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ABSTRACT

Corrosion of steel reinforcement due to hostile environments is regarded as one
vital structural health concerns in concrete structures. Specifically, the development of
corrosion affects the necessary bond strength of rebar in concrete contributing to the
loss of resilience and possible structural failures. It is thus essential to understand the
effects of corrosion on bond strength so that remedial measures can be done on
existing and deteriorating RC structures. Hence, this study investigated through
laboratory experiments and Artificial Neural Network (ANN) modeling the effects of
corrosion on bond strength. Experimental results showed that at small amounts of
corrosion less than 0.27%, the bond strength was observed to increase. At these levels,
the amounts of corrosion products were sufficient enough to expand freely through the
permeable structure of concrete and occupy the pore spaces. Beyond this level,
however, the bond strength of concrete deteriorated significantly. There was an
observed average decrease of 1.391 MPa in the bond strength values for every percent
increase in the amount of corrosion. The expansive and progressive internal radial
stress due to corrosion resulted to the development of internal and surface cracks in
concrete. These cracks contributed to the loss of confinement and mechanical interlock
at the steel-concrete interface resulting to the reduction in the bond strength of the
rebar. In the parametric investigation of the derived ANN model, the bond strength was
also observed to decline continuously with the growth of corrosion derivatives as
represented by the relative magnitudes of the ultrasonic pulse velocity (UPV). The
prediction results of the model can be utilized as basis for design and select
appropriate mitigating measures to prolong the service life of concrete structures.

1. INTRODUCTION

One of the essential components that must be achieved for structural designs is
the bond strength of the steel reinforcement to the enveloping concrete. Bond strength
in reinforced concrete is defined as the resistance to slipping of the reinforcing steel
bars from the concrete. Insufficient amount of bond between the bars and concrete may
destroy the composite action between the materials thus resulting to a brittle failure
since the concrete will be subjected to excessive amount of tensile forces (Rao G. et al.,
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2004). The bond does not only ensure the composite action but also controls structural
behavior of the reinforced concrete. The bond stress balances the internal stress in the
rebar through the composite action of steel and concrete. When sufficient bond is
developed, the rebar will not be pulled off from embedment and the reinforcement will
reach the desired yield strength for ductile design. This controls the structural behavior
of reinforced concrete under static and dynamic loadings. However, when the
embedded rebar begins to oxidize, the effective bar size decreases and the adhesion
at the steel-concrete interface starts to deteriorate. Lugs and ribs of the rebar will be
consumed through continuous corrosion resulting to the dissipation of the wedging
action at the contacting surfaces. In turn, at a certain critical level of corrosion in steel,
the bond will be reduced significantly causing the bar to slip from the enveloping
concrete. Two types of bond failure might occur at this stage; direct pull out of the rebar
and splitting of concrete. When ample confinement is available by means of large
concrete cover and good quality of concrete, the relatively reduced dimension of the
bar due to corrosion will cause the pulling off the bar from embedment. If the expansive
stress is so immense that concrete cover begins to crack and losses its confinement
capacity, the failure is splitting. Ultimately the serviceability and durability of reinforced
concrete are compromised and potentially results in structural collapse by this loss in
bond strength. It is, therefore, a vital key to predict the time for concrete to crack and
the bond loss in reinforcement due to corrosion since this is used to evaluate the
service life of concrete structures. Rehabilitation of corroding RC structures is
necessary when the functional service life of the structure ends as indicated by the
appearance of the first corrosion crack. Because of this, studies in developing bond
strength and corrosion resistance of reinforcing bars has remained a popular research
interest.

There are numerous number of researches embarking on bond behavior of
corroded steel bars in concrete are available in the literature (Bhargava et al., 2005;
Maurel et al., 2005; Zhao et al., 2013; Tandolo, 2015). Results recorded from
experiments of these studies were used to develop analytical and empirical models.
Due to the complex non-linear relationships that exist in the rebar and concrete, several
ideal assumptions were adopted to simplify the systems involved in the development of
the models. These assumptions however do not sufficiently describe the actual
underlying mechanism of bond strength in reinforced concrete. As a result, the derived
bond equations provided estimates that are in good agreement only within the
framework of their study. It is therefore indispensable to consider other modelling
techniques that are powerful enough to generally adopt with the complex behavior of
bond strength in reinforced concrete.

A convenient way to model the complex interactions in such intricate systems is
by means of artificial neural network. There is no need to consider ideal assumptions to
simplify the modelling approach as the neural network process raw data from actual
experiments. Through the aid of a set of input-output data, a system of interconnected
neurons can be developed that is capable of predicting variables from a certain set of
inputs. The performance of the model can be further improved by introducing a new
variable that could effectively assess the quality of the internal structure of concrete.
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The ultrasonic pulse velocity (UPV) test can be used to achieve this objective. UPV
uses ultrasonic waves that is allowed to pass through mediums by means of
transducers that generates electrical pulse waves. The time for the waves to traverse a
certain length within the medium is measured to calculate the pulse velocity. In
concrete structures, this value is used to describe the compactness or density of the
concrete. Higher velocities indicate good quality, homogeneity, density, and continuity
of the concrete while slower velocities may indicate concrete with the presence of
cracks and voids. The UPV test is one of the widely used non-destructive assessment
in concrete structures. Several studies were conducted with the use of UPV to
understand the performance of concrete under various loading conditions. It was
effectively used to assess the bond degradation of steel at specific locations in concrete
beams. Both the direct and semidirect test set up was used to identify the weak bond
zones (Saleem, 2017). The compressive strength of concrete was successfully
investigated using neural network modelling with the aid of non-linear ultrasonic test
(Ongpeng et al., 2017). The UPV results therefore is a good parameter to indicate the
continuity of the microscopic materials in the internal section of the concrete.

