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Corrosion-induced cracking and bond strength in reinforced concrete

Michele Win Tai Mak 1a, Pieter Desnercka, Janet M. Leesa

aDepartment of Engineering, University of Cambridge, Trumpington St, Cambridge CB2 1PZ, United Kingdom

Abstract

Corrosion of the steel reinforcement is among the main causes of deterioration in concrete structures. Measures of
corrosion levels are typically used to evaluate the subsequent reduction in steel-to-concrete bond, but results lack ac-
curacy. In this study, a new assessment approach based on surface cracks was investigated. Specimens were subjected
to accelerated corrosion using an impressed current. With a novel sealing method, mass losses were decoupled from
concrete cracking. The results indicate that surface crack widths can be better indicators of bond degradation than
corrosion levels. The findings can lead to more accurate assessments and reduced maintenance costs of infrastructure.
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1. Introduction1

The deterioration of civil structures is a major concern that affects the safety, maintenance cost and environmental2

footprint of the infrastructure network [1, 2, 3]. For instance, a study published by the American Society of Civil3

Engineers (ASCE) in 2017 [4] estimated the overall cost for the rehabilitation of bridges in the United States to be4

US$123 billion, indicating the large scale of the problem. In effective asset management strategies, accurate structural5

assessments are crucial to avoid unnecessary costly interventions while safeguarding the safety of the community.6

However, it is currently challenging to quantify with accuracy the effects of deterioration mechanisms that are not7

directly visible. This is typically the case for reinforced concrete.8

Concrete structures are subjected to several sources of deterioration that can reduce their load-bearing capacity. In9

particular, corrosion of the internal steel reinforcement is widely considered to be one of the most critical deterioration10

mechanisms [5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 2, 3]. Corrosion affects the overall structural capacity in different11

ways. It leads to a reduction of the cross section of a steel bar, directly reducing the maximum tensile force that the bar12

can resist. As corrosion products occupy a greater volume than the parent metal, they develop expansive pressures.13

Low levels of corrosion may enhance the bond strength, but at higher levels it can lead to cracking of the surrounding14

concrete [5, 6, 17, 18, 16]. As the longitudinal cracks open, the contact area between the concrete lugs and the steel15

ribs is reduced (see Fig. 1), compromising the load-transfer capacity. Corrosion products also weaken the interface16

between steel and concrete by reducing the cohesion and friction between the two materials. General corrosion often17

1Corresponding author. Email: mwtm2@cam.ac.uk
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affects the bond strength before the reduction in the bar cross section has a significant impact on the tensile capacity18

of the bar [17, 19]. In fact, distributed mass losses due to corrosion that are critical for bond can be lower than the19

acceptable fabrication tolerances of reinforcing bars [5, 17]. For reference, the BS 4449:2005+A3:2016 [20] indicates20

a maximum permissible deviation from nominal mass of ±4.5% for nominal diameters greater than 8 mm and ±6.0%21

for nominal diameters less than or equal to 8 mm. As a result of bond deterioration, the steel-concrete composite22

action and the reinforcement anchorage are compromised, causing a reduction of the overall structural capacity. A23

comprehensive overview of the effects of reinforcement corrosion and bond reduction is given in fib Bulletin 10 [17].24
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Figure 1: Effect of corrosion on the interlock between reinforcement ribs and concrete lugs. Reduction in contact area.

Although much research has been devoted to the mechanical effects of corrosion in concrete, several aspects25

are still the subject of scientific debate. Reinforcement corrosion has been studied under natural conditions, through26

controlled exposure to contaminants (typically chlorides), or with accelerated corrosion using an impressed current. In27

all cases, it is widely accepted that the current density icorr is a key parameter in the corrosion process [21, 17, 22, 7, 23]28

and the appropriate values for laboratory experiments is at the centre of a lot of unresolved scientific discussion. The29

current density is defined as the average current intensity I involved in the electrochemical process divided by the30

steel surface area exposed to corrosion Ar:31

icorr =
I

Ar
=

I
π ·� · lb

(1)

where the exposed surface area is calculated using the nominal diameter of the bar � over the corroding length32

lb. In reinforced concrete structures that are in service, current densities in the passive state are typically below33

0.1µA/cm2. In the active state of corrosion due to carbonation, they can vary between 1-10µA/cm2 [24, 25, 21,34

26, 22]. For chloride-contaminated concrete structures, current densities are significantly higher [17] and values of35
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10-25µA/cm2 [27] up to 100µA/cm2 [28, 29] are reported. In the case of impressed current techniques, an external36

current is applied to the specimens and the induced flow of electrons causes the corrosion of the steel. The current37

density used is therefore higher than that due to the natural electrochemical corrosion process. In the majority of38

the studies, high currents above 200µA/cm2 led to increased transverse strains and greater crack widths [30, 31, 32,39

7, 23, 33]. However, the results by Alonso et al [21] using currents between 3-100µA/cm2 showed opposite trends.40

This could be explained by the combination of two factors: the varying nature of the corrosion products that develop41

over time, and the rate at which they diffuse in the concrete voids. For very low current densities corrosion products42

are allowed to develop naturally over longer periods, with enough time for oxygen to react with them. Thanks43

to oxygen availability, corrosion products are dryer and expand before diffusing in the voids. At higher current44

densities, conditions of limited oxygen cause the development of liquid corrosion products [34] that are free to flow45

through the voids. A gradual dissipation of corrosion product in the concrete porous structure occurs [35] and they46

solidify only when oxygen is available [36, 12], delaying and reducing expansions and crack growth. Moreover, the47

presence of chlorides, even at low concentrations, increases the iron solubility significantly, facilitating the flow of48

corrosion products and the development of non-uniform and localised pitting corrosion [37, 12]. For even higher49

current densities, the development of corrosion is so rapid that expansive pressures are generated before a diffusion of50

corrosion products can occur. As a consequence of the phenomena mentioned above, it follows that the same degree51

of corrosion can lead to different levels of expansion and cracking.52

Some authors studied the process that leads to the onset of surface cracking to predict the so called time-to-53

cracking. This is outside the scope of the present work but a comprehensive review of the relevant literature is given54

by Jamali et al [13]. Among their conclusions it is worth noting the scatter in the available results and the lack of55

agreement between models, either experimental, analytical or numerical. They point out that increasing model com-56

plexity does not lead to more accurate estimations. They also emphasise that it is not sufficient to use the concept of a57

