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ABSTRACT

Based on years of experience with reinforced concrete bridge decks it is known
that durability can be impacted severely by cracking. Cracks threaten durability by
allowing deleterious ions, water, and oxygen to penetrate concrete and reach the
reinforcement, and thus accelerate corrosion. Chloride-induced corrosion is widely
accepted as one of the most common degradation factors in reinforced concrete
structures. Three main objectives will be made in this study regarding the effect of
concrete cracking on the corrosion steel reinforcement.
First, an experimental method was developed for evaluating corrosion behavior of
steel reinforcement bars in cracked concrete members. In this stage, a reinforced concrete
beam specimen of (23.5 cm (9.25 in.) deep x 7.6 cm (3 in.) wide x 81.3 cm (32 in.) long)
was developed and implemented. Three nominal crack widths of 0.1, 0.3, and 0.7mm
(0.004, 0.012, and 0.028 in) as well as uncracked beams were investigated in this
program. The specimens were designed to be portable by hand, have single flexural
cracks, have adjustable crack size, receive cracks without the use of specialized
equipment, and allow for multiple electrochemical and physical observations.
In the second stage of this study, the effect of crack width on corrosion initiation
and propagation was evaluated.

The specimens developed for the first stage were

subjected 3% wt NaCl solution in two weeks to wet/dry cycles. This stage of the
experiment lasted for 550 days, after which some of cracked specimens were repaired and
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a third stage of study was run for another 200 days. The total duration of both stages was
750 days. In stage three of study, two repair materials (one epoxy and one nitrite based
corrosion inhibitor) were used in three different applications: repair using epoxy only,
mix of inhibitor and epoxy, and, finally, inject corrosion inhibitor into crack then seal the
crack with epoxy. Corrosion data were collected periodically throughout the 750 days
using three techniques: half-cell potential (HCP), linear polarization resistance, and
potentio-dyamic polarization. In addition some of the specimens were autopsied and
visually inspection after 550 days of exposure.
In general more severe corrosion was noted in the steel in specimens of width of
0.7 mm (0.028 in) than steel in specimens with 0.3 mm (0.012 in) width. Corrosion
activity in the 0.3mm and 0.7mm crack specimens remained fairly constant prior to
repair. However, the corrosion activity in specimens with 0.1 mm (0.004 in) crack
opening slowed over course of the experiment. The value of measured potential from
HCP was significantly affected by the location of measurement with respect to the
location of the crack. HCP measurements were found to be 50% less if they were taken
7.5 in. away from the crack. In terms of repair effect on the corrosion of reinforcement,
the results showed that each of the repair techniques significantly reduced the corrosion
activity. After repair the effect of crack size on corrosion activity was marginal. In
addition, the repair efficiency was lessened by the use of inhibitor. Inhibitors have been
shown effective by other researchers as preventative measures, but the current work
shows that they were not an effective treatment when cracking and corrosion have been
ongoing.
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CHAPTER ONE
INTRODUCTION
Reinforced concrete is a common construction material compare to other
construction materials due to several properties and advantages such as low cost,
considerable strength, and versatility. These characteristics make reinforced concrete a
preferred material in many structures such as bridge components, dams, buildings, and
water facilities. However, the occurrence and effects of cracks in concrete are persistent
challenges for designers and researchers to produce a durable concrete. Durability is
defined by the American Concrete Institute (ACI) as the ability to maintain serviceability,
quality, and original form when exposed to the aggressive environmental (ACI 201.2R01 2001). Therefore, a steady stream of research has been made to reduce concrete
cracking and its effects.

Of particular interest to this dissertation is research on

reinforcement corrosion and the effects of increased concrete cover, reducing concrete
permeability, and epoxy coating reinforcement, etc. While design and construction
practices can have positive and negative impact on cracking in the newly constructed
structures, concrete cracking is largely an avoidable phenomenon.
The presence of cracks threatens durability, service life, functionality and finally
structural safety. This is especially concerning in the areas where deicing agents are used
during the winter months.

Cracks provide free paths for water, oxygen, and other

harmful species such as chloride ions to access the embedded steel reinforcement and
accelerate corrosion (Fu et al. 2007; Hopper et al. 2015; Saadeghvaziri and Hadidi 2002;
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Schindler et al. 2010). It is widely accepted that the reinforcement corrosion due to
chloride exposure is the primary cause of reinforced concrete structures deterioration
(Almusallam 2001; Angst et al. 2011; Basheer et al. 1996; El-Hacha et al. 2011; Pacheco
and Polder 2012; Poursaee 2016; Şahmaran and Yaman 2008; Strømme 2017; Wang et
al. 2011). In 2013, the direct cost of corrosion was estimated to be $13.6 billion annually
in the United States for highway bridges. A portion of the cost is due to corrosion of
reinforcement in concrete (NACE 2018). Indirect costs to users through traffic delays and
loss of productivity are estimated to be up to 10 times greater than the direct costs of
corrosion (Koch et al. 2002). Corrosion of reinforcement in concrete is also a concern
beyond the transportation sector (Koch et al. 2002). This dissertation adds to the body of
knowledge on the effects of concrete cracking on reinforcement corrosion. It will add to
a topic that has received a great deal of attention from many researchers (e.g. (Aldea et al.
1999; Arachchige 2007; Gowripalan et al. 2000; Lu et al. 2014; Scott 2004)).

1.1. Causes of concrete cracking
Generally speaking, concrete has weak resistance to tension forces; therefore, a
common design assumption is to neglect concrete tension strength outright. Low tensile
strength leads to issues with cracking. Cracking in reinforced concrete structures occurs
as a result of complex processes such as loads action, shrinkage, and thermal stress
(Borgard et al. 1989). Concrete cracks when the summation of tensile stresses due to
either internal or external effects exceeds the concrete tensile strength (Brown et al. 2001;
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Frosch et al. 2003, 2010; Hopper et al. 2015; Issa 1999; Schmitt and Darwin 1995) as
shown in (Figure 1.1).

Figure 1. 1: Mechanism of Cracking (Neville and Brooks 2010)1

According to ACI committee 224, cracking can be classified in two main
categories based on the time of crack occurrence: cracks occurring before concrete
hardening (plastic stage) or after concrete hardening (ACI 224.1R-07 2007) as shown in
the (Figure 1.2). Some researchers use different classifications of concrete cracking
causes, for example, structural cracks including flexural, shear, and internal micro
cracking, or non-structural cracks which are the result of the intrinsic properties of
concrete and its ingredients, more details are shown in the (Figure 1.3). In addition,
1
Figures from previous authors are used in this dissertation. In these cases the original authors are cited and the figures are used with
consideration of fair use guidelines find at this website https://www.copyright.gov/fair-use/more-info.html.
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Rodriguez (Rodriguez 2001) created a crack classification scheme based on the several
previous works as shown in (Table 1.1). This scheme links the causes, timing, and sizes.
An understanding of the causes of the cracks can inform repair decisions and lead to
successful crack repair (ACI 224.1R-07 2007).

Plastic shrinkage cracking

Plastic
concrete

Settlement cracking

Causes of
concrete
cracking

Drying shrinkage
Thermal stresses
Hardened concrete

Chemical reaction
Weathering
Corrosion of reinforcement
Poor construction practices
Construction overloads
Errors in design and detailing
Externally applied loads

Figure 1. 2: Causes of concrete cracking based on ACI Committee 224
(ACI 224.1R-07 2007)
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Plastic settlement
A- Over reinforcement
B- Arching
C- Change of depth
Plastic shrinkage
D- Diagonal
E- Random
F- Over reinforcement
Early thermal contraction
G- External restraint
H- Internal restraint
I- Long-term drying shrinkage
Crazing

J- Against formwork
K- Floated concrete
Corrosion of reinforcement

L- Natural
M- Calcium chloride
N- Alkali-aggregate reaction

Figure 1. 3: Schematic representation of the various types of non-structural cracking can
occur in concrete (Concrete Society 1992)

Table 1. 1: Causes and properties of cracks (Rodriguez 2001)

Environmental
Attack

Intrinsic deterioration of
cncrete

Causes of Cracks
Tensile structural
loads
Early plastic
shrikage
Plastic settlement
Early thermel
strsses
Longterm drying
shrikage
Alkalli-aggregate
reaction

Time of
Appearance

Size

Time of loading
First few hours
after casting
First few hours
after casting
First few days
Several weeks or
months
More than few
years

Active or Dormant

< 0.4 mm- if
designed to crack

Active; dormant for
temporal overloading

Up to > 1 mm

dormant

Up to 2-4 mm

dormant

Up to 0.4 mm

dormant

Up to > 1 mm

Active

> 1mm

Active

Reinforcement
corrosion

More than two
years

Initialy < 0.2 mm;
increase with time

Active

Cycles of freezing
and thawing

After one or more
cycles

Incraese with number
of cycles up to >
1mm

Active
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1.2. Allowable crack width
The term “allowable crack width” denotes the range of maximum crack widths
that may be acceptable in reinforced concrete members which should not impair the
durability or structure appearance. Even though proper mix design, placement, and curing
can prevent or minimize the occurrence of many types of cracks that listed previously,
concrete cracking is still inevitable during the life span of reinforced concrete structures
due to many factors such as load-induced cracking. Therefore, many building and
construction codes include a range of crack limits based on the severity of exposure
conditions and type of the structure. Table 1.2 shows a summary of these tolerable crack
widths values as suggested by different codes (AASHTO 2017; ACI 224R-01 2001; BS
8110-1 1997; CEB-FIP 2006; CEN 2004). These guidelines can be used during design
stage to select reinforcement details to control cracks and to evaluate the concrete
cracking in the existing structures. When designing reinforcement details for crack
control it is worth considering the variability of crack sizes and the many contributing
factors. On this point, McCormac and Brown (McCormac and Brown 2016) commented:
The purpose of crack-control calculations is not really to limit cracks to certain
rigid maximum values but rather to use reasonable bar details, as determined by
field and laboratory experience that will in effect keep cracks within a reasonable
range.
It is can be noted that there is no consensus regarding the maximum crack widths
as shown in the (Table 1.2). For example the maximum allowable crack width in
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reinforced concrete members exposed to deicing chemicals is 0.18 mm (0.007 in) by ACI
Committee 224, and 0.3 mm (0.012 in), by Eurocode 2. Two additional points are made
regarding allowable crack widths. First , crack width can chaange over time due to factors
such as creep (ACI 224R-01 2001; Nejadi 2005). Secondly, “It is important to note that
these crack width values are not always a reliable indication of the corrosion and
deterioration to be expected” (ACI 224R-01 2001). Thus these limitation are helpful as
gidelines and starting point but are not hard and fast rule.

Table 1. 2: Allowable crack widths
Regulation

ACI committee
224

AASHTO LRFD
Eurocode 2
fib- model code
BS-8110

Exposure condition
Dry air or protective membrane
Humidity, moist air, soil
Deicing chemicals
Seawater and seawater spray, wetting and drying
Water-retaining structures
Corrosion is not concern
Corrosion is a concern
All
All
No risk of corrosion or attack / Dry or permanently wet
All other conditions

Crack width
in.
mm
0.016 0.41
0.012 0.3
0.007 0.18
0.006 0.15
0.004 0.10
0.017 0.43
0.013 0.32
0.012 0.3
0.012 0.3
0.016 0.4
0.012 0.3

1.3. Concrete cracking effects
The key parameter of reinforced concrete durability is low permeability which
prevents transport of deleterious materials. This is especially critical for reinforced
concrete members in aggressive environments. However, concrete is a frequently cracked
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material due to numerous physio-chemical mechanisms as described previously. Many of
these cracks could be considered acceptable in terms of the allowable limits set forth in
the design codes. These limits may not be sufficient however to prevent ingress of
deleterious materials. For example, for reinforced concrete members exposed to the
deicing salt the maximum acceptable surface crack widths should be less than 0.18 mm
(0.007 in) according to the ACI committee 224. However, Krauss and Rogalla (Krauss
and Rogalla 1996) found that the chloride and water can penetrate concrete surface with
cracks as narrow as 0.05 mm (0.002in) and accelerate corrosion of reinforcing steel at the
crack locatoin. This width is less than one-third of the ACI 224 allowable limit.
In addition to enabling corrosion of reinforcement cracks may also affect
reinfocred concrete structures in different ways:
•

impair structure appearnace ( aesthetic impact)

•

impair the durability (beyond reinforcement corrosion)

•

reduce member stiffeness under severe loads

Many investigations have been conducted to understand concrete cracks and their
effects on the durability. Crack impact on the concrete permeability and reinforcement
corrosion will be covered in the next sections.
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1.3.1. Effect of cracks on chloride ingress into concrete
In this section the impact of cracks on chloride penetration and steel corrosion
rates will be covered briefly. Discussion with considers cracks in terms of their width,
frequency and orientation.
Chloride penetration, among the various factors that may influence durability of
concrete, is highlighted as the major cause of embedded steel corrosion. Cracks create a
free path thereby allowing chloride ingress into concrete. The effect of crack on the
chloride penetration is showed in the (Figure 1.4). It can be seen that the crack enhance
chloride ions penetration by providing easy access compare to uncracked concrete which
leads to the formation of pitting reinforcement corrosion , and localized debonding at the
crack.
Effect of cracks on concrete permeability and chloride penetration into concrete
has been examined by many researchers. Examples of these studies are summarized in
(Table 1.3). Table 1.3 includes references to (Figure 1.5) to (Figure 1.16) and (Table 1.4)
to (Table 1.5). These figures and tables provide additional details for the previous test
programs. In reviewing of the summarizes presented in the (Table 1.3), it can be seen
that wide variety of results have been achieved regarding the effect of crack on the
chloride penetration.
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Figure 1. 4: Crack impact on chloride penetration (Farias 2015)
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Table 1. 3: Summary of some studies on effect of crack on concrete permeability and chloride penetration
Crack size

Material

Cracked
method1

Yes

0.07 and
1.08 mm

Steel fiber
RC

3-points
bending

Yes

Yes

50 to 400 μm

NSC &
HSC 2

Splitting
tensile test

(De Schutter 1999)

Yes

Yes

0.2,0.3,0.5 mm

Mortar

Artificial
crack/ Thin
copper sheets

(François and
Arliguie 1999)

_

Yes

0.05 to 0.5 mm

RC

3-points
bending

No

Yes

up to 0.3 mm

RC

Artificial
crack/ Thin
copper sheets

Paper

Specimens
Uncraked

Cracked

(Mangat and
Gurusamy 1987)

Yes

(Aldea et al. 1999)

(Gowripalan et al.
2000)
(Rodriguez and
Hooton 2003)

No

Yes

0.06 to 0.74 mm

RC

RC

(Win et al. 2004)

No

Yes

Multi cracks 0.1
and 0.2 mm
Single crack
0.1 , 0.2, 0.3, 0.5
mm

(Scott 2004)

No

Yes

0.2 and 0.7 mm

1

For more details see (Figure 1.17).

Concrete

2

Artificial/saw
cutting
Splitting
tensile test
4-points
bending
3-points
bending
3-points
bending

Conclusion
Chloride concentrations increase with crack widths
increasing. Cracks of width of ≤ 0.2 mm have a
marginal influence as shown in Figure 1.5
Crack width influence water permeability more than
chloride permeability. Chloride conductivity was
sensitive to cracking only for high strength concrete
with low water to cement ratio as shown in Figure 1.6
The crack width and crack depth the crack influence
factor
Chloride penetration is significantly impact by applied
load rather than crack width or even the crack
themselves as shown in Figure1.7
The value of chloride diffusion coefficient in the
tension zone was found to be relatively higher than in
the compression zone due to the damage at the
aggregate paste interface in the tension zone As shown
in Table 1.4
In the range of investigate crack, the results show that
either crack width or the crack wall roughness have no
effect on chloride diffusion in concrete Figure 1.8
Concentration distribution of chloride in all
specimens, except the specimen of crack width of 0.5
mm which higher penetration, are similar regardless of
crack width Figure 1.9
A rapid ingress of chlorides in presence of cracks.
Generally, an overall increase in the chloride
concentration as crack width increased Table 1.5

Normal strength concrete (NSC) and High-strength concrete (HSC)
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Table1.3 (cont.): Summary of some studies on effect of crack on concrete permeability and chloride penetration
Paper

Crack size

Material

Cracked
method 1

(Şahmaran 2007)

Yes

Yes

29 and 390 μm

Reinforced
mortar

4-points
bending

(Djerbi et al. 2008)

Yes

Yes

30 to 250 μm

OC, HPC,
HPCSF 2

Splitting
tensile test

No

Yes

6 to 325 μm

Mortar

Expansive
core

(Ismail et al. 2008)

Splitting
tensile test
3-points
bending
Artificial
crack

Concrete

(Audenaert et al.
2009a; b)

Yes

Yes

Up to 0.2 mm

(Marsavina et al.
2009)

Yes

Yes

0.2 mm, 0.3 mm
or 0.5 mm

(Jin et al. 2010)

RC

0.01,0.03,0.06,0.09,0.12 mm

Concrete

Cracked concrete model

(Jang et al. 2011)

Yes

Yes

0,15, 30, 60, 80,
110, 150 and
200 μm

Concrete

Splitting
tensile test

(Ye et al. 2013)

No

Yes

0.05, 0.10, 0.15,
and 0.20 mm

Concrete

3-points
bending

Yes

Target cracks
are 0.025, 0.04,
0.05, 0.10, 0.15
and 0.20 mm

Concrete

--------

(Yoon and
Schlangen 2014)

1

Specimens
Uncraked Cracked

No

For more details see (Figure 1.17).