In this work, novel prediction model of bond strength of corroded reinforcing steel
bars in reinforced concrete using neural network was developed. A greater number of
variables was considered in the modeling including compressive strength of concrete,
homogeneity of concrete using ultrasonic pulse velocity, concrete cover-rebar diameter
ratio, and embedment length. The performance of the model will be compared to other
existing bond strength models available in the literature. Multiple regression model will
also be derived for comparison.

2. BOND STRENGTH MODELS

Several studies have been performed in order to investigate the influence of
various factors in the corrosion and bond strength of rebars in concrete. In general, the
developed models are dependent on the compressive strength of concrete, corrosion
level, rebar diameter, embedment length, and concrete cover. Impressed corrosion
method was used by many researchers (El Maaddawy, 2007; Yalciner et al., 2012;
Zhang et al., 2016) in the development of bond-corrosion model. The effects of
corrosion level in bond strength loss and cracking of concrete were investigated in the
study of Cabrera (1996). Reinforced concrete slabs were used to study the influence of
cement type, concrete cover thickness, bar size, and cross bar on the extent, intensity,
and geometry of cracking. Monotonic pull out test was performed on concrete cube
samples 150 mm in length with 12 mm diameter embedded reinforcing bar having
different levels of corrosion. Results showed that concrete samples containing flyash
recorded lower rates of corrosion. In the study of Lee et al. (2002), with the recorded
degree of corrosion of steel in percent before and after cracking and the concrete
compressive strength, steel bond strength can be easily predicted by regression
equations and results provided desirable predictions in agreement with experimental
results. The equations were able to capture the behavior of bond within the pre and
post crack conditions. Using the method of least squares regression analysis, another
bond strength model prediction as a function of the amount of corrosion was derived.
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The suggested equation of Chung et al. (2008) provided acceptable prediction results
for amount of corrosion of less than and greater than 2%. The behavior of the curves in
the slip-load graph was completely captured by the model. Bhargava et al. (2008)
proposed an empirical model for bond degradation due to reinforcement corrosion. The
models were developed from pull out tests conducted by previous studies. To test the
accuracy of the predicting model, comparison between predicted and experimental data
was performed. Results showed a less deviation between the values showing a
reasonable agreement between the measured experimental results and empirically
estimated values of bond strength. Unlike any other studies that focus on bond strength,
the study of Yalciner et al. (2012) made use of multiple linear regression in order to
model an equation for the ultimate bond strength that is dependent to compressive
strength of concrete and the cover to bar diameter ratio. An increase in concrete
compressive strength and concrete cover would also result to an increase in bond
strength. Moreover, it was found out that an increase in the compressive strength with
constant concrete protective cover resulted to higher bond strength than a constant
compressive strength with increasing the concrete protective cover. The bond strength
can be calculated with better accuracy and more realistic behavior against previously
developed models that yield under or overestimated results. It can further describe the
bond performance at both high and low corrosive rates with cracked or uncracked
concrete conditions. Using ultra-high toughness cementitious composite, Hou et al.
(2017) developed a model using multiple regression to predict the bond strength of a
corroded rebar as a function of bar diameter (d), bond length Ib, and corrosion ratio (pc).
Results showed that up to 15% corrosion ratio the bond decreased but is almost the
same with non-corroded samples. The prediction model was able to provide
satisfactory results as compared with experimental values recorded in the conduct of
pull out tests of cylindrical samples. Table 1 shows the summary of bond prediction
models from various literatures.

Table 1 Bond strength models of rebars in concrete

Authors Bond Model
Cabrera (1996) f,, =23.478-1.313C

Toax = 0.340, —1.93if A, <A,
Lee and Weyers (2002) s B.91e 0% i A S A

u, = 16.87 for C, <2.0
u, = 24.7C.>* for C,>2.0

Yalciner et al. (2012) 7, =0.40551f 'c—o.25306( %)+o.97926q (R? =0.98)

Chung et al. (2008)

0.379
Hou et al. (2017) 7, =0.335[-o.124pc2 +1.183p, +93.5o4}(|9j

b

In most of the studies enumerated for both corrosion and bond strength models,
certain ideal assumptions were considered to reduce the complexity of the system
involved in the modeling process. A uniform spatial corrosion distribution, isotropic
concrete, and a constant radial stress are some of these theoretical simplifications.
There are also equally important factors that were not considered in the modeling such
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as crack with and continuity of concrete that greatly affects the mechanism of corrosion
and bond strength of deformed bars. Desnerck et al. (2015) investigated the bond
degradation of rebars in concrete with single and multiple cracks. Cracks however were
artificially generated by imposing tensile stress in the cylindrical samples and tested for
pull out tests. Thus, the results of the study do not provide a substantial discussion of
how cracks will be developed in concrete under the action of rebar corrosion. In the
study of Wu et al. (2014), a bond model was derived analytically in the presence of
corrosion and cracks. The model however does not contain the width of crack as an
independent variable in the model. With this, the actual corrosion progress, crack
development, and bond behavior cannot be thoroughly investigated. Further, due to the
limitations considered in the enumerated studies, the existing models can only be
applied to specific corrosion cases to which they were calibrated.

3. EXPERIMENTAL PROGRAM

3.1 Test Specimen

The experiment in this study used a total of 108 concrete cube samples with side
length 200 mm as shown in Fig. 1. To investigate the effect of strength variation in
corrosion development and bond behavior, three different concrete design mixes were
prepared with target compressive strengths of 21 MPa, 28 MPa, and 35 MPa. Bars
diameters, concrete cover (cc) and embedment lengths (4 were also varied in the
concrete cube samples. Three deformed reinforcing bars of 16mm, 20mm, and 25mm
in diameters with corresponding concrete cover of 60mm, 70mm, and 80mm were used.
To ensure a bond-slip failure in the pull-out test, the embedment length to rebar
diameter ratio within the neighborhood of 4.0 (that is 3.0 to 5.0) based on the study of
Cabrera (2001) was adopted. Embedment lengths of 50mm, 75mm, and 100mm were
used to achieve a uniform bond stress distribution within the entire embedment length
of the rebar. These geometric variations were considered to explore the individual
contribution of the variables in the bond performance of steel bars in concrete.