‘corrosion-accommodating region’ (a porous zone between steel and concrete where corrosion products can accumu-58

late before developing expansive pressures) as a fitting parameter to improve the accuracy of model predictions.59

Other studies [38, 39, 40, 21, 7, 41, 42, 43, 44, 45, 3] focused on the correlation between surface crack width and60

level of internal corrosion, in the attempt to develop models that could be used as non-destructive assessment tools.61

Results from a few studies are summarised in Fig. 2.a, where significant scatter can be observed. Bossio et al [3]62

partially attribute the variability of predictive models to the influence of the relative position and distance between63

cracks, and the volumetric expansion coefficients of corrosion products that can vary significantly [13]. Zhao et64

al [44] observed that corrosion products distribute in the corrosion-accommodating region around the bar, and diffuse65

differently in the internal cracks and those that reach the outer concrete surface.66
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Other authors [5, 46, 39, 47, 6, 32, 48, 49, 18, 50, 16] studied the bond degradation as a function of the level of67

corrosion. Reviews of the relevant literature can be found elsewhere [17, 23]. Fig. 2.b shows the results of pull-out test68

from the literature, where the bond stresses are normalised with respect to reference uncorroded specimens. Despite69

the dispersion and variability that characterise the results, a common trend can be observed with an initial increase70

and a subsequent sharp decrease in bond strength. This change is typically associated with the development of surface71

splitting cracks.72
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Figure 2: Comparison of experimental results from previous authors (data derived from plots where not explicitly presented in published work):
(a) Crack width and corrosion [38, 48, 7, 41, 42, 43, 51, 44, 3, 52, 53]; (b) Bond deterioration and corrosion [5, 47, 39, 54, 48, 49, 55, 18, 50, 51,
56, 16, 52, 53].

From the perspective of the assessment of bond deterioration, any predictive approach based on the existing results73

would appear to be a two-step process: the measurement and analysis of surface crack widths leads to an estimation74

of the level of reinforcement corrosion, and this information is separately used as an input for another model to75

evaluate the subsequent loss of bond strength. It follows that the uncertainties associated with each step of the process76

contribute to an even greater overall inaccuracy.77

An alternative approach is to use surface cracks as a direct measure of bond degradation, regardless of the corro-78

sion level that caused them. This is based on the two following fundamental assumptions. Firstly, the load transfer79

through ribs interlock is predominant with respect to the frictional contribution after cracking. Secondly, a direct cor-80

relation between interlock reduction and crack width intrinsically disregards the uncertainty associated with localised81

corrosion, actual volumetric expansion coefficients, percentage of corrosion products that diffuse in the corrosion-82

accommodating region or flow into the cracks. In other words, surface crack width is a measure of the net effects of83

corrosion on bond, as conceptually shown in Fig. 3.84
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Figure 3: Conceptual diagram of surface cracks as an indicator of the net amount of corrosion products causing expansive effects (not to scale).

Table 1: Residual bond strength for corroded bars, after fib Model Code 2010 [62]

Conf. Corrosion Equivalent Residual Capacity
Penetration Surface Crack (Ratio to fbd)

x w [%]
[mm] [mm] Ribbed Plain

No
0.05 0.2-0.4 50-70 70-90
0.10 0.4-0.8 40-50 50-60

Links 0.25 1.0-2.0 25-40 30-40

Links
0.05 0.2-0.4 95-100 95-100
0.10 0.4-0.8 70-80 95-100
0.25 1.0-2.0 60-75 95-100

Recent results have suggested that crack width is a potentially good indicator of bond deterioration, from either85

accelerated corrosion experiments [57, 58, 51, 59, 53] or tests on naturally corroded bridge girders [52]. Other86

authors [60, 61] have studied the influence of pre-existing splitting cracks on bond, independently from the presence87

of corrosion products. Among the common conclusions are the significant impact of longitudinal cracks on bond88

reduction and the importance of transverse confinement. The Model Code 2010 [62] also gives a simplified correlation89

between level of corrosion, crack width and bond degradation, summarised in Table 1. However, to the authors’90

knowledge, the flow of corrosion products was not identified as a key phenomenon in existing studies where crack91

width was suggested as an indicator of bond deterioration. In the present work, the flow of corrosion products is92

investigated as the primary cause for the lack of direct correlation between mass loss and bond. Mass losses due to93

corrosion are separated and decoupled from their expansive effects causing concrete cracking, using different sealing94

conditions on the specimens. The objective of the current work is to study a fundamental aspect of the bond behaviour95

and to justify a comprehensive theory that can underpin other studies, therefore moving from correlation to causality.96

The objective of this publication is to investigate a new approach to the assessment of bond deterioration in97

reinforced concrete, based on surface crack width as the key damage indicator. Experiments were carried-out on un-98
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confined concrete cylinders with an embedded steel bar, and corrosion of the reinforcement was generated artificially99

using an impressed current. The sealing conditions varied between specimens to obtain similar levels of corrosion100

with different crack widths. The correlation between corrosion, cracks and reduction in bond strength was studied.101

2. Experimental programme102

A total of 60 cylindrical concrete specimens without transverse confining reinforcement were tested. The first part103

of the experimental programme consisted of accelerated corrosion testing using an impressed current. The pattern104

and width of corrosion-induced cracks was subsequently measured. The specimens were then subjected to concentric105

pull-out tests and the force-slip behaviour was measured.106

An overview of the specimen series and numbering system is given in Table 2. The theoretical target mass losses107

were between 2.3-18.5% and the last Series was uncorroded and used as a reference. In the numbering system, the first108

letter (A to C) identifies the Series that were mixed and cast at the same time. The subsequent number corresponds109

to the nominal diameter of the steel bar, equal to 10 mm for all tests. The last two digits of each series indicate the110

theoretical percentage mass losses. For each value of target mass loss, five specimens (labelled a to e) were tested111

under the same conditions to provide a statistically significant distribution of the results.112

