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Cecielle N. Dacuan The entire cracking process of concrete induced by corrosion is of

R @ San Cart oS great importance for the performance analysis and service life
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prediction of reinforced concrete structures. A study on the correlation

of the cracking behavior of concrete due to induced corrosion, represented by crack
indices to design parameters (e.g.,concrete cover and main diameter ratio, concrete cover
thickness, and steel reinforcement diameter) was conducted to assess the durability and
serviceability of structures generally exposed to aggressive marine environments. A total
of 54-300 mm x 300 mm x 300 mm concrete specimens with a design concrete strength
of 28MPa at 28-days were cast. Corrosion was induced by immersing the specimens in a
simulated environment with a 5% sodium chloride solution. It was verified from the
experiments that specimens with higher crack frequencies deteriorated more than those
with lower crack frequencies. Moreover, the depth of the cracks was highly correlated
with the decrease in the rebar diameter. A more significant reduction in the diameter of
the steel reinforcement occurred when the width of the cracks increased. The concrete
cover thickness significantly influenced the reduction in thesteel reinforcement mass. The
concrete cover thickness and corrosion rates were positively correlated with the actual mass

of rust or corrosion products.

KEYWORDS: Corrosion rates, crack depths, crack frequency, crack geometry, crack

width, percent mass loss, massloss rate, coincident cracks, intersecting cracks.
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1. INTRODUCTION

Cement is widely used in the construction industry owing to its low cost and
availability.””) It has been used inthe construction of infrastructure, historical monuments,
power plants, bridges, air ports, and sea port facilities.™ However, a substantial number of
concrete structures experience considerable deterioration before they reach their design
service life.’” The durability of reinforced concrete structures has been a considerable
concern in structural engineering because premature deterioration affects the structural

integrity and safety of structures.”® *!

The environmental conditions in which the structures are exposed influence the
durability of most reinforced concrete structures.[*®! Structures and facilities exposed to
dynamic marine environments are subject to deterioration over their lifetimes. The most
recognized deterioration mechanism of structures disclosed in aggressive marine
environments is the corrosion of reinforcing steel deformed bars.”” Over the past
decades, corrosion has become a global problem in the construction industry.?” It has
been perceived as a detrimental factor in the deterioration of the serviceability and
durability of reinforced concrete structures, particularly those exposed to marine

environments.[*®

The deterioration of structures has a considerable cost associated with it.*®! Corrosion-
damaged structures require sufficient amounts for repair and maintenance.*® Ignoring the
problem of corrosion poses a penalty for the financial aspect or loss of human lives.!*!
Thus, it is important to understand the effects of corrosion on the performance of

reinforced concrete structures.

Considering its porosity and diffusibility, the quality of concrete mixtures influences the
ingress of deleterious substances such as chloride, which compromises the embedded
reinforcing steel. Facilities in port areas, particularly pile-supporting wharves, are at risk
of chloride attack.®? The intrusion of chloride into steel- reinforced concrete is
considered the main reason for the durability deterioration of structures in marine
environments.!*®! This is the onset of corrosion issues for the concrete member, resulting
in the propagation of cracks and degradation of the steel reinforcing strength.!*®! Cracks
induced by corrosion provide pathways for the ingress of chloride ions, moisture, and
oxygen through the concrete cover.™ The intrusion of aggressive agents, particularly the

diffusion of chloride, primarily influences the corrosion of steel reinforcements. When the
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accumulated chloride reaches a threshold value of 1.20 kg/m?®, the alkalinity of concrete
is altered by the passive film formed over the steel surface.l** Corrosion products in the
form of rust cause an expansion of 5 to 10 times its original volume.! It pushes the
concrete interface, which leads to the formation of cracks on the concrete surface.* The
presence of cracks induced by corrosion accelerates the intrusion of atmospheric carbon
dioxideand provides a quick and effective passage for corrosive agents, such as chloride

ions, into the reinforced concretemember.®!

The entire cracking process of concrete induced by corrosion is of great importance for
the performance analysis and service life prediction of reinforced concrete structures.!*”
Cracks induced by corrosion generated in concrete surfaces are known as one of the
serviceability limit states of reinforced concrete structures.® This is because reinforced
concrete structures deteriorate faster with cracks induced by corrosion and affect their
serviceability compared to their safety and strength.®*! Furthermore, cracks affect their
ultimate limit state under heightened corrosion conditions.

Significant crack indices include crack frequency, crack width, crack depth, and crack
orientation or geometry. Crack frequency, by definition, is the number of cracks per
specific length. The crack width is a function of the crack frequency.®Y This is the
primary indicator of the corrosion risk. The limiting crack width prevented reinforcement
corrosion.®! With an increase in the chloride diffusion due to the increase in crack width,
the crack depth also increases, and the accumulated corrosion in steel likewise
increases.’?”! However, Lopez-Calvo et al. stated that crack width values are not reliable
indicators of the anticipated corrosion of the reinforcement and consequent

deterioration.™*!

Crack geometry is the orientation of cracks that appear on the surface of the concrete.
For cracks near the steel reinforcement, these cracks initiated in a transverse position
surrounding the circumference of the steel reinforcement. These transverse cracks are
known as intersecting cracks, while other crack orientations, which are longitudinal
cracks, are known as coincident cracks.®! Longitudinal cracks suggest the critical
development of corrosion in steel reinforcements. These longitudinal cracks are more

dangerous because a larger surface area of the steel reinforcement is exposed.