2

Conclusion
The effective diffusion coefficient increased as crack width
was increased. A marginal effect of crack width of < 135
μm on the effective diffusion coefficient Figure 1.10
The diffusion coefficient increased with the increasing of
crack width Figure 1.11
Chloride penetration tend to increase as crack widths
increased, except in case of crack width < 0.06 mm,
penetration was decreased with time due to the self-healing.
No penetration of chloride was observed in crack of widths
< 0.03 mm regardless the age Figure 1.12
Chloride penetration increased as crack width increased for
crack 0 to 0.1 mm. Crack width between 0.1 and 0.2 mm
have no influence Figure 1.13
No clear relationship between chloride ingress and crack
width can be drawn from the results.
Significant impacts of crack width and length and on the
chloride penetration in crack and concrete.
A threshold crack width around (55–80 μm) was reported in
this study. The chloride diffusion coefficients was not affect
by increasing of crack width below threshold, and
increasing with the as crack width increased above this
threshold value Figure 1.14
Increasing in crack width leads to the chloride concentration
increase at crack surface Figure 1.15
Two critical crack width values were reported in this study
of 0.013 mm and 0.04 mm for short and long term
experiment respectively. Crack of width has no significant
influence below the critical value on the chloride
penetration, while chloride penetration does proceed faster
above this critical crack width Figure 1.16

Normal strength concrete (NSC) and High-strength concrete (HSC)
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Table 1. 4: Apparent chloride diffusion coefficient (Da) (Gowripalan et al. 2000)

Wcr/C
0.01

No.
Of bars
1R8
2R8

Da X 10-12 m2/s

Compression zone
M/span
C30
C100
4.26
5.01
5.31
3.78
4.65
4.52

Crack
6.68
7.48

Tension zone
T30
T100
5.97
6.06
6.63
6.75

C30, T30 : 30 mm away from mid span at compression, tension zone respectively

Control
5.60
6.12

Table 1. 5:Chloride concentrations for near crack and remote from crack section
(Scott 2004)
(Specimen age: 86 weeks, cover depth: 20 mm)
Near crack
Binder type
100% OPC
(50/50) OPC/Slag
(70/30) OPC/Fly Ash
(93/7) OPC/Silica Fume

Chloride
Threshold
0.53
0.08
0.36
0.51

0.2
4.36
1.86
1.91
2.47

0.7
4.15
2.25
2.05
2.92

Remote from crack
Crack width (mm)
0.2
0.7
1.78
1.73
0.22
0.28
0.25
0.21
0.39
0.92

Near crack
Increase over
threshold (x)
0.2
8.2
23.3
5.3
4.8

Figure 1. 5: Chloride penetration in cracked concrete after 1450 marine cycles
(Mangat and Gurusamy 1987)
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0.7
7.8
28.1
5.7
5.7

Figure 1. 6: Effect Crack width and Location on chloride penetration. Total Charge,
High-strength concrete (HSC) of low water to cement ration (0.25) (Aldea et al. 1999)

Figure 1. 7: Effect of loading level on the chloride penetration at mid span (6 years of
storage in chloride environmental) (François and Arliguie 1999)
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Figure 1. 8: Chloride bulk diffusion coefficient versus crack width: (a) 0.4 w/cm, 100%
OPC concrete; and (b) 0.4 w/cm, 25% slag concrete. (Rodriguez and Hooton 2003)

Figure 1. 9: Depth of chloride penetration of cracked specimens (Win et al. 2004)
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Figure 1. 10: Coefficient of chloride diffusion in cracked mortar specimens
(Şahmaran 2007)

Figure 1. 11: Effect of crack width and material on steady-state chloride diffusion
(Djerbi et al. 2008)
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(a)

(b)

Figure 1. 12: Perpendicular-to-crack chloride penetration profiles, surface profile and
reference profile in samples cracked at the age of (a) 28 days (b) 2 years
(Ismail et al. 2008)

Figure 1. 13: Maximum depth of chloride penetration as function of the crack width
(Audenaert et al. 2009a; b)
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Figure 1. 14: Coefficient of chloride diffusion versus crack width (Jang et al. 2011)

Figure 1. 15: Results of EMPA scanning of chloride concentration in crack surface of
specimens immersed for 60 days (a) ordinary concrete (b) blast furnace slag concrete
(Ye et al. 2013)
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Figure 1. 16: Comparison of relative chloride penetration depth of short and long term
experiment (Yoon and Schlangen 2014)

Constructed crack using
thin copper sheet during
casting

(b)

(a)

Figure 1. 17: Some popular Cracking procedures: (a) cut saw (Rodriguez and Hooton
2003), (b) Using thin sheets during casting (Marsavina et al. 2009) : (c) Splitting tensile
test (Jang et al. 2011) (d) Expansive core (Ismail et al. 2008) (e) Three-point bending
(Gowripalan et al. 2000) (f) Four- point bending (Mohammed et al. 2001)
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(c)

(d)

(e)

(f)

Figure 1. 17 (cont.): Some popular Cracking procedures: (a) cut saw (Rodriguez and
Hooton 2003), (b) Using thin sheets during casting (Marsavina et al. 2009) : (c) Splitting
tensile test (Jang et al. 2011) (d) Expansive core (Ismail et al. 2008) (e) Three-point
bending (Gowripalan et al. 2000) (f) Four- point bending (Mohammed et al. 2001)
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1.3.2. Influence of concrete cracking on the reinforcement corrosion
The influence of cocrete cracking could be a function of their width ,length ,
oraintation regarding the reinforcement direction, and frequency ( number of cracks per a
specific length) (Otieno et al. 2010).

1.3.2.1. Crack frequency effect
In terms of crack frequency effect, an experimental study conducted by Arya and
Ofori-Darko (Arya and Ofori-Darko 1996) showed a significant impact of crack
frequency on reinforcement corrosion induced by chloride. This study was carried out
using 28 reinforcement beams of (135 mm x 100 mm x1360 mm) containing 0, 1, 4, 8,
12, 16 and 20 parallel sided cracks per meter length. Constant water to cement ratio and
concrete cover of 0.65 and 42 mm respectively were considered. Thin plastic sheets of
appropriate widths were used to create a parallel sided artificial cracks with equal widths
for each case (Figure 1.18). The total sum of crack widths of each cracked beam is 2.4
mm, for example in case of one crack the crack width is 2.4 mm and in the case of 20
cracks with of each crack is 0.12 mm. Specimens were sprayed with salt solution of 3%
NaCl for 24 months. The results of all cracked specimens, except the case of 20 cracks,
showed an increase in the weight loss of embedded reinforcement as crack frequency
increased as shown in (Figure 1.19). It was suggested that the cracks in the case of 20
cracks were undergoing a self-healing process. The authors stated that reinforcement
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corrosion may be effectively controlled by limiting the number of cracks rather than
limiting the surface crack widths.
In contrary, in an experimental study by Schiessl and Raupach (Schiessl and
Raupach 1997) an opposite behavior was observed, wherein the corrosion rate decreased
as the spacing between crack decreased (i.e. frequency of crack increased ). They also
reported that corrosion rate doubled as the crack frequency decreased by half. They
suggest that increasing crack quantity resulted in more anodic points and fewer in
cathodic areas between cracks as shown in (Figure 1.20).
A laboratory experiment to investigate the concrete cracking on the chlorideinduced corrosion was carried out by Blagojević (Blagojević 2015). In this study
reinforced concrete beams with different concrete cover dimensions of 20 mm, 30 mm,
and 40 mm were investigated. As a part of this study, the effect of frequency of crack on
the corrosion of reinforcement was evaluated for three specimens. The specimens of 20
mm, 30 mm, and 40mm concrete cover had 9, 8, and 6 active cracks, respectively, with a
mean crack width of 0.15 mm for each beam. Corrosion of reinforcement tended to
decrease when the crack frequency was decreased and as concrete cover increased. The
author concluded the frequency of cracks is a function of concrete cover, therefore crack
frequency is considered a secondary parameter in terms of steel corrosion, and the
dominating parameter is most probably the steel stress.
From these studies it there is no clear answer regarding the relationship of crack
frequency and corrosion rate. It appears that corrosion is affected by many interacting
variables including crack frequency, cover distance, and level of reinforcement stress.
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Figure 1. 18: Cracked beam with 8 equally spaced artificial cracks
(Arya and Ofori-Darko 1996)

Figure 1. 19: Effect of crack frequency on cumulative weight loss due to corrosion
(Arya and Ofori-Darko 1996)
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Figure 1. 20: Current balances of individual reinforcing steel sections during initial
chloride wetting (Schiessl and Raupach 1997)

1.3.2.2. Effect of crack orientation
Concrete cracks can be classified in two groups according to their orientation with
respect to the reinforcement: longitudinal (or coincident) which is parallel to the
reinforcement, and transvers (or intersecting) cracks perpendicular to the reinforcement
(Otieno 2008; Pease 2010). Typically, longitudinal cracks can be developed due to
various causes such as plastic shrinkage, bond failure, and plastic settlement (Pease 2010;
Shaikh 2018). Longitudinal cracks can be significantly dangerous, in terms of
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reinforcement corrosion development, because large area of embedded reinforcement will
be exposed to the aggressive substances leading to initiate corrosion in multiple locations
(Otieno 2008; Pease 2010; Shaikh 2018). It has been reported by (Poursaee and Hansson
2008) that the corrosion current density is higher in the case of longitudinal crack than
the case of transverses cracks for the same width of 0.1 mm. However, in the reinforced
concrete structures with transverse cracks steel is often carrying significant tensile
stresses which also impacts corrosion rate, as it observed by (François and Arliguie 1998,
1999).
Two possible scenarios of longitudinal cracks are shown in (Figure 1.21). In the
first situation with a single bar running parallel to the crack a corrosion cell (anodic and
cathodic reactions) occurs within the crack zone, (Figure 1.21-a). In the second case,
(Figure 1.21-b), the anodic reaction takes place at the intersecting point of the
longitudinal and transverse reinforcement where they are connected electronically, while
the cathodic reaction takes place in the reinforcement in the uncracked parts of the
concrete, therefore, more corrosion can be expected in this case due to the combined of
large cathode area in sound concrete and to small anode area at the crack.
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(a)

(b)
Figure 1. 21: Longitudinal cracks effect on the corrosion process (Schiessl 1986) (a) a
corrosion microcell process (b) corrosion macrocell process

1.3.2.3. Effect of crack width
It appears from previous research that crack width is a primary criterion
influencing corrosion of embedded reinforcement steel. Therefore, the influence of crack
widths on the reinforcement steel corrosion (initiation and propagation) has been received
a great deal of attention in recent decades and from many researchers (Arachchige 2007;
Bhaskar et al. 2011; Blagojević 2015; Dang et al. 2013; Ji et al. 2016; Kim et al. 2014; Lu
et al. 2014; Mohammed et al. 2001; Otieno 2008; Otieno et al. 2016; Pacheco et al. 2014;
Pease 2010; Şahmaran and Yaman 2008). However, the influence of crack width on
reinforcement corrosion remains controversial. While it is widely accepted that the
corrosion of reinforcement is accelerated in the presence of cracks (Beeby 1983; Berke et
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al. 1993; Bhaskar et al. 2011; Bi and Subramaniam 2006; Dang et al. 2013; François et al.
2012; Konin et al. 1998; Lorentz and French 1995; Rodriguez and Hooton 2003; Sangoju
et al. 2011), and that the corrosion initiation time is proportional to crack width (Aldea et
al. 1999; Audenaert et al. 2009b; Huang 2006; Jin et al. 2010; Kim et al. 2014; Otieno
2008; Otieno et al. 2008; Ramm and Biscoping 1998; Şahmaran and Yaman 2008;
Schiessl and Raupach 1997; Wang et al. 2014), the role of cracks and their widths on the
long term corrosion (propagation stage) is still debatable. Some researchers have
observed that corrosion propagation is not related to (Arachchige 2007; Arya and OforiDarko 1996; Beeby 1983; Dang et al. 2013; Mohammed et al. 2001; Pettersson et al.
1996; Schiessl and Raupach 1997; Wang et al. 2014; Yoon et al. 2000). In the other hand,
some other researchers pointed out that the corrosion rate was correlated with crack
widths in the long term experiments (AASHTO 2017; Busba and Sagüés 2013; FDOT
2018; Ismail et al. 2008; Jaffer and Hansson 2008; Ji et al. 2016; Otieno et al. 2008,
2010; Otsuki et al. 2000; Pacheco et al. 2014; Şahmaran and Yaman 2008). Studies that
cover the range of opinions about the relationship between crack width and steel
reinforcement corrosion will be reviewed in this section.
Uncracked and cracked RC specimens with different crack widths ( incipient
crack, 0.4 mm and 0.7 mm) and different types of binder and water-to-binder ratio were
included in an experimental study by Otieno et al. (Otieno et al. 2010). The specimens
were subjected to pond test with salt water of 5% NaCl with 3 days of wetting and 4 days
of drying each week. During the exposure time cracks were reopened two times (between
weeks 9-10 and 18-19) and the entire test program lasted for 31 weeks. It was found that
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the corrosion in both initiation and propagation phases was significantly affected by the
presence of cracks, moreover, corrosion rate was proportional to crack width increasing
for a given binder type and w/b ratio. For a given w/b ratio the corrosion rate was higher
in the case of OPC than it was for slag cement (Figure 1.22). An acceleration in the steel
reinforcement corrosion due to reloading was also observed. The author suggested that
the concrete quality, water-to-binder ratio and/or cover depth should be taken into
account when adopting a crack width threshold in which the corrosion activity in cracked
concrete could be considered as same as in sound concrete.

Figure 1. 22: The average corrosion rates (weeks 26-31) for different concrete
compositions crack and widths (Otieno et al. 2010)

To investigate influence of crack width on the reinforcement steel corrosion and
chloride ingress, two different tests on pre-cracked mortar were conducted by Sahmaran
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and Yaman (Şahmaran and Yaman 2008). Chloride penetration and initiation of corrosion
were evaluated using salt ponding test. An accelerated corrosion test was performed by
immersing pre-cracked specimens in a 5% NaCl solution and applying a constant voltage
of 12 V to determine the effects of cracks on corrosion propagation. Crack widths were
generated by flexural loads with range of cracks from 0.029 to 0.390 mm. The results
showed that crack width influenced corrosion initiation and propagation as seen in
(Figure 1.23). Chloride diffusivity coefficient was observed to increase with increasing of
crack widths. In addition, it was observed that a crack width larger than 135µm had the
greatest impact on the initiation and propagation stages.

Figure 1. 23: Reinforcement steel mass loss in mortar specimens
(Şahmaran and Yaman 2008)
A laboratory study by Schiessl and Raupach (Schiessl and Raupach 1997) showed
a prounced influence of crack widths on the chloride induced corrosion of steel in the

29

short term for widths (0.1-0.5 mm). In long term observations no notable influence of
crack widths on the corrosion rate was reported, and the corrosion rate appeared to be
controlled by the conditions between cracks (concrete cover and composition) as seen in
(Figure 1.24). Therefore, it was concluded that reinforcement corrosion cannot be fully
addressed by limited crack widths to values of 0.3 or 0.5 mm.

(a)

(b)
Figure 1. 24:Calculated steel reinforcement mass losses in crack zone (a) after 24 weeks
(b) after 2 years (Schiessl and Raupach 1997)
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Jaffer and Hansson (Jaffer and Hansson 2008) concluded that the influence of
cracks on the corrosion process is an important criterion in the health monitoring of
reinforced concrete structures. They found that corrosion formed at the intersection of
cracks and rebar only. Their experiments included 36 reinforced concrete beams with two
different concrete mixes including ordinary portland cement concrete and highperformance concrete. Furthermore, they considered three loading types: dynamic, static,
and unloading. Specimens were cracked under three-point bending and were then partial
immersed vertically in 3% NaCl solution as shown (Figure 1.25).

The excitement

included wet and dry cycles over 18 months. Corrosion assessments were performed on
the non-submerged half, and on both the cracked and un-cracked regions of the
submerged half.

Figure 1. 25: A schematic illustration showing the level of salt solution in the wet cycle
(Jaffer and Hansson 2008).
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An experiment by Mohammed et al. (Mohammed et al. 2001) was carried out to
investigate how crack width and bar type influence the corrosion rate. This study was
conducted using single crack reinforced mortar specimens and multi-crack reinforced
concrete beams. The single crack specimens had dimensions of 10×10×40 cm, and were
cracked to widths of 0.1 mm, 0.3 mm, and 0.7 mm. Bar types in the experiment included
A and Y. The mortar specimens were made water of cement ratios of 0.3, 0.5, and 0.7.
Uncracked specimens were also considered in this study. The specimens were sprayed
with 3.5% NaCl solution periodically. The experiment was last for 13 weeks. The results
showed higher corrosion rate in specimens with larger crack width; however this only
occurred at the very beginning of the experiment for the first two weeks. After four
weeks of exposure the relation between crack width and corrosion rate was not at distinct
as shown in (Figure 1.26). A negligible current density was reported for the uncracked
specimens after 13 weeks. Considering that the reinforced concrete service life is based
on the corrosion initiation period, it was concluded that for corrosion of steel
reinforcement the presence of cracks is more important than their widths. The authors
suggested that crack width should still be controlled for aesthetic reasons.
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Figure 1. 26: Current density versus crack width for w/c=0.5
(Mohammed et al. 2001)

A series of long term observation studies was carried by François and others to
investigate the influence of concrete cracking on reinforcement corrosion (François and
Arliguie 1998, 1999) and on the mechanical behavior of reinforced concrete structures in
aggressive environments (François et al. 2006). The program was conducted on 3 m long
reinforced concrete beams. The specimens were kept in confined salt fog of 35 g/L of
NaCl in loaded state for longer than a decade. The first two studies were carried out after
12 years, and the third one after 17 years of exposure. The authors concluded that the
presence of cracks have no effect on the steel reinforcement corrosion development for
crack widths less than 0.5 mm. The results showed that for reinforced concrete members
exposed to aggressive conditions, the applied load plays a major role in corrosion and
mechanical behavior. The authors suggested that service loads lead to microcracking
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which allows ingress of harmful substances. These substances then affect the service life
of the structure by initiating corrosion.
Another study by François et al. (François et al. 2012) showed that crack
existence regardless their width greatly influenced the corrosion initiation time or RC
specimens in NaCl solution. However, there was no notable influence of crack width on
the long-term corrosion due to the formation of additional cracks due to corrosion. The
additional cracks began to dominate the corrosion activity, and the process was controlled
by mechanical stress intensity.
Dang et al. (2013) investigated ring shaped mortar samples with cracks from (0 to
100 µm). A process of wet and dry cycles with 35 g/L NaCl salt solution was carried out
to accelerate corrosion of reinforcement. The samples were broken after 1.5 and 2.5 years
and visually investigated.

The study results were consistent with the previously

discussed findings by (François et al. 2012).
The studies described above demonstrate the complicated relationship between
concrete crack width and reinforcement corrosion. This relationship is confounded by at
least the following factors:


Initiation time versus propagation time



Type of concrete and reinforcement



Stress level in reinforcement



Duration of experiment



Formation of additional cracks due to corrosion itself



Cover distance
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It appears that when all over variables are constant increased crack width tends to
affect increased reinforcement steel corrosion.

1.4. Bridge deck cracking

Early-age cracks is the most common problem in the bridge concrete decks over
different geographic area in the United States (Stringer and Burgueño 2012; Vargas
2012). A survey was carried out by Krauss and Rogalla (Krauss and Rogalla 1996) for
the state departments of transportation (DOTs) shows that more than 100,000 bridge
decks develop early age cracking across the United States, Early deterioration of deck
concrete can be caused mainly by the bridge deck cracking (Hopper et al. 2015). Presence
of cracks significantly threats the durability, service life, functionality and structural
safety. (Fu et al. 2007). Many studies have been done to investigate deck cracks, yet, to
understand this phenomena (French et al. 1999b; a; Schmitt and Darwin 1995).
Bridge deck tend to crack, whenever, the summation of tensile stresses due to
either internal or external effects in particular area are larger than concrete tensile
strength (Brown et al. 2001; Frosch et al. 2010) as shown in (Figure 1.1). Dense
reinforcements and shored and formed construction could be sources of the cracking
(Issa 1999).
Typically, bridge deck cracks can be classified in to five main forms transverse,
longitudinal, diagonal, map, and random according to their direction with respect to the
major axis of the deck (Frosch et al. 2003, 2010; Schmitt and Darwin 1995). It is possible
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that all cracking types can be developed in the same bridge deck, however, it was found
the formation of each types is related to the bridge type and bridge deck section (Schmitt
and Darwin 1995).

