency vs test time (Beam B10
and B12); ¢ - First natural frequency vs test time (Beam C10
and C12)

used for the beam specimens. For example, cracking area
of beam A10 and A12 is 50 mm?, 60 mm? respectively,
whereas, in beam specimen C10, C12 areas are 110 mm?
and 120 mm? respectively this variation in cracking area
take place due to the pore structure of concrete. In beam
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A10, A12 water to cement ratio is 0.45 whereas in beam
specimen C10, C12 it is 0.65 and due to increase in water
to cement ratio concrete become porous and cracking area
increases.

At the end of the experiment, all three basic param-
eters taken under consideration are studied simultaneous-
ly using 3D graph plotted within first natural frequency,
cracking area and time period of accelerated corrosion

a)
190
-0 A10
Al2
< 180
)
-
Q
§ 170
<)
[
=]
?:i 160
s
2
= 150
140
0 10 20 30 40 50 60 70
Cracking area (mm?)
b)
190
-Q= B10

B12

First natural frequency (Hz)

150

140

0 20 40 60 80 100 120 140
Cracking area (mm?)

c)

190
-0 B10

First natural frequency (Hz)

150

140
0 50 100 150 200

Cracking area (mm?)

Figure 9. Natural frequency (Hz) versus cracking area (mm?):
a — First natural frequency vs cracking area of beam A10, A12;
b - First natural frequency vs cracking area of beam B10, B12;
¢ — First natural frequency vs cracking area of beam C10, C12

testing as shown in Figure 10. From this graph, it is clear
that first natural frequency decreases with increase in test
time of corrosion acceleration and cracking area (Tapan &
Aboutaha, 2011). Where a variation in first natural fre-
quency of beam specimen is similar and progresses with
a little desperation until there is no cover loss and reduc-
tion in moment of inertia of beam specimen and similar
observations are given by M. Fayyadh, H. Razak and Z.
Ismail (2011), R. Kandasamya et al. (2016).

After the study of all the parameters by accelerated
methods of corrosion and natural frequency analysis fur-
ther study is conducted to give a graphical representation
of residual life as follows.

It is worth to mention that chloride attack penetration
depth measured using Faraday’s law of electrochemistry
is given by equation 1. Finally, Figure 11 gives the graphi-
cal representation of the residual life. In this graph life
is represented by means of three axes out of these three

one axes in my direction gives E,,, and out of the other

A10 beam

190 V¥ Al2beam
B10 beam
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Figure 10. 3D graph for first natural frequency, cracking area,
test time of accelerated corrosion
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Figure 11. Graphical representation of residual life
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two axes, one represents attack penetration depth and sec-
ond represent test time of corrosion acceleration in days.
From the graph it is concluded that the attack penetration
depth is linearly proportional to E,,, and where to get
further results in this graph values are extrapolated using
MEF and limiting value of natural frequency is given by
CEB 209 (1991), American Institute of Steel Construction
(1997), DIN 4150 (1999).

Conclusions

In this work, the influence of reinforcement corrosion

is studied using dynamic parameters as first natural fre-

quency. From the experimental and numerical analysis
conducted in this work, the following conclusions are
provided.

1. Two different covers to depth ratio are provided for
this study and from this variation in the cover to the
depth ratio, it is observed that as the cover increases,
there is an increase in initiation time period for the
corrosion. Whereas after the arrival of the first crack
there was no impact of cover depth as there was an
equal corrosion rate in the cracked specimen with
20 mm and 40 mm cover depth.

2. Slow corrosion rate (I,,,) in the acceleration of cor-
rosion shows the early initiation of cracking in the
beam specimen instead of that if we increase the
corrosion rate it seems that time required on ar-
rival of the first crack is increased. Increase in water
to cement ratio increases permeability of concrete,
which lead to increase in initiation time for corro-
sion where on the other hand the time required to
propagate corrosion is getting reduced. To accelerate
corrosion within a laboratory number of methods
are available but all these methods do not simulate
corrosion process as exactly as it occurs in the real
environment.

3. There is linear proportion of first natural frequency
and chloride attack penetration depth. First natural
frequency is proportional to the moment of inertia
of the structure and there is no impact observed due
to variation in water to cement ratio and strength
of beam specimen instead of that first natural fre-
quencies propagate with a little desperation until
there is no change in the moment of inertia due to
corrosion. The increase in chloride attack penetra-
tion depth results in to decrease in E,,,. It states

that corrosion results in degradation of the mate-
rial property of concrete. At the end of experimen-
tal and analytical results, residual life of concrete is
graphically represented.

4. This method gives the effect of corrosion on dy-
namic behavior and mechanical property of a struc-
ture, therefore, it can be possible to implement this
method for structural analysis and residual life pre-
diction.
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