O 00 N O 1 A W N

W W W W W WwWWwWwWwWwNDNNNNNNNNNRIERRPRRRRRRP R R
0 N OO U D W NP O WOWO®O®WSNOODUDBSWNIERPROWOOLWNOOMVAPMWNIERO

Experimental investigation of the process of corrosion-caused cover cracking

Yanlong Zhang and Ray Kai Leung Su!
Department of Civil Engineering, The University of Hong Kong, Pokfulam Road,
Hong Kong, PRC
Abstract: Corrosion-caused cover cracking can lead to the serious deterioration of
reinforced concrete (RC) structures. However, only a few experimental studies in the
literature have examined the entire cracking process of specimens with a realistic
configuration that consists of both the concrete cover and concrete core. Herein, the
mechanism and process of cover cracking are experimentally investigated for cover
and core specimens by using accelerated corrosion tests together with digital image
correlation. The entire process of corrosion-caused cover cracking is experimentally
recorded. The phenomenon of the rotation of the cover is first observed. Furthermore,
the direction of the crack propagation, crack opening displacement (COD) profiles
and the concrete expansion at the steel/concrete interface are measured. The
relationship between total rust and the rust that causes expansion pressure on the
surrounding concrete is examined. The test results are then used to validate a

previously proposed elastic-body-rotation model for simulating cover cracking.
Keywords: Corrosion; Cover cracking; DIC; Experimental study; COD; Rust

1. Introduction

The expansion caused by the corrosion of rebars, shrinkage, thermal stress,
external loading, etc. can cause the cracking of reinforced concrete (RC) structures. In
particular, the corrosion of rebars has been widely considered as one of the most
predominant deterioration processes [1-3] due to the fact that corrosion-caused cover
cracking can reduce the strength of the concrete cover and degrade the bonding
strength between the rebar and concrete as well as cause water leakage. These can
adversely affect the serviceability, strength, durability, and ductility of RC structures
[4-16]. However, the challenge lies in fully understanding the deterioration
mechanisms as the phenomena of crack initiation, propagation and widening that take
place in concrete cannot be readily observed.

In the literature, two typical specimen configurations are used to study the
deterioration of the concrete cover caused by the corrosion of one of the inner rebars;
see Fig. 1. In the figure, ¢ denotes the thickness of the concrete cover and D is the
diameter of the rebar. Fig. 1a illustrates the concrete cover specimen. These specimens
have a single rebar placed at the center of a concrete cylinder or a concrete cube and

the thickness of the concrete around the rebar is equal to the simulated cover thickness.
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Fig. 1b shows a cover and core specimen that features different concrete thicknesses
around the rebar in which the thinner side represents the concrete cover and the

thicker side simulates the concrete core.
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Fig. 1 Two typical configurations for studying deterioration of concrete cover caused
by corroded inner rebar (a) concrete cover specimen, and (b) cover and core specimen

The induced crack patterns in the cover and cover and core specimens as shown
in Fig.2 are different due to the different distributions of rust around the rebar and
different confinement pressure from the concrete. Most real RC members consist of a
cover and a concrete core. The confinement effects in the lateral direction of the cover
and core specimen are greater than those in the direction normal to the cover surface.
The cover and core specimens which can be used to realistically model the
confinement effects are more suitable for studying cracking of the concrete cover
caused by a corroded rebar. Furthermore, aggressive ions, like chloride or sulfate ions,
usually penetrate through the thinner cover surface and first reach the rebar surface
that is in proximity to the concrete cover which causes the depassivation of this part
of the rebar first in typical RC members in aggressive environments [17-20]. As a
result, there is the initiation of macrocell corrosion between the corroded and
non-corroded rebars, which results in more rust near the cover than the concrete core
[21-25]. Thus the cover and core specimens can more realistically simulate the rust
distribution around corroded rebars.