1.4.1. Transvers cracks
Transverse cracking was reported in study by the Portland Cement Association
(PCA) and 10 state DOTs in 1970 as the major mod of bridge deck cracking (Carden
and Ramey 1999). Transverse cracks in bridge decks usually develop in the hardened
concrete state at the early age of structure before applying the loads (Saadeghvaziri and
Hadidi 2002; Schmitt and Darwin 1995; Vargas 2012), and sometime after apply the
service loads (Saadeghvaziri and Hadidi 2002). Transverse crack widths have been
reported in the range of (0.1 mm to 0.5 mm) 0.004 in to 0.020 in (Frosch et al. 2003).
The cracks with the crack opening of 0.002 in or larger allow air, water, chloride,
chemical agents, and etc. to access to the steel reinforcement (Krauss and Rogalla 1996).
However, Frosch et al. (Frosch et al. 2010) reported that transverse cracks can reach
widths of 0.025 in, therefore, reinforcement corrosion can be accelerated especially with
the presence of deicing salts. Corrosion of the reinforcing bars leads to concrete
deterioration, and decreasing durability and service life. Examples of transverse crack are
showed in the (Figure 1.27).
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(a)

(b)

Figure 1. 27: (a) Transverse deck cracking (Stringer and Burgueño 2012) (b) Full-Depth
Transverse Crack in a Bridge Deck (Frosch et al. 2006a), and (Frosch et al. 2006b)
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1.4.2. Longitudinal Cracking
Longitudinal cracks are those that run parallel to the girders of the superstructure
as shown in (Figure 1.28). Mainly, this type of cracking forms in solid and hollow slab
bridge (Schmitt and Darwin 1995). The cracks usually follow the steel girders paths
(Curtis 2007). In addition, Stringer and Burgueño (Stringer and Burgueño 2012) reported
that the common type of cracking in side-by-side box beams and spread box beams
bridges was the longitudinal cracks, The differential movements along the beams, also,
was found to result this type of cracking (Curtis 2007). However, longitudinal cracks
generally occur above the edges of the girder directly (Frosch et al. 2010).

Figure 1. 28: Longitudinal cracking (Stringer and Burgueño 2012)
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1.4.3. Diagonal Cracking
Like the previous cracking types, diagonal cracks can be developed in all bridge
concrete decks types. However, skewed bridge decks experience diagonal cracks much
more than the other types, and the cracks, generally, tend to form in the corner or acute
angle areas (Fu et al. 2007). Diagonal cracking, typically, has no recognizable pattern,
shallow in depth (Lindquist et al. 2005), and develops in a perpendicular direction to the
radial direction (Fu et al. 2007). Concrete shrinkage and restraint effect provided by
supports or the combined effect of both of them are the primary causes of such cracking
(Fu et al. 2007; Ganapuram 2013; Krauss and Rogalla 1996; Lindquist et al. 2005;
Schmitt and Darwin 1995). Example of diagonal crack is showed in the (Figure 1.29).

Figure 1. 29: Diagonal cracking (Fu et al. 2007)
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1.4.4. Map cracking
Map cracking is a very common cracking type which can be seen in all bridge
concrete decks types, as shown in (Figure 1.30). These cracks are a net of interconnected
cracks which are random in locations and directions (Frosch et al. 2010), fine in width
(Patnaik and Baah 2015; Wan et al. 2010), and shallow in depth (Patnaik and Baah 2015;
Schmitt and Darwin 1995). Two possible sources of map cracking. The first one is the
placement of fresh concrete on dry precast concrete beams. These cracks start and
develop from the concrete deck bottom until the reach the surface (Curtis 2007). The
second one is lacking of adequate curing (ACI 224R-01 2001; Frosch et al. 2010;
Ganapuram 2013), which leads to restrained volumetric changes (dry and plastic
shrinkage) due to fast loss of surface moisture (ACI 224R-01 2001; Wan et al. 2010).
In terms of long durability, map cracking has insignificant effects (Schmitt and
Darwin 1995).

Figure 1. 30:Map cracking (Russell 2004)
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1.4.5. Random cracks
This type of cracking is irregular and includes all cracks which cannot be
classified under any of the above categories. These cracks occur frequently, but there is
no clear relationship between their occurrence and bridge deck characteristics (Durability
of Concrete Bridge Decks 1970).

1.5. Corrosion inhibitors
Corrosion inhibitors are used successfully in different the industries such as
cooling systems, pipe lines, tanks, etc. (Hansson et al. 1998; G. and F. 2014; Söylev and
Richardson 2008; Daniyal and Raja 2016; Buchweishaija 2003; Bolzoni, et al. 2014).
Inhibitors are also used as a corrosion prevention/control method in the R.C.
structures (Al-Amoudi et al. 2003; A.S. et al. 2011; A.S. and Ismail 2012; Daniyal and
Raja 2016; Hansson et al. 1998; Morris and Vázquez 2002; Söylev and Richardson
2008). Corrosion inhibitors in concrete can be defined as a chemical substance which
affect the steel reinforcement corrosion either by delaying the corrosion initiation time
and/or reducing the corrosion rate, without a significant effect on concrete properties
(A.S. et al. 2011; Bolzoni, et al. 2014; Daniyal and Raja 2016; Elsener et al. 1999;
Hansson et al. 1998; Myrdal 2010; Ormellese et al. 2007; Söylev and Richardson 2008).

The main advantages of inhibitors compared to the other corrosion prevention
techniques are their low cost and minimum skill requirement for their application (A.S. et
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al. 2011; Bolzoni, et al. 2014; Cusson et al. 2008; Morris and Vázquez 2002; Ngala et al.
2002; Ormellese et al. 2006, 2007; Raupach et al. 2014; Söylev and Richardson 2008).

Inhibitors can be classified based on: (A.S. et al. 2011; Daniyal and Raja 2016; G.
and F. 2014; Hansson et al. 1998; Ormellese et al. 2006; Osial and Wiliński 2016; Soeda
and Ichimura 2003; Söylev and Richardson 2008): their chemical composition (organic
and inorganic), their application mode (admixed and migrating inhibitors), and their
action mechanism (anodic, cathodic, and both).

Calcium nitrate is one of the most common inhibitors of the RC structures
(Cusson et al. 2008; Daniyal and Raja 2016; Hansson et al. 2007; Ormellese et al. 2006;
Poursaee 2016b; Soeda and Ichimura 2003) and is used in this study. These inhibitors are
anodic inhibitors. Anodic inhibitors passivate the reinforcement steel surface and/or
reduce the corrosion rate due to suppression of the anodic (oxidation) reaction of the
corrosion process (G. and F. 2014; Söylev and Richardson 2008). These inhibitors are
also called passivation inhibitors, and mainly consist of oxidizing agents. Generally,
anodic inhibiting action produces a thin, dense, and insoluble passive film that covers and
blocks the entire steel surface (Myrdal 2010; Soeda and Ichimura 2003). As a result of
this action, the corrosion rate decreases by shifting the corrosion potential to more
positive values as shown in (Figure 1.31).
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Corrosion potential vs. Reference
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Uninhibited

Anodic
portion

New Ecorr
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Figure 1. 31: Action of anodic inhibitor

In the past decades, inhibitors were studied extensively to fully understand their
performance on the corrosion mechanism. The use of inhibitors in reinforced concrete
has been reviewed by many researchers (Aliofkhazraei 2018; Daniyal and Raja 2016; G.
and F. 2014; Hansson et al. 1998; Soeda and Ichimura 2003; Söylev and Richardson
2008). Examples of some studies are briefly summarized in (Table 1.6).
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Table 1. 6: Summary of some studies on the use of corrosion inhibitors
Paper

(Elsener et al. 1999)

(Elsener et al. 2000)

Experiment details
• Inhibitor : Hydroxyalkylamines-based
• Application mode: Admixture
• Specimens : Uncracked reinforced mortar / Saturated pore
solution
• No. of mortar mix: 4
• Exposure condition : Wet/dry cycles
• Experimental time : 350 days for mortar/ 40 day for pore
solution
• Inhibitor : Hydroxyalkylamines-based
• Application mode :Surface applied
• Specimens : Uncracked mortar / Saturated pore solution
• No. of mortar mix : 1
• Experimental time: 150 days for Mortar/ 30 day for pore
solution
• Exposure condition: Mortar samples were subjected to the
wet/dry cycles to initiated corrosion then sorted in 25C° and
80 % RH. The inhibitor applied in both mortar and saturated
pore solution after initiation of corrosion.

•
•
•
(Monticelli et al.2000)

•
•
•
•

Conclusion
The results showed that:
• Only high concentration level of inhibitors (~10%)
prevented the pitting corrosion in saturated Ca (OH)2
containing 1 M of NaCl.
• In mortar specimens, the corrosion initiation was slowed
down but not totally prevented by using inhibitor,
however, no influence on the corrosion rate was
observed.
The results showed that:
• In saturated pore solution, the corrosion rate was
effectively reduced after adding corrosion inhibitor.
• In mortar specimens, the corrosion process was not
affected by inhibitor application in the care of precorroded specimens.

Under the exposure conditions of this study, a good results
of corrosion inhibition was obtained only with few types of
inhibitors as follow:
Inhibitor : 32 type of inhibitor
• 0.05 M Sodium nitrite, 0.005 M 5-Hexyl-benzotriazole,
Application mode: Admixture and surface applied
0.05 M Sodium β-glycerophosphate, and saturated
Specimen : Uncracked reinforced mortar / Saturated pore
Dicyclohexylammonium nitrite in saturated pore
solution
solution Ca (OH2).
No. of mortar mix : 13
• In mortar samples, admixed Tungstosilicic acid hydrate
Cl¯ contamination : 0, 0.2% by cement wt.
with efficiency of (62%), and more than > 74% with
Exposure condition : Immersion
rebar inhibitor coating after one year of exposure, and
Experimental time : 1 year for mortar/ 30 days for saturated
Sodium
β-glycerophosphate
and
pore solution
Dicyclohexylammonium nitrite as penetrated inhibitors
with efficiency of 90 and 88% after six months of
exposure.

44

Table 1. 6 (cont.): Summary of some studies on the use of corrosion inhibitors
Paper

Experiment details

Conclusion

(Saricimen et al. 2002)

• Inhibitor: Alkanolamine inhibitor and water-based inorganic
material
• Application mode: Surfaces applied and admixture
• Specimen: Uncracked reinforced concrete / Saturated pore
solution
• No. of concreter mix: 1
• Chloride contamination: 0%
• Exposure condition: Immersion
• Experiment duration: 100 days for concrete samples / 96 h for
saturated pore solution.

It was found that the inhibitor effectively increased the time
to cracking, however, migrant inhibitor had marginal effect,
where the time to cracking was 1, 3 and 4 times higher than
the control specimens for migrant and admixed inhibitors
respectively.
The results of testing inhibitors in both concrete and
simulated pore solution showed that the admixed inhibitor
had the better performance in terms of both corrosion
initiation and corrosion propagation, where the corrosion
rates in saturated Ca(OH2) solution were 5.4, 4.6, 1 for
control, admixed inhibitor, and migrant inhibitor specimens
respectively.

(Buchweishaija 2003)

Inhibitor: Amine-fatty acid inhibitor
• Application mode: Admixture
• Specimen : Saturated pore solution
• Chloride contamination: 0%
• Exposure condition: N/A
• Experiment duration: N/A

It was concluded that the inhibitor efficiency depends on the
inhibitor concentration and the temperature, where the
efficiency increased as concentration increased and/or
temperature decreased.

• Inhibitor: Calcium nitrite inhibitor (CNI)
• Application mode: Surface applied
• Specimen: Reinforced concrete
• No. of concreter mix: 1
• Chloride contamination: 0%, 0.3%, 0.6%, 0.9%, 1.2%, and
2.4% by cement wt.
• Carbonation : Some specimens were carbonated
• Exposure condition: Wet/dry cycles
• Experiment duration: 18 months

The ability of surface applied CNI to reduce the corrosion
rate was observed only in the care of carbonated concrete
without chloride and in the non-carbonated concrete with
low level of chloride content for the moderately precorroded specimens. However, the inhibitor was infective in
the case of high chloride concentration and even low
chloride contamination in carbonated concrete. An
exacerbation of pitting corrosion was observed in the
severely contaminated concrete specimens under the
conditions of this study.

(Ngala et al. 2002)
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Table 1. 6 (cont.): Summary of some studies on the use of corrosion inhibitors
Paper

(Morris and Vázquez
2002)

(Al-Amoudi et al.
2003)

(Kessler et al. 2003)

(Holloway et al. 2004)

Experiment details
• Inhibitor: Alkylaminoalcohols -based inhibitor
• Application mode: Surface applied
• Specimen: Uncracked reinforced concrete
• No. of concreter mix: 4
• Chloride contamination: 0.16%, 0.43%, 0.78%, and 1.6% by
cement wt.
• Exposure condition: Marine and partial immersion
• Experiment duration: 1000 days
• Inhibitor: Calcium nitrite inhibitor (CNI) and two organic
commercial inhibitors.
• Application mode: Surface applied
• Specimen: Uncracked reinforced concrete
• No. of concreter mix: 4
• Chloride contamination: 0.8% and (0.8% Cl¯ + 1.5% SO3) by
cement wt.
• Exposure condition: Partial immersion
• Experiment duration: 170 days
• Inhibitor: Calcium nitrite inhibitor (CNI) and two organic
inhibitors (FerroGard 901 and Rheocrete 222+)
• Application mode: Admixture
• Specimen: Uncracked reinforced concrete
• No. of concreter mix: 6
• Chloride contamination: N/A
• Exposure condition: Partial immersion
• Experiment duration: 1800 days
• Inhibitor: Amine-based inhibitor (Cortec MCI2005)
• Application mode: Admixture and surface applied
• Specimen: Uncracked reinforced concrete
• No. of concreter mix: 1
• Chloride contamination: 14 kg/m3 of concrete.
• Exposure condition: The samples were placed on sponges
saturated with a 3.5% NaCl solution, only the very bottom
surface of the samples being in contact with the solution
• Experiment duration: 5 years
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Conclusion
Only in the case of concrete without admixed chloride, the
inhibitor was able to reduce the corrosion rate under the
exposure condition of this study, however, the inhibitor was
more effective in marine environment.
No effect of inhibitor on the corrosion rate in the case of
chloride admixed concrete with chloride content level of
0.43% or more.

Results showed that the corrosion initiation was slowed
down, and the corrosion rate was reduced effectively by all
inhibitors, however, CNI showed the best performance.

The experiment continued until the cracks due to corrosion
are visually detected which was considered as specimen
failure.
The results indicated that the specimens with CNI showed a
remarkable improvement in corrosion behavior, where the
corrosion failure (corrosion included cracks) were
significantly increased.

Both inhibitor treatments showed a significant effect on
corrosion included by chloride even with relatively low
inhibitor concentration compare to the untreated specimens.

Table 1. 6 (cont.): Summary of some studies on the use of corrosion inhibitors
Paper

Experiment details

Conclusion

(Bavarian and Reiner
2006)

• Inhibitor: A range of Cortec’s MCI (MCI2020M and
MCI2022) inhibitors
• Application mode: Surface applied
• Specimen: Uncracked reinforced concrete
• No. of concreter mix: 1
• Chloride contamination: N/A
• Exposure condition: Wet/dry cycles
• Experiment duration: 400 days

Compare to the uninhibited sample, the presence of
inhibitor significantly reduced the corrosion rate.

(Ormellese et al. 2006)

• Inhibitor: Organic Compound based inhibitors (amine-esters,
aminoalcohols, and alkanolamines) and calcium nitrite
inhibitor (CNI)
• Application mode: Admixture
• Specimen: Uncracked reinforced concrete/ Saturated pore
solution
• No. of concreter mix: 2
• Chloride contamination: 0%, 1%, 1.5%, and 2.5% by cement
wt.
• Exposure condition: Wet/dry cycles
• Experiment duration: 3 years

The results indicate that:
• The examined inhibitors increased the initiation time of
corrosion induced by chloride by reducing chloride
penetration.
• CNI efficiency depends on the molar ratio of nitrite to
chloride that should be higher than 0.5-1 to prevent
corrosion.
• In the long term test, no effect of corrosion inhibitors on
the corrosion rate was observed.
• Organic inhibitors reduced the extent of corroded are and
penetration rate, however, the reduction was not
significant.