The concrete cover thickness significantly influences the crack indices.® It plays an
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essential role in the protection of the reinforcing steel of the concrete structure by
significantly increasing its resistance against deterioration due to chloride attack.*®
Houston et al. stated that the protection of concrete structures against corrosion is directly
related to the depth of the cover over the reinforcement.*®! In most design codes, an
adequate concrete cover is recommended. A concrete cover of approximately 50 mm is
considered acceptableeven under service loads considering cracks on the concrete surface.
Furthermore, it was observed that a thicker concrete cover resulted in lower crack
frequencies. Together with the sound and good quality of concrete, increasing the
concrete cover is the most practical means to protect steel reinforcement against
corrosion.” However, Lopez-Calvo et al. observed that the concrete cover had no
apparent influence on the surface crack widths. Moreover, Pettersson et al. stated that
crack widths and concrete cover thickness have insignificant effects on concrete

resistivity against corrosion and corrosion rates.

The ratio of "concrete cover to the main reinforcement diameter" (c/d) ratio plays an
essential role in the load- carrying capacity of deteriorated concrete columns.® It is a
more definitive parameter for protection against corrosion than either the cover or bar
diameter.?® The c/d ratio is significantly correlated with the rate of corrosion.™™! Moreover,
the relationship between the mass loss, penetration rate, and c/d is linear® When an
increase in c/d was achieved, the rate of corrosion decreased. However, the c/d ratio and
bar diameter did not influence the crack width evolution as a function of the steel cross-

section loss.

Numerous studies related to the corrosion of steel in concrete can be found in the literature,
but very few have triedto determine the influence of crack indices on the corrosion rates of
steel reinforcement, such as the critical amount of corrosion required to produce the first
crack, the influence of the c/d ratio on crack formation, and corrosion rates of the steel
reinforcement. Ratio of concrete cover to steel diameter (c/d) on the crack formation and
corrosion rates of steel reinforcement, particularly of wharf facilities that are severely

exposed to marine water.

This lack of knowledge is one of the basic reasons why the residual services of corroded-
damaged structures havenot yet been fully achieved. Therefore, a thorough investigation
of the cracking process is necessary, particularlyfor the critical indices and parameters for

the design and assessment of reinforced concrete structures.
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This study fills the gaps in the knowledge of the effects of cracks and steel reinforcement
corrosion on the durability of reinforced concrete structures. It examined and evaluated
the correlations of crack indices, concrete cover, concrete cover ratio, and steel
reinforcement diameter with the rates of corrosion. The influence of corrosion rateson the

serviceability and deterioration of the corroded damaged structure were determined.

Experimental methods and procedures were performed with this study. Galvanostatic
method was used in accelerating corrosion with artificially controlled environment. Data

were collected during and after the acceleration of corrosion.

2. MATERIALS AND METHODS

2.1. Research Flow Chart

The following items of work were performed with the design experimental program:
Materials and variables characterization, galvanostatic methods of corrosion acceleration
methods, and measurement of corrosion indices and research variables. Figure 1 presents

an overview of the research methodology.
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Figure 1: Research flow chart.

2.2. Specimen Preparation. The concrete was designed according to the ACI-211 mix
proportion for the Class AA mixture, as shown in Table 1. Table 2 summarizes the materials
used in the designed concrete mix. The water- to-cement ratio is 0.45. The ratio of 0.45,
based on the maximum permissible water-to-cement ratio for concrete exposed to severe

exposure to seawater.™
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Table 1: Materials proportion of designed concrete mix.

Cement | Sand | Gravel Water / Cement ratio
1 1.63 2.12 0.45

Table 2: Materials of Concrete Mixtures.

Material Kg per m° of concrete
Cement 463
Fine Aggregates 754
Coarse Aggregate 982
Water 185

A cube specimen of 300 mm x 300 mm x 300 mm was cast with the specimen description

shown in Table 3.

A total of 54-300 mm x 300 mm x 300 mm specimens were cast with the specimen design,

as shown in Table 3.

These specimens were singly reinforced longitudinally with a 500 mm-long deformed bar.
Three bar diameters (16, 20, and 25 mm) were used with three concrete cover thicknesses
(35, 50, and 70 mm).

Table 3: Specimen Design.

Specimen Rebar diameter Cover thickness
ID (mm) (mm)
I-A 16 35
I-B 16 50
I-C 16 70

I-A 20 35
11-B 20 50
I1-C 20 70
II-A 25 35
I11-B 25 50
I1-C 25 70

After 24 h, the cast specimens were demolded and immersed in potable water for curing for
28 d based on ASTMC192. Fig. 2 shows the details of the specimens, and Fig. 3 shows

photographs of the actual specimens.
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Figure 3: Photos of actual specimens.
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2.3. Accelerated Corrosion Program The galvanostatic method was used to accelerate
the corrosion of the reinforcing steel with a constant current density of 50 Ampere/cm?.
After 28 days curing period, the sample specimens were partially immersed in a 5% NaCl
solution as a simulated environment for a period of 1 year. Everyten days, the specimens
were subjected to acceleration for 30 min. During the acceleration procedures, the copper
wire was connected to the negative pole, and the other wire was connected to the positive

pole of the power supply. Fig. 4 shows a schematic of the galvanostatic method.

Deformed rebar

s 2 I R — Electric Wires
(© varies-16mm,20mm,25mm) Electric Wire

Fower Suppiy

Volts (Vanes)
3 ( ) Electric Wires
5% NaCl by Weight /
— |

Cube Specimen

Container
(Anode) e

Steel Mesh (Cathode) —

Figure 4: Galvanostatic Method Set-up.

2.4. Data Gathering. Crack development was monitored by measuring the crack widths
using a crack ruler with the smallest reading of 0.001 mm. The development of each
crack was recorded. The trends of the different surfaces of the specimens were also
monitored. Crack patterns were collected over time. The weight of each specimen before
and after corrosion acceleration was noted. The reduced diameter was determined from

the weight of each corroded baresteel rebar.