Polycarbonate reference points
' ‘

+ 150mm
e

150 mm

a. Elevation b. Top View
Fig. 1 Cube sample specifications
3.2 Material Properties and Concrete Strengths

The properties of the materials were tested in compliance with ASTM (2004)
standards. The density and water absorption of coarse aggregates were measured and
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found to be 1572.028 kg/m® and 0.402% respectively. Similarly, for fine aggregates, the
recorded values of 1533.801 kg/m?, 3.2 %, and 2.673 for density, water absorption, and
fineness were respectively observed. The values obtained were found to be within
normal limits and thus desirable in the production of fresh concrete. These results were
used to proportion various design mixes having target compressive strengths of 21
MPa, 28 MPa, and 35 MPa. The compressive and tensile strengths test was carried out
using the universal testing machine. Three testing trials in each concrete design batch
were conducted using 150mm diameter by 300mm height cylindrical sample and the
average values were recorded. Table 2 shows the material proportions and average
strengths corresponding to each mixture using 0.68, 0.57, and 0.47 preliminary ratios of
water-cement, slump values from 25mm to 100mm, and 2% entrapped air.

Table 2 Concrete design proportions and strengths

Design |Target fc| Water | Cement | Coarse Fine | Mean fc’'| Mean ft
Mix MPa kg/m®> | kg/m® | kg/m® | kg/m® | (MPa) | (MPa)

1 21 189.01 | 301.47 | 1018.32 | 866.88 22 2.08
2 28 189.56 | 359.65 | 1018.32 | 806.29 29 2.61
3 35 190.28 | 436.17 | 1018.32 | 726.60 36 3.14

3.3 Accelerated Corrosion and Crack Width Measurement

After curing for 28 days to gain strength in accordance with ASTM C39(2004), the
samples were immediately immersed in a 5% sodium chloride brine solution as shown
in Fig. 2. A current density (i) of 500 pA/cm? from a constant power source was allowed
to pass through the reinforcements embedded in the concrete prism to accelerate the
corrosion. The brine solution will damage the passivating film in the steel reinforcement
and the current density applied accelerate the formation of corrosion products. By
means of measuring the electric current passing through the anode and that current
consumed by the cathode, the amount of steel dissolved to form rust can be possibly
calculated. The longer the duration of immersion and the higher the corrosion rate, the
higher will be the level corrosion that will be developed in the steel. A total of 108
samples were subjected to accelerated corrosion for 35 days and 70 days to generate
sufficient corrosion products that will develop internal radial stress enough to cause
internal and external cracks in the concrete.

3 Samples + “

Constant Direct

lank Current Supply

5% NaCl

Electrode

Samples Spfaex | S5 7

(a) Schematic diagram (b) Actual corrosion set up

Fig. 2 Concrete cube samples under accelerated corrosion



The 2019 World Congress on
Advances in Structural Engineering and Mechanics (ASEM19)
Jeju Island, Korea, September 17 - 21, 2019

In order to measure the crack width in each of the sample, several polycarbonate
reference points were attached to the surface of the concrete as shown in Fig. 3. In
each time period of accelerated corrosion, the development of the distance between
the reference points were measured using an electronic caliper. This width was used as
the average opening of the crack line in a given direction.

fé: 36 MPq
#:25mm
Ld=100mm
€C* GO mm

Age=70days

Fig. 3 Crack width measurement after accelerated corrosion

3.4 Ultrasonic Pulse Velocity Test

The continuity of the internal structure of the concrete samples were altered due
to the presence of cracks after accelerated corrosion. Ultrasonic pulse velocity test was
performed to assess the quality of concrete samples after 35 days and 70 days
impressed current. The UPV apparatus was calibrated and a liquid coupling material
were applied to the lateral surfaces of the samples. The transducer and receiver of the
UPV apparatus was positioned in direct set up as shown in Fig. 4. The results of the
test were used as input variable in the bond model representing the homogeneity and
compactness of concrete.

Fig. 4 Ultrasonic pulse velocity test

3.5 Single Pull-out Test and Measurement of Corrosion Level

The bond strength of the rebar in concrete after accelerated corrosion of the
samples was measured using pull out test in accordance with ASTM C234-91a. The
pull-out strength was determined by measuring the maximum force required to pull the
rebar from the concrete sample. The bond strength (u) was calculated by taking the
ratio of the maximum applied force (P) and the surface area of the reinforcing steel bar
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in contact with concrete. Fig. 5 shows the fractured concrete sample after performing
single pull out test using the universal testing machine.

(a) Pull out test of the concrete prism (b) Pulled off bar from the concrete
Fig. 5 Single pull out test

Bond strength between the rebar and enveloping concrete was obtained by taking
the ratio of the stress load (P) and the surface area (A) of steel bar which is in contact
with the concrete. This surface area (A) of reinforcing bar was obtained by taking the
product of embedment (Ly) and circumference of the bar. Mathematically,

P
a 2rrl,

(1)

Prior to the casting of concrete in the mold, deformed bars were weighed to
determine the initial mass (M,) before accelerated corrosion. After the accelerated
corrosion process and pull out testing of the samples, all pulled off bars were cleaned
from corrosion products at the surface of the reinforcement and weighed to record the
final mass (My). The actual percentage of mass loss or corrosion level (C.) of each bar
was calculated using Eq. 2.