(Ormellese et al. 2007)

• Inhibitor: Two migrating organic amines and alkanolamines
based inhibitors
• Application mode: Surface applied
• Specimen: Uncracked reinforced concrete
• No. of concreter mix: 2
• Chloride contamination: 0%, 0.8%, and 1.2%, by cement wt.
the specimens with no chlorides admixed subjected to chloride
penetration from outside.
• Carbonation : Some specimens were carbonated
• Exposure condition: Wet/dry cycles and atmosphere exposure
• Experiment duration: 5 years

The results indicate that the effectiveness of migrant
inhibitors depends on the time of application, where in the
case of pre-corroded steel rebar be either chloride or
carbonation no beneficial effect on the corrosion rate was
noticed, however, inhibitors showed the ability to delay the
corrosion initiation when they were applied prior to
corrosion onset.
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Table 1. 6 (cont.): Summary of some studies on the use of corrosion inhibitors
Paper

(Bolzoni et al. 2007)

(Robertson and
Newtson 2008)

(El-Hacha et al. 2011)

Experiment details
Conclusion
• Inhibitor: Two migrating organic amines and alkanolamines • The results showed an increase in corrosion initiation
based inhibitors
time in the case of specimens that subjected to chloride
penetration after inhibitor application
• Application mode: Surface applied
• No significant reduction in corrosion rate in both
• Specimen: Uncracked reinforced concrete
chlorides admixed concrete and specimens subjected to
• No. of concreter mix: 2
chloride penetration, when the inhibitor applied after
• Chloride contamination: 0%, 0.8%, and 1.2%, by cement wt.
corrosion onset, however, the corrosion rate was reduced
the specimens with no chlorides admixed subjected to chloride
in the case of carbonated concrete, but the residual
penetration from outside.
corrosion rate is not negligible
• Carbonation : Some specimens were carbonated
• Exposure condition: Wet/dry cycles and atmosphere exposure • Overall conclusion, the efficiency of inhibitor depends
on the time of inhibitor application
• Experiment duration:1 and 2 years
• Inhibitor: Xypex Admix C-2000, latex modifier, Kryton KIM,
fly ash, and , silica fume were used to reduce the concrete
permeability , and Darex Corrosion Inhibitor (DCI),
• Based on the half-cell potential results, the corrosion
Rheocrete CNI, Rheocrete 222˜ , and FerroGard 901 were
resistant behavior, generally, was improved by all
used to raise the chloride concentration threshold
examined inhibitors.
• Application mode: Admixture
• Specimens with KIM, Darex Corrosion Inhibitor (DCI),
• Specimen: Uncracked reinforced concrete
and CNI inhibitors showed a significant reduction in the
• No. of concreter mix: 100
corrosion potential compare to the control ones.
• Chloride contamination: N/A
• Exposure condition: Marine
• Experiment duration:5 years
• Inhibitor: Six different migrant inhibitors
• Application mode: Surface applied
• Specimen: Reinforced concrete. Some specimens were • Under the experiment conditions, there was no effect of
crack on the corrosion inhibitor efficiency in both pre and
cracked before inhibitors application, and some after the
post-cracking
application.
• Inhibitors slowed down but not completely stopped the
• No. of concreter mix: 1
corrosion process.
• Chloride contamination: 0, 0.5, 1, 1.5, 2, and 3% by cement
• Effectiveness of corrosion inhibitor seemed to be as a
wt
function of initial level of chloride content and the
• Exposure condition: 168 specimens were subjected to wet/dry
exposure time.
cycles for 1 year, 168 specimens were subjected to salt-water
spray for 6 months, and the control specimens were kept in
dried for one year.
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Table 1. 6 (cont.): Summary of some studies on the use of corrosion inhibitors
Paper
(Cusson et al. 2008)

(A.S. and Ismail 2012)

(Zacharopoulou et al.
2014)

(G.M. et al. 2015)

Experiment details
The effectiveness of different corrosion inhibiting systems include
concrete admixture organic and inorganic inhibitors, reinforcing steel
coating and concrete surface application of epoxies and sealers were
evaluated in the field on bridge barrier walls and in accelerated
corrosion laboratory test for 5 years.
• Inhibitor: Bambusa arundinacea (Green plant extracts), calcium nitrite
and ethanolamine corrosion inhibitors.
• Application mode: Admixture
• Specimen: Uncracked reinforced concrete
• No. of concreter mix: 1
• Chloride contamination: 0.943%, by cement wt.,
• Exposure condition: Wet/dry cycles
• Experiment duration:180 days
• Inhibitor: Organic inhibitors.
• Application mode: Admixture and surface applied
• Specimen: Uncracked reinforced mortar
• No. of mortar mix: 1
• Chloride contamination: N/A
• Exposure condition: Partial immersion
• Experiment duration:25 months
• Inhibitor: Organic inhibitors extracted extracted from Azadirachta
indica (neem) and Ruta graveolens plants, and in organic inhibitors
sodium nitrate and Ethylenediaminetetraacetic disodium dehydrate
(EDTA)
• Application mode: Admixture and surface applied
• Specimen: Uncracked reinforced concrete
• No. of concrete mix: 1
• Chloride contamination: N/A
• Exposure condition: Immersion
• Experiment duration:56 days
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Conclusion
The results showed that in organic-based inhibitors
include calcium nitrite have a better performance in
terms of reduction reinforcement corrosion risk.

The results showed that all inhibitors successfully
delayed the initiation of corrosion, however, the
Bambusa arundinacea inhibitor showed the best
performance with the lowest corrosion rate.
The mass loss results indicated that the inhibited
specimens have the lower mass loss compare to
uninhibited specimens, however, the specimens
with admixed inhibitor showed a better performance
with mass loss of 60.33% where the mass loss of
surface applied inhibitor was 72.2% compare to the
mass loss of uninhibited specimens .

The results indicated that the efficiency of inhibitors
depends on the exposure environment, where the
Azadirachta inhibitor showed the best corrosion
inhibition in HCI and NaCl solutions, and in MgSO4
solution EDTA inhibitor was the best.

1.6. Corrosion monitoring techniques
There are several electrochemical techniques that can be used to evaluate the
corrosion of steel in concrete.

Among those, half-cell potential, linear polarization

resistance, and cyclic polarization, are very common and are briefly described here.

1.6.1. Half-cell potential
The half-cell potential technique is the most widely used non-destructive method
for monitoring corrosion activity of steel reinforcement in concrete. This technique was
developed by Richard F. Stratfull in North America and by the Denish Corrosion Center
in Europe in the 1970s (Gronvold and Arup 1979; Stratfull 1957, 1968, 1972). It was
approved as a standard by ASTM (ASTM C876-15 2015) in 1980. In this test, the
electrochemical corrosion potential of the rebars is measured against a reference
electrode, using a high impedance voltmeter as schematically shown in (Figure 1.32).
Several types of standard reference electrode are commonly used such as copper/copper
sulfate Cu/CuSO4 (CSE) (which is suggested by ASTM), silver/silver chloride Ag/AgCl
(SSE), and saturated calomel electrode (SCE) (Blagojević 2015; Farias 2015; Hansson et
al. 2007; Poursaee 2016a).
The measured potentials can be used to determine the probability of corrosion
activity of the embedded steel bar. Table 1.7 shows the guideline of measurements
interpretation, provided by ASTM standard (ASTM C876-15 2015) based on using
Cu/CuSO4 as the reference electrode. It should be noted that the half-cell potential can be
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affected significantly by different factors such as concrete moisture, cover thickness, cell
placement, oxygen, chloride concentration, temperature and carbonation (Elsener 2001;
Gu and Beaudoin 1998).

High
impedance
voltmeter
Reference electrode
(Cu/CuSO4)
(Ag/AgCl)
SCE
Steel rebar

Concrete

Figure 1. 32: A schematic of half-cell potential techniques

Table 1. 7: The probability of corrosion according (ASTM C876-15 2015)
Half-cell potential E, vs Cu/CuSO4

Probability of corrosion

E > -200 mV

90 % probability of no corrosion

-200 > E >-350 mV

An increased in corrosion probability

E < -350 mV

90 % probability of corrosion
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1.6.2. Linear polarization resistance
The principal of this technique is based on polarizing the steel using a small
potential, i.e. ±10 mV vs. half-cell potential, and measuring the resultant current. The
slope of the linear portion of potential vs. current plot represents the polarization
resistant, i.e. Rp. Rp can then be used to calculate the corrosion current, using eq. 1:

Icorr = B/Rp

(Eq.1)

Where B= (βa βc) / [2.3 (βa+ βc)] and, βa and βc are the anodic and cathodic Tafel
constants, respectively.

The corrosion current density, icorr can be then estimated by using the area, A, of
the corroded portion of the steel rebar as following:

icorr = (B/Rp) / A

(Eq.2)

The value of Stern-Geary constant B should be determined empirically. For
embedded steel reinforcement, however, the value of constant B is assumed to be 52 mV
and 26 mV for passive state and active corrosion state, respectively (Andrade et al. 1990;
Andrade and González 1978).
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1.6.3. Cyclic Polarization (CP)
CP functions upon the concept of forcing (applying potential) the metal from its
steady state condition to predict how a metal will behave in a particular environment and
monitoring that behavior (measuring current) as that force is removed at a constant rate
and the system reverses to its steady state type. CP is performed to obtain information on
the susceptibility to pitting corrosion and to determine the pitting potential of the steel
specimens under different loading levels and types. The potential will be scanned from
-0.1V to +0.5V versus open circuit potential with the scan rate of 0.16 mV/s according to
ASTM standard (ASTM G59-97 2014) . Scan range is based on the E-pH diagram of
steel in alkaline solution which minimizes the disturbance of the system caused by
possible hydrogen and oxygen evolution.

1.7. Dissertation objectives
The main objectives of this dissertation are:

1. Develop an experimental method to evaluate corrosion of steel reinforcement in
cracked concrete.
2. Investigate the effect of crack opening size on the corrosion activity.
3. Evaluate effectiveness of repairs on corrosion behavior. alternative applications
of corrosion inhibitor and gravity-feed epoxy
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1.8. Dissertation Organization

The remainder of this dissertation is organized into three chapters 2, 3, and 4 to
cover the experimental work which is the main body of this dissertation.
In the first phase of this study, presented in chapter 2, an experimental method was
developed to evaluate the corrosion of reinforcement in cracked concrete. All related
details of this developed method such as specimen’s description, fabrication, casting,
curing, cracking, and load testing and the observations during all these stages are
reported.
Chapter three presents the experimentally investigation of the effects of crack
opening of different size on the chloride-induced corrosion of reinforcement using the
developed specimen. A total of 57 specimens were subjected to wet/dry ponding regime
to accelerate the corrosion. The corrosion activity was monitored for 550 days using halfcell potential, linear polarization resistance, cyclic potentio-dynamic polarization
techniques. Visual inspection was, also, carried out. In addition the measurement location
with respect to the crack location was, also, investigated.
Chapter 4 deals with the results of the influence of crack repair on the corrosion
of steel reinforcement. Alternative applications of repair materials using corrosion
inhibitor and gravity feed epoxy were investigated. The crack opening sizes that
considered previously and the repair material are the variables of this stage of
dissertation. Three different repair applications were considered for each crack opening
size: epoxy only (set A), injection of mixed inhibitor and epoxy in the crack and sealing
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of the crack surface with epoxy (set B), and injection of inhibitor in the crack and seal the
surface with epoxy (set C). Some specimens were kept unrepaired as control specimens.
Effectiveness of the repair methods and the effects of crack size were evaluated using
half-cell potential and linear polarization resistance, where the measurements are reported
and discussed.
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CHAPTER TWO
AN EXPERIMENTAL METHOD FOR EVALUATING REINFORCEMENT
CORROSION IN CRACKED CONCRETE1

2.1. Abstract
This chapter presents an experimental method for evaluating corrosion behavior
of steel reinforcement bars in cracked concrete members. The method utilizes a small
(23.5 cm (9.25 in.) deep x 7.6 cm (3 in.) wide x 81.3 cm (32 in.) long) reinforced
concrete beam specimen which is intentionally cracked through application of an
eccentric posttensioning force. Because the posttensioning is applied using a threaded rod
and turn-of-the-nut tightening, the width of the resulting flexural crack can be adjusted to
a desired size. After the concrete is cracked, a chloride solution is introduced to
accelerate corrosion, and electrochemical measurements of corrosion can be made.
Simplicity of the specimen, adjustability of crack size and ability to create flexural cracks
are the primary benefits of the method. Details of an ongoing test program are presented
to demonstrate the application of the method. Alternative test methods reported in the
literature are also briefly reviewed.

The content of this chapter was published in Journal of Structural Integrity and Maintenance.
DOI: 10.1080/24705314.2019.1565058
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2.2. Introduction
Corrosion of steel reinforcement bars in concrete is a significant threat to the
safety, serviceability and durability of reinforced concrete structures. The direct cost of
corrosion – including corrosion of reinforcement in concrete – for highway bridges in the
United States in 2013 has been estimated to be $13.6 billion annually (NACE 2018); the
indirect costs of corrosion due to traffic delays and loss of productivity are estimated to
be 10 times greater than the direct costs (Koch et al. 2002). Corrosion of reinforcement in
concrete is also a concern beyond the transportation sector (Koch et al. 2002). The
significant cost and concerns provide motivation to understand and mitigate corrosion in
steel-reinforced concrete structures.
The effects of concrete cracking on reinforcement corrosion have received a great
deal of attention in the technical literature (Aldea et al. 1999a; Arachchige 2007; Dang et
al. 2013; Gowripalan et al. 2000; Lu et al. 2014; Otieno et al. 2008). Cracks allow an
entrance point for chlorides and other deleterious materials to access reinforcement and
initiate corrosion. Two examples of concerning cracks are shown in (Figure 2.1),
specifically cracks in bridge decks (Figure 2.1 a) and end-region cracks in precastpretensioned girders (Figure 2.1 b). Such cracks are of particular concern in regions that
use salts to melt ice in winter (Transportation Research Board 1991; Zhou Y. et al. 2015).
This chapter presents an experimental method for evaluating corrosion in cracked
reinforced concrete laboratory specimens. The method was developed with the objectives
of simplicity, ability to adjust crack width, ability to apply wet-dry cycles, ability to test
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the effects of repair methods and the ability to conduct electrochemical tests. In
presenting this method, the authors aim to provide a means whereby corrosion in
reinforced concrete can be studied and elucidated, and knowledge can be created to
mitigate the costs of this hazard.

(a)

(b
Figure 2. 1: Bridge concrete cracking (cracks enhanced in the figure). (a) Transverse
cracks in a bridge deck (Frosch et al. 2003); and (b) end region cracks in precast girder
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2.3. Background
2.3.1. Impact of concrete cracking on reinforcement corrosion
The low permeability and high alkaline environment with the pH of 12.5–13.8
make concrete an ideal environment for reinforcement steel. The chemical properties of
the pore solution protect steel reinforcement against corrosion through the formation of a
passive layer on the steel surface (Broomfield 2007). The passive layer and low
permeability protect the reinforcement from corrosive agents, thereby prolonging the
initiation time of corrosion of uncracked reinforced concrete structures (Subramaniam
and Bi 2006). The initiation stage is the time needed to break down the passive layer
prior to the start of corrosion. The propagation stage starts once the corrosion begins and
corrosion products are formed (Tuutti 1982).
Nonetheless, concrete has a natural tendency to crack due to its relatively low
tensile strength. Cracks provide a free path for deleterious substances such as chloride
ions, oxygen and water into concrete; however, there is no clear consensus in the
technical literature regarding the impact of cracking and crack width on corrosion. Many
researchers report that initiation time is decreased by the presence of cracks and by wider
cracks (e.g. (Huang 2006; Ji et al. 2016; Mohammed et al. 2001; Schiessl and Raupach
1997; Wang et al. 2014b)); other researchers report that crack width has no influence at
the initiation stage (e.g. (Beeby 1983; Bhaskar et al. 2011; François et al. 2012; Lorentz
and French 1995)). The literature is also mixed on the impact of cracks during the
propagation stage. Some researchers have observed that corrosion during the propagation
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stage is affected by cracks and their widths (Otsuki et al. 2000; Şahmaran and Yaman
2008; Otieno et al. 2010; Pacheco et al. 2014; Ji et al. 2016; ACI 224R-01 2001). Other
researchers have reported that cracks, regardless of width, impact corrosion propagation
(Arachchige 2007; Arya and Ofori-Darko 1996; Beeby 1983; Mohammed et al. 2001;
Schiessl and Raupach 1997; Wang et al. 2014b; Yoon et al. 2000). A few studies even
concluded that corrosion in the propagation state is not impacted by cracks or crack width
(François et al. 2006, 2012; François and Arliguie 1998). These inconsistencies in the
literature highlight the complexity of the topic and the need for efficient methods to
experimentally study the effects of cracks on the initiation and propagation of
reinforcement corrosion.

2.3.2. Test methods
While this article presents one specific experimental method, it is also useful to
look at alternative methods used in previous works. The paragraphs below present
different experimental techniques that have been used to study corrosion in cracked
concrete.
2.3.2.1. Split cylinder method (Brazilian splitting test)
In this method an external compressive load is applied to induce cracking in
cylindrical concrete samples (Figure 2.2). The crack width can be monitored during the
operation and the width can be controlled by level of applied load. The method produces
cracks that have effectively the same width across the concrete specimen. No corrosion
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studies have been carried out using this method; however it is conceivable that
reinforcement could be placed in the specimens and evaluated for corrosion. The method
has been used for evaluation of how cracks impact concrete permeability (Aldea et al.
1999a; 1999b; Djerbi et al. 2008; Jang et al. 2011; Picandet et al. 2009; Wang et al.
1997).

Load
Loading
plate

Crack
LVDT

3 mm thick
plywood

Figure 2. 2: Split cylinder test

2.3.2.2. Wedge splitting method
This method was created by (Linsbauer and Tschegg 1986) and developed by
(Brühwiler and Wittmann 1990) to measure fracture properties of materials. As shown in
(Figure 2.3), a wedge is placed into a concrete specimen and expanded to form a crack.
The crack is nominally V-shaped with maximum width at the top of the crack. The width
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can be controlled by monitoring the crack with a displacement gauge during the splitting
operation. This method has been used in unreinforced concrete samples (Ye et al. 2012;
Yi et al. 2011; Yoon et al. 2007; Yoon and Schlangen 2009) and in reinforced concrete
specimens (Šavija 2014). Small specimens are used in this method such as cylinders,
standard concrete cubes and core drill samples. Special preparations including the grove
and starter notch are needed before cracking. A potential disadvantage is that the samples
are exposed to chloride in unloaded state which means the crack widths reduce with time
(Šavija 2014).
P

Splitting
Wedge

θ

Grove
Fh

Fh

Starter
Notch

Fv

Fv

Cube specimen
P
Fh: Horizontal force, Fv: Vertical force
Figure 2. 3: Wedge splitting test (after (Karihaloo et al., 2006))
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Roller
bearing

2.3.2.3. Expansive core method
Doughnut-shaped concrete samples are placed around a steel core that has an
adjustable diameter. An external steel ring is placed on the outside of the concrete (Figure
2.4). The diameter of the steel core is expanded to produce cracks that originate from the
internal surface of the sample. Both unreinforced and reinforced specimens can be
cracked using this method. Accordingly, the method has been used to study the influence
of cracks on both chloride ingress (Ismail et al. 2004, 2008) and corrosion process (Dang
et al. 2013). To evaluate the effects of cracking, the cracks must be maintained by
keeping the inner core in its expanded state. The cracks obtained in this method are
parallel walled, and therefore not directly comparable to flexural cracks.