Owing to the irregularity of the bar diameter, the actual residual area of the corroded bar

and its reduced diameterwere estimated by the weight of the rebar after acceleration.

Actual area = W1/ (L x yiron) (1)
Where:

W1 = weight of the reinforcement after corrosion and rust removal (g)
L = is the length of the specimen (mm)

yiron =0.00785 g/mm?®

The actual mass of rust per unit surface area in accordance with ASTM G1 on rebars
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extracted from the concrete specimen after the accelerated corrosion test was computed as

follows.
Mac = Wi-W7)
nDL (2)
Where:
Mac = actual mass of rust per unit surface area of the bar (g/cm?)
Wi = Initial weight of the bar before corrosion (g)
Wt = Weight after corrosion (g) for a given duration of induced
corrosion (t)
= Diameter of the rebar (cm)
L = Length of the rebar sample (cm)

Rate of corrosion was determined using corrosion current density, icorr.

foorr = g ©
Where
Icorr = corrosion current density (LAmp/cm?)
Mac = actual mass of rust per unit surface area of the bar (g/cm?)
F = Faraday’s constant (96487 Amp-sec)
EW = Equivalent weigth of element (27.925 for steel)
t = time of accelerating corrosion (sec)

Corrosion rates was also determined in terms of Penetration rate, designated as PR.

PR =K (leor/p) EW (4)
Where:
PR = Penetration rate (mm/year)

Icorr = corrosion current density (LAmp/cm2)

K1  =3.27x10-3 mm g/pA cm.yr

p = 7.85 g/cm3 for steel (density)

EW = -equivalent weight of element (27.93 for steel)

Mass loss rate was also determined using the formula.
MR = K2 icorr EWg/m®d (5)
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Where:

MR = Mass loss rate (g/m?d)

icorr = corrosion current density (LAmp/cm?)

K2 = 8.954 x 10 g.cm?/pA m? d

EW = Equivalent weigth of element (27.925 for steel)

From the penetration rate formula, designated as PR, the equivalent real time in years and
days was determinedbased on the accelerated time in minutes.”]

Accelerated real-time (years) = loss in diameter/PR (6)

Degree of corrosion, designated as Cdeg was calculated as.
Cdeg = (Wi — Wf)/Wi x 100 7)

Where: Wi = is the weight of the bar before Corrosion (g)
WH = is the weight of the bar after Corrosion (g)

2.5. Time required to produce the first crack. The empirical equations suggested by
Makhlouf and Malhas were used to predict the time to cracking. It was assumed that
cracking of concrete would first occur when there is a certain quantity of corrosion

products formed on the reinforcement.

The time for cracking to occur and the critical mass of the corrosion products were

calculated using the followingformulas.

Ter= Qcr/icorr (8)
Qcr=  0.602 d(1+2c/d)*® (10™g/cm?) (9)
Where:
Ter = Time for cracking (days)
Qcr = critical mass of corrosion products (10™*g/cm?)
c = concrete cover (mm)
d = diameter of reinforcing steel bars (mm)
icorr = corrosion current density (LAmp/cm?)

The critical mass of the corrosion product Qcr is the amount of corrosion when concrete

cracks.
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3. RESULTS AND DISCUSSION
The following section discusses the correlation of each crack index with the different

variables used in the experiments.

3.1. Crack Frequency. The concrete cover thickness affects the durability of reinforced
concrete structures.[®! Ittypically protects the embedded reinforcement against corrosion
owing to the high alkalinity of concrete.””®! The high pH value of concrete acts as a
barrier to the ingress of aggressive elements such as chloride in a marine environment.!*”?
However, the intrusion of deteriorating chemicals, such as chloride, to the reinforcing
concrete causes corrosion of the steel rebar. Corrosion products in the form of rust cause
expansion at the interface between the concrete and steel rebar. It expands by
approximately three (3) to five (5) times its original volume. Owing to the volume
expansion of the steel rebar, the concrete interface was pushed, and cracks eventually

formed on its surface.

Several crack indices induced by corrosion affect several corrosion parameters and
variables. The crack frequency is a crack index induced by corrosion caused by chloride
attack. The crack frequency is the number of cracks that appear on the specified surface of
a specimen.® Crack frequency is a fundamental factor that influences the amount of
corrosion.”! The generation of multiple cracks indicates more pathways for the
deteriorating agents to penetrate the concrete surface. This pathway allows the entry of
water, oxygen, and chlorides, which accelerates the decomposition of the steel rebars into

its original state, which is rust.

60 —

Concrete Cover

O 35mm thick
S0 — #2 S0mm thick

O 70mm thick

Crack Frequency
8
|

20 =

Diameter of Steel Rebars:
I Grmm

““““““ 20mm
25mm

-0.2 0 0.2 0.4 0.6 0.8 b 1.2 1.4
ieorr (LA MPpere/cm?)

Figure 5: Correlation of Crack Frequency and Corrosion Rates.
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As shown in Fig. 5, a thicker concrete cover (70 mm thick) had the least number of
cracks, whereas a thinner cover (35 mm thick) had a higher number of cracks in each
group of specimens. A more significant number of cracks appeared as the concrete cover
became thinner, while more profound covers implied fewer cracks. The crack frequency
is inversely related to the concrete cover thickness. The 35 mm concrete cover thickness
has 18-52 crack frequency, 50 mm concrete cover has 10-44 crack frequency, and 70 mm
concrete cover thickness has 5-31 crack frequency. The crack frequency increased by
approximately 30% when the concrete cover thickness decreased from 70 mm to 50 mm.
From the above figure, it was verified that a thicker concrete cover provides more
profound protection for the embedded steel reinforcement. The concrete cover should then
be increased to reduce the number of crack frequencies. Thus, according to Lopez-Calvo
et al., the effectiveness of concrete protection depends greatly onthe concrete thickness,
and a thickness of 25 mm and 45 mm provides significant protection to the embedded
steel.['¥]

The sizes of the deformed steel reinforcements also influenced the deterioration rates of
the reinforced concrete structures. As shown in Fig. 5, the group of specimens with a
smaller reinforcement diameter (16 mm @) had the highest crack frequency compared to
specimens with a larger diameter (25 mm @) reinforcing steel bars.