Table 2: Test matrix

Series Theoretical Corrosion
Mass Loss time

CF [days]

A10-17 17.3% 67.0
A10-08 8.0% 31.2
A10-05 5.4% 21.2
A10-02 2.3% 9.0

B10-10 10.2% 39.8
B10-07 7.4% 28.9
B10-05 5.4% 20.9
B10-04 3.8% 14.9

C10-19 18.5% 72.2
C10-12 12.1% 47.2
C10-08 7.8% 30.3
C10-00 0.0% 00.0

The specimens were submerged in a salt-water solution to diffuse and allow an even distribution of current [6].113

In Series A, all sides of the cylinders were left exposed to the salt-water bath. In Series B and C, the bottom side114

of the cylinders was waterproofed with silicon sealant to avoid direct contact with the water. This allowed for a115

more homogeneously distributed current flow along the cylinders, without concentrations at the base of the specimen.116

Moreover, in Series C the unbonded length of the bar was covered with a 1 mm thick layer of paraffin, and the117
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interface between steel bar and concrete at the top side was also sealed to stop corrosion products from exuding118

out of the specimen. Expansive pressures and cracking are caused only by the fraction of corrosion products that are119

constrained inside the surrounding concrete. Similar levels of corrosion on specimens with different sealing conditions120

therefore allowed different amounts of corrosion products to diffuse and flow out. Similar levels of corrosion therefore121

induced different surface crack widths. The difference between Series is schematically shown in Fig. 4.122

(a) (c)(b)

Silicon Silicon Silicon

Silicon

Series BSeries A Series C

Tape
sleeve

Tape
sleeve

Paraffin
sleeve

Figure 4: Difference in Series: (a) Series A with all concrete sides exposed and tape sleeve; (b) Series B with bottom face waterproofed with silicon
sealant and tape sleeve; (c) Series C with silicon sealant on top and bottom faces and paraffin sleeve

2.1. Specimen geometry123

The specimens were concrete cylinders with a diameter of 107 mm and a height of 100 mm. A ribbed steel bar124

with a nominal diameter � = 10 mm was cast concentrically in the cylinders. The nominal cover was c = 48.5 mm125

and the resulting cover-to-diameter ratio was 4.8. This value was adopted to obtain a pull-out failure by crushing of126

the concrete lugs in the uncorroded reference specimens, developing tensile hoop stresses in the concrete marginally127

lower than its tensile strength. One bar diameter was studied, to keep the same cover-to-diameter ratio for all Series128

without modifying the specimen dimensions and current intensity. This was deemed more important for this particular129

study than investigating other bar sizes. The dimensions of the specimen are not dissimilar to those recommended130

by RILEM [63] for concentric pull-out tests on cubic specimens. The bond length was lb = 5� = 50 mm, based131

on RILEM [63] recommendations. This is considered a ‘short’ bond length where the bond stresses can be assumed132

constant along the embedded length. The geometry of the specimens is shown in Fig. 5.133

A debonding sleeve was provided on the remaining 50 mm bar segment in the concrete and on the first outer 25134

mm of the bar on the opposite side, measured from the concrete edge. In Series A and B, the sleeve was obtained by135

removing the ribs with a belt sander and wrapping the bar with layers of electrical and masking tape. In Series C, the136

debonding sleeve was obtained by applying a layer of paraffin of 1 mm thickness.137
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Figure 5: Specimen geometry: section along the longitudinal axis and transverse cross section through the concrete cylinder

The steel bar protrudes beyond the loaded face of the concrete cylinder by approximately 400 mm on the active138

side (in Fig. 5 this is shown as the top part where the tensile force was applied) to provide a sufficient length for the139

wedge grip of the testing machine and the measuring devices. The bar extends on the opposite passive side (beyond the140

unloaded face) of the cylinder by approximately 100 mm so that measuring devices can be installed on the unloaded141

end of the bar.142

2.2. Materials143

The specimens consisted of C25/30 concrete and high-strength steel bars. The composition and mechanical prop-144

erties of the materials are hereby described.145

2.2.1. Concrete146

The concrete mix and the proportions of constituents are summarised in Table 3. The mix was chosen as an147

Ordinary Portland Cement (OPC) mix without any admixtures. The fine aggregate consisted of river sand and the148

coarse aggregate was uncrushed coarse gravel. It should be noted that the maximum aggregate size of the concrete149

was 10 mm.150

At 28 days after casting, material characterisation tests were carried out in accordance with and EN 12390-151

3:2009 [64] and EN 12390-6:2009 [65] to obtain the control parameters: fc, the compressive strength of concrete152

cylinder (dia: 100 mm, height: 200 mm); fc,cub, the compressive strength of 100 mm concrete cubes and fct,sp, the153

split tensile strength of concrete cylinder (dia: 100 mm, height: 200 mm). The results for each Series of specimens154

are summarised in Table 4 based on three repetitions. The 28 day concrete cube strength results were similar across155

8



Table 3: Concrete mix

Constituent Type Density Amount
[kg/m3] [kg/m3]

Water - 1,000 180
Cement CEM II-A-LL 3,100 300

32.5 R
Fine Aggregate 0/4 mm 2,625 835
Coarse Aggregate 4/10 mm 2,625 1,015
(uncrushed)

all series and the average strength was 30.8 MPa. Series A exhibited lower compressive cylinder strength and split156

tensile strengths, whereas the highest strength values were obtained for Series B. On average, the split tensile strength157

was 2.8 MPa. The control tests were replicated at the time of the pull-out tests, that took place on average 88 days158

after casting. The concrete strength values were not significantly different at the time of the pull-out tests.159

Table 4: Concrete properties at 28 days. Standard Deviation (SD) in brackets

Series fc fc,cub fct,sp

[MPa] [MPa] [MPa]