Mortar sample

Expansive core

A

A

50 mm

PVC belt

150 mm
A-A

Confinement ring

Figure 2. 4: Expansive core method (after (Ismail et al., 2008))
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2.3.2.4. Beam-flexure methods
Reinforced concrete beam specimens with single or multiple flexural cracks have
been used by many different researchers (e.g. (Gowripalan et al. 2000; Granju and Ullah
Balouch 2005; Otsuki et al. 2000; Win et al. 2004)). As shown in (Figure 2.5), three-point
and four-point bending schemes have been applied by coupling two beams back-to-back
(Lu et al. 2014; Wang et al. 2014a) or by loading a single beam (Arachchige 2007;
Schiessl and Raupach 1997). Width of cracks can be controlled by adjusting the level of
applied load. In previous studies, beam specimens have been subjected to chloride
exposure in the loaded state (Huang 2006; Mohammed et al. 2001) or unloaded state
(Kim et al. 2014; Mohammed et al. 2003). In one study, the load level was adjusted
during the test (Otieno et al. 2010). The method presented in this article is a variant of the
beam-flexure method.
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Load

Load

Support

Support

(a)

Load

Support

Cracks

Support

(b)

Figure 2. 5: Beam-flexure methods: (a) three-point bending; and (b) four-point bending

2.3.2.5. Artificially induced cracking methods
Cracks can be produced artificially by saw-cutting (Pour-Ghaz et al. 2009;
Rodriguez and Hooton 2003) or by inserting thin plastic or copper sheets in fresh
concrete and then removing them before final setting (Arya and Ofori-Darko 1996; Ma et
al. 2013; Marsavina et al. 2009; Mu et al. 2013; Tadros et al. 2010). These methods can
be used to create cracks with a desired width, depth, position and spacing. Disadvantages
of using these methods are that the cracks are not realistic and do not include the potential
impacts of crack connectivity, roughness, tortuosity and thickness variability.
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2.4. Posttensioned beam method
The test method was developed to achieve the following goals:
1) Specimens are small enough to be moved by hand
2) Specimens have a single flexural crack
3) Crack width is adjustable
4) Cracks are created without the need of special equipment
5) Wet-dry cycles can be applied
6) Electrochemical tests can be conducted
7) Corrosion mitigation strategies can be evaluated
8) Specimens can be load tested in flexure at the end of corrosion testing
The method was developed iteratively through fabrication and testing of multiple
prototypes. After the design was finalized, it was used in a test program to study the
effects of crack width on corrosion. Essential details of the method are described below.
The method successfully achieved goals #1 through #7. Goal #8, ability to perform
flexural testing, was not achieved but modifications to the method are suggested for
situations where flexural testing is desired.
2.4.1. Specimen description
Specimens are reinforced concrete beams (Figure 2.6) with a rectangular crosssection of 23.5 cm (9.25 in.) depth by 7.6 cm (3 in.) width. A total of 66 specimens were
created in the demonstration program, each having a length of 81.3 cm (32 in.). An
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opening was cast into the beams at mid-span to create a weakened section for cracking to
occur. Beams were singly reinforced with one longitudinal of 10 mm diameter (#3)
deformed steel bar. A PVC pipe was imbedded in each beam opposite to the rebar. A
threaded rod was later inserted into the pipe and used for posttensioning.

40.6 cm (16 in.)

5.0 cm
(2.0 in.)

13.3 cm
(5.25 in.)

7.8 cm
(3.06 in.)

PVC
pipe

23.5 cm
(9.25 in.)

PVC pipe

14 cm
(5.5 in.)

23.5 cm
(9.25 in.)

3.2 cm
(1.25 in.)

7.6 cm
(3.0 in.)

81.3 cm (32 in.)

Figure 2. 6: Specimen details
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Rebar 10 mm dia.
(#3)

2.4.2. Materials
A normal strength concrete with ordinary Portland cement was used in the present
study. The concrete mix (Table 2.1) was selected to meet South Carolina Department of
Transportation specifications bridge decks (SCDOT Class 4000 concrete). Reinforcement
bars in the specimens complied with ASTM A615 (ASTM A615 / A615M-16 2016).
Table 2. 1: Concrete mix specifications
Materials
Specified
Cement
Fly Ash
Course aggregate
Sand
#4 aggregate
Water
Water-reducing agent
Air-entraining agent

Batched

Notes

503 kg (1110 lb) 499 kg (1100 lb)
Total concrete
158 kg (350 lb) 163 kg (360 lb)
quantity: 1.5 m3
1691 kg (3728 lb) 1678 kg (3700 lb)
(2 yd3)
660 kg (1455 lb) 662 kg (1460 lb)
Design w/c : 0.4
270 kg (595 lb) 290 kg (640 lb)
Actual w/c : 0.367
185 L
(49 lb)
185 L
(49 lb)
Slump: 76.2 mm
1644 g
(58 oz) 1644 g
(58 oz)
(3 in)
170 g
(6 oz)
170 g
(6 oz)

2.4.3. Fabrication
Formwork was made from oriented strand board and dimension lumber.
Reinforcement bars were extended 5 cm (2 in.) from both ends of all beams to provide a
location for electrical connections for corrosion measurements. This required that holes
be cut in at the ends of the forms for the bars to pass through. The holes allowed for
accurate positioning of the bars during concrete casting. The bottom and sides of the
formwork were wrapped with plastic sheet over the middle 25.4 cm (10 in.) of each beam
length. This created a smooth surface which facilitated inspection and measurement of
cracks. The plastic sheets were held in place by taping them to the formwork (Figures 2.7
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(a) and 2.7 (b)). All 66 specimens were cast on the same day using the same concrete
batch. Concrete was delivered from a local ready-mix company. It is very important to
note that specimens were casted upside down in the other word the top surface (tension
zone) was the bottom face of formwork, therefore no bar effect was noticed as an
advantage of this mode of casting. The specimens were moist-cured and covered with
plastic sheets (Figure 2.7 (c)) for 3 days after casting. One week after casting, the forms
were removed and the specimens were moved to the inside the laboratory for the
remainder of the study (Figure 2.7 (d)).

Covering with
plastic sheet

(a)

(b)

(c)

(d)
Figure 2. 7: (a, b) Forms; (c) casting; and (d) curing
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2.4.4. Specimen cracking
After the beams were cast and cured, they were flipped over so that the notch side
was on the bottom and the flat side was on the top. Specimens were kept in this
orientation (notch on bottom) for the remained of the test program. The specimens were
posttensioned to cause cracking 3 months after casting. The threaded rod inside the PVC
was fitted with a steel plate, nut and washer at each end (Figure 2.8). The nuts were
tightened to produce an eccentric posttension force on the beam, which resulted in
flexural–tensile stress and cracking at the top of the beam. A primary benefit of this
cracking system is the ability to control crack width. The crack width was checked
several times during the posttensioning operation using an analogue microscope with
accuracy of 0.02 mm (0.001 in). The nuts were tightened or loosened until the desired
crack width was obtained. Typically, only a single crack formed on the tension side of the
specimens.
High-resolution digital photos were taken of the specimen sides and top to
document the cracks. The plastic sheets placed on the inside of the formwork proved
effective in creating smooth surfaces, thus allowing for measuring and documenting
crack widths and locations (Figures 2.9 (a) and 2.9 (b)). Three nominal crack widths were
evaluated in the program: 0.1 mm, 0.3 mm and 0.7 mm. These sizes were selected
because they meet and exceed crack width thresholds considered in AASTO LRFD
(AASHTO 2017), ACI Committee 224 report (ACI 224R-01 2001), and FDOT
specifications (FDOT 2018) as shown in (Figure 2.10). A total of 18 specimens were
cracked to each size. A total of 12 uncracked beams served as control specimens.
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Nut

Crack

Treaded rod 16 mm

Steel plate
0.635 x 7.62 x 7.62 cm
(1/4 x 3 x 3 in)

Figure 2. 8: Cracking system

(a)

(b)

Figure 2. 9: Example of crack documentation: (a) top crack; and (b) side crack
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Crack opening size (mm)

(AASHTO 2017) Minimum

Maximum

(ACI 224R-01 2001)

Minimum

Maximum

(FDOT 2018)

Figure 2. 10: Minimum and maximum crack size according to the AASTO LRFD, ACI
Committee 224, and FDOT specifications. The horizontal dash lines represent the
selected nominal crack opening sizes

2.5. Crack width monitoring
At the time of cracking, the nuts were adjusted so that the crack opening sizes
were near the target widths of 0.1 mm, 0.3 mm or 0.7 mm. Four months after cracking,
the widths were rechecked. In all cases, the cracks grew in width. Growth is attributed to
creep and shrinkage of the concrete on the compression side of the beams. Creep and
shrinkage effects are discussed further by (Seo et al. 2017); specific impact on crack
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width from creep and shrinkage are discussed in ACI Committee 224 report (ACI 224R01 2001). Changes in crack widths are presented in (Figures 2.11 and 2.12). The average
growth of the cracks width ranged from 11% to 24% (Figure 2.12).
The specimen design allows for crack width to be adjusted periodically to match
the target widths. Caution is advised when deciding to adjust crack widths. If corrosion is
underway, then adjusting the crack width may impact the corrosion activity. In the case
of the demonstration project, the widths were monitored, but no attempt was made to

Crack opening size (mm)

adjust them.

0.1 mm crack

0.3 mm crack

0.7 mm crack

Figure 2. 11: Comparison of nominal and measured crack widths. Height of the bars
represents the average width; error bars represent the range. (1 in. = 25.4 mm)
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Average % growth of crack width

Nominal crack opening size (mm)
Figure 2. 12: Average growth of crack width

2.6. Corrosion acceleration and monitoring
One of the advantages of the proposed test beam is the relative ease of subjecting
the specimens to wet/dry cycles (Figure 2.13 (a)). A plastic container with a hole cut in
bottom was adhered to the top surface directly over the crack. A chloride solution was
placed in the container to accelerate corrosion. The hole in the plastic container was sized
to expose concrete for approximately 1 in on both sides of the crack. To prevent leaking
and to create and impermeable boundary condition, both sides of each specimens were
coated with epoxy. The test beams were subjected to wetting and drying cycles of 3%
NaCl by weight salt solution (ASTM G109-07 2013). Each wet–dry cycle lasted 28 days.
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Corrosion activity was monitored using half-cell potential (HCP), linear polarization
resistance (LPR), and cyclic potentiodynamic polarization (CPP) tests. HCP was
measured in two ways. First, direct HCP measurements were made between the solution
and the exposed portion of the reinforcement. Second, HCP was measured between the
bar and different points along the top surface of the beam. In this manner, spatial
distribution of HCP relative to the crack locations was studied. Results of electrochemical
tests will be presented in detail in a forthcoming chapter.

2.7. Flexural testing
The specimens were originally designed to allow flexural testing after completion
of corrosion regime and electrochemical testing. The intent was to evaluate the effects of
crack width and reinforcement corrosion on flexural capacity; however, this goal was not
achieved because shear failures occurred in the specimens (Figure 2.13(b)).
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(a)

(b)

Figure 2. 13: (a) Configuration of accelerated corrosion procedure; and (b) UTM
machine and test frame setup
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2.8. Summary and recommendations
A test method for evaluating corrosion behavior in cracked reinforced concrete
members was presented. The method uses small beam specimens that are intentionally
cracked through the application of an eccentric posttension force. Advantages of the
method include the following: specimens that can be moved by hand, cracking does not
require special equipment, the ability to control crack width and the ability to conduct a
barrage of electrochemical tests. The method has been successfully applied in a test
program using 66 specimens. Corrosion monitoring, cracks and crack width influence,
wetting–drying effects, chloride ingress and the effect of corrosion on the load-carrying
capacity can be studied using the proposed method. A few practical recommendations are
offered for future researchers who implement the test method. These recommendations
are based on the challenges and successes of the demonstration program. The
recommendation may or may not apply in all situations; however, they are offered as a
starting point for others wishing to implement this test method:


The posttension force (turn-of-nut tightening) should be applied in several small
steps while measuring crack width after each step. This will prevent cracks from
becoming too wide and requiring adjustment. Small load steps are especially
useful for the first few specimens while the operator gets a “feel” for amount of
tightening needed to create cracks having the desired width.



Plastic sheets on the formwork are recommended at the intended locations of
cracks. The smooth surfaces created by the plastic sheets facilitate accurate
measurements and photo documentation of cracks. Rough surfaces can present
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challenges for precisely measuring crack width. The plastic sheets on the
formwork may change the surface effects (i.e. variability at the concrete surface),
so caution is advised if the condition of the surface is considered vital to the test
outcomes.


To control for changes in crack width, crack size should be checked and adjusted
prior to exposure of the specimens to the chloride solution. The width of cracks in
the test program grew in the first 4 months after the posttension force was applied.
Because of the specimen design, crack width can be reduced by slight loosening
of the nuts.



Specimens should be longer if flexural testing is to be conducted. Longer
specimens will facilitate longer spans, larger bending moments and greater
likelihood of flexural failure.



If analogue microscope measurements are used (as was done in this study), then
the same individual should take all readings in order to remove variability
between different microscope users. The use of digital and/or photographic
measurements is also recommended.
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CHAPTER THREE
INFLUENCE OF CRACK OPENING SIZE ON CHLORIDE-INDUCED
CORROSION OF STEEL BARS IN CONCRETE

3.1. Abstract
This chapter presents the evaluation of the influence of the crack opening size on
the corrosion initiation and propagation of the reinforcing steel bars in the pre-cracked
concrete due to the chloride ingress. Uncracked (reference) and transversely cracked
reinforced concrete beam specimens were prepared for the laboratory experiments.
Specimens were fabricated with crack mouth openings widths of 0.1, 0.3, and 0.7mm
(0.004, 0.012, and 0.028 in). A ponding well was installed on top of the specimens above
the cracks; specimens were subjected to two-week wet and two-week dry cycles with 3
wt% NaCl solution in the pond. Electrochemical tests and visual inspections were
conducted to evaluate the condition of the reinforcing bars. The results after
approximately 550 days of the experiment showed that steel in specimens with 0.7 mm
(0.028 in) crack opening exhibited more severe corrosion than steel in specimens with 0.3
mm (0.012 in) crack opening. Corrosion behavior of steel bars in specimens with 0.1mm
(0.004 in) crack opening was distinct. Bars in these specimens had high corrosion rates
initially, but as time progressed, the corrosion rate was decreased significantly.
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3.2. Introduction
It is well-known that corrosion due to chloride exposure is a primary deterioration
mechanism of steel reinforced concrete structures (Angst et al. 2011; Basheer et al. 1996;
El-Hacha et al. 2011; Pacheco and Polder 2012; Poursaee 2016; Şahmaran and Yaman
2008; Strømme 2017). Sound uncracked concrete can physically protect steel from
corrosion by acting as a barrier.

Additionally, in the high-alkaline environment of

concrete a protective layer, i.e. passive layer, forms on the surface of carbon steel which
protects it from corrosion.

Nonetheless, presence of cracks in concrete, which is

generally unavoidable, influences concrete’s protective role on the corrosion of the
embedded reinforcing steel bars. Cracks in concrete significantly influence the corrosion
activity of the reinforcing steel bars by providing easy paths for penetration of the
aggressive species required for corrosion such as water, oxygen, and chloride ions. Thus,
presence of cracks in concrete leads to premature corrosion and early deterioration of the
reinforcing steel (Aldea et al. 1999a; Dang et al. 2013).
A survey conducted by Krauss and Rogalla (Krauss and Rogalla 1996) showed
that more than 100,000 bridge decks developed early age cracking across the United
States. Extensive effort has been given for decades to understand the influence of
cracking and cracks size on the chloride ingress and the initiation and propagation of
corrosion on the reinforcing steel bars. It is well-known that, in general, cracks influence
the chloride penetration within concrete, and thus influence corrosion initiation and
propagation. However, the role of crack opening size on corrosion initiation and/or
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propagation is not well-defined. Some studies have shown that the impact of cracks on
corrosion initiation is a function of crack size (Aldea et al. 1999b; Audenaert et al. 2009;
Huang 2006; Jin et al. 2010; Kim et al. 2014; Lu et al. 2014; Mohammed et al. 2001;
Otieno et al. 2008; Pettersson et al. 1996; Ramm and Biscoping 1998; Şahmaran and
Yaman 2008; Schiessl and Raupach 1997; Wang et al. 2014), others argue that the cracks
influenced corrosion initiation regardless of crack width (Arachchige 2007; Beeby 1983;
Berke et al. 1993; Bhaskar et al. 2011; Bi and Subramaniam 2006a; b; Küter et al. 2005;
Lorentz and French 1995; Rodriguez and Hooton 2003; Sangoju et al. 2011). Previous
studies also disagree on if corrosion propagation is a function of crack size. Some studies
have concluded that cracks - regardless of their size - were detrimental for the long-term
corrosion (Arachchige 2007; Arya and Ofori-Darko 1996; Beeby 1983; Dang et al. 2013;
Mohammed et al. 2001; Pettersson et al. 1996; Schiessl and Raupach 1997; Wang et al.
2014; Yoon et al. 2000). In contrast, other studies observed that the corrosion rate was
affected by both cracks and crack widths in the long-term (AASHTO 2017; ACI 224R-01
2001; Audenaert et al. 2009; Busba and Sagüés 2013; FDOT 2018; Ismail et al. 2008;
Jaffer and Hansson 2008; Ji et al. 2016; Mohammed et al. 2003; Otieno et al. 2008, 2010;
Otsuki et al. 2000; Pacheco et al. 2014; Şahmaran and Yaman 2008).
This chapter presents the results of a long-term study of the influence of cracks,
their opening sizes, and the impact of measurement locations on the corrosion of steel in
concrete. While the relationship between crack size and corrosion has been widely
studied this paper adds to the conversation through a test program that included: three
different crack sizes and uncracked control specimens, 18 replicate specimens for each
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crack size, a suite of electrochemical tests, observations spanning more than 500 days,
autopsying of specimens, and specimens with flexure induced cracking. Previous studies
have included some of these features in their programs; however,

these features have

been extended and combined in this paper. Additionally, this paper presents a novel
spatial evaluation of half-cell potential measurements. This spatial evaluation
demonstrates the criticality of measurement location on the measured half-cell potential.

3.3. Experimental procedures
Steel reinforced concrete beams with a cross section of 235 mm (9.25 in) × 76
mm (3 in), and the length of 813 mm (32 in) were prepared. The specimens were
designed to obtain one single V-shape transverse crack at the mid-span. Each specimen
was reinforced with one longitudinal #3 reinforcing bar with the nominal diameter of 10
mm. (Figure 3.1 (a)), schematically illustrates a concrete beam specimen. A PVC pipe
was embedded in each beam and a threaded steel rod was passed through the pipe. Each
specimen was cracked by post-tensioning the threaded rod through tightening the nut at
one end, as shown in (Figure 3.1 (b)). The width of the crack was controlled by the
degree of tightening. Details of the design and cracking procedure can be found in
chapter two and (Alarab et al. 2019).
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Figure 3. 1: (a) Schematic diagram of a concrete beam specimen, (b) ponding, crack, and
post-tensioning details
Three different crack opening sizes were selected in this study: 0.1 mm (0.004 in),
0.3 mm (0.012 in), and 0.7 mm (0.028 in). These opening sizes were selected to cover the
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range of values considered in crack control and repair specifications from technical
agencies (AASHTO 2017; ACI 224R-01 2001; FDOT 2018). Additionally, some
specimens were left uncracked. The crack opening and pattern were measured and
recorded using an analog microscope with an accuracy of 0.02 mm (0.001 in) from the
top and on both sides of each specimen. Three uncracked specimens were prepared along
with 18 cracked specimens for each crack size, resulting in a total of 57 specimens.