The 16 mm-diameter deformed steel reinforcement has a lower resistance to corrosion. A
higher corrosion rate immediately leads to the formation of corrosion or rust on the steel
itself. Rust products cause de-bonding between the interface of the steel and concrete and
allow cracks to be generated on the surface of the concrete. The group of specimens with
16 mm diameter reinforcement had a minimum 30- crack frequency and a maximum 50-
crack frequency. A 30-cracks frequency corresponds to a 0.63 pA/cm? corrosion rates
(icorr), while 50 the crack frequency has a 1.08 pA/cm? corrosion rates (icorr). Steel
reinforcement with a diameter of 20 mm has an in-between lower resistance to corrosion.
A group of specimens with 20 mm diameter steel deformed rebars obtained a minimum 20-
crack frequency and a maximum of 40 crack frequencies. It has corrosion rates (icorr) in
the range of 0.21-0.40 pA/cm?). The 25 mm-diameter reinforcement rebar has a higher
resistance to corrosion. The specimens had a minimum 5- crack frequency and a
maximum 20- crack frequency. It has corrosion rates (icorr) in the range of 0.023- 0.13 --

2

pA/cm®. The crack frequency of the specimen with 16 mm @ doubled the crack
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frequency of the specimenwith 25 mm @ rebars. The corrosion rates of the 16 mm-
rebars tripled increased with the 20 mm reinforcement, andincreased eight times with 25

mm reinforcement diameter bars.

As verified from the experiments, in general, specimens with higher crack frequencies
have higher rates of corrosion, icorr (pA/cmZ), whereas specimens with lower crack
frequencies have lower corrosion rates. The corrosion rates of the samples with multiple
cracks were higher than those of the specimens with fewer cracks. Higher corrosion rates
of steel reinforcement cause the concrete surface of the specimen to crack with multiple
numbers, which in turn leads to a high risk of deterioration. According to Arya and Darko,

decreasing the corrosion rate reduces the crack frequency on the concrete surface.!

Furthermore, the deterioration of reinforcement rebars is significantly related to the crack
frequencies and concrete cover thickness, which should be used as a basis for considering
its serviceability. This study verified that having the highest crack frequency provides
several pathways for the deteriorating agents to penetrate and depassivate the embedded
steel rebars. A thicker concrete cover provided significant protection by reducing the crack

frequencies on the concrete surface.
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L 32 50 mm thick
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Figure 6: Correlation of Crack Frequency and Mass Loss (%0).

From Fig. 6, the percent mass loss is higher for the group of specimens with 16 mm @&

reinforcement and lower for the group with 25 mm @ reinforcement. The group of
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specimens with a higher crack frequency exhibited a higher percentage of weight
reduction. A higher crack frequency allows a more definitive passage of deteriorating
agents to the surface of the concrete and leads to the imminent deterioration of steel
rebars.

A specimen with a smaller reinforcement diameter (16 mm @) suffered a significant
reduction in its mass because it has a higher crack frequency that has formed on the surface
of concrete. It has a crack frequency in the range of 30-50, and it has a percent mass
reduction of 3.70-6.23. The specimen with 20 mm & deformed bars has a crack frequency
of 20- 40, and it has a percent mass loss of 0.98-1.87. The specimen with 25 mm @
deformed bars had a crack frequency inthe range of 5-20, with a percent mass loss of
0.09-0.50.

Doubling the crack frequency formed on the concrete surface doubled the reduction in its
mass. The percent reduction in rebar weight was significantly influenced by the crack
frequencies formed on the concrete surface. A significant number of crack frequencies led
to a higher percentage of mass loss in the steel reinforcement bars. The results affirmswith
Giordano, L., et al., that corrosion is significantly influenced by crack frequency rather
than by their crack width or its opening value.*? This is because a number of cracks
indicate more pathways for the deteriorating agents topenetrate and destroy the state of the
reinforcement rebars, which affects the concrete surrounding the concrete. Thus, the crack
frequency significantly influenced the rate of deterioration of the structures.
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Figure 7: Influence of Crack Frequency to Time of Cracking of Concrete Specimen
(days).
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In Fig. 7, a concrete specimen with a smaller diameter (16 mm) takes a shorter number of
days of accelerating procedures for the formation or creation of cracks on the concrete
surface, while larger reinforcement diameters (20 mm and 25 mm) took a longer period
of accelerating corrosion before cracks formed on the surface of the concrete. For the
group of specimens with 16 mm @ rebars, within a period of 8 days of corrosion
acceleration, cracks immediately appeared on the surface of the specimen with a thinner
concrete cover (35 mm). With the same diameter (16 mm) and with a thicker concrete
cover (70 mm), it took 15 days to accelerate corrosion before cracks were observed on
the concrete surface. For a group of specimens with 20 mm @ steel reinforcement, a 14
days period of accelerated corrosion before cracks appeared on the surface of concrete
with a thinner cover of 35 mm. It takes 24- days to accelerate corrosion before cracks
form with a 70 mm concrete cover. For the 25 mm @ steel reinforcement, it takes 23 days
period of corrosion acceleration before cracks form with a 35 mm concrete cover. With a
thinner concrete cover (70 mm), a corrosion acceleration of 39 days is required for the

cracks to form on the concrete surface.