A 22.8 (0.92) 32.0 (0.89) 2.5 (0.18)
B 30.7 (0.66) 31.0 (2.46) 3.0 (0.40)
C 28.2 (0.83) 29.4 (0.65) 2.8 (0.18)

2.2.2. Steel reinforcement160

The reinforcement bars were made of high-strength hot-rolled steel. The yield strength fy = 530 MPa (SD= 1.23161

MPa) and ultimate tensile strength fu = 619 MPa (SD= 3.33 MPa) were obtained from uniaxial tensile tests, as the162

average values over four tests. The reinforcement bars have two longitudinal continuous ribs on opposite sides and163

two series of diagonal parallel ribs oriented at 48° with respect to the longitudinal axis. The maximum rib height was164

0.75 mm.165

The steel bars were previously stored in an uncontrolled environment and they developed a thin layer of surface166

rust. Before casting, all the steel bars were polished and the surface rust was removed mechanically with rotating167

metal brushes and an abrasive water-jet. Before and after being polished, the bars were weighed on an electronic scale168

with a capacity of 15.0kg and a resolution of 0.2g. On average, the rust corresponded to approximately 0.2% of the169

initial mass of the bars. Although the presence of a thin layer of rust before casting is common in real structures, the170

removal was important in the experiment because the test results should only reflect the degree of corrosion developed171

in the hardened concrete and responsible for confined expansive stresses.172

Prior to removing the ribs along the debonded length, the bars were weighed and the results were related to the173

bar lengths. The calculated mean mass per unit length of the bars was g0 = 611.6g/m with a Standard Deviation (SD)174
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of 1.8g/m. After the ribs were ground off along the unbonded length, the mass of the individual bars was recorded.175

Authors [66, 67, 68, 69] have concluded that the orientation of the bar during casting with respect to the direction176

of gravity has an influence on the characteristics of the ‘interfacial transition zone’ between the concrete and steel,177

and the concrete on bottom side of a bar is more porous than elsewhere. Voids in this porous zone would delay the178

cracking onset. This effect was not replicated in the experiments, as the cylinders are cast and cured with the main179

axis in the vertical position, as will be described in the subsequent section.180

2.3. Mixing, casting and curing181

Fresh concrete was mixed using a mixer with a capacity of 100 litres. Polyvinyl chloride (PVC) pipes with an inner182

diameter of 107 mm were used as moulds for the cylinders. The moulds and reinforcing bars were held in position183

with a timber frame during casting. The longitudinal axis was oriented vertically with the bonded length on the upper184

part of the cylinders. The specimens were cast and compacted on a vibrating table in 2 layers, and immediately185

covered with plastic sheets. Approximately 24 h after casting, the specimens were removed from the timber frame,186

wrapped in plastic sheets (while kept inside the plastic moulds) and left to cure in an indoor environment. The curing187

conditions were uncontrolled.188

After a standard curing period of 28 days, the plastic sheets and moulds were removed. To avoid direct contact189

between the steel bars and the chloride-rich water of the accelerated corrosion tests, the shorter protruding bar ends190

were protected in plastic tubes and sealed with silicon. As mentioned previously, in Series A the bottom face of the191

concrete cylinders was not sealed. In Series B and C, the bottom face of the cylinders was waterproofed with silicon192

sealant to avoid direct contact with water and allow a more uniformly distributed current flow along the cylinders,193

without concentrations at the base of the specimen. In Series C, the top face was also sealed.194

2.4. Accelerated corrosion195

A current density of 200µA/cm2 was used in the experiments, in line with the recommendation that current densi-196

ties lower than 200-250µA/cm2 are most appropriate for accelerated laboratory testing [31, 7, 23]. As described in the197

Introduction, other authors [30, 31, 32, 7, 23, 33] have indicated that higher currents lead to increased expansions that198

are not representative of the effects of corrosion in structures that are in service. Faraday’s law of electrolysis [7, 23],199

shown in Equation 2, was used to calculate the approximate time required to develop different levels of corrosion:200

∆mF =
I · t · M

F · z
=

I · t · 55.845
96, 487 · 2

(2)
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where ∆mF is the theoretical mass loss [g], I is the current intensity [A], t is time [s], M is atomic weight of metal201

(55.845g/mol for Fe), F is Faraday’s constant (96,487 C/mol) and z is the ionic charge.202

The specimens were submerged in a 5% Sodium Chloride (NaCl) water solution in separate plastic boxes for at203

least 3 days before current was impressed to generate corrosion. Stainless steel plates were used as cathodes. During204

the experiments, the boxes were closed with a plastic lid to avoid evaporation and therefore changes in the NaCl205

concentrations. The shorter protruding bar ends at the bottom of the cylinders were protected in plastic tubes and206

sealed with silicon. This was necessary to avoid direct contact between the steel bars and the chloride-rich water of207

the accelerated corrosion tests. The set-up is shown in Fig. 6.208

Isolation tube

Stainless
steel plate
(cathode)

Electrons
flow

Power
supply

5% NaCl
water solution

Embedded
steel bar
(anode)

Embedded
steel bar
(anode)

Stainless
steel plate
(cathode)

5% NaCl
water solution

Plastic lid

Current
control
board

Concrete
cylinder

Silicon

(a) (b)

Figure 6: Set-up of accelerated corrosion testing. (a) Schematic; (b) Photograph of laboratory experiment

Specimens with the same target corrosion levels were connected in series, to ensure that the same current was209

impressed. The different series, each corresponding to a given target mass loss, were connected in parallel. Power210

supplies with a maximum voltage of 32 V were used. Current control boards were developed to control the current211

intensity with an accuracy of ±1%.212

The different series had to be kept under impressed current for different periods of time. Corrosion was therefore213

initiated on a different day for each series, but the tests were stopped on approximately the same day. Subsequently,214

the specimens were removed from the salt-water bath and allowed to dry. The corrosion products solidified in the215

presence of oxygen, during the period between the removal from the salt-water bath and the pull-out tests that was216

consistent across all series. This was desirable so that the concrete was of the same age (therefore approximately the217

same strength) for all the series at the end of the accelerated corrosion testing, and the drying period before pull-out218
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testing was also approximately the same. This allowed for more reliable and consistent bond strength results.219