Mo_Mf 0

4. EXPERIMENTAL RESULTS

4.1 Experimental Data Statistics of Corroded Reinforcements in Concrete

Fig. 6 shows corroded samples subjected to accelerated corrosion for 35 and 70
days. Among the 108 cube samples subjected to an impressed current method of
accelerated corrosion, 74 of which or 69% were able to exhibit surface crack formations
due to the level of corrosion in the reinforcement. All the samples were grouped into
uncracked and cracked surface of the samples and the statistics of the measured UPV,
crack width, bond strength, and corrosion level of the rebar in each group were
presented respectively in succeeding tables.



The 2019 World Congress on
Advances in Structural Engineering and Mechanics (ASEM19)
Jeju Island, Korea, September 17 - 21, 2019

fé: 36 MPa
#:25mm
Ld=100mm
cC ¥ GO mm

Ages70days

Fig. 6 Cube sample after accelerated corrosion

Table 3 shows the statistics of 34 uncracked surface samples after the
accelerated corrosion test. The dominant compressive strength of the samples in the
group was 22 MPa with tensile strength of 2.08 MPa. The embedment length and rebar
diameter of a large number of cube samples in the group were 75 mm and 16 mm
respectively. Results further showed that rebars having the largest diameter and
embedment lengths provided the least bond strength values in the pull-out test. As
much as 0.471% corrosion level in all the rebars was observed and the relatively high
corrosion levels were obtained from rebars with large diameters. The obtained levels of
corrosion ranging from 0.043% to 0.471% were small enough and were able to fill the
capillary voids of concrete without imposing substantial amount of expansive stress that
will cause the concrete to crack. The maximum recorded bond strength and UPV
values were 30.922 MPa and 4716 m/s. On average, samples having high UPV values
provided better bond strengths relative to samples having low UPV values. Results
obtained from UPV and corrosion levels of samples showed less variability as
described by the respective standard deviations and coefficient of variances.

Table 3 Statistics of uncracked surface samples

UrPv C. u
Parameters (mis) (%) (MPa)
Mean 4472 0.196 14.897
Std. Dev. 99.522 0.095 5.961
COoV 0.022 0.483 0.400
Min. Value 4265 0.043 6.029
Max. Value 4716 0.471 30.922

The statistics of the results obtained from various tests conducted on 74 cracked
surface samples were presented in table 4. There were observed significant changes in
the recorded values between uncracked surface and cracked surface groups. The
sudden drop in the UPV and bond strengths were obtained from almost all the samples
in the group. It can be seen that the average UPV of 4144 m/s and average bond
strength of 6.591 MPa were substantially lower than the mean values from the
uncracked surface samples. These reductions were attributed to the development of
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internal and surface cracks in the samples due to the excessive amount of corrosion in
the reinforcement. The corrosion level was even higher for samples in the cracked
surface group with an average and maximum values of 1.015% and 3.254%
respectively. At these levels of corrosion, the expansive stress was excessive causing
the concrete to crack. In general, samples having high corrosion levels correspond to
large crack widths. The maximum observed crack width was 3.24 mm and the average
value in all the samples was 1.202 mm. The dominant compressive strength in the
group was 29 MPa while the diameter of the rebar was 25 mm. Moreover, as seen in
the calculated standard deviation and COV, higher variability was observed for UPV,
corrosion level, and bond strength of the samples.

Table 4 Statistics of cracked surface samples

Parameters upPVv CL We u
(m/s) (%) (mm) (MPa)
Mean 4472 0.196 1.202 14.897
Std. Dev. 99.522 | 0.095 0.499 5.961
COV 0.022 0.483 0.415 0.400
Min. Value 4265 0.043 0.51 6.029
Max. Value 4716 0.471 3.24 30.922

Fig. 7 shows the development of corrosion for three compressive strengths
subjected to accelerated corrosion. In each of the plots, a direct association was
evident between the age of accelerated corrosion and corrosion level. This observation
was reasonable since large metal ions from the rebar were consumed to react with the
electrons coming from the direct power source to produce corrosion products. The high
levels of corrosion were dominantly observed from samples having the least concrete
cover of 60mm and largest rebar diameter of 25mm. Cracks were able to develop faster
in concrete cube samples having 60mm protective cover due to lesser confinement
capacity of concrete. This, in turn, resulted to higher exposure to corrosion triggering
factors and was responsible to rapid growth of corrosion. For larger rebar diameters,
more corrosion development sites were available due to larger surface area exposed to
accelerated corrosion. It is also important to note that higher amounts of corrosion were
developed for the 29 MPa than the 22 MPa compressive strength as described by their
respective coefficient of determination. This was attributed to the larger capillary voids
available for 22 MPa to accommodate the corrosion derivatives without imposing
excessive radial tensile stress. As a result, the development of cracks was delayed
longer in the 22 MPa strength than the 29 MPa strength. With cracks developing faster
in 29 MPa, the growth of corrosion developed faster as well. The observations were
found to be consistent with other related studies of corrosion of rebar in concrete.
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Fig. 7 Development of corrosion in rebars due to accelerated corrosion

4.2 Relationship of Compressive Strength and UPV to the Bond Strength of
Corroded Rebar in Concrete

The bond behavior of rebar in concrete with increasing UPV and compressive
strength of concrete was explored in this section. The variations in the bond strength
considering three compressive strengths of concrete for uncracked and cracked
samples are shown in Fig. 8. In both plots, the bond strengths were highest for
concretes having 36 MPa compressive strength. This result was reasonable since
higher strengths offer better confinement with a more rigid interface between steel and
the surrounding concrete.