Uncracked Corroded Surface crack -
concrete >\ rebar - “,i—’—'*jﬁi
{ »
\ ! Inclined
) RS, "” Concrete crack -
Cracked T
concrete « Cracks - Corroded rebar -

(@)« (b)«

Fig. 2 Cracked cover in (a) cover specimen vs. (b) cover and core specimen

The differences in cracking process and deformation between the cover
specimens and cover and core specimens are summarized here.
1. In the cover specimens, corrosion-caused cracks initiate at the steel/concrete

interface and then propagate toward the cover surface (from inside to outside)
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[26-30], while in the cover and core specimens, surface crack always initiates at

the cover surface and then spreads toward the rebar (from outside to inside) [17,

31-34].

2. The COD profile of the surface crack decreases from the steel/concrete interface
to the cover surface in the cover specimens [28, 35], whereas an opposite COD
profile is found in the cover and core specimens [32, 33, 36].

3. The expansion of rust causes tangential tension in concrete and uniform
expansion of concrete around the rebar in the cover specimens [29, 37, 38].
However, the expansive force of the rust pushes against the concrete cover and
causes its rotation. As a result, there is a much larger movements of the cover
than the core in the cover and core specimens [36].

Experimentally and numerically studies [11, 17, 32, 33, 39-41] have been
conducted to investigate corrosion caused cracking of cover and core. However, only
the width of surface cracks at the end of the test were presented in the experimental
studies [11, 39, 41]. The changes in crack patterns and COD profiles throughout the
test were not reported. Even though the cracking process was numerically and
analytically simulated [17, 32, 33], their predicted results have not been validated
experimentally. It is therefore imperative to conduct related experimental test and
display the entire process of cover deterioration caused by rebar corrosion for
comparison.

Digital image correlation (DIC) is an optical-based technique for measuring
surface displacement. The basic principle of this technique is to search for the
maximum correlation between small zones in two images of a specimen. In
calculating the displacement, one small zone from the first image is defined as the
reference, and the corresponding zone on the other image is defined as the target. The
displacements at various points in the reference zone can be obtained by calculating
the differences in the coordinates of the speckle pattern in the two zones [42, 43]. This
technique is both a non-contact and non-destructive means for measuring the surface
deformation of a specimen subjected to external forces. One of the main advantages
of this method is that the entire cracking process, including crack initiation,
propagation and widening, can be continuously measured. The DIC method has been
widely used in measuring the cracking of RC structures [44-49].

In this study, the mechanism and process of concrete cover cracking are
experimentally investigated by using accelerated corrosion tests together with DIC.
The corrosion-caused cover rotation, bulging of the cover surface, displacement at the
steel/concrete interface and COD profiles are recorded. The concrete strain around the
rebar is also measured by using strain gauges. Furthermore, the relationship between

the total rust and the rust that causes expansion pressure on the surrounding concrete
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2. Analytical model

An elastic-body-rotation model was proposed by [36] to analyze the mechanism
and process of cover cracking caused by the corrosion of an inner rebar. This model
can be used to estimate the volume of corroded steel that would cause the initiation of
cracking. Furthermore, a relationship was found between the surface crack width and
the volume of corroded steel in [36]. Therefore, the experimental results obtained
from [36] will be used to validate the proposed analytical model in this study.

Pwotytc o . le*othLElCu c’ A c
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Concrete« Rebar. Concrete m Tension«

B Compression
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Fig. 3 Elastic-body-rotation model of cracking of cover due to rebar corrosion (a)
concrete rotation and cracks, (b) stress map of concrete, and (c) cover spalling caused

by inclined cracks

For comprehensiveness, the proposed cover cracking model is briefly described
here. As shown in Fig. 3a, the pressure from the corrosion-caused expansion pushes
against the concrete cover, which causes the concrete bodies ABIC and ABI'C’ to
rotate about the pivot points, C and C. Such movement results in tensile stress
concentration at Points A, 1 and I' and concentrated compressive stresses at Points B,

C and C’, as shown in Fig. 3b. Thus, two inclined cracks initiate at Points | and I' on
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the cover and spread toward the cover surface along IC and I'C’, respectively, as
shown in Fig. 3a. Furthermore, a single crack which is perpendicular to the cover
surface starts from Point A and propagates along Line AB toward the rebar as shown
in Fig. 3a. This surface crack does not penetrate throughout the entire cover because
the concrete near the steel/concrete interface at Point B is in compression. Eventually,
when the two inclined cracks along IC and I'C’ reach the cover surface, they cause
the concrete cover to spall, as shown in Fig. 3c.