2.5. Crack width measurement220

At the calculated time the impressed current was interrupted, the specimens were removed from the salt-water221

bath and left to dry for at least one day. Surface crack widths were measured using an optical microscope with a222

magnification factor of 40X. The divisions of the ocular scale were of 0.02 mm and the accuracy of the measurements223

can be assumed to be half the division size, therefore 0.01 mm. Where multiple cracks developed, the total number224

of cracks and the angles between them on a plane orthogonal to the longitudinal axis were recorded. In the case of225

multiple cracks, the total crack width Wcr was used for the analysis of the results, calculated as the sum of all crack226

width values along a directrix (a circumferential line at a given longitudinal coordinate ξ). The definition of total crack227

width is indicated in Eq. 3.228

Wcr = max
( n∑

i=1

wi

)
ξ

(3)

The use of a cumulative value, rather than the width of a main crack, has been used by other authors [70, 71, 57]229

and acknowledged as a meaningful parameter. The reference system used is shown in Fig. 7. As the crack widths230

were not uniform along the cylinders, only the maximum crack width values were used in the analysis of the results.231

w3

w1

w2

    [mm]
Longitudinal
coordinate

Concrete
cylinder

Directrix

ξ

0
Crack

Steel bar

ξ
j

Pull-out
force

Figure 7: Total crack width at a given coordinate

2.6. Pull-out tests232

After the period of accelerated corrosion had been completed, concentric bond pull-out tests were carried out on233

the corroded specimens using a universal testing machine with a load capacity of 150 kN. A photo of the testing234

set-up is shown in Fig. 8. A horizontal steel plate with a central hole and longitudinal stiffeners was used as a reaction235
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frame. The plate was bolted to the base of the Instron machine with four Grade 8.8 M10 Holding Down (HD) bolts.236

The tensile force was applied vertically on the bar using a grip wedge clamp. The tests were carried in displacement237

control. Tests on Series A and C were conducted at a rate of 2.4 mm/min. For Series B, the rate was reduced238

to 1.2 mm/min to better capture the post-peak softening branch of the load-slip curve. Two Linear Potentiometric239

Displacement Transducers (LPDTs) were clamped to the bar on the passive side of the specimen, to measure the slip240

between the bar and the bottom flat face of the concrete cylinder. Two additional transducers were clamped to the241

active side of the reinforcing bar. They effectively measured the relative displacement between the cross section of242

the bar at the centre of the clamp and the top of the steel plate. A nominal elastic correction is to be applied in the243

analysis of the results, to take into account the elongation of the steel bar between the points of measurement. Data244

from the transducers on the active side was used to cross-check that from the passive side transducers.245

Transducers
(passive side)

Transducers
(active side)

Wedge grip

Reaction plate
with stiffeners

Concrete
cylinder

HD bolts

Steel bar

Base

Figure 8: Photo of concentric pull-out test set-up

2.7. Rust removal246

At the end of the pull-out tests, the concrete cylinders were broken open and the steel bars removed and cleaned.247

The corrosion products were removed by partially submerging the bars in a 11% solution of Hydrochloric Acid (HCl)248

for approximately 18 h and gently scrubbed with a metal brush. After the rust was removed, the bars were weighed249

and the final mass m compared with the initial mass m0 measured before the accelerated corrosion tests. The mass250

loss was calculated as the difference between the two values.251
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3. Results252

The experimental results are presented here in terms of measured average mass loss, attack penetration, total253

surface crack width, ultimate bond strength, ultimate bond strength ratio and failure mode. A summary is given in254

Table 5. The results are grouped by Series, each value therefore represents the average of five specimens tested under255

the same conditions. No adjustment was made on the results to take into account any difference in concrete strength256

from material characterisation tests.257

Table 5: Summary of results for each Series: measured average mass loss, calculated attack penetration, total surface crack width, ultimate bond
strength, ultimate bond strength ratio. Results are average values, calculated over five specimens tested under the same conditions.

Series Measured Attack Number Total Ultimate Bond strength Pitting
mass loss penetration of cracks crack width bond strength ratio corrosion

Cr x Wcr τR τR/τ0

[%] [mm] [-] [mm] [MPa] [-]

A10-17 24.3% 0.65 - - 19.8 1.22 Severe
A10-08 10.3% 0.27 - - 20.6 1.27 Moderate
A10-05 * 16.9% 0.44 2.4 0.97 10.1 0.63 Moderate
A10-02 5.1% 0.13 - - 19.6 1.21 Mild

B10-10 10.2% 0.26 2.4 0.36 16.4 1.01 No
B10-07 8.5% 0.22 2.0 0.19 16.4 1.01 Moderate
B10-05 6.7% 0.18 1.2 0.08 17.9 1.11 Moderate
B10-04 5.1% 0.13 - - 17.3 1.07 Mild

C10-19 22.9% 0.61 1.6 0.20 15.4 0.95 Severe
C10-12 16.7% 0.44 2.0 0.10 16.1 0.99 Moderate
C10-08 11.2% 0.29 1.6 0.19 14.4 0.89 Mild
C10-00 (reference) 0.0% 0.00 - - 16.2 1.00 -
* malfunction led to icorr > 200µA/cm2

Where present, the number of cracks on each cylinder varied, ranging from 1 to 3. The average number of258

cracks over five specimens corroded under the same conditions is reported in Table 5. For the reference uncorroded259

specimens, the peak bond strength was equal on average to 16.2 MPa (SD= 0.71 MPa). The ultimate bond strength for260

each Series was also normalised with respect to that of the reference specimens for a better interpretation of the results,261

and expressed as a bond strength ratio. It can be noted that in all Series where cracks in the concrete were not present262

or did not reach the outer surface, the bond strength ratio was higher than unity. Severe pitting corrosion was observed263

in some samples. This effect is also reported in the table, based on visual observations of the maximum pit depth,264

extent of localisation along the longitudinal axis and variation among bars of the same Series. In the classification,265