Table 3.1 shows the concrete mixture proration used in this study. Reinforcing
bars met the requirements of the ASTM A615 (ASTM A615 / A615M-16 2016). All
specimens were cast in one day and were then moist-cured and covered with plastic
sheets for three days. The post-tensioning and cracking operations occurred 90 days after
casting.

Table 3. 1: Concrete Mix proportion
Materials / specification
Cement
Fly Ash
Course aggregate
Sand
#4 aggregate
Water
Water-reducing agent
Air-entraining agent
Slump
w/c ratio

Amount in 1 m3
333 kg
109 kg
1119 kg
441 kg
193 kg
123 L
1.1 kg
0.1 kg
76 mm
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0.367

Amount in 1 yd3
734 Lb
240 Lb
2466 Lb
973 Lb
426 Lb
32.5 Gal
38.8 Oz
3.5 Oz
3 in.

A ponding well was installed on top of the specimens and filled with 3 wt% NaCl
solution to initiate corrosion. Both sides of the specimens were sealed with epoxy to
prevent leakage of the salt solution from the sides of the cracks during the experiment.
The pond on each specimen was filled with the NaCl solution and the specimens were
subjected to two-week wet and two-week dry cycles. Results presented in this paper
were taken during the wet portion of the cycles.
To study the corrosion activity on the steel bars, three electrochemical techniques
were used: half-cell potential, Linear Polarization Resistance (LPR), and cyclic
potentiodynamic polarization. In addition, approximately 550 days after specimens were
subjected to the NaCl solution, they were autopsied, and the steel bars were visually
inspected. For all LPR and cyclic polarization tests, a three-electrode measuring system
consisting of the steel bar as the working electrode, a 316 stainless steel sheet as the
counter electrode, and a Saturated Calomel Electrode (SCE) as the reference electrode
were used. The half-cell potential test was measured against the SCE, and all results were
converted to versus Cu/CuSO2 reference electrode in order to use the ASTM C876
guideline to evaluate the probability of corrosion. The half-cell potential measurements
and the LPR tests were performed one week after starting of the wetting cycle.

It should be noted that in the field applications half-cell potential may be
measured away from cracks. To study the influence of the location of the where potential
values are measured, half-cell measurements were taken directly at the crack location as
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well as on three points on the left side and three points on the right side of the crack, with
63.50 mm (2.5 in.) distance between each point.

LPR tests were conducted using ± 20 mV sweeps versus the corrosion potential.
In the cyclic polarization tests the steel was polarized cathodically -100 mV below the
half-cell potential and then scanned to +500 mV versus a reference electrode with the
scan rate of 0.166 mV·s−1 .

3.4. Results and discussion
3.4.1. Half-cell potential
The corrosion potential values measured at the top of the specimens directly
above the crack (or at the mid-point in uncracked specimens) are shown in (Figure 3.2).
While there was no corrosion activity in the uncracked specimens, the presence of
cracks clearly influenced the corrosion potential of the reinforcing steel bars. This
influence was evidently a function of crack opening size, with 0.1 mm (0.004 in) having
the lowest potential and 0.7 mm (0.028 in) having the highest. The corrosion potential of
the specimens with 0.1mm (0.004 in) crack opening width changed throughout the
experiment. After 550 days of exposure to the NaCl solution, the corrosion potential
values of the steel bars in these specimens with 0.1 mm crack opening nearly reached
those values in the uncracked specimens. Comparatively, the potential of the specimens
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with 0.3 and 0.7mm (0.012 and 0.028 in) crack opening increased slowly for the first 200

Potential (V) vs. Cu/CuSO4

days then remained relatively constant for the remainder of the experiment.

Time (days)
Figure 3. 2: The half-cell potential values (0 represents uncracked specimens). Results
were obtained from 3 uncracked and 18 specimens for each crack size. Horizontal dash
lines represent the ASTM C876 guidelines

Previous studies noted similar trend in corrosion potential for the cracks 0.1 mm
and smaller; and, it was suggested that cracks were closed due to self-healing effect
(Edvardsen 1999; Reinhardt and Jooss 2003). An alternative hypothesis is that the crack
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in the specimens with 0.1 mm crack opening was filled with the corrosion products which
led to deficiency in oxygen and reduction in the corrosion activity of the steel.

3.4.2. Spatial variation of half-cell potential
Figure 3.3 (a) shows the corrosion potential as measured at different location
along the top of the specimens. Data in Figure 3.3 are based on the average of all
measurements at the designated locations during 550 days of exposure to NaCl solution.
As demonstrated in the figure, the location of measurement has significant impact on the
measured value. This observation is consistent regardless of the crack opening size.
Figure 3.3 (b) presents the same data however they have been normalized to the half-cell
potential measured at the crack location. While the values of corrosion potential vary as a
function of crack opening size, the percentage change of corrosion potential was
effectively independent of the crack opening size. The corrosion potential was
approximately 50% more positive at 190.5 mm (7.5 in) distance from the crack as
compared to the potential measured on top of the crack.
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measurement

Top surface
(Tension face)

Potential (V) vs. Cu/CuSO4

Crack

Potential vs. potential at crack (%)

(a)

(b)

Distance from the crack (mm)

Figure 3. 3: (a) The average corrosion potential values at different locations and (b) the
percentage of the potential values at different locations with respect to the potential on
the top of the crack. Horizontal dash lines in Figure 3.3 (a) represent the ASTM C876
guidelines
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This effect demonstrated in Figure 3.3 can be misleading to evaluations using the
guidelines provided in the ASTM C876 (ASTM C876-15 2015). For example, there was
10% of risk of corrosion when the measurements were taken 190.5 mm (7.5 in) from the
location of the crack. In contrast the measurements at the crack indicated that the
probability of corrosion occurring was 90%. For this reason is it critical that location of
cracking be considered when using half-cell potential to determine the probability of
corrosion.

3.4.3. Corrosion current density
Corrosion current densities obtained from the LPR tests are shown in (Figure 3.4).
Similar to the results from half-cell potential measurements, no corrosion activity was
detected for the steel in uncracked concrete. However, active corrosion was measured on
steel in each of the cracked specimens. On average the corrosion current density in
specimens with 0.7 mm (0.028 in) crack opening was 50% and 65% higher than in
specimens with 0.3 mm (0.012 in) and 0.1 mm (0.004 in) crack opening, respectively.
These values in specimens with 0.3 mm (0.012 in) crack opening were approximately
15% higher than those in the specimens with 0.1 mm (0.004 in) crack opening.
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Current density (A.m-2)

Time (days)
Figure 3. 4: Corrosion current densities of steel in the uncracked and cracked specimens.
Results were obtained from 3 uncracked and 18 specimens for each crack size

Mass loss was calculated using Faraday’s low and the data from LPR technique
which is presented in (Figure 3.5). It can be seen that the crack opening size effect on the
corrosion process is very, where the mass comparing to the uncracked specimens were
420 %, 835%, and ~1400% for 0.1 mm, 0.3 mm, and 0.7 mm crack opening size,
respectively.
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Mass loss (% of uncracked)

Crack opening size
Figure 3. 5: Mass loss as percentage of the mass loss of control specimens (un-cracked)

3.4.4. Cyclic polarization
Cyclic polarization experiments were performed at 200 and 500 days after
exposure to the NaCl solution. The results of representative specimens are shown in
(Figure 3.5), similar results were observed for all specimens. The results confirmed those
obtained from the LPR and half-cell potential tests. No active corrosion was observed on
the uncracked specimens during the testing period, while the steel bars in all cracked
specimens indicated active corrosion. Steel in the vicinity of crack was not passivated,
thus as expected, evidence of pitting corrosion was not observed in the cyclic polarization
plots.
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Potential (V) vs. SCE

(a)

Potential (V) vs. SCE

(b)

Current (A)
Figure 3. 6: Cyclic polarization plots for one of the specimens in each group (a) 200 days
and (b) 500 days after exposure to the NaCl solution
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3.4.5. Visual inspection
All specimens were autopsied after 550 days of exposure to the NaCl solution and
the reinforcing steel bars were visually inspected.

Figure 3.6 shows representative

images of one steel bar obtained from each of the crack size groups.
The distribution and the severity of corrosion were highest on the steel in
specimens with 0.7 mm (0.028 in) crack opening, followed by the specimens with 0.3
mm (0.012 in) and 0.1 mm (0.004 in) crack openings. In all specimens the top of the bar,
adjacent to the tip of the crack, was corroded more than the bottom of the bar. The top
versus bottom difference was more profound for specimens with 0.3 and 0.7mm (0.012
and 0.028 in) crack opening compared to the specimens with 0.1 mm (0.004 in) crack
opening. Moreover, deeper and more severe corrosion was observed on steel in 0.7 mm
(0.028 in) crack opening compared to than in the specimens with 0.3 mm (0.012 in) crack
opening. Unfortunately the autopsy procedure disturbed the surrounding concrete and the
presence of corrosion products in the crack could not be confirmed. Inspection would
have otherwise been useful for testing the hypothesis that corrosion products filled the
cracks and led to the decrease in corrosion potential observed in the 0.1 mm (0.004 in)
crack width specimens.
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0.1 mm - Top

0.3 mm - Top

0.7 mm - Top

0.1 mm - Bottom

0.3 mm - Bottom

0.7 mm - Bottom
10 mm
Figure 3. 7: Images of the steel bars after removal from the concrete specimens, 550 days
after exposure to the NaCl solution
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3.5. Conclusion
Uncracked as well as cracked steel reinforced concrete specimens with three
different crack opening sizes, 0.1 mm, 0.3 mm and 0.7 mm (0.004, 0.012, and 0.028 in),
were prepared and the influence of the crack opening size on the corrosion of the steel
bars was studied. Electrochemical measurements and visual observation of embedded
steel bars in the cracked and uncracked specimens showed that regardless of crack
opening size, corrosion activity was greatest at the location of the crack. However, the
corrosion process in specimens with 0.1 mm (0.004 in) crack opening slowed over course
of the experiment. It is hypothesized that this observation is due to the pile-up of the
corrosion products in the cracks. Since chloride ions were already in the vicinity of the
steel, filling of the crack would lead to a lack of oxygen which would slow the corrosion
process. As compared to the specimens with 0.1 mm (0.004 in) crack opening, the
corrosion current density and the corrosion potential values of the steel in specimens with
0.3 and 0.7mm (0.012 and 0.028 in) crack openings stayed relatively steady within the
test period. The degree and extent of corrosion were proportional to the crack opening
size, which the 0.7 mm (0.028 in) the highest and 0.1 mm (0.004 in) the lowest. In
addition it was shown that the location of the potential measurement with respect to the
location of the crack had a significant influence on the measured values. Regardless of
the size of the crack, the average measured potential was approximately 50% more
positive at locations 190.5 mm (7.5 in) from the crack compared to those on top of the
crack were measured.
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CHAPTER FOUR
REPAIR OF CRACKED CONCRETE IMPACT ON THE REINFORCEMENT
STEEL CORROSION

4.1. Abstract
The experimentally assessment of the mitigating impacts of repair methods on the
chloride-induced corrosion of reinforcement steel in pre-cracked concrete presents in this
chapter. Inhibitor and epoxy repair materials were used in three different ways: 1) epoxy
only, 2) inject inhibitor inside the crack then coat the surface with epoxy, and 3) inject a
mixture of epoxy and inhibitor inside the crack and then coat the crack surface with
epoxy. Pre-cracked reinforced concrete specimens with a single transverse crack with
three different crack widths of 0.1, 0.3, and 0.7mm (0.004, 0.012, and 0.028 in) as well as
uncracked beams were prepared and fabricated for the laboratory investigation. The
specimens were exposed to alternating wet and dry cycles of two-weeks using a 3 wt%
NaCl solution in order to simulate an aggressive environmental condition and thus
accelerate corrosion of embedded reinforcement bars. Electrochemical measures of the
laboratory experiment showed that all repair methods significantly suppressed corrosion
activity. Prior to application of the repair methods the corrosion activity was correlated
with the crack width. After repair the corrosion activity was similar regardless of crack
width. The epoxy-only repair method corresponded to greater reduction in corrosion
activity than the other two methods.
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4.2. Introduction
Preventing the penetration of water, oxygen, chlorides and the other harmful
agents into concrete is critical for extending the durability of reinforced concrete (RC)
structures. The presence of cracks tends to reduce RC durability by providing free
pathways for deleterious substances, such as chloride ions, that accelerate corrosion of
steel reinforcement (Aldea et al. 1999; Fu et al. 2007; Hopper et al. 2015; Lu et al. 2014;
Saadeghvaziri and Hadidi 2002; Schindler et al. 2010). It is broadly recognized that a
primary deterioration mechanism of RC structures is chloride induced corrosion (Angst et
al. 2011; Basheer et al. 1996; El-Hacha et al. 2011; Pacheco and Polder 2012; Poursaee
2016; Şahmaran and Yaman 2008; Strømme 2017).
Many RC structures such as bridge decks, girders, and piles are intended to have
long service lives while also being exposed to sever environmental conditions. Krauss
and Rogalla (Krauss and Rogalla 1996) found that early age cracking was present in more
than 100,000 bridge decks across the United States. The same study also reported that
cracks as narrow as 0.05 mm (0.002in) can result in accelerated corrosion of reinforcing
steel due to the ingress of chloride and water through the crack.
With the aim of facilitating longer service life of RC structures the current paper
reports on the relative effectiveness of alternative repair methods for cracked RC
structures. An experimental program is presented to address three questions. First, are
chemical corrosion inhibitors effective if applied after the formation of cracking? They
are typically applied as an admixture during concrete mixing or as a coating to the
concrete surface after curing. Second, does crack size relate to the effectiveness of crack
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repair methods in limiting corrosion? Third, does a combination of corrosion inhibitor
and epoxy lead to more corrosion inhabitation?

Answers to these questions will assist

engineers who are seeking to extend the service life of RC structures through repairing of
cracks.

4.2.1. Allowable crack width
The following sections discuss reinforcement detailing requirements for crack
control. The discussion focuses on requirements for RC transportation structures in the
United States.

Requirements from American Association of State Highway and

Transportation Officials Bridge Design Specifications (AASHTO 2017) and from
individual state transportation agencies are briefly reviewed. Reinforcement detailing
requirements for crack control in RC structures can be found in international standards
and for building structures i.e. (ACI 224R-01 2001; CEB-FIP 2006; CEN 2004). While
code-based requirements and design models are created to extend service live of RC
structures, it should be noted that crack control calculations are “not really to limit cracks
to certain rigid maximum values but rather to use reasonable bar details…that will keep
cracks within a reasonable range.” (McCormac and Brown 2016).
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4.2.1.1. AASHTO LRFD Bridge design specifications
Cracking in concrete components is controlled by the flexural reinforcement
distribution according to eq. 5.7.3.4-1 (AASHTO 2017), which is based on a crack model
by (Frosch 2001):

(5.7.3.4-1)

Where:
= exposure factor
= 1.00 for Class 1 exposure condition
“When cracks can be tolerated due to reduced concerns of appearance and/or
corrosion”
= 0.75 for Class 2 exposure condition
“When there is increased concern of appearance and/or corrosion”
dc = thickness of concrete cover measured from extreme tension fiber to center of the
flexural reinforcement located closest thereto (in)
fss = calculated tensile stress in mild steel reinforcement at the service limit state not to
exceed 0.60 fy (ksi)
Commentary in AASHTO LRFD states that the class 1 exposure condition is
based on an assumed crack width of 0.43 mm (0.017 in). Furthermore the commentary
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recommends additional measures to protect RC structures in aggressive corrosive
environments. Decreased concrete permeability and/or waterproofing of exposed surfaces
are mentioned as possible protection measures.

4.2.1.2. State transportation departments provisions and guidelines
Many state transportation departments have guidelines for crack repair. A few
examples of these guidelines are described in the following tables. These guidelines are
commonly based on crack width, exposure conditions, and member type (Figure 4.1). In
general 0.15 mm to 0.2 mm is the threshold for crack widths that above which repair is
required. The crack widths considered in the current test program were selected to be
both higher and lower than the typical threshold values for repair.
The example guidelines each have some unique state-specific criteria. Florida
(FDOT 2018) considers the elevation of a concrete member as part of the repair
guidelines, (Table 4.1). The apparent notion being that corrosion is less likely or not as
severe in members that are higher above water or ground surface. In the case of cracks
in bridge decks, the Virginia DOT (VDOT 2009) bases their repair requirements on a
crack size after six months of drying time, (Table 4.2). In their requirements for crack
repair in piles ,(Table 4.3), the Texas DOT (TxDOT 2019) bases their requirements on
the orientation of cracks.
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Table 4. 1: Crack repair of precast-prestressed components, Florida Department of
Transportation (FDOT 2018)
Classification

Environment
SlightModerate
Extreme
Slight

< 0.15 mm
(0.006 in)

Moderate

0.15-0.3 mm
(0.006-0.012 in)

Extreme
> 0.3 mm (0.012 in)

All

Cracks in the Riding
Surface

All

Action
Do not treat
Apply penetrant sealer
Do not treat
 Product’s elevation >12 ft – Do not treat
 Product’s elevation ≤12 ft – Apply penetrant
sealer
 Product’s elevation >12 ft – Apply penetrant
sealer
 Product’s elevation ≤12 ft – Inject epoxy
Engineering evaluation required
 Epoxy inject cracks > 0.15 mm (0.006 in)
 Apply penetrant sealer for cracks ≤ 0.15mm
(0.006 in)

Table 4. 2: Crack repair of bridge decks, Virginia Department of Transportation
(VDOT 2009)
Crack classification
< 0.2 mm (0.08 in) at a drying age of 6 months
≥ 0.2 mm (0.08 in) at a drying age of 6 months

Action
Do not need to be filled
Need to be filled

Table 4. 3: Crack repair of piles, Texas Department of Transportation (TxDOT 2019)
Crack
direction

Horizontal

Fine cracks
Vertical
or diagonal

Crack size

> 1.6 mm (0.0625 in)
< 1.6 mm (0.0625 in)
< 0.15 mm (0.006 in)



Action
 Rejected pile with cracks below ground or
water level
 Cut and rebuild the crack portion when crack
above ground or water level
Inject the cracks with epoxy
Repair not required

Rejected pile if cracks form during driving operations
Engineer approves repair of cracks, inject with epoxy
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(a)

(b)

(c)

Figure 4. 1: Typical cracking in concrete bridge components (a) Transverse cracks in a
bridge deck (Frosch et al. 2003), (b) End-region cracks in precast girder (cracks
enhanced in figure), (c) Horizontal pile cracking (Yoon 2014)
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4.2.2. Corrosion protection and mitigation methods
Methods to reduce or mange corrosion of steel in reinforced concrete structures
can be divided in to two main categories: mitigation and repair. Corrosion can be
mitigated by using concrete with low permeability, using inhibitors in the concrete mix,
and protecting reinforcing through barriers. Repair methods focus on limiting the ability
of harmful materials to access steel reinforcement via cracks. Sealers placed on crack
surfaces and epoxies injected into cracks are examples of repair. The experimental
program presented in this paper considered corrosion inhibitors and concrete crack repair.
The literature on these topics is reviewed the next two sections.