Using the model from [36], the areas of corroded steel that cause the initiation of
the inclined cracks and cracks on the concrete cover surface; that is, Vieellc and

Visteel Ac, T€SpEcCtively, can be determined by using the following equations:

7D 7D fy(D+2c) sin ¢

Vsteellc = 4(B-1) {ZEC,ef[D(l—COS @)+2c] + Zdo} ()
nD  (fi(D+2c)? tan >

Vsteel,AC = 4([;_1){ : 8CEef + Zdo} (2)

where D is the diameter of the rebar, £ is the ratio of the amount of rust to corroded
steel, f; is the tensile strength of the concrete, ¢ is the cover thickness, ¢ is the angle of
the inclined crack on the concrete cover, do is the thickness of the porous zone,
Ecet = E./(1+ ¢p) is the effective elastic modulus of the concrete, E. is the elastic
modulus of the concrete and ¢, is the creep coefficient of the concrete.

The areas of corroded steel Vseel can be obtained with the width of the crack
mouth opening displacement CMODAa of the cover surface, and bulging at Point A, da,

by using the following equations, respectively:

@D (D+2c)fitan @ (D+2c)tan @
Viteel = 30525 {( el CMODA> DOt 2d0} 3)
D
Vsteel = 757 (da + 2do) @)

Furthermore, the width of the inclined cracks on the cover CMOD; can be
obtained based on the area of the corroded steel by using:

D(1-cos@)+2c D f¢
(D+2¢)sing 2Ecef

4’( _1)Vs ee
CMOD; = | xteel — 24, | (5)

3. Experimental program
3.1 Materials and specimens

Ordinary Portland cement (Green Island Cement, Hong Kong) with a strength
class of 52.5 N which complies with BS EN 197-1:2011 [50] was used in the
experiment. For the fine and coarse aggregates, local crushed granite rock was used
and the largest diameter of the coarse aggregate is 10 mm. A polycarboxylate-based

superplasticizer was added to the concrete to improve the flowability. The proportions
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of the concrete mix are summarized in Table 1. The casted concrete specimens were
cured in air at a temperature of 2012 °C and relative humidity of 75-85%. On the
28" day after casting, concrete property tests were carried out in accordance with
Hong Kong Construction Standard CS1 [51]. The test results are summarized in Table
2.

Table 1 Concrete mix proportions

Target Fine Coarse | Maximum Super
Water | Cement .
concrete 3 3 wlc | aggregate | aggregate | aggregate | plasticizer
(kg/m’) | (kg/m”) 3 3 3
grade (kg/m”) (kg/m?) (mm) (g/m?)
C30 200 279 0.72 1025 838 10 1000

Table 2 Concrete properties
Jeu Ee i
(MPa) (GPa) (MPa)
34.1 24.4 2.35

Notes: feu, denotes compressive strength (cube 150 mm X150 mm X150 mm); E. is the Young’s

modulus, and f; is the tensile strength of the concrete cylinder (diameter: 150 mm and height: 300

mm).

The rebars used in the accelerated corrosion test were ribbed carbon steel bars
with a diameter of 16 mm and length of 50 mm. The mechanical properties of steel
rebars (tensile strength of steel rebars at yield fy, ultimate tensile strength of steel
rebars fu, and Young’s modulus of steel rebars Es) are summarized in Table 3. They
were polished with a steel brush and abrasive paper, as well as rinsed with distilled

water.

Table 3 Mechanical properties of steel rebars
Fy Ju Es
(MPa) | (MPa) (GPa)
540 621 196

The geometry and dimensions of the specimens are shown in Fig. 4, in which D
is the rebar diameter and c is the cover thickness. Two concrete specimens with
dimensions of 50 mmx240 mmx150 mm were cast, which are labelled as Specimens

1 and 2. The cover thickness of Specimens 1 and 2 is 10 mm and 20 mm respectively.
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The casting direction was parallel to the longitudinal direction of the rebar. The
bottom surface of the specimens was sealed with epoxy resin to ensure that no saline
solution (NaCl solution) penetrated into the concrete and no rust could escape through

the bottom surface.