Furthermore, as verified in Fig. 7, the diameter of the steel reinforcement and concrete
cover thickness influence the generation of cracks during the day period of the corrosion
acceleration procedures or techniques. Cracks provide a passage for the deteriorating
agents to penetrate the surface of concrete; once it reaches the reinforcement steel, it
destroys the passivation between steel and concrete, eventually leading to the formation
of a rust and corrosion. Inturn, the corrosion products cause cracking on the surface of

the reinforced concrete specimen.

As revealed from the experiments, the crack frequency allows faster and easier penetration
of deteriorating agents tothe surface of concrete. Furthermore, the diameter of the steel
reinforcement influenced the probability of deterioration of the concrete specimen. A
smaller reinforcement diameter has a higher rate of corrosion; it takes a shorter period of
accelerating corrosion for the formation of cracks on the concrete surface. A larger
reinforcement diameter has a lower corrosion rate, and it takes a longer period of

accelerating corrosion before cracks form on the surface of the concrete specimens.

3.2. Crack Width. Crack width is one of the most practical indices for the design and
assessment of reinforced concrete structures.*™ It is an essential index used to determine

the durability of reinforced concrete structures.®" It is desirable to predict the growth of
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the crack width over time so that a better informed decision can be made concerning the
repairs due to concrete cracking. In addition, accurate prediction of crack width can
allow timely maintenance, which prolongs the service life of reinforced concrete

structures.*4
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Figure 8: Correlation of corrosion rate and crack widths.

Concrete cover, which typically protects the embedded steel, influences the width of the
cracks generated on the surface of the concrete.  As shown in Fig. 8, a thicker concrete
cover (70 mm) has a wider crack opening compared with thinner concrete covers (35 mm
and 50 mm), which has a smaller crack opening. An increase in the concrete cover
thickness eventually increases the maximum crack width. The crack width decreased
when the concrete cover was reduced. The width of the crack opening is linearly related to
the concrete cover thickness. As the concrete cover increased, the crack width also
increased, and the analysis was the same for all sizes of steel reinforcement diameters. The
thicker concrete cover had a wider crack because it had a slightly longer period (time) to
travel and penetrate the concrete surface before reaching the embedded steel; as the cracks
propagated, their width also widened in a V-shaped form, pointing outward from the
position of the steel reinforcements. According to the study by Jin et al.. al, a thicker
concrete cover can retard the initial cracking but will promote the propagation speed of

corrosion cracks.*¥!

According to Makhlouf & Malhas, the use of a 50 mm concrete cover leads to acceptable

levels of crack widths evenunder service loads.?!
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Smaller reinforcement diameters have higher corrosion rates, whereas larger-diameter
reinforcements have lower corrosion rates. A specimen with a smaller reinforcement
diameter (16 mm @) accumulated a crack with wider openings and was in great range
compared to other specimens with larger reinforcement diameters (20 mm @ and 25 mm
@). The group of specimens with 16 mm @ reinforcement had a range of crack widths of
0.11 mm-0.31 mm, it has corrosion rates in the range of 0.63-1.07 pAmp/sec. Specimens
with 20 mm @ reinforcement have a range of crack widths of 0.016 mm-0.17 mm and
corrosion rates in the range of 0.15-0.40 pAmp/sec. Specimens with 25 mm @
reinforcement have a range of crack widths of 0.003 to 0.05 mm, and they have corrosion
rates in the range of 0.02- pAmp/sec. As shown in Fig. 9, as the corrosion rates increased,

the crack widths increased, and it doubled its value or opening.

Furthermore, in each group of different diameter sizes, the initial crack widths observed
were large; however, with further increase in corrosion rates and even a reduction in
concrete cover thickness, crack openings were stuck or remained at the observed value of
smaller openings compared to the initially observed wider value of openings. From the
gathered data, the specimen with 16 mm @, the observed maximum crack width was 0.31
mm with 0.63 pAmp/sec. However, the minimum crack width (0.11 mm) has a high
corrosion rate of 0.96 pAmp/sec. Similar to the20 mm and 25 mm @ reinforcements, the
initial recorded specimen had wider crack openings with lower corrosion rates. The
corrosion rates of specimens with the same diameter reinforcement are not constant; thus,
several cracks have different crack widths or openings that have formed. The verified
results suggest that the corrosion rates do not predict the width of cracks that will form; it
is the resistance of different reinforcement diameters used, which will provide a
significant correlation with the crack width or opening size. Thus, the corrosion rates
were not correlated with the widths of the cracks induced by the corrosion acceleration.
However, contradicting the results reported by Lin et al.. al., the surface crack width is

closely correlated with the corrosion level ¥

WWW.wijert.org I1SO 9001 : 2015 Certified Journal 210




Dacuan et al. World Journal of Engineering Research and Technology

7 —
Conorete Cover
O ¥5mm thick
¥ S0mm thick
O Tk thick

5 —=

E 4
8
=
3
=
-
= <
a e
| i
Desmeoter of Siccd Rk
[ ‘HoH et o S Rebar
_______ p:
| %ES\D St 3
O | | | | | i
- [v] [z DOE (1K I (1B 17 oz 024 [0 o33

Crack width [mm)

Figure 9: Effect of Crack Width on Percent Mass Loss.