4.2.2.1. Corrosion inhibitors
Corrosion inhibitors, of which there are many types, act by interrupting the
anodic, cathodic, or both reactions in a corrosion cell. They have been successfully used
in many industrial applications including cooling systems, pipelines, tanks, etc. (Hansson
et al. 1998; G. and F. 2014; Söylev and Richardson 2008; Daniyal and Raja 2016;
Buchweishaija 2003; Bolzoni, et al. 2014). In these applications, inhibitors are used as a
coating placed directly on the steel being protected. Inhibitors are widely preferred,
compared to the other corrosion prevention techniques, because of their relatively low
cost and ease of application (A.S. et al. 2011; Bolzoni, et al. 2014; Cusson et al. 2008;
Morris and Vázquez 2002; Ngala et al. 2002; Ormellese et al. 2006, 2007; Raupach et al.
2014; Söylev and Richardson 2008).
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Inhibitors are also used for corrosion mitigation in RC structures (Al-Amoudi et
al. 2003; A.S. et al. 2011; A.S. and Ismail 2012; Daniyal and Raja 2016; Hansson et al.
1998; Morris and Vázquez 2002; Söylev and Richardson 2008). When used to protect RC
structures, inhibitors can be mixed directly into the fresh concrete. Alternatively they can
be applied as a coating to an existing concrete surface with the intention that they will
migrate through the concrete substrate. The use of inhibitors in RC has been well
reviewed (Aliofkhazraei 2018; Daniyal and Raja 2016; G. and F. 2014; Hansson et al.
1998; Soeda and Ichimura 2003; Söylev and Richardson 2008).
Many studies have been carried out to evaluate the efficiency of corrosion
inhibitors to prevent or delay corrosion initiation and to reduce corrosion rates. The
results of some of these papers will be briefly discussed in the following paragraphs.
Some studies indicated that the admixed corrosion inhibitors –particularly nitrite
based inhibitors- are effective to increased corrosion initiation time (Al-Amoudi et al.
2003; Berke and Sundberg 1990; Kessler et al. 2003; Monticelli et al. 2000; Ormellese et
al. 2006), and/or reduce the corrosion rate after corrosion onset (Al-Amoudi et al. 2003;
A.S. and Ismail 2012; Berke and Hicks 2004; Collins et al. 1993; Cusson et al. 2008;
Robertson and Newtson 2008; Rosenberg et al. 1977). Some other types of admixed
inhibitors have also been shown to delay corrosion initiation and/or slow corrosion rate.
These include calcium nitrate (Al-Amoudi et al. 2003), Bambusa arundinacea (A.S. and
Ismail 2012), amine-esters, aminoalcohols, and alkanolamines (Ormellese et al. 2006),
and water-based inorganic material (Saricimen et al. 2002).
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Migrant corrosion inhibitors, those that are placed on a concrete surface and then
“migrate” to the reinforcement through diffusion, are effective in delaying and/or
reducing the corrosion process in the steel reinforcement (Batis et al. 2003; Bavarian and
Reiner 2006; Bjegovic et al. 1994; Bolzoni et al. 2007; Elsener et al. 2000; Holloway et
al. 2004; Maeder 1996; Rosenberg 2000). On the other hand, it was reported that the
application time of migrant corrosion inhibitors is important and they should be applied
prior to corrosion onset (Bolzoni et al. 2007; Ormellese et al. 2007), or before chloride
ingress (Zarrok et al. 2011). If they are applied too late they have no effect or marginal
effect on the corrosion rate. Elsener et al. (Elsener et al. 2000) reported that corrosion
initiation was delayed by using migrant corrosion inhibitor, but once corrosion started no
influence of inhibitor on the corrosion rate was observed in mortar specimens, in contrast,
the results of testing same the inhibitor in the simulated pore solution showed that the
inhibitor did not stop the corrosion process but did slow it. Some other researchers stated
that the concentration of inhibitors in the concrete is an important factor of their
efficiency. It was observed that inhibitor efficiency increased as concentration increased
(Buchweishaija 2003; Elsener et al. 1999; Królikowski and Kuziak 2011; Page et al.
2000; Samiento-Bustos et al. 2008). Tests of migrant corrosion inhibitor in simulated
pore solution showed that low concentrations were associated with pitting corrosion
(Elsener et al. 1999, 2000). The migrant corrosion inhibitor efficiency is a function of
their ability to reach steel surface (Elsener 2001). Effectiveness of inhibitors is also
effected by other factors.

For example, effectiveness decreases as time increased
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(Królikowski and Kuziak 2011), with temperatures increasing (Buchweishaija 2003), and
as a function of the exposure conditions (G.M. et al. 2015).
In terms of chloride-contaminated and/or carbonated concrete, the previous
studies have shown that the inhibitors are more effective with low chloride content,
where the inhibitors are effective with chloride levels up to 0.5% of cement weight (ElHacha et al. 2011; Morris and Vázquez 2002).
(Ngala et al. 2002) found that the calcium nitrite-based inhibitor was effective as a
surface applied inhibitor in the case of non-carbonated concrete with low chloride
content. It was also effective in carbonated concrete with no chloride contamination.
However, inhibitor was ineffective in the case of non-carbonated concrete with high level
of chloride and in carbonated concrete even with low levels of chloride content. Under
aggressive conditions of exposure an enhancement of pitting corrosion was also
observed. Sprinkel (Sprinkel 2003) noted out that admixed and surface applied inhibitors
applied prior to patches and overlays on chloride contaminated concrete did not influence
the corrosion process. This results was observed through field investigation of four
bridge decks between 1997 and 200, and through 136 slab specimens in laboratory
experiments.
The results of some other tests showed that the migrant corrosion inhibitors were
ineffective in chloride-contaminated concrete (Elsener 2001; Elsener et al. 1999; Morris
and Vázquez 2002; Tritthart 2001). In cracked concrete, it was reported that concrete
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cracks did not influence the effectiveness of inhibitor in both pre and post cracking with
respect of inhibitor application (El-Hacha et al. 2011)
One aspect that has not been explored is the effectiveness of inhibitors directly
injected into cracks.

4.2.2.2. Protection mechanism of calcium nitrite based corrosion inhibitor (CNI)
Calcium nitrite is one of the most commonly used anodic corrosion inhibitors
(Dhouibi et al. 2003; Söylev and Richardson 2008). This type of inhibitor reduces the
reaction in the anode area at the crack by acting with ferrous ions (first corrosion product)
to produce an insoluble stable passive layer of ferric oxide Fe2O3 that deposits on the
steel surface (Dhouibi et al. 2003; Gaidis 2004; Jeknavorian and Barry 1999; Mammoliti
et al. 1999; Page et al. 2000; Soeda and Ichimura 2003; Troconis de Rincón et al. 2002).
The action of anodic corrosion inhibitor is indicated in the following equations:

2Fe2+ + 2OH¯ + 2NO2¯ → 2NO + Fe2O3 + H2O

(1)

Fe2+ + OH¯ + NO2¯ → NO ↑+ ᵧ-FeOOH

(2)

The formed layer prevents chloride and ferrous ions reaction by impeding of
ferrous ions transport (Söylev and Richardson 2008). As a result an increase (more
positive value) in the corrosion potential will occur, while the corrosion rate (corrosion
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current) will decreased (Daniyal and Raja 2016; G. and F. 2014; Myrdal 2010; Söylev
and Richardson 2008) as shown in (Figure 4.2).

Corrosion potential vs. Reference

Inhibited

Uninhibited

Anodic
portion

New Ecorr

shift
Old Ecorr

Cathodic
portion

shift
New Icorr

Old Icorr

Current Icorr (Log scale)
Figure 4. 2: Action of anodic corrosion inhibitor
Degree of protection is dependent on the concentration of corrosion inhibitor
present in the concrete (Daniyal and Raja 2016), and the level of chloride concentration
(Troconis de Rincón et al. 2002), where the molar ratio of [NO¯] / [Cl¯] should be higher
than 0.5-0.6 (Berke and Hicks 2004; Elsener 2001). Occurrence of severe pitting
corrosion is possible when the corrosion inhibitor is presented in inadequate amounts
compared to the level of chloride concentration in the concrete (Daniyal and Raja 2016).
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4.2.2.3. Cracks repair
Sealing of cracks is a well-established method for mitigating corrosion and a wide
range of crack sealer products are commercially available. These materials are
differentiated by their methods of application such as epoxy injection, gravity filling,
routing and sealing, grouting, or as overly systems (ACI 224.1R-07 2007). Cementitious
and polymer materials are both used as sealers (ACI 546R 2014). Research on the topic
has primarily focused on mechanical properties of sealers including viscosity, flexibility,
bond strength, and depth of penetration, etc., (Al-Mandil et al. 1990; Frosch et al. 2010;
Giannini et al. 2015; Issa and Debs 2007; Johnson et al. 2009; Meggers 1998; Oman
2014; Pincheira and Dorhorst 2005; Rzezniczak 2013; Sprinkel and DeMars 1995;
Thanoon et al. 2005; Vargas 2012).
The impact of repair materials on the corrosion of imbedded reinforcement in
concrete structures has been investigated in a few studies (Frosch et al. 2010; Gutierrez
2010; Meggers 1998; Tsiatas and Robinson 2002). These studies have particular
relevance to the current paper.
Meggers (Meggers 1998) used field and laboratory investigations to evaluate the
mechanical properties and corrosion mitigation performance of repair products including
three types of High Molecular Weight Methacrylate (HMWM) and one epoxy. The
impacts of these products on the corrosion of reinforcement were investigated in the
laboratory on specimens having an average crack width of 0.3 mm. The effectiveness of
repair treatments was evaluated by measuring the time required for the corrosion rate to
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exceed 1.0 μA/cm2. The results showed that this corrosion rate was reached in 50 days
for unrepaired beams, and 156, 170, 110, 271 days for the repaired beams by HMWM A,
HMWM B, HMWM C, and Epoxy respectively. All repair material were gravity fed and
slowed corrosion, however epoxy was the most effective.
The effectiveness of sixteen common gravity feed repair techniques were
experimentally evaluated by Frosch (Frosch et al. 2010). The study considered epoxies,
methacrylates and waterproofing overly systems. The program used specimens with
crack widths ranging between 0.01 in to 0.04 in. Based on electrochemical and visual
examinations of corrosion, epoxy overlay was found to have the best performance in the
study.
From the literature review it was determined that corrosion inhibitors and repair
methods have been widely studied and can be very effective in mitigating corrosion in
RC structures. The current study adds to the discussion by experimentally evaluated the
use inhibitors and epoxy together in repair applications.
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4.3. Experimental procedures

Reinforced concrete beams with the dimensions of 234.5 mm × 76.2 mm (3 in) ×
812.8 mm (32 in) with one longitudinal #3 (diameter = ~10 mm) deformed steel bar were
prepared for this study, as schematically shown in (Figure 4.3a). Beams were divided into
two groups: uncracked and cracked. Beams in the cracked group were further divided
into three subgroups based on crack opening width. Three different crack openings, i.e.
0.1 mm (0.004 in), 0.3 mm (0.012 in), and 0.7 mm (0.028 in) were selected eighteen
replicates beams were prepared for each crack opening size and 3 replicates for the
uncracked beams. A single V-shape transverse crack on tension surface was created in
each cracked beam with the desired width by post tensioning an eccentric steel threaded
rod which passed through an embedded PVC pipe in each specimen during casting. The
threaded rod was tighten from one side and the degree of tightening was used to control
crack width as illustrated in (Figure 4.3b). To accelerate corrosion on the beam, twoweek wet-dry cycles were carried out using 3% NaCl solution in ponding. In order to
prevent the salt solution leakage during the experiment, the cracks on both sides of all
specimens were sealed with epoxy.
Details of the specimen design and cracking procedure are provided in (Alarab et
al. 2019).
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40.6 cm (16 in.)

3.2 cm
(1.25in.)

7.6 cm
(3 in.)
7.8 cm (3.06 in.)

23.5 cm
(9.25in.

7.8 cm (3.06 in.)

PVC pipe

23.5 cm
(9.25 in.)

14 cm (5. 5
in.)

5.0 cm
(2in.)

(a)

13.3 cm
(5.25in.)

81.3 cm (32 in.)

Rebar 10 mm dia (#3).

This surface at bottom of formwork during casting

Pond with 3 wt% NaCl solution

Steel plate
0.635 x 7.62 x 7.62 cm
(1/4 x3 x 3 in)

Crack

Treaded rod 16 mm

Nut

(b)

Figure 4. 3: (a) Schematic diagram of a concrete beam specimen, (b) ponding, crack, and
post-tensioning details

A normal strength concrete with the mixutre proportion givne in (Table 4.4) was
used in the present study. The reinforcement bars met the ASTM A615 requirements
(ASTM A615 / A615M-16 2016). All specimens were cast in the same day, then they
were moist-cured and covered with plastic sheets to minimize the evaporation for three
days after casting.
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Table 4. 4: concrete mix specifications
Amount in 1 m3
333 kg
109 kg
1119 kg
441 kg
193 kg
123 L
1.1 kg
0.1 kg
76 mm

Materials / specification
Cement
Fly Ash
Course aggregate
Sand
#4 aggregate
Water
Water-reducing agent
Air-entraining agent
Slump
w/c ratio : 0.367

Amount in 1 yd3
734 lb
240 lb
2466 lb
973 lb
426 lb
32.5 gal
38.8 oz
3.5 oz
3 in.

Two common repair products (specifications in Table 4.5) were used in this study.
The two part epoxy was selected based on the recommendations in previous studies.
(Frosch et al. 2010; Pincheira and Dorhorst 2005). The selected inhibitor was also used
previously to minimize and control corrosion of the reinforcing bars in concrete (AlAmoudi et al. 2003; Garcés et al. 2011; Luo and De Schutter 2008; Ormellese et al. 2006;
Ryu et al. 2017; Sideris and Savva 2005)

Table 4. 5: Repair products used in this investigation
Materials
Sikadur 55 SLV
Sitka-CNI(Calcium nitrite)

Manufacturer
SikaCorp

Repair Type
Epoxy

SikaCorp

Inhibitor

After 550 days of alternated wet-dry exposure beams in each crack opening group
were divided into three sets, and a different repair method was used to seal the crack in
each set. In set A, cracks were filled by injecting a two-part epoxy. In set B, one part of
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the corrosion inhibitor was added to the epoxy mixture, which was prepared similar to set
A, and mixed thoroughly for 3 minutes. The mixture was then injected into the crack. The
ponding on the top of the cracks in the beams in set C, was first filled with the corrosion
inhibitor for 48 hours, to provide ample time for t the cracks to fill with inhibitor. Then,
the extra inhibitor was removed and the surface was left alone for 48 hours. Then, the
cracks were sealed with the two-part epoxy.
For each crack opening group, three specimens were used for each repair method
and 6 specimens were left unrepaired. After the repairs were completed the wet-dry
exposure cycles continued and corrosion activity was monitored for 200 days.
Half-cell potential and linear polarization resistance (LPR) techniques were used
to observe the corrosion activity during the experiment. LPR tests were conducted using
± 20 mV sweeps versus the corrosion potential. A typical three – electrode system
consisting of the steel bar as the working electrode, a 316 stainless steel sheet as the
counter electrode, and a Saturated Calomel Electrode (SCE) as the reference electrode
was used or the LPR measurements. The half-cell potential test was measured against the
SCE, and all results were converted to versus Cu/CuSO2 reference electrode in order to
use the ASTM C876 guideline to evaluate the probability of corrosion. Measurements
were conducted after the first week of wet period. All measurements were conducted at
the top of the crack location, in the cracked beams and in the middle of the un-cracked
beams.
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4.4. Results and discussion
4.4.1. Half-cell potential
Figure 4.4 shows the results of half-cell potential measurements of the unrepaired
and repaired beams. The results showed that all the repair techniques positively impacted
the corrosion activity of the reinforcing steel bars. The effect of repair was noted from the
first half-cell potential measurement after the repair and this effect increased over time.
However, no significant difference was observed among repair techniques. The influence
of the repair was a function of the crack opening, i.e., the larger the opening, the more
effective the repair. The corrosion activity of the steel bars in the beams with 0.1 mm
crack opening showed very little improvement after repair, whereas the activity in the 0.7
mm cracks was significant The average change in corrosion potential of repaired
specimens between the time of repair and the end of the monitoring period was 54%,
21%, and 30% for specimens with 0.1 mm, 0.3 mm, and 0.7 mm crack widths,
respectively.
The lesser degree of change in the 0.1 mm specimens is attributed to the crack
already being filled with the corrosion products which led to deficiency in oxygen and
reduction in the corrosion activity of the steel. As a result, the repair method was not as
effective on those beams.
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Repaired

Unrepaired

Repaired

Potential (V) vs. Cu/CuSO4

Potential (V) vs. Cu/CuSO4

Unrepaired

Time (days)
Figure 4. 4: The half-cell potential values. Results were obtained from 15 specimens for
each crack size (6 unrepaired, and 3 repaired specimens for each repair technique) (a)
0.1 mm, (b) 0.3 mm and (c) 0.7 mm. Vertical dash line represents the time of repair
material application at 550 days, and horizontal dash lines represent the ASTM C876
guidelines.
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Repaired

Potential (V) vs. Cu/CuSO4

Unrepaired

Time (days)
Figure 4.4 (cont.): The half-cell potential values. Results were obtained from 15
specimens for each crack size (6 unrepaired, and 3 repaired specimens for each repair
technique) (a) 0.1 mm, (b) 0.3 mm and (c) 0.7 mm. Vertical dash line represents the time
of repair material application at 550 days, and horizontal dash lines represent the ASTM
C876 guidelines.

4.4.2. Corrosion current density
Corrosion current density results obtained from LPR measurements are shown in
the (Figure 4.5). In general, these results agreed with the half-cell potential results,
showing that the all proposed repair techniques were effective, and impact was correlated
with crack opening size.
Beams in set A, (repaired with just Sikadur 55 SLV epoxy) showed the best
performance among other techniques. Use of inhibitor lessened the impact that the repairs
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had on reducing the corrosion current density.

It should be noted that, despite of the

results from the half-cell potential measurements, the positive influence of the repair on
the beams with 0.1 mm crack opening was observed in the current density measurements.
Prior to repair the corrosion activity was a function of the crack width size. The
repairs significantly reduced the effects of crack width on corrosion activity. For the
repaired specimens the corrosion current density at the end of the experiment ranged
from a low of 0.0021 A.m-2 to a high of 0.0023 A.m-2. In comparison the corrosion
current densities ranged from 0.006 A.m-2 to 0.015 A.m-2 prior to repair.