&
Casting direction
Concrete g
/ Rebar -
- D=6 mm 7
50
St ¥c=1020 mmy_
le > le >
| 240 mm | | 240 mm |

Fig. 4 Geometry and dimensions of specimens

3.2 Accelerated corrosion testing with DIC

Accelerated corrosion tests were conducted by using the DIC technique to
measure the surface deformation. The accelerated corrosion technique was used as it
is not only faster but also good for controlling the corrosion rate of rebars.
Furthermore, the process of concrete cracking would not be significantly affected by
the accelerated corrosion test. Therefore, this technique has been widely used to study
the effects of rebar corrosion on the deterioration of concrete cover, bond behavior,
and residual load-bearing capacity of RC members [15, 47, 52, 53]. Fig. 5 shows the
experimental setup. A constant and direct current of 200 pA/cm? was applied between
the rebar (the anode) and a counter electrode (the cathode) which is made of carbon
fiber. About half of the depth of the specimen was immersed into 3.5% NaCl solution.
The current and voltage of the specimen were respectively measured with an ammeter
and a voltmeter on a daily basis, which were used to calculate the resistance of the
specimen with:

R=1
I

(6)

where R is the resistance of the concrete, V' is the voltage and 7 is the current in the

electric circuit.



204
205

206

207

208
209
210
211
212
213
214
215
216
217
218
219
220
221
222
223
224
225

Power supply Ammeter

i )
Light ~Camera
sources IE Computer

|— Specimen
. :

\ )
Saline solution

Counter
electrode

A

O
Voltmeter

Fig. 5 Experimental setup for accelerated corrosion tests with DIC

Faraday’s law of electrolysis was applied to calculate the different levels of

corrosion:

Am =22 (7)

Fz

where Am is the theoretical mass loss of the rebar (g), / is the imposed current density
(A), t is the corroded time (s), M is the atomic weight of iron (Fe) (55.85 g/mol), F'is
the Faraday’s constant (96,487 C/mol) and z is the ionic charge (2 for iron(Il) (Fe*?)
and 3 for iron(III) (Fe™)).

DIC was used to capture the full deformation field of the specimen. Random
black speckles were sprayed on the surface of the specimens as shown in Fig. 6. Two
Canon EOS cameras, 70D and 80D, with a Canon EF-S 18-55 mm IS STM lens were
used to take images of Specimens 1 and 2 respectively. The ISO was set at 200 with
apertures of f/8 for both cameras. The cameras were placed about 30 cm above the
specimens. The focal lengths of the camera lens were set at 55 mm and 35 mm for
Specimens 1 and 2 respectively. Generally, each speckle ranges from 3-8 pixels in size
to allow for effective correlation. To obtain adequate image contrast, two LED light
sources with a direct current were fixed above the specimens. Two reference plates
which have similar black speckles as those on the specimens were positioned as
shown in Fig. 6. The digital cameras automatically took images every hour during the
entire period of testing. The images and reference plates were used to analyze the
displacement and strain of the specimens with Optecal, which is a DIC software [54],

and previously used in [47, 48],
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Fig. 6 Specimen with random speckles for DIC

3.3 Layout of strain gauges

Strain gauges were installed onto the surface of the test specimens to measure
their strain during testing as illustrated in Fig. 7. Four strain gauges (Nos. 1-1, 1-2, 1-3,
and 1-4) with equal distance from the center of the rebar are placed around the rebar
in Specimen 1; see Fig. 7(a). Furthermore, five strain gauges (Nos. 1-5, 1-6, 1-7, 1-8,
and 1-9) that are spaced 20 mm apart are placed onto the surface of the concrete cover
of Specimen 1; see Fig.7(c). Eight strain gauges (Nos. 2-1, 2-2, 2-3, 2-4, 2-5, 2-6, 2-7,
and 2-8) are placed around the rebar with two equidistant layers in Specimen 2; see
Fig.7(b). Four other strain gauges (Nos. 2-9, 2-10, 2-11, and 2-12) that are spaced 20
mm apart are also placed onto the surface of the concrete cover of Specimen 2; see
Fig.7(d). The strain gauge adhesive - PS (polyester and organic peroxide contained)
and the coating material - N-1 (chloroprene system rubber) are used to protect the
strain gauges from corrosion. On the front of the specimens, strain gauges that are 30
mm length are used, while those that are placed onto the surface of the concrete cover
are 10 mm in length. The measurements of the strain gauges were automatically