Mild can be related to maximum pit depths of approximately 1.0-2.0 mm, Moderate to 1.5-2.5mm and Severe to266

2.0-3.0 mm.267

Due to a malfunction of one control board, Series A10-05 was subjected to a higher level of current density. This268

led to much higher corrosion than predicted. Based on the comparison between measured mass loss and prediction269

14



based on Faraday’s law, it is plausible that the actual current density impressed on Series A10-05 was between 320 −270

580µA/cm2. The mass loss of specimen B10-05b was not recorded.271

3.1. Gravimetric measurements272

The experimental mass loss ∆m was calculated as the difference in bar weight before and after the accelerated273

corrosion tests:274

∆m = m0 − m (4)

It was assumed that the mass loss occurred homogeneously along the bonded length of the bar lb = 50 mm. The275

mass loss can be expressed as a percentage of the initial mass, based on the measured average weight per unit length276

of the bars g0:277

Cr =
∆m

g0 · lb
· 100% (5)

Under the assumption of homogeneous distribution, the level of corrosion is also expressed as the average attack278

penetration (or penetration depth) x, calculated as follows:279

x =
�
2
·

(
1 −

√
1 −Cr

)
(6)

This parameter effectively corresponds to a reduction in radius of the steel bar.280

3.2. Surface crack widths281

Specimens in Series A (A10-02, A10-07, A10-15) reached significant levels of corrosion up to 25.5% without282

developing visible surface cracks, with the exception of A10-05. Specimens in Series B and C exhibited corrosion-283

induced surface cracking.284

As an example of the evolution of the crack width with cylinder height, the total crack width measurements for285

specimens B10-10e (Cr = 10.5%), B10-07e (Cr = 7.8%) and B10-05e (Cr = 5.9%) are shown in Fig. 9. The plot286

shows that the crack width varied with height and was not uniform. The maximum value typically occurred at the287

bottom of the cylinders, although not in all cases. Therefore, the retained value did not always correspond to the same288

longitudinal coordinate along the height of the cylinder.289

The results expressed as the maximum total crack width versus corrosion level are shown in Fig. 10. The square290

markers represent results from Series A, where the bottom concrete face was not sealed. The squares marked with a291
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‘X’ denote Series A10-05, where a current density higher than 200µA/cm2 was impressed. The rhomboidal markers292

indicate the results from Series B, where the bottom face of the specimens was sealed with silicon, whereas triangular293

markers denote Series C with both the top and bottom faces sealed. The continuous line is a linear regression of all294

results.295
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Figure 10: Correlation between average corrosion level and maximum total crack width (* denotes tests where malfunction led to icorr >
200µA/cm2).

It is evident that none of the specimens in Series A subjected to the correct current density exhibited surface296

cracking. In specimens where surface cracks were present, the onset of cracking appeared to correspond to mass297

losses of approximately 5.0%. However, as indicated previously, several specimens did not exhibit any cracking even298

after significant mass losses higher than the above mentioned threshold.299
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3.3. Bond stress-slip behaviour300

Nominal bond stresses τ were calculated assuming a uniform stress distribution along the bond length. The301

ultimate bond strength τR is defined as the peak value under the maximum tensile force:302

τR =
Fu

π ·� · lb
(7)

where the bond length lb(s), initially equal to 50 mm, is reduced as the slip s increases during the test:303

lb(s) = lb,0 − s (8)

The slip was calculated as the mean value from the two transducers on the passive side. In one specimen (B10-304

07a) premature failure occurred by rupture of the steel bar in tension, probably due to pitting corrosion and a localised305

reduction in cross section of the bar. In all the other tests the bond stress-slip curves were characterised by an initial306

elastic behaviour of linear proportionality, a decrease in stiffness due to the development of internal cracking. After307

the ultimate peak strength was reached, specimens that failed by pull-out exhibited a post-peak softening branch308

and a gradual reduction in strength with increasing slip. Pull-out failures occurred by crushing or shearing of the309

concrete lugs under the steel ribs as hoop stresses in the concrete remained below its tensile strength. Specimens that310

failed by splitting exhibited a drop in bond strength and a sudden increase in slip due to the development of macro-311

cracks. Expansive pressures from corrosion products had already induced tensile hoop stresses in the concrete, which312

exceeded the concrete strength during pull-out testing, leading to the development of splitting cracks. The tests were313

stopped when the slip reached 20 mm, except for Series A10-02 where the tests were interrupted at smaller slip values314

due to an error in the loading protocol. The average bond stress-slip results of the pull-out tests for each series are315

described in the following sections.316

3.3.1. Uncorroded Specimens – Reference317

A representative plot of the average bond stress versus slip for one of the uncorroded reference specimens of318

Series C10-00 is shown in Fig. 11.a (C10-00b), where the grey area represents the domain between the maximum and319

minimum experimental curves among the five repetitions. The majority of the specimens failed by pull-out and only320

one splitting failure occurred (C10-00e), validating the test design on the development of hoop stresses just below the321

concrete tensile strength. The peak bond strength ranged between 15.5 and 17.2 MPa with an average of 16.2 MPa.322

This mean value was used to subsequently calculate bond strength ratios.323
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3.3.2. Corroded specimens – Uncracked prior to bond pull-out testing324

For Series A10-02, A10-08, A10-17, B10-04 the corrosion-induced expansive stresses did not attain the critical325

value that would cause longitudinal cracks to fully develop and reach the concrete surface. During pull-out testing326

both splitting and pull-out failure modes occurred, although most of the specimens (73%) exhibited splitting failures.327

As a representative example, the test results for specimen A10-08d (Cr= 10.5%) are shown in Fig. 11.b. It can be328

observed that the presence of corrosion induced an increase in initial stiffness and a reduction in slip corresponding to329

the peak stresses. The ultimate bond strength is on average higher than the reference value. The plot also shows that330

splitting of the concrete led to a brittle failure, a significant drop in stresses after the ultimate strength is reached and331

a sudden increase in slip.332

3.3.3. Corroded specimens – Cracked prior to bond pull-out testing333

In the cases where corrosion-induced cracking reached the concrete surface prior to pull-out testing (Series A10-334