25 12

~
S

Bond Strength (MPa)
3 &
\
Bond Strength (MPa)
o
\’-
B

/ —o—fc=22MPa

a—f'c=29MPa

~o—f'c=22MPa
a— f'c=29MPa

B f'c=36MPa 8—fc=36MPa

4350 4400 4450 4500 4550 4600
UPV (m/s)

3900 4000 4100 4200 4300 4400
UPV (m/s)

(a) Uncracked surface (b) Cracked surface

Fig. 8 Bond strength of corroded rebar with increasing compressive strength and UPV

The bond strength was likewise in direct relation with the measured UPV of the
samples. Higher UPV values correspond to better continuity and compactness of the
inside structure of concrete. With these characteristics, higher compressive strength
was anticipated to provide a better bond. It was also evident from both figures that the
bond strength was relatively higher in uncracked samples than in cracked samples. The
bond strengths on average were increased by 0.114MPa and 0.109MPa for every unit
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increase in the UPV values for uncracked and cracked samples respectively. The
minuscule amount of corrosion developed in the rebar for uncracked samples was able
to occupy the pore spaces in concrete making it more solid and thus provided higher
UPV values. The mechanical interlocking phase between concrete and steel was
improved that in turn enhanced bond strength. Further, the roughness of the rebar was
increased in this small amount of corrosion resulting in the development of interfacial
friction between steel and concrete. On the other hand, the presence of cracks in the
other group of samples provided wide space between steel-concrete interface reducing
adhesion and frictional stresses. This was due to the excessive accumulation of
corrosion products offering hoop tensile stress exceeding the tensile capacity of the
surrounding concrete. In effect, the strength of the solid concrete to hold the bars in
place and prevent from slipping was significantly reduced. Also, the recorded UPV
values of the cracked surface samples were relatively smaller than that of uncracked
surface samples. This was attributed to the presence of cracks resulting in reflection
scattering of the pulse waves. In turn, it took longer time for the pulse to traverse the
section of the sample and reach the far end of the transducer. A cube sample under
UPV test and after pull out test is shown in Fig. 9.

Fig. 9 UPV test and Pull out test of corroded reinforcement in concrete

4.3 Effect of Embedment Length, Rebar Diameter, and Concrete Cover in the
Bond Strength of Corroded Rebar in Concrete

Shown in Fig. 10 is the effect of embedment length of the rebar in bond strength
having 60mm and 70mm concrete cover for both uncracked surface and cracked
surface samples. The average bond strength of all the samples having the same
embedment lengths and concrete cover were plotted. It can be clearly seen from both
graphs the consistent inverse relation between the two parameters. Longer embedment
lengths provide more variation in the stress distribution. During the pull-out test, large
intensities of stress were found to be distributed within lengths near the free surface of
the sample while less stresses were distributed over the inner lengths. This provided a
less average stress distribution over the entire embedment length in the sample. In
contrast, the dispersal of stress in large quantities was roughly uniform over the entire
lengths of short embedments and thus provided larger average stress. The concrete
cover also influenced the bond behavior in both groups. As the protective cover
increases, the reactionary confinement and composite action between concrete and the
reinforcement increases. Samples having 60 mm concrete cover offered less
confinement capacity during the pull-out test resulting in lesser recorded bond strength.
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Fig. 10 Bond strength behavior of corroded rebar with increasing embedment length

In Fig. 10, a noticeable higher bond strength was observed for uncracked surface
samples having 60mm concrete cover. This may be attributed to the sufficient amount
of corrosion products to fill the voids in the concrete material structure without imposing
internal radial stress. Expansion of the rebar in these samples barely enough to
improve the adhesion to concrete also increased the bond strength. The bond strength
values continue to grow until cracking of concrete and substantially decline thereafter.
But in general, rebars having 70mm concrete cover for both figures exhibited higher
bond strength due to superior confinement performance and better steel-concrete
interlock. Fig. 11 shows the corroded rebars after pull out test of concrete cube

samples.
11

Fig. 11 Corroded rebars after pull out test

Another inverse relation can be observed between the diameter of reinforcement
and bond strength of concrete. As shown in Fig. 12, a drop of 1.063MPa and 0.389MPa
were respectively observed for uncracked surface and cracked surface samples for
every unit increase in the rebar diameter. Larger bar diameters offer a large surface
area in contact with concrete. When the bars were pulled during the test, an elongation
along the axis of the bar was obtained due to tensile pull-out force. Due to positive
Poisson’s ratio of steel bar, there was narrowing in the radius of the bar resulting to
reduction of adhesion in concrete. The narrowing was greater for larger bar diameters
and thus offer more reduction in the adhesion between steel-concrete interface.
Development of corrosion was likewise faster for larger rebars caused by bigger
surface area exposed to corrosive environment. Along the growth of corrosion products
for larger bars, excessive formation of cracks was further observed resulting to
substantial reduction in the bond strength. The reduction of the rebar size due to
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corrosion also offered loss of adhesion resulting in the decrease in the mechanical
interfacial interlock. It can be seen that the bond strengths of uncracked surface group
of samples were much higher than the bond strength of cracked surface group of
samples. Again, the samples having 70mm concrete cover exhibited higher bond
strength for both uncracked surface and cracked surface sample groups.
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Fig. 12 Bond strength behavior of corroded rebar with increasing rebar diameter

Shown in Fig. 13a the crack width behavior of concrete with respect to concrete
cover. It can be observed that the crack opening for all strengths of concrete is
inversely proportional with increasing concrete cover. This is reasonable since the
confinement of concrete is enhanced and larger thickness of concrete is available to
resist cracking due to rebar corrosion. The same observation can be made from the
box plots shown in Fig. 13b. The least average crack widths were recorded from
concrete cube samples having 80 mm concrete cover as described by the box plots
close to the minimum value of 0.43 mm. This suggests that majority of the measured
crack widths for samples having 80 mm concrete cover are relatively smaller than that
of 60 mm concrete cover. Conversely, larger band of wide crack opening can be seen
from the box plots of 60 mm concrete cover showing lesser crack resistance of the
samples due to corrosion of reinforcement.
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Fig. 13 Bond strength behavior of corroded rebar with increasing concrete cover
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4.4 Effect of Corrosion Level and Crack Width in the Bond Strength of Corroded
Rebar in Concrete