It was verified from Fig. 9 that a group of specimens with 16 mm @ reinforcement had
the highest reduction in its mass, compared with other groups of different reinforcement
diameters (20 mm @ and 25 mm @). Likewise, data obtained with 16 mm @ were more
scattered compared to the other groups. For 16 mm @ steel rebars, the loss in mass is
3.70%; for 20 mm @, the loss is mass of 0.98%, and for 25 mm @, the mass loss is
0.08% with a 0.05 mm crack width. Steel rebars with smaller diameters have a lower
resistance to corrosion; thus, it suffered a huge reduction in itsmass as it turned into rust
during its disintegration. Wider crack opening leads to continuous and faster
disintegration of the steel reinforcement until its mass reduces significantly. In addition,
as shown in Fig. 9, the thickness of the concrete cover influences the generation of crack
width and the reduction of its mass. A thicker concrete cover acquired wider crack
openings, but it had a lower percentage of mass reduction. The results were consistent

with thoseof the other two groups with reinforcements of different diameters.

During the initial period of accelerating corrosion, the higher reduction in the mass of the
steel rebar corresponded tothe wider crack openings of the concrete specimen; however,
with further increase in crack widths, the percent mass reduction of steel rebars was
observed to decrease. In the initial period, a significant loss in mass was observed;
however, during the propagation period, the width of the cracks further increased, but the
mass loss reduction decreased. For the 16 mm @ steel rebars, a 0.31 mm crack width has
a mass loss of 3.70%, while a 0.11 mm crack width has 5.60% mass loss; for 20 mm &, a

0.17 mm crack width has a mass loss of 0.98%, while a 0.03 mm crackwidth has a mass
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loss of 1.63%; and for 25 mm &, a 0.05 mm crack width has a mass loss of 0.08% , while

a 0.003mm crack width has a mass loss of 0.55%.

The results reveal that the crack width significantly affects the loss of its percent mass
owing to the corrosion of steel rebars only at the initial crack propagation. The lower
reduction in the percent mass loss with wider crack widths suggests that the crack width
has no significant correlation with the reduction in its mass during the propagation
period. Based on the study by Bhaskar et al.. al., great increase of weight loss of steel is
on 0.20 mm crack width compared to 0.20 mm-0.40 mm crack widths, which implies that
crack itself influences corrosion more than the crack width itself.l”! This indicates a
nonlinear relationship between the crack width and the degree of corrosion. Thus, the
crack width does not influence the reduction in its percent mass on the remaining service
life of the specimen. If the crack width opening is narrower or broader, it can still cause a
greater reduction in its mass during its service life. However, the crack width
significantly influences the bond reduction of steel and concrete, which leads to an
immediate spalling of the concrete cover. The deterioration of concrete with wider cracks due

to corrosion similarly illustrates the collapse of the structures with no reinforcement.

3.3. Crack Depths. In general, the rate of corrosion of a smaller reinforcement diameter
is higher than that of larger- diameter steel reinforcements. The smaller diameter of the
steel reinforcement (16 mm) was less resistant to deterioration. As corrosion acceleration is
successful in promoting rust in steel, cracking occurs on the surface of the concrete cover.
Pathways established through crack opening for deteriorating agents penetrate the
concrete surface. Cracks on the concrete surface allow the deteriorating agents to penetrate
the concrete surface. The depth of the passage formed was the depth of the cracks. The
depths of the cracks formed on the concrete surface were linearly related to the amount of

diameter loss of the steel reinforcement.
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Figure 10: Correlation of Crack Depth with Corrosion Rates.

The corrosion rates significantly predicted the depths of the cracks that formed on the
concrete cover. Specimen with 16 mm @ has a lower corrosion rate and produces crack
depths in the range of 0.28 mm-0.51 mm; 20 mm @ has an average corrosion rate that
produces crack depths in the range of 0.07 mm-0.19 mm; and 25 mm @ has a lower corrosion
rate and produces crack depths in the range of 0.004 mm-0.07 mm. The corrosion rates
exhibited a linear correlationwith the crack depth. The depth of passage for pathways of

deteriorating agents increased by almost 60% with an increase in the corrosion rate.
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Figure 11: Correlation of Crack Depth & Percent Mass L0ss.
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As shown in Fig. 11, the mass loss of the steel reinforcement increased with an increase in
the crack depth. The crack depth has a linear correlation with the percent reduction in the
mass loss. The deeper the crack, the deeper the deteriorating agents can penetrate the
specimen, and the greater the percentage of mass loss the rebar specimen obtained. The
specimen with a maximum crack depth of 0.51 mm has a mass loss of 6.23%; the
specimen with a minimum crack depth of 0.27 mm has a mass loss of 3.32%. The results
show that the percentage loss of mass of rebar specimens is highly correlated with the
depth of cracks.

The group of specimens with a smaller reinforcement diameter (16 mm) had a large
range of crack widths and the highest percentage of steel weight reduction. 16 mm @&
suffered a great reduction of its mass and a depth of cracks onthe concrete surface with
range of 0.28 mm-0.51 mm.; 20 mm @ has a cracks depth with range of 0.07 mm-0.19
mm; and 25 mm @ has a crack depth with range of 0.004 mm-0.07 mm. The specimens
had different ranges of cracks owing to the concrete cover thickness (35 mm, 50 mm,
and 70 mm). It was verified that thinner concrete covers allowed the cracks to penetrate
faster and obtained the highest percentage reduction in its mass. Thus, a significant crack
depth indicates a significant reduction in the steel reinforcement weight and a significant

deterioration in the structures.

3.4. Crack Geometry. With successful acceleration procedures through the galvanic
corrosion acceleration technique, cracks form initially at the outer surface of the concrete
circumscribing the steel rebars. Cracks induced by corrosion that immediately appear
surrounding the steel rebar are known as intersecting cracks. The intersecting cracks
propagated outward. With further propagation, as it reached the other side of the cube
specimen, coincident cracks succeded in the process, as illustrated in Fig. 12.