05, B10-10, B10-07, B10-05, C10-19, C10-12, C10-08), the majority (84%) of specimens failed by splitting, which335

mostly occurred by further opening of existing corrosion-induced cracks. The test results for specimen C10-19c (Cr=336

22.9%) are shown in Fig. 11.c, as a representative case of the behaviour of specimens that exhibited corrosion-induced337

cracking. It can be seen that peak stresses are lower than those of uncracked specimens, although the failure mode by338

splitting led to a similar stress-slip curve.339

3.4. Ultimate bond strength and corrosion level340

The ultimate bond strength ratio, calculated with respect to the mean strength of 16.2 MPa of the reference un-341

corroded specimens, is plotted versus the degree of corrosion in Fig. 12.b, irrespective of the failure mode. The342

relationship between bond strength versus the level of corrosion differs from the findings of previous authors, shown343

in Fig. 2.b. The plot does not show a significant reduction in ultimate bond strength, even beyond the supposed crack-344

ing point. Significant mass losses are obtained with limited reduction in bond strength. The same results are plotted345

in terms of ultimate bond strength ratio versus maximum total crack width in Fig. 12b. Series A10-05 exhibited the346

greatest bond strength reduction, where a current density higher than 200µA/cm2 was impressed (squares marked with347

‘X’ in Fig. 12). This effect is in line with findings of authors [7] that with higher current densities have observed in-348

creased side strains, measured on the concrete surface in the transverse direction, therefore across the splitting cracks349

induced by corrosion of the reinforcement.350
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Figure 12: Correlation between ultimate bond strength and: (a) Mass loss; (b) Total crack width (* denotes tests where malfunction led to
icorr > 200µA/cm2).

4. Discussion351

It can be seen that significant scatter characterises the bond test results and no correlation can be found between352

average mass loss and bond strength ratio in Fig. 12.a. The results were also analysed using the attack penetration353

as measure of corrosion level. Similarly to Fig. 12.a, no correlation was found, leading to analogous conclusions.354

However, by using the total crack width as a damage indicator (Fig. 12.b), the scatter of the uncracked specimens is355

reduced as the associated data points ‘collapse’ to the left-hand side of the plot. The majority of uncracked specimens356

did not exhibit a reduction in bond strength, and any increase can be disregarded from an assessment perspective. A357

trend of bond deterioration with increasing crack width can be observed, where the ultimate bond strength appears to358

reduce almost linearly. This is attributed to the fact that surface cracks indicate the net amount of corrosion products359

that caused expansion and reduction in rib interlock. The uncertainty related to the the fraction of corrosion products360

that do not cause expansions is therefore removed from the results. As indicated in the Results section, few specimens361

from Series A (those corresponding to Series A10-05) were subjected to a higher current, which possibly led to362

increased expansions. In Fig. 10 and Fig. 12.b it can be observed that Series A10-05 led to the greatest crack widths.363

Care should therefore be taken when interpreting those results. If those five data points are removed from the analysis,364

a correlation factor of R2= 0.275 is obtained. Even if the accidental data series are removed from the analysis, the bond365

strength results still show a better correlation with total crack widths, rather than mass loss or attack penetration. The366

authors believe that the dependence on the current density is reduced when using crack width as a bond deterioration367

indicator. In other words, the authors believe that what affects the analysis is the net expansion effect for the concrete,368

not the amount of corrosion products that caused it. Fig. 13 shows the correlation between surface crack width and369
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bond strength ratio, comparing the results of the current study with data from previous authors. Concerning the results370

from the present study, the scatter was discussed with respect to Fig 12.b, showing the same data. It can be observed371

that a trend exists and that the experimental results align well with those in the literature, despite the tests of the present372

study were designed to decouple corrosion from crack widths. The recommendation from Model Code 2010 [62] are373

in line with the experimental trends. Overall, they are conservatively on the lower part of the distribution.374
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Figure 13: Correlation between ultimate bond strength ratio and surface crack width. Comparison between recommendations from Model Code
2010 [62], results from previous authors [48, 58, 51, 59, 52, 53] (data derived from plots where not explicitly presented in published work) and
results from present study

It is reasonable to assume that a local relationship exists between equivalent bond stresses and the total crack width375

along the bar. The average bond stress ratios can therefore be compared with the mean total crack widths, as shown376

in the plots of Fig. 14.377

It can be observed that the results expressed with respect to the mean value of the Total Crack Width along the bars378

do not yield a better correlation than those relative to the Maximum Total Crack Width previously shown in Fig. 10379

and Fig. 12.b. Law et al [58] have carried out accelerated corrosion tests using an impressed current and eccentric380

bond tests. They observed that the maximum crack width led to a better correlation with bond strength than the mean381

crack width.382

Leakage of part of the liquid corrosion products is considered to be the prime reason for not developing significant383

expansive pressures and subsequent cracking in the majority of specimens from Series A, where the bottom face384

was not sealed. This phenomenon was also observed in Series B, although to a lesser extent as the specimens were385

partially sealed. The greatest crack widths and bond reductions were expected in Series C due to the fully sealed386

conditions. However, Series B and C exhibited similar results. It is believed that the lack of oxygen in the specimens387
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Figure 14: Correlation between mean total crack width and: (a) Average corrosion level; (b) Ultimate bond strength ratio (* denotes tests where
malfunction led to icorr > 200µA/cm2).

prevented the precipitation of corrosion products and their expansive effects. In other words, sealing specimens has388

two opposing effects: corrosion products are locked inside the specimens, forcing expansive pressures. However,389

reducing the oxygen availability induces flow of liquid corrosion products and relieves expansive pressures. This390

possibly explains the lack of agreement in the experimental data available in the literature. It was not possible to391

directly compare results from other authors, as the characteristics of the debonding sleeves and seals are often not392

included in the published work. The results highlight the need for the development of a standardised accelerated393

corrosion methodology for bond tests. In laboratory experiments, the characteristics of the debonding sleeves and394

seals at their ends have an impact on the results. They therefore need to be considered in the test design. Fischer395

and Ožbolt [51] also acknowledge that only part of the corrosion products generate expansive pressures, and that396

such phenomenon is the reason for the difficulty in comparing results by other authors. This confirms that correlating397

corrosion level to bond degradation is difficult, since the proportion of corrosion causing expansion is unknown.398