Increasing bond strengths were observed for uncracked surface samples having
corrosion levels up to 0.27% in all compressive strengths as depicted in Fig. 14a.
These small amounts of corrosion products find its way to pore spaces and fill the voids
of permeable concrete resulting in a more continuous solid structure of the sample. The
reactionary confinement was enhanced resulting to the better interlocking mechanism
of steel and concrete. Furthermore, at these levels of corrosion, no significant amount
of internal expansive stress was developed. The corrosion derivatives offered volume
expansion of the rebar barely enough to improve the friction between steel and
concrete. As a result, the bond strength was recorded to be higher at these corrosion
levels. Beyond the 0.27% margin, the bond strength declined continuously with
minimum recorded bond strength of 6.69 MPa. The behavior of bond strength for
cracked surface samples is shown in Fig. 14b. The increasing amounts of corrosion
offered an average drop of 1.391MPa in the bond strength. A consistent decreasing
trend was observed for all three compressive strengths of concrete considered in this
study. The development of corrosion was evidently faster in 22MPa compressive
strength of concrete due to lesser compressive strength and larger volume of voids. A
close fit of different compressive strengths was another interesting observation to note.
This implies that the strength of concrete after the formation of cracks offer no sizeable
effect on the bond strength. Excessive crack formations were also associated in
samples with heavy amounts of corrosion products resulting to substantial reduction in
the bond strength. When the amount of corrosion continues to accumulate and exceed
the volume necessary to fill the voids in the concrete, radial tensile stress begins to
develop. This expansive and progressive stress imparts corrosion-induced cracks
initiating at the inner section near the embedded reinforcement. These radial cracks
were penetrated with increasing corrosion products under radial pressure and gradually
developing towards the surface of the concrete.
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Fig. 14 Bond strength behavior with increasing corrosion level
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A strong decreasing trend was also observed in the bond strength-crack width
plot as shown in Fig. 15a. The similarity in the plots between corrosion level and crack
width showed how close the two variables fit together in the observed bond strength of
the samples. The delamination of rebar due to large amounts of corrosion products
exerted excessive magnitude of radial tensile stress in the enveloping concrete. This
expansion in the volume and the corresponding growth of stress rendered wider crack
opening and eventual loss of adhesion in the steel-concrete interface. At this phase,
the frictional resistance dissipated allowing the rebar to slip smoothly from embedment
in concrete. With the presence of cracks in the samples, an entry for oxidation inducing
elements was created promoting rapid development of corrosion and severe formations
of internal and external cracks. A unit increase in the crack width of the sample
corresponds to an average decrease of 4.655MPa in the observed bond strength.
Moreover, the relationship of the bond strength and width of crack for all the samples in
the scatter plot was described by an exponential curve represented analytically by the
equation y=14.811e®'"**  Fig. 15b shows the distribution of crack width values
obtained from the samples.
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Fig. 15 Bond strength behavior of corroded rebar with increasing crack width

Fig. 16 shows the effect of crack width and corrosion level to the recorded pulse
velocity of the concrete samples. In Fig. 16a, the formation of cracks offered a
reduction in the pulse velocity due to surface and internal crack openings. The
continuity of the sample was damaged, thus providing longer path lines of the pulse to
travel from one end of the transducer to the other end. Larger and longer crack lines in
the samples, in turn, offered longer time travel of the pulse. In this condition of the
samples, at the left branch of the regression line from 0.5mm to 1.5mm, the drop in the
pulse was roughly proportional. However, for crack widths beyond 1.5mm which was
dominated by samples having 25mm bar diameter, a decrease of recorded UPV in big
jumps were observed. Generally, an average decrease of 273.76 m/s pulse velocity
was observed for every unit increase in the crack severity. The same observation can
be drawn in Fig. 16b. The development of corrosion offered an internal expansion of
the rebar resulting to the growth of internal pressure in the concrete. This outward
tensile stress exceeded the tensile capacity of concrete and initiated the formation of
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cracks from internal towards the external surface of the samples. The growing amount
of corrosion products offered excessive internal volume expansion resulting to
continuous increase in the crack opening and progressive degradation in the bond
strength. This process thus provided an average decrease of 146.56 m/s in the pulse
velocity of the concrete samples. A relatively higher recorded pulse velocity can be
observed from the uncracked samples. Larger gaps of as much as 17% reduction in the
UPV values was evident for increasing crack width. The observed average decrease in
the UPV for all the samples was 5.6%. The crack opening of the samples of at least
0.51 mm obtained from the accelerated corrosion test were large enough that it can be
detected by the UPV apparatus. These observations confirm that corrosion and crack
width are two essential and interrelated factors affecting the pulse velocity of the
samples. The UPV apparatus was able to capture the changes in the continuity and
internal structure of concrete due to these factors. The UPV values, therefore, can be
used as a good measure of the degree of corrosion and cracks in concrete.
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Fig. 16 Effect of crack and corrosion level on UPV of concrete

5. NEURAL NETWORK IMPLEMENTATION

5.1 Neural Network Fundamentals

The algorithms of artificial neural networks (ANNSs) are based on the information
processing paradigm of biological nervous system. The flexibility and adaptability of
neural networks render convenient approach in exploring multivariable relationships of
fuzzy and complex systems. The basic learning dimension of ANNs evolved primarily
on some preliminary set of input-output data pairs as shown in Fig. 17.
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Fig. 17 Neural network architecture
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The basic topology of neural network is represented in this figure involving three-
layered-feedforward network. The nodes represent the processing components,
directed line segments are the connecting weights and biases, and arrow heads shows
the usual direction of signals in the network. The three interconnected layers perform
specific task in developing the ANN model. The first layer represents the input data in
the network architecture. This set of data will be sent in the next intermediate layer
called the hidden layer. In this layer, a basic set of operations will be performed
involving multiplication of each input to its corresponding weights, summing up the
resulting products, and applying an activation function to the sum. The results are then
sent to the output layer and compared to the desired target values. Information this
layer is used to calibrate the initial weights and biases in the network through a series
of iterations to satisfy initially set threshold values. After surpassing the performance
criteria, the neural network eventually captures the relationships involve in the system
and provide satisfactory prediction performance. The normal mode of operations
involved in a three-layered-feedforward network is given by the following equations:

h =f Ei(wx,n -ix)+bnj (3)

x=1

0,=f (i(vw -hn)+by) 4)

x=1

where iy, normalized input value sent from the x™ input neuron; h,, activity level
generated at the n™ hidden neuron; oy, activity level generated at the y™ output neuron;
Wyn and v,y, weights on the connections to the hidden and output layers of neurons,
respectively; b, and by, weighted biases and f [ ], is the activation function. Various
studies were devoted on the use of ANN to investigate the mechanics of concrete such
as drying shrinkage and hydration, break out strength, cracking, and confined
compressive strength of concrete. (Ince, 2004; Ashour and Algedra, 2005; Bat et al.,
2013; Oreta and Ongpeng, 2011). The neural network structure was also hybridized
with fuzzy logic to enhance further the prediction capacity of the crack detection model
(Choudhary and Dey, 2012). The corrosion-fatigue crack growth in steel at various
stress intensities was also modelled using a back-propagation algorithm neural network
(Haque and Sudhakar, 2001). The model was able to provide reliable and useful
predictor for corrosion fatigue crack growth that can be applied to any combination of
microstructures in steel in corrosive environments. The bond strength of concrete was
also successfully modelled using neural network and the effect of individual parameter
on the bond was completely investigated using parametric analysis (Rinchon et al.,
2017; Concha et al, 2019). Artificial neural network was further used in the studies of
Dahou et al (2008) to estimate the strength of bond in steel and concrete and Ahmad et
al (2018) to develop a bond model of rebar in low strength concrete. The results of the
study showed that models derived using ANN provided good prediction results. Upon
considering various studies of using ANN, the algorithm is proven to be one excellent
tool in developing models using highly complicated data and complex system.
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5.2 Neural network modelling

In this study, the bond strength model as a function of 4 independent variables
namely compressive strength (fc), embedment length (Id), concrete cover(cc)-rebar
diameter (d) ratio, and ultrasonic pulse velocity (UPV) is developed using neural
network. These variables are individually represented by 4 distinct nodes in the input
layer of the neural network as shown in Fig. 18.
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Fig. 18 N 4-4-1 Three-layer feedforward network diagram

Neural network topology having 4 input nodes, 2 neurons in the hidden layer, and
1 output node is represented by N 4-2-1. Four ANN structures were developed having
different number of nodes in the intermediate layer. Feedforward backpropagation
algorithm is used as the learning algorithm in the development of the models.
Threshold criteria of 100000 cycles or an error tolerance value of 0.001 are used to
terminate the simulation process. A few number of nodes in the hidden layer is
considered to avoid overfitting in the development of the model. Early stopping in the
testing phase is also carried out to further improve the generalization of the model. It
was found out that N 4-4-1 architecture having 4 nodes in the hidden layer provided the
best performance. The overall Pearson’s correlation coefficient of the model was 0.927
and the MSE was 4.399. The final weights and biases of proposed N 4-4-1 architecture
obtained in the simulation are shown in Table 5.

Table 5 Connection weights and biases of N 4-4-1 model of corroded reinforcement

Hidden Nodes Input Layer Output
fc' lg cc/d UPVv Layer

1 -0.1876 | 8.0592 | 0.0638 | 0.0743 | -6.1375

2 -0.0047 | 0.0300 | 0.0881 | 0.2139 | 5.0476

3 -3.4944 | -12.4285 | -31.3999 | 14.3089 | 0.1668

4 1.8804 |-10.8307 | -0.3532 | 8.6813 | 0.4181
Biases  |-10.3592| -0.6929 |-23.1002 |-14.9291 | -0.7065
Rel. Impt. (%)| 1459 | 12.33 | 30.22 | 42.86

As shown in Fig.19 is the scatter plot diagram of the experimental and the
predicted values of the proposed model. Both the training and validation phases of the
model provided desirable results of the performance indicators. In the training phase,
61% of the predicted values were within £20% error with an average error of 20.60%.
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Further, only 14.97% average error was obtained from the validation phase of the
simulation with 63% of the predicted results within £20% error. These results indicate
that the model was able to provide good estimates of bond strengths of corroded
reinforcements using data beyond the calibration of the model. It is also evident in the
ANOVA test conducted that no significant difference between the predicted and actual
values. The calculated F value of 0.0006 is relatively lesser than the critical F value of
3.885 using 95% significance level. This suggests that the predicted and actual bond
strength values are statistically the same.
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Fig. 19 Corroded ANN model predictions of bond strength

Using the experimental bond strength results that were not used in the modelling
process, the performance of the proposed N 4-4-1 model was further tested and
compared with various bond models of corroded reinforcements available in the
literature. The scatter plot diagram of the experimental values and predicted results of
various models are shown in Fig. 20. It was evident that N 4-4-1 model provided the
best prediction performance among all the models considered. Majority of the points
lied very close to the perfect line having an R value of 0.992. The recorded average
error was 10.66% with 57% of the predicted values within £15% error. The maximum
and minimum errors were 36.92% and 2.66% respectively. Again, based on the results
obtained, the proposed model was able to provide satisfactory prediction results in
agreement with experimental values. The early stopping and the small number of
hidden nodes used were successful in providing a desirable generalization of the model.
Moreover, with the inclusion of UPV as one independent variable in the proposed
model, the prediction performance of N 4-4-1 was made superior in comparison with
other bond strength models of corroded reinforcements.
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Fig. 20 Comparison of the corroded N 4-4-1 model with other existing models