Repaired

Current density (A.m-2)

Unrepaired

Time (days)
Figure 4. 5: The half-cell potential values. Results were obtained from 15 specimens for
each crack size (6 unrepaired, and 3 repaired specimens for each repair technique) (a)
0.1 mm, (b) 0.3 mm and (c) 0.7 mm. Vertical dash line represents the time of repair
material application at 550 days
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Repaired

Unrepaired

Repaired

Current density (A.m-2)

Current density (A.m-2)

Unrepaired

Time (days)
Figure 4. 5(cont.): The half-cell potential values. Results were obtained from 15
specimens for each crack size (6 unrepaired, and 3 repaired specimens for each repair
technique) (a) 0.1 mm, (b) 0.3 mm and (c) 0.7 mm. Vertical dash line represents the time
of repair material application at 550 days
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The results of the current density measurements and the Faraday’s law were used
to calculate the mass loss (ASTM G102−89 2015), as shown in (Figure 4.6). The impact
of the crack opening size on the corrosion and the repair technique on reducing the mass
loss can be seen in this Figure. Beams with 0.7 mm crack opening indicated the highest
mass loss, followed by the beams with 0.3 mm and 0.1 mm crack openings. For the
beams with 0.7mm cracks the repairs effected an 80% reduction in mass loss relative to
the comparable unrepaired beams.
The most effective repair technique was using epoxy-only (Set A), followed by
the mixing epoxy and inhibitor (set B). Injecting inhibitor first and then sealing the crack
with epoxy (set C) was the least effective. These results are based on the average results
from the specimens but are not considered statistically viable due to the low number of
replicates (three per treatment).
The effectiveness of calcium nitrite-based corrosion inhibitor CNI can be
influenced by a number of factors, which lead to reduced corrosion rate without
repassivation of steel surface: (i) when CNI applied after the corrosion is already
developed (Królikowski and Kuziak 2011; Trépanier et al. 2001), and (ii) in presence of
high level of chloride, CNI exacerbates localized corrosion (Ngala et al. 2002). The
decrease in the corrosion inhibitor efficiency in this experiment is possibility due to a
condensed layer of corrosion products covering the steel surface, which impeded CNI
inhibitor from covering the entire steel surface in same time. CNI is effective on the
surface of steel not on the surface of corrosion products, which have different
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compositions than steel. As a result, CNI was not effective and just acted as an interface
between epoxy and corrosion steel bar. As a result, epoxy efficiency was decreased -in
other word an increase in corrosion rate- with increase of corrosion inhibitor

Mass loss (g)

concentration as shown in (Figure 4.7).

Crack opening size
Figure 4. 6: Comparison of Mass loss average for repaired and unrepaired beams (days
550 to 750)
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% of epoxy efficiency reduction

Set C

Set B

Set A

% of corrosion inhibitor
Figure 4. 7: The reduction in epoxy efficiency in presence of corrosion inhibitor, x is the
concentration of inhibitor, x= 100 % when cracked filled with inhibitor, x= 0% no
corrosion inhibitor, and 0 % <x<100% when the concentration between 0 and 100

4.5. Summary and conclusion:
The effectiveness of three repair techniques was evaluated in this study. The study
was carried out using pre-cracked concrete beams with three different crack opening
sizes: 0.1 mm, 0.3 mm, and 0.7 mm. The corrosion activity was evaluated for 550 days,
after which repairs were applied and corrosion activity was measured for an additional
200 days. Conclusions can be summarized as follows:
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All the repair techniques showed significant effect on reducing the corrosion
activity of the cracked beams.



The effect of the repair was found to be related to the crack opening size, where
the impact of the repair technique on the corrosion activity were increased with
the crack increase in the crack opening size.



Using epoxy only to repair crack reduced the corrosion activity more than the
other methods.



The efficiency of the epoxy to lessen the corrosion activity was reduced with
presence of the corrosion inhibitor.



Further works are needed to clarify the mechanism of corrosion inhibition and the
using of corrosion inhibitor in both long term and in the severely corroded
reinforcement areas.
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CHAPTER FIVE
SUMMARY AND CONCLUSION
Since its inception in the late 1800s reinforced concrete has been widely used as
construction material. Many of reinforced concrete structures are exposed to aggressive
environmental conditions which can lead to durability issues.
common example.

Bridge decks are a

In some places decks are exposed to deicing chemicals which

negatively impact durability and hence reduce service life.
A key factor of durable concrete is low permeability. However, concrete is
relatively weak in tension and can crack due to various causes such as applied loads and
chemical attack. , Cracks severely affect concrete permeability by providing easy access
for deleterious materials such as chloride. As a result cracking often leads to
reinforcement corrosion. The influence of concrete surface cracks and their widths on the
embedded reinforcement corrosion and the impact of the repair materials on the corrosion
process were the main subjects of this research.
The experimental work presented in this dissertation is summarized in the first
part of this chapter; the second part of the chapter describes the general conclusions that
are drawn from each of the experiments.
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5.1. Chapter Summaries
A general introduction to concrete cracking, the corrosion process in reinforced
concrete, the effects of cracks on corrosion, and types of crack repair were presented in
chapter 1. Firstly, crack causes and the relevant code and jurisdiction-specific guidelines
on concrete cracking were reviewed. Previous works on the influence of cracks and
crack width on chloride penetration were also discussed. Specific attention was given to
previous works that studied the effects of concrete cracks on the corrosion reinforcement.
The effects of crack frequency (the number of cracks per the unit of length), crack
orientation according to the main reinforcement directions, and the crack width were
reviewed. Finally, bridge deck cracking classification was provided. Bridge decks are one
of the primary areas where the results of this dissertation can be applied.
The main body of this dissertation is the experimental work which is presented in
chapters 2, 3, and 4. Chapter 2 describes an experimental method that was developed in
course of this research to evaluate the corrosion of reinforcement in cracked concrete.
The specimen’s description, fabrication, casting, curing, cracking, corrosion scheme, and
load testing operations were described. Additionally a brief review of methods used in
previous works was presented.
In the second phase of this research, presented in chapter 3, the influence of crack
width on the chloride-induced corrosion of reinforcement was experimentally
investigated. The test method described in chapter 2 was used in the experimental
program. A wet / dry regime was used to accelerate the corrosion. Measurements were
collected using half-cell potential, linear polarization resistance, cyclic potentio-dynamic
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polarization techniques, and visual inspection. The effect of measurement location was
evaluated. The program included a total of 57 specimens and extended for 550 days.
While previous researchers have included many of the test variables in their programs,
the tests presented in this dissertation have a combination of variables, sample size, test
duration, measurement methods, and crack sizes that have not been jointly considered in
earlier works.
Chapter 4 deals with effects of crack repairs on corrosion activity. Variables at
this stage of dissertation included different repair materials on different crack widths.
Repair methods use alternative applications of corrosion inhibitor and gravity-feed
epoxy. Three sets of repaired specimens were considered using epoxy only (set A),
injection of mixed inhibitor/epoxy in the crack and sealing of the crack surface with
epoxy (set B), and injection of inhibitor in the crack and seal the surface with epoxy (set
C). Each set of specimens has three different crack widths as considered in the first and
second stages of this study. Measurements using half-cell potential and linear polarization
resistance are reported and discussed. Relative effectiveness of the repair methods and
the effects of crack size were evaluated.
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5.2. Conclusions
Chapters in this dissertation end with a list of relevant conclusions. A general
summery of the dissertation conclusions and highlights are addressed below.
Based on the literature review in chapter 1, a few important concepts are
highlighted:
1. Cracks can develop in RC at different ages a concrete structure’s life span
due to many factors.
2. Cracks have negative impact on concrete durability. In an effort to
mitigate this impact many codes and jurisdiction-specific guidelines
include limits for crack width.
3. Cracks influence the chloride penetration and the chloride-induced
corrosion of reinforcement in terms of initiation and propagation stages,
and this influence is a complex function of many factors including mix
design, exposure conditions, crack frequency, crack orientation, crack
width, cover depth, etc.
4. It appears that there is a general agreement about the effects of cracks on
the initiation of corrosion; however the role of cracks and their widths on
the propagation of corrosion in the long term is still under debate due to
the complexity of factors as described previously.
5. Early- age cracking is a common issue in bridge decks. These cracks are
characterized according to their orientation with respect to bridge span
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direction. Types of cracks include transverse, longitudinal, diagonal, map,
and random cracks.
6. Transvers cracks are commonly the most important and dominant type of
bridge deck cracks.

Chapter 2 presents a test method that was developed specifically for the
experiments presented in this dissertation. The test method is used for evaluating
corrosion behavior in cracked RC. It was developed towards the following advantages:
7. Relatively small specimens that can be moved by hand.
8. No need for special equipment to crack the specimens.
9. Ability to control crack width.
10. Specimens can be subjected to different observation programs such as
corrosion monitoring, cracks and crack width influence, wetting–drying
effects, chloride ingress and (with modifications) the effect of corrosion
on the load-carrying capacity.
11. In terms of flexural capacity, the specimens experienced shear failure
during the load testing, therefore a longer specimens are needed to test
flexure.
12. Crack widths are affected time-depending factors such as creep.

The results in chapter three of this dissertation showed that cracking has
significant effect on the corrosion activity regardless their width. Corrosion in cracked
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specimens was orders of magnitude greater than uncraked specimens. In terms of crack
width influence, the results indicate that corrosion activity rate is influenced by crack
width. In general specimens with wider cracks experienced more corrosion activity.
Activity continued throughout the experiment in specimens with 0.3 and 0.7mm (0.012
and 0.028 in) widths. However, specimens of crack width of 0.1 mm (0.004 in) showed
slowed corrosion activity over time. Measurements of corrosion potential are
significantly influenced by the measurement location. For all crack widths the measured
potential at locations 190.5 mm (7.5 in) away from the crack were approximately 50%
more positive than the potential measured at the top of the cracks.

Finally, chapter four evaluates the influence of crack repair materials on corrosion
activity. Repairs involved gravity-fed epoxy which was sometime used in combination
with a corrosion inhibitor. Each of the methods had positive affect which reduced the
corrosion activity. The impact was more pronounced in specimens with wider cracks.
Specimens experienced similar levels of activity after repair regardless of the original
crack size. In addition, the reduction in the corrosion activity was greatest when epoxy
was used without inhibitors.

On the other hand, it was observed that presence of

corrosion prior to repair reduced the efficacy of repairs using only epoxy.
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APPENDICES
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APPENDIX A
Time schedule of wetting and drying cycles and measurements

Figure A- 1: Time schedule of wetting and drying cycles and measurements
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APPENDIX A
Time schedule of wetting and drying cycles and measurements

Repair
application

Figure A-1 (cont.): Time schedule of wetting and drying cycles and measurements.
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APPENDIX B
Forms, Fabrication, Casting, and curing

Drilling halls for
PVC pipe passing

Plastic sheets

Figure B- 1: Forms
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APPENDIX B
Forms, Fabrication, Casting, and curing

Steel rebars

Figure B- 2: Casting and curing
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APPENDIX C
Cracking procedure

Tightened
end

Fixed
end

Figure C- 1: Cracking system set up
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APPENDIX C
Cracking procedure

Before
cracking

After
Crackin

Side Crack

Top Crack

Figure C- 2: Cracking procedure (example of specimen before and after cracking)
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APPENDIX C
Cracking procedure

Specimen
mid span

0.1 mm

Specimen
mid span

0.3 mm
Specimen
mid span

0.7 mm
Figure C- 3: Examples of top transvers crack for different crack widths

181

APPENDIX C
Cracking procedure

Specimen
mid span

Specimen
mid span

0.1 mm

0.3 mm

Specimen
mid span

0.7 mm
Figure C- 4: Examples of side crack for different crack widths
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APPENDIX D
Ponding test

Figure D- 1: Epoxy application on both sides of all specimens to prevent salt solution
leakage
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APPENDIX D
Ponding test

Figure D- 2: Specimens subjected to 3% wt. NaCl solution (pond test)
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APPENDIX D
Ponding test

(a)
(b)

(c)
(d)
Figure D- 3: Some devices used to collect data during cracking and corrosion
monitoring: (a) Elcometer 900 microscope of 0.02 mm (0.001 in) accuracy, (b) Voltmeter
(FLUKE 179), (c) Bio-Logic’s potentiostat (SP-200), and (d) SCE Saturated Calomel
Electrode.
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APPENDIX E
Example of data and calculations

Specimens ID

Table E- 1: Example of collecting of half-cell potential data. This data sheet for 0.7 mm
(0.028 in) cracked specimens set in wet condition after 350 day of exposure (week No.
50)

B-1
B-2
B-3
B-4
B-5
B-6
B-7
B-8
B-9
B-10
B-11
B-12
B-13
B-14
B-15
B-16
B-17
B-18

P1
-106.10
-112.50
-198.10
-206.00
-185.70
-245.60
-255.40
-139.70
-160.20
-226.40
-209.60
-195.70
-167.00
-204.30
-239.00
-169.20
-232.30
-191.50

P1

P2

P2
-204.20
-220.70
-280.60
-238.10
-271.20
-347.80
-349.30
-232.50
-246.30
-376.30
-294.40
-333.50
-277.30
-289.70
-330.60
-220.50
-316.70
-255.30

Measurement locations
P3
Crack
P4
-378.80 -367.80 -320.50
-320.00 -397.70 -428.10
-370.20 -380.30 -353.30
-427.50 -390.30 -330.20
-382.30 -379.80 -371.20
-436.50 -429.70 -425.30
-407.00 -417.10 -419.20
-342.30 -394.70 -247.80
-365.50 -458.30 -425.70
-432.60 -406.10 -434.00
-388.50 -424.40 -373.60
-436.80 -437.90 -387.50
-401.60 -438.60 -396.40
-400.40 -451.00 -381.20
-392.80 -388.20 -386.40
-408.30 -425.80 -384.20
-409.80 -423.80 -415.10
-363.70 -378.30 -387.60

P3

P4

P5

P5
-230.30
-220.00
-253.60
-245.00
-353.00
-302.40
-366.10
-256.20
-282.60
-370.10
-274.10
-274.90
-181.20
-228.00
-279.30
-245.70
-354.50
-305.20

P6
-148.80
-170.20
-175.50
-188.30
-228.10
-236.80
-243.50
-150.80
-189.40
-271.20
-219.20
-212.70
-113.30
-148.50
-170.10
-167.80
-234.60
-186.00

P6

Crack
Figure E- 1: Measurements locations at the top tension surface of specimen
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APPENDIX E
Example of data and calculations
Theoretical mass loss calculations:
Mass loss of steel reinforcement can be calculated theoretically using Faraday’s Law as
follow:
1. Calculate polarization resistance from linear polarization resistance LPR curve
Figure E-2:

Rp=∆E/∆I

2. Find current density: Icor = B/Rp
3. Calculate the area under current curve with respect of time (Icor x t), as shown in
Figure E-3.
4. Mass loss is:
m= [(Icor x t). a] / [n . F]

(Faraday’s Law)

5. icor = Icor / A

Where:
Rp= polarization resistance, ohm,
Icor = total anodic current, A,
B= Stern-Geary constant, V (0.052 for passive and 0.02 for active corrosion state),
icor = corrosion current density, A/m2,
A = exposed specimen area, m2
m = mass loss, g,
t = time, sec
a = atomic weight (55.845 for Fe),
n = number of electron exchanged (2 for Fe), and
F = Faraday’s constant = 96500 c/mol
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APPENDIX E

Potential E (V)

Example of data and calculations

ΔE
ΔI

Current I (A)

Current I (A)

Figure E- 2: Linear polarization resistance based on the results of the test of 0.7 mm
(0.028 in) specimen in wet condition after150 days after exposure (week No. 22)

Area = Icor x t

Time t (days)
Figure E- 3: Area under current curve. This curve base on the LPR result for a 0.3 mm
(0.012 in) cracked specimen form the day 148 to 540 of exposure (week 22 to 78)
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APPENDIX F
Load test

Roller
support

Pin
support

Figure F- 1: Load test setup scheme

Figure F- 2: UTM machine and test frame setup
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APPENDIX F
Load test

Figure F- 3: Examples of the tested specimen’s failure during the load test (Shear
failure)
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APPENDIX G
Visual inspection

Specimen -I

Top rebar surface

Bottom rebar surface

Specimen -II

Top rebar surface

Bottom rebar surface

Specimen -III

Bottom rebar surface

Top rebar surface

Figure G- 1: Examples of corroded rebars for cracked specimens of 0.1 mm crack
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APPENDIX G
Visual inspection

Specimen -I

Bottom rebar surface

Top rebar surface

Specimens-II

Top rebar surface

Bottom rebar surface

Specimen -III

Top rebar surface

Bottom rebar surface

Figure G- 2: Examples of corroded rebars for cracked specimens of 0.3 mm crack
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APPENDIX G
Visual inspection
Specimen-I

Specimen-II

Bottom rebar surface

Top rebar surface

Specimen-III

Figure G- 3: Examples of corroded rebars for cracked specimens of 0.7 mm crack
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APPENDIX H
Concrete mix specifications

Figure H- 1: Concrete mix specifications
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APPENDIX H
Concrete mix specifications

Figure H- 1(cont.): Concrete mix specifications
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APPENDIX H
Concrete mix specifications

Table H- 1: Concrete compressive and tensile strength results
Test

Compressive strength

Splitting tensile strength

Sample

Age (days)

Stress (psi)*

(4 in x 8 in) Cylinder

28

4730

(4 in x 8 in) Cylinder

56

5850

(4 in x 8 in) Cylinder

90

5650

(4 in x 8 in) Cylinder

90

455

*Stress is average of 3 cylinders
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APPENDIX I
Repair material specifications

Figure I- 1: Technical Data Sheet: corrosion inhibitor Sika-CNI, SIKA Corp
https://usa.sika.com/content/usa/main/en/home-page-features/productfinder/iframe_and_dropdown/cni.html
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APPENDIX I
Repair material specifications

Figure I-1 (cont.): Technical Data Sheet: corrosion inhibitor Sika-CNI, SIKA Corp
https://usa.sika.com/content/usa/main/en/home-page-features/productfinder/iframe_and_dropdown/cni.html
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APPENDIX I
Repair material specifications

Figure I- 2: Technical Data Sheet: Sikadur 55 SLV, SIKA Corp
https://usa.sika.com/en/solutions_products/Construction-Products-Services/repair-protectionhome/products/02a002/02a013/02a013sa56.html
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APPENDIX I
Repair material specifications

Figure I-2 (cont.): Technical Data Sheet: Sikadur 55 SLV, SIKA Corp
https://usa.sika.com/en/solutions_products/Construction-Products-Services/repair-protectionhome/products/02a002/02a013/02a013sa56.html
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