Coccia et al [16] also point out that even for significant levels of corrosion, visible cracks do not always appear. They399

attribute this effect to the properties of the concrete matrix and mainly porosity. Other authors [72, 73, 14] used400

alternative cycles of wet and dry conditions during accelerated corrosion testing to allow the interaction of corrosion401

products and oxygen.402

It is possible that with higher corrosion rates, expansive pressures are developed before the corrosion product are403

able to flow in the concrete inner structure. This effect could justify the behaviour of Series A10-05, where a higher404

current density was impressed and surface cracks developed.405

The exposure to corrosion is not homogeneously distributed along the bonded length. This can lead to the devel-406
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opment of non-uniform corrosion around the bar. This effect was observed in several specimens, especially those of407

Series A where the bottom face was not sealed. The level of corrosion on the bottom portion of the bars was higher408

than the top. In Series B and C, where the bottom face was sealed and the distribution of current density was more409

homogeneous along the bar, localised corrosion at the bottom was significantly reduced. In some cases, severe pitting410

occurred at the top of the cylinders, where corrosion products exuded from the sleeve and stagnated on the flat con-411

crete surface before precipitation. A local reduction in diameter of up to 30% of the original value was measured in412

extreme cases, such as in specimen B10-04a. The presence of localised corrosion undermines the validity of average413

mass loss values. If the mass loss is localised, the average mass loss over the bonded length is less than the calculated414

value. Moreover, corrosion was slightly more pronounced on one side of the bars. This was attributed to the position415

of the cathode, where one side of the specimen was more directly exposed to the current flow.416

The measured values of mass loss are in many cases higher than the predictions based on Faraday’s law. This417

phenomenon has been observed by other researchers [21, 15]. As described by Alonso et al [21], this can be partially418

explained by the spalling of the steel, where portions of uncorroded metal are detached due to the oxidisation of the419

surrounding material. Fig. 15 shows a local reduction in diameter that appears to be due to this effect.420

Figure 15: Spalling of corroded steel on specimen A10-15a

The expansive stresses due to corrosion are only generated along the bonded length of the reinforcement bar.421

An unbonded concrete region is often necessary in specimens subjected to concentric pull-out bond tests, as it avoids422

parasitic confining effects from the reaction plate [74], and allows the development of inclined compression cones [75].423

However, during the corrosion process this adjacent concrete region does not build up expansive stresses to the same424

extent. It effectively provides a confining action, reducing strains and bridging cracks in the top portion of the concrete425

cylinder as indicated schematically in Fig. 16. The maximum crack widths are in fact measured at the bottom of the426

specimens and reduce towards the top, as previously shown in Fig. 9. This represents a limitation of the bond test427

set-ups intended to capture both corrosion-induced cracking and bond deterioration. This consideration can be added428

to the objections previously raised [5, 74] on the use of concentric pull-out specimens. In future test specifications,429

debonding sleeves may be minimised in length and placed symmetrically to provide a more consistent framework to430

identify corrosion effects.431
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5. Conclusions432

Concrete specimens with an embedded steel bar were subjected to accelerated corrosion using an impressed cur-433

rent. By changing the sealing conditions of the specimens, the amount of corrosion products able to flow through the434

concrete voids varied. With this new methodology, the level of reinforcement corrosion was separated and decoupled435

from its expansive effects that cause cracking of the concrete cover. Crack widths were measured on the concrete sur-436

face and concentric bond tests were subsequently performed on the specimens. The direct correlation between crack437

widths and bond strength deterioration was investigated. The results of this study and a critical analysis of the relevant438

literature lead to an improved understanding of the corrosion-induced bond degradation phenomenon. The findings of439

this study can contribute to the future development of a new and potentially more accurate approach for the structural440

assessment of deteriorated reinforced concrete structures. Improved and more accurate assessments can reduce the441

maintenance costs of the infrastructure network by limiting onerous interventions such as repairs, strengthening or442

replacement of entire bridges. The following conclusions are drawn from this study:443

1. This study suggests that corrosion of the internal steel reinforcement and bond degradation may be only in-444

directly correlated. Concrete crack widths are potentially better indicators than corrosion level to characterise445

bond strength degradation of steel reinforcement. They can be interpreted as a measure of the net amount of446

corrosion products that generate expansive effects and a reduction in bar ribs interlock. Since these conclusions447

are limited to the type of specimen and testing conditions used in this study, more research is necessary to inves-448

tigate the influence of the parameters involved (e.g. cover, bar size, cover/diameter ratio, confinement, concrete449

quality) to develop predictive models of general applicability.450

2. In some circumstances, measures of corrosion such as mass loss or attack penetration are not suitable indicators451

of bond deterioration. In the present study, significant general corrosion (up to average mass losses of 25.5%)452
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occurred with limited reduction in bond strength when expansive pressures did not build up.453

3. Conditions of limited oxygen and the presence of chlorides can lead to the development of liquid corrosion454

products. Before solidifying, they can flow in the voids and porous structure of the concrete. Expansive pres-455

sures are therefore relieved. As a result, corrosion-induced cracking can be delayed or not occur.456

4. Accelerated corrosion using an impressed current in the presence of chlorides can lead to non-uniform corrosion457

along the bar and localised pitting corrosion.458

5. The geometry and configuration of the specimens have an influence on the cracking pattern. A specimen459

design that follows recommendations for concentric pull-out bond tests presents challenges if corrosion-induced460

cracking is also studied: the presence of a debonding sleeve induces a stress-free concrete zone adjacent to the461

corroded part, which reduces corrosion-induced crack widths.462

6. It is necessary to develop specifications and standardise accelerated corrosion testing methodologies for bond463

tests, with respect to both mechanical and chemical phenomena.464
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