recorded and saved every half an hour with a data logger and a computer.
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Fig. 7 Layout of strain gauges (a) front view of Specimen 1, (b) front view of
Specimen 2, (c) cover surface of Specimen 1, and (d) cover surface of Specimen 2

4. Results and discussion
4.1 Failure mode and map of cracking

All of the corrosion-caused cracks are divided into three categories in this study
based on their location and inclined angles, which include: cracks on the surface of
the covers, internal cracks, and inclined cracks on the concrete cover as shown in Fig.
8. The cracks on the surface of the cover are found at the thinnest part of the cover
and almost perpendicular to the cover surface. The internal cracks are found in the
concrete core, which can be but not absolutely vertical to the cover surface. Finally,
the inclined cracks are cracks on the cover but form a sharp/obtuse angle to the cover

surface.

Entire ««—Concrete core
specimen T—p i
! 1
i k !
! 1
Rebar > Surface crack
: 4— Cover

________________________________

Inclined cracks on cover

Fig. 8 Three categories of cracks

The COD profiles of the corroded specimens were measured by using an optical
microscope with the accuracy of 0.1 mm after the accelerated corrosion test. The
failure modes and maps of cracking are presented in Fig. 9 for Specimen 1 after 84
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days of corrosion and Fig. 10 for Specimen 2 after 76 days of corrosion. The crack
patterns obtained by DIC are shown in Figs. 9a and 10a respectively.

For Specimen 1, the maximum COD is between 0.4 mm - 0.7 mm on the
concrete cover as shown in Fig. 9b. It can be seen that the crack inside the concrete
cover near the rebar is more narrow than those near the surface of the concrete cover,
which means that the COD of the surface crack is reduced from the surface of the
cover to the steel/concrete interface [36]. There is an internal crack in the concrete
core with a length of 94 mm and 68 mm at the front and back of the specimen
respectively; see Figs. 9a and 9c, which means that the expansion of rust not only
causes cracks on the concrete cover surface, but also facilitates internal cracks inside
the concrete core. Practicing engineers should heed these internal cracks as they
cannot be normally detected through a visual inspection, but could affect the integrity
and safety of structures. It was observed that the COD of the internal crack in this
study shows a trend of decrease from the steel/concrete interface to a region away
from the rebar. Furthermore, two inclined cracks on the cover were found on the back
of the specimen and the inclined angles are 58.6° and 49° respectively as shown in
Fig. 9c. The COD of the two inclined cracks on the cover near the rebar (COD of 0.15
mm) is greater than that near the cover surface (COD of 0.1 mm), which means that
the COD is reducing with distance away from the steel/concrete interface towards the

cover surface.
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Fig. 9 Failure mode and crack pattern of Specimen 1
(a) front of specimen, (b) cover surface, and (c) back of specimen
The results for Specimen 2 are similar to those observed in Specimen 1; see Fig.
10. The COD profile of the surface crack is decreasing from the cover surface to the
steel/concrete interface, while that of the internal and inclined cracks on the cover
both decrease with increased distance from the rebar surface. Furthermore, the angles
of the inclined cracks are 43°nd 32.2° at the front and back of the specimen

respectively.
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Fig. 10 Failure mode of Specimen 2 and crack pattern
(a) front of specimen, (b) cover surface, and (c) back of specimen