Cracks induced by corrosion formed in the surrounding circumference of the exposed
steel rebar, but this typically occurs in another way. Owing to the harsh environmental
elements, hairline cracks formed and propagated on the concrete surface and penetrated
the embedded steel reinforcements. The hairline cracks penetrated the concrete surface in
the transverse direction. As it reached the steel rebar, the pH value decreased, and the
passivation between the concrete and steel rebars was destroyed. Rust will form, and
because rust products are more than three times the original volume of the steel, it will

push the concrete at its nearly face, and eventual cracks will continue to grow at the
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circumference of the steel surrounding concrete inside the covering concrete. The
intersecting cracks propagatedin an outward direction toward the outer concrete surface.

As it reaches the outer surface, it propagates longitudinally.

Intersecting cracks are also known as transverse cracks, whereas coincident cracks are
known as longitudinal cracks. Longitudinal cracks are more critical for deterioration than
transverse cracks because they expose a more profound surface area to the steel rebar.
Intersecting cracks can shorten the initiation period because they provide pathways forthe
deteriorating agents to penetrate the steel rebar. Longitudinal cracks shorten the designed
service life of the structures because they can lead to concrete spalling when the width of
the cracks increases further. Longitudinal cracks are more likely to appear with higher
corrosion rates than transverse cracks.?? As verified in this study, intersecting cracks
appeared significantly owing to the higher corrosion rates. Longitudinal cracks are
evidence ofthe critical development of corrosion in reinforcing steel rebars of reinforced

concrete structures.

Transverse crack —\
(Intersecting cracks)

Transverse crack
(Intersecting cracks)

Longitudinal crack

(Coincident cracks) Longitudinal crack

(Coincident cracks)

Figure 12: Crack Initiation & Propagation.

3.5. Ratio of concrete cover to steel bar diameter (c/d). (c/d) is a useful guide for
estimating the corrosion resistance of steel in concrete.”® As shown in Fig. 13, as the
ratio of the concrete cover (c/d) decreased, the corrosion rate increased. The value of c/d
decreases with a reduction in the concrete cover thickness for all steel reinforcement
diameters. A thinner concrete cover has a higher corrosion rate than a thicker concrete cover.
A thicker concrete cover provides significant protection against corrosion because of its

higher corrosion resistance.
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Furthermore, with the same concrete cover, a smaller reinforcement diameter (16 mm) had
the highest c/d ratio and the highest corrosion rate. Increasing the concrete cover
decreased the c/d and corrosion rates. Based on the study by Houston et al.. al., greater
corrosion protection was provided with high c/d values, and good protection was
providedby c/d values greater than 3.0.%! According to Ravindrarajah and Ong, a larger
diameter bar with reduced cover thickness produced a higher degree of corrosion in

comparison with smaller diameter bars with larger cover.?!
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Figure 13. Effects of c/d to the rate of corrosion of steel rebar.

3.6. Time required to produce the first crack. Predicting the time of cracking induced
by corrosion is an essential factor used in the prediction of the serviceability life of
corroded reinforced concrete structures, particularly pier portfacilities, which are severely
exposed to aggressive marine elements. The time of corrosion initiation and corrosion
rates are the two factors that influence the deterioration of structures exposed to an
aggressive marine environment. The two deterioration factors are also related to the

residual capacity of the corroded structures.
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Figure 14: Influence of amount of corrosion to time of cracking.

A critical amount of corrosion Qcr is the weight per square unit of rust that has formed
from the decomposition of the steel rebars due to the deteriorating agent, and it causes the
formation of initial cracks on the surface of the concrete, which embeds the steel
reinforcement. It is the amount of corrosion products that add up to the original volume of
the steel and cause expansions on its concrete surfaces. The critical amount of corrosion,
Qcr, significantly affected the cracking time of the specimen. An increase in the amount of
corrosion that accumulates in a certain period causes cracking and eventually spalling of

the concrete cover.

The concrete cover thickness also affected the generation of cracks on the concrete
surface. This shows that the cracking time of the reinforcement concrete is linearly
correlated with its cover thickness. A thinner cover will cause immediate cracking of the
concrete surface and a thicker surface pending the years (days) for cracks to appear on the
surface of the concrete reinforcement. The specimen with the highest corrosion rates
produced a large quantity of rust products in a short period of time and immediately

cracked its surface.

According to Chun-Qing et al., the corrosion current density is the most important single
factor that affects both the cracking time and the growth of crack width.**! For the group

of specimens with the lowest corrosion rates, it takes a longer time for cracks to appear on
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the surface of the concrete specimen. A 16 mm @ reinforcement with a 35 mm concrete
cover thickness has a critical amount of 39.82 g/cm?, which causes crack formation within
an 8-days period only. It requires 66.49 g/cm? of corrosion for the generation of cracks on
the surfaces of concrete specimens for approximately 14-days days, but with a 70 mm-
thick concrete cover. For a 20 mm @ with a 35 mm-thick concrete cover, it requires a 14-
days to promote a critical value of 43.05 g/cm? before the appearance of the cracks. A
maximum of 24-days with a 70 mm-thick concrete cover to generate a critical value of
70.44 g/cm? to promote crackson the entire surface of the concrete specimen. For a 25 mm
@ with 35 mm-thick cover thickness, it requires days to produce 46.84 g/cm? amount of
corrosion products, and a 39-days of acceleration with a 70 mm-thick cover thicknessto
produce 74.77 glcm? critical amount of corrosion to generate cracks on all of its surfaces.
It was verified that the corrosion rates influence the generation of critical amounts of

corrosion and the initial cracking time of the reinforcedconcrete specimens.