5.3 Sensitivity of the N 4-4-1 bond model of corroded reinforcement

The effect of each predictor was investigated through parametric analysis by
varying each parameter in isolation with the others. The geometric variations and the
corresponding predicted bond strengths are shown in Fig. 21. As observed in the
previous sections, the increase in embedment length, in general, reduces the uniform
bond stress distribution. The total pull-out force increases with bond length but when
divided with the contact surface between steel and concrete, the resulting average
stress decreases. Apparently, a consistent trend was observed for three compressive
strengths as shown in Fig. 21a. An average decrease of 0.041 MPa was observed for
every unit increase in the embedment length. This minuscule effect is consistent with
the least relative importance of 12.33% obtained in the Causal inference procedure. Fig.
21b shows the consistent behavior of the bond strength for the three compressive
strengths with increasing cc/d ratio. The growing bond strength was observed due to
the enhanced confinement of the concrete. The crack resistance was also improved
due to larger concrete cover enveloping the reinforcement. The radial tensile stress due
to the expansion of corrosion products was effectively resisted by the increasing cover
offering better adhesion of steel in concrete.
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Fig. 21 Bond behavior of corroded reinforcement with respect to geometric variations
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With reference to the inference procedure performed in the proposed neural
network, the UPV having a relative importance of 42.86% emerged the most important
among the variables considered. The amount of corrosion and crack openings in the
samples offered a significant drop in the measured pulse velocity. For severe crack
formations which were in general accompanied by excessive corrosion products, the
UPV values were extremely low. These decays in the UPV correspond to the loss in the
bond strengths attributed by the loss of adhesion in steel-concrete interface. The
damaged in the concrete continuity as measured by the UPV lessen the development
of frictional interlock resulting to immediate pull out of the rebar. With these
observations, higher pulse velocities correspond to lesser amount corrosion and slight
crack formations. The same relationship can be observed in the scatter plot diagram of
the increasing UPV and predicted bond strength of concrete as shown in Fig. 22. It was
clear that at low values of UPV which was associated with immense corrosion level and
severe crack formations, the bond strength was excessively low for all compressive
strengths of concrete. At higher values of UPV on the other hand, the cracks and
amount of corrosion were less and thus relatively more resistant against slipping of
reinforcement. Generally, a 100 km/s increase in the pulse velocity was associated with
0.59 MPa increase in the bond strength of corroded reinforcement.
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Fig. 22 Bond behavior of corroded reinforcement with respect to UPV

6. PRACTICAL APPLICATION OF THE MODEL

The derived bond strength model of corroded reinforcement can be conveniently
used to any random field application. In the proposed model, all parameters can be
obtained in the field using non-destructive test and can be used to assess structures in
random field investigation. Before calculations can be made to measure the present
bond strength of the existing and deteriorating structure, data can be obtained through
on-site field and laboratory investigations. The field investigations examine the concrete
surfaces, removed concrete cores to measure compressive strength and cover of
concrete. The crack width and corrosion level can be indirectly measured by the UPV
test. As previously discussed and in some existing literature review, the crack width and
corrosion level can be indirectly measured by the UPV values. Thus, the crack width
and corrosion level were represented by the measured UPV in the bond prediction
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eguation. Upon gathering all the necessary data, the proposed model can be used to
estimate the bond strength. If the bond strength is assumed to be roughly uniform along
the entire embedment, then it is possible to derive the necessary embedment length to
reach the desired steel yield strength at failure. This result can be compared with
minimum threshold bond requirement as described in the code. This threshold bond,
which is usually represented by the development length in the code, is necessary for
the steel reinforcement to yield at impending failure. Using ACI 318-63 to predict the
design bond stress which is a function of compressive strength of concrete and the
diameter of the embedded rebar as shown in Eq. 5, the reduction in the bond relative to
the predicted bond stress of corroded rebar can be determined. If the predicted bond
strength of corroded reinforcement is less than that of the designed bond strength to
ensure safety as indicated in ACI 318-63, then the structural member might fail. The
bond strength provided by the proposed model can also be used as one reliability
assessment component of deteriorating concrete structures in combination with design
procedures, material degradation, among others. The initial bond strength can be
estimated by conducting on-site data gathering. This value can be used as benchmark
in determining the bond strength degradation through periodic investigation. An annual
bond strength prediction can be carried out to monitor the continuous bond reduction
and compare it with threshold value as indicated in ACI 318-63. With this, a certain
tolerance can be set as indicator in which structural intervention will be necessary. The
bond loss obtained using the proposed model can be used as baseline information to
identify appropriate decision and action in carrying out maintenance or retrofitting of the
existing reinforced concrete structure.

"= 20%“ 5)

7. CONCLUSIONS

The bond strength of corroded rebar in concrete was investigated in this study.
The formation of corrosion products in rebars and cracks in concrete offered significant
effects in the bond behavior. The observed relationship was attributed to the reduced
material continuity, homogeneity, and confinement of concrete. Corrosion levels of up
to 0.27% offered increase in the pull-out resistance of corroded steel. This amount of
corrosion was sufficiently enough to fill the volume of space in permeable concrete
without imposing significant internal tensile stress. Moreover, beyond these corrosion
level, internal and surface cracks start to develop in the samples offering substantial
bond strength reduction. In general, the pulse velocity, corrosion level, and crack width
were found to be the most influencing factors in the bond strength. The neural network
model N 4-4-1 having four input nodes, four nodes in the intermediate layer, and one
output variable provided the best prediction performance among the various ANN
topologies considered. The model further demonstrated superior prediction
performance and generalization among the bond models considered in this study.
Prediction values of the model in comparison with existing design codes can be utilized
as benchmark in monitoring bond degradation in existing concrete buildings. The
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results of the model can also be used as new dimension and additional component in
reliability assessment of concrete structures.
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