4.2 Failure process

The failure process of Specimen 2 based on the DIC is presented in Fig. 11. Figs.
I1a, 11c, 11e and 11g on the left and Figs. 11b, 11d, 11f and h on the right show the
rotation and strain distribution of the specimen, respectively. After 5 days of
accelerating corrosion, the expansion of the rust pushes against the concrete cover,
which causes the left and right parts of the cracked region of the specimen to rotate
clockwise and anticlockwise respectively as shown in Fig. 11a. This deformation

resulted in the almost simultaneous development of two cracks: one is on the cover
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surface and the other is an inclined crack on the left part of the specimen as shown in
Fig. 11b. After that, the surface crack spreads toward the rebar and increases in width
with more rotations of the concrete cover. After about 13 days of corrosion, a second
inclined crack emerges on the right part of the specimen as shown in Fig. 11d. Then,
both the surface crack and the second inclined crack increases in both length and
width. On the 24th day, a third inclined crack emerges on the left part of the cover as
shown in Fig. 11f. With an increase in the volume of rust, the vertical surface crack
and the second and third inclined cracks increase in width and length as shown in Figs.
I1g and 11h. However, in comparison to the development of those cracks, the first
inclined crack increased at a much slower rate during the entire period of testing.
Moreover, the rotations of the concrete cover gradually increase with an increase in
corrosion time during the entire cracking process as shown in Figs. 11a, 11c, 11e and
11g. The mechanism of the cover failure obtained in this experimental study is overall

in agreement with the analytical model proposed by the authors in [35].
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Fig. 11 Failure process of Specimen 2

4.3 Corroded rebar

The specimens were manually broken into pieces after carrying out the accelerated
corrosion tests. The diameter of the left side of the corroded rebars was measured by
using an electronic digital caliper with an accuracy of 0.025 mm. The results are
shown in Fig. 12 for the rebar in Specimen 1 (Rebar 1) and Fig. 13 for the rebar in
Specimen 2 (Rebar 2). It can be observed that the corrosion of the rebar surface near
the cover is more severe than that near the concrete core. This may be due to the fact
that after the cracking took place on the surface of the cover, more chloride ions, air
and water entered the rebar surface near the cover through the cracks, thus increasing
the corrosion rate of steel there. It is also observed that on the rebar surface near the
cover, non-uniform corrosion of the steel took place along Rebar 1 as shown in
Sections A and B in Fig. 12. It may be caused by partial immersion of the specimen in
the saline solution. The degree of saturation and oxygen accessibility along the rebar
may not be the same in the sections above and below the solution surface. Compared

with Rebar 1, the corrosion along the Rebar 2 is more uniform as shown in Fig. 13.
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336 Fig. 13 Corroded rebar in Specimen 2 (Rebar 2): Rebar surface near the cover, (b)
337 Rebar surface near the concrete core, and (c) typical section

338

339 The corroded steel rebars were cleaned and their mass loss was weighted in

340 accordance with ASTM G1-03 [55]. The corroded rebars were first cleaned with a
341  light brushing to remove loose and bulky rust, and then immersed in the solution of
342 rust remover. The rebars were kept in the solution for about 5 minutes and then
343  weighted after wiping and drying. This procedure was repeated several times until the
344  weight of corroded rebars was nearly constant.

345 Table 4 compares the mass loss of the rebars calculated by using Faraday’s law
346 on those weighted with an analytical balance (with the accuracy of 0.1 mg). The
347  errors are +1.6% and -2.8% respectively for Rebars 1 and 2. Such small errors means
348 that Faraday’s law can be used to calculate the corrosion level of the rebars in

349  accelerated corrosion tests with good accuracy.

350 Table 4 Comparison of calculated and weighted mass loss of rebars

Calculated mass loss (g) | Weighted mass loss (g) | Error (%)
Rebar 1 14.660 14.433 +1.6
Rebar 2 10.309 10.609 -2.8

351
352 4.4 Displacements at steel/concrete interface
353 Displacements at eight points of the steel/concrete interface, which were

354  uniformly located around a section of the corroded rebar, were measured by using the
17
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DIC technique after 5, 10, 15 and 20 days of corrosion of the rebar. The results are
shown in Fig. 14 in which the displacement ranges of 270°-360° and 0°-90° are
displacements at the steel/concrete interface near the cover, and 90°-270° denote the
displacement at the rebar surface in the concrete core. It is found that the
displacements at the steel/concrete interface are non-uniform. The displacements near
the cover are much larger than those on the opposite side, even though the same
amount of force from the corrosion-caused expansion is imposed onto both sides of
the cover (the force equilibrium around the rebar section). Furthermore, the
displacement is the highest at the thinnest part of the cover, i.e. at 0°, which could be
attributed to the much lower thickness and confinement capacity of the concrete cover
than those of the concrete core, thus causing larger displacements at the steel/concrete
interface near the cover.
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Fig. 14 Displacements at the steel/concrete interface
(@) Specimen 1 and (b) Specimen 2