3.7. Corrosion level to produce the first crack. The amount of corrosion is a crucial
factor that can be used to predict the residual safety and serviceability of reinforced
concrete structures. The key factor in the life of concrete structuresis the amount of steel
corrosion when the concrete covers cracks.® Concrete cracking is usually identified as a
serviceability limit state, and the critical amount of corrosion products is important in the

assessment of the serviceability of corroded reinforcement steel rebars.
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Figure 15: Corrosion level vs.critical amount of corrosion.

WWW.wijert.org I1SO 9001 : 2015 Certified Journal 218




Dacuan et al. World Journal of Engineering Research and Technology

As shown in Fig. 15, the concrete cover thickness affects the percentage of corrosion.
The thinner concrete cover (35 mm) had the highest percentage of corrosion level
compared with the thicker concrete covers (50 and 70 mm). It alsoinfluences the critical
amount of corrosion, and a thicker concrete cover has the highest amount of critical
corrosion. The smaller reinforcement diameter (16 mm @) had the highest corrosion level
but had a smaller critical amount of corrosion compared with the 20 mm and 25 mm steel

reinforcement diameters.

From the results, a growth of approximately 39.82 g/cm? to 46.84 g/cm? of corrosion
products in a group with 35 mmcover thickness led to the development of cracks on the
concrete surface. It induces a visible crack of 0.004 mm width with a corrosion level of
1.26%. In a group of 50 mm-cover thickness, a critical value of 51.50 g/cm® to  55.14
g/lcm?, it induces a visible crack of 0.006 mm with a 0.44% corrosion level. For a cover
thickness of 70 mm, a critical value of 66.44 g/cm? to 74.79 g/cm? induces a visible crack
of 0.014 mm with a corrosion level of 0.27%.

A growth of 0.10 to 0.20 mm thick corrosion products was sufficient to develop cracks
on the surface of the concrete.’®) A rebar cross-section reduction of only a few
micrometers is required to induce cover cracks (0.10 mm width) under the conditions of
the specimens.® A radius loss of approximately 15-50pm pm generate the first visible

crack of greater than 0.10 mm width.!

3.8. Effects of crack indices on the residual life of reinforced concrete exposed to an
aggressive marine environment Crack indices induced by corrosion have a significant
influence on the durability of corroded reinforced concrete structures. Durability
parameters include concrete cover, material durability properties, amount of
reinforcement, and dimensions of the structures. A thicker concrete cover tends to
decrease the crack frequency, but increasing the concrete cover leads to an increase in
the width of the cracks that have formed. Thus, it has been recommended that increasing
the concrete cover requires more reinforcement to limit the surface crack width to its

allowable value.

Crack indices induced by corrosion have a direct relationship with the residual life of
corroded reinforced concrete structures as a whole. Structures deteriorate and reduce their

serviceability and residual life with the generation of cracks on the concrete surface.
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Cracks are significant indicators of the serviceability of structures. Structures in marine
environments deteriorate in terms of failure or collapse due to cracks. Thus, the
appearance of cracks is the primary basis for the repair and maintenance of structures to
prolong their service life and maintain their structural performance and durability.

It has been confirmed that a comparatively short period of time elapsed between the steel
disintegration and the occurrence and appearance of cracks in the concrete surface. The
growth of crack width followed a linear trend with corrosion attack and its propagation
until levels of approximately 200-300 um. It was further observed that the prediction of
the evolution of the crack is more difficult because its geometry is also a crucial factor.
The spalling of the concrete cover requires a longer process and is related to crack

generation.

4. CONCLUSIONS. Crack indices including crack frequency, crack width, crack
depth, and crack geometry, generally have a linear relationship with the rate of
corrosion. It also has a direct correlation with the rate of deterioration and residual life of
reinforced concrete structures exposed to an aggressive marine environment. Crack indices
can help assess the serviceability and durability of reinforced concrete structures,
particularly in coastal areas that are exposed to an aggressive marine environment
throughout their life. Thus, the residual life of corroded- damaged structures can be

assessed using the crack indices.

The following were the conclusions.

1. Higher corrosion rates produce a significant number of crack frequencies and more
deteriorated reinforced concrete materials.

2. Higher corrosion rates resulted in more extensive crack widths compared to lower
rates of corrosion. Smaller-diameter reinforcements (16 mm) provide more extensive
cracks to the concrete surface than larger-diameter reinforcements (20 mm and 25
mm).

3. The wider the crack, the higher the corrosion rates.

4. Higher corrosion rates resulted in significant crack depths. Smaller-diameter
reinforcement (16 mm) provided greater crack depths compared with larger steel
reinforcement diameters (20 mm and 25 mm). Thus, the crack depth is directly related
to its width. As the width of the cracks increased, the depth increased.

5. Longitudinal cracks are more likely to result in higher corrosion rates than transverse
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cracks. Transverse cracks appeared as long as the initial cracks were generated,
whereas longitudinal cracks appeared whencracks propagated.

6. The thicker the concrete cover, the lower the crack frequency. A thinner concrete
cover generated several cracks on the concrete surface. However, a thicker concrete
cover produces wider cracks, whereas a more lightweight concrete cover provides a
smaller crack.

7. As the ratio of the concrete cover (c/d) decreased, the corrosion rate increased.

8. The critical amount of corrosion, Qcr, significantly affects the time required for the
specimen to generate cracks. An increase in the amount of corrosion that accumulates in
a certain period causes cracking and eventually spalling of the concrete cover.

9. When corrosion of reinforcing bars occurs, crack formation in concrete can lead to a
more significant reduction in the strength and ductility of the structures than expected.
The repair of the structures must be performed when cracks are formed along the

reinforcing bars.

5. RECOMMENDATIONS
It is recommended to study the crack indices due to corrosion with concrete reinforced

with prestressing wires, itscorrosion level, and deterioration rates.
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