4.5 Relationship between amount of total rust and rust that causes cover cracking
There are four sources of rust that make up the total rust, Vius, which include the
rust that: (1) fills the initial volume of the corroded steel, Vieel; (2) is deposited into
the porous zone around the steel/concrete interface, Vporous, (3) imposes expansion
pressure on the surrounding concrete, Vnet, and (4) accumulates into or passes out
through the corrosion-caused cracks, Veracks. Fig. 15 shows the relationship between
Viust and Vher in which Vi 1s obtained by using Faraday’s law with Eq. (7) and Viet is
calculated with the measured displacements at the steel/concrete interface with DIC
(as shown in Section 4.4). It can be found that Vi is much higher than Vet (Fig. 15a)
and the ratio of Vst to Vier is between 2.5 and 4 (Fig. 15b). This is because a large

volume of rust is deposited into the porous zone (¥porous) and cracks (Veracks)-
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There were two typical reasons causing different cover cracks in the accelerated
and natural corrosion situations. The first was that the rust distribution around the
rebar is usually uniform in accelerated corrosion tests and non-uniform in natural
corrosion [56]. However, in the present accelerated corrosion test, as the thickness of
the concrete cover is much thinner than that of the concrete core (see Fig. 4), the
cover surface was cracked first, causing more chloride ions, air and water penetrated
through the concrete and reached the rebar surface that was in proximity to the
concrete cover. As a result, the corrosion of the rebar surface near the cover is more
severe than that near the concrete core as shown in Figs. 12-14, which is similar to the
natural corrosion [57, 58]. The second reason was due to the differences in corrosion
current densities, chemical compositions of rust [56] and the ratio of Viet/ Viust [59, 60]
in accelerated and natural corrosion. These factors could lead to the difference in rust
volume Ve depositing at the steel-concrete interface even with the same total rust
volume Vs, and hence different strain response and crack widths in accelerated
corrosion tests. However, in this study, Viet is calculated by using the measured
displacements around the steel-concrete interface with DIC, which means Vit can be
obtained directly without the influence of the chemical compositions of rust, the ratio
of Vae/Viust, and the mechanical properties of rust. Hence the cover cracking process
revealed from the accelerated corrosion test together with DIC in this paper should be

very similar to that from the natural corrosion.

4.6 Strains
The strains of the two specimens, which were measured with strain gauges, are
shown in Figs. 16 and 17 respectively. For Specimen 1, the tensile strain at the cover

surface (region of No. 1-7 strain gauge) is much higher than those in the regions of
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the Nos. 1-1 — 1-4 strain gauges which are closer to the rebar. This is because the rust
expanded and pushed against the cover, thus causing the left and the right sides of the
cover to rotate clockwise and anticlockwise, respectively [36]. This deformation
would result in cracks on the surface of the cover. Among the strains in the regions of
the Nos. 1-1 — 1-4 strain gauges which are placed at equal distance from the rebar
center, they show an almost equal tensile strain in the first 2 days, but then the strain
in the area of No.1-1 increases faster than the others and eventually has the highest
strain reading. This is because the cover in the area of No. 1-1 is the least thick and
therefore, the most fragile. On the contrary, the concrete core in the area of No. 1-3 is
the most thick, and therefore has the lowest strain reading before the cover cracked.
The strain in the area of No. 1-7 is also compared with those in the areas of Nos. 1-5,
1-6, 1-8 and 1-9 in Fig. 16b. The concrete in the area of No. 1-7 is always under
tension while the concrete in the areas of Nos. 1-5, 1-6, 1-8 and 1-9 is under tension
first but later is under compression. The reason for why the concrete in the areas of
Nos. 1-5, 1-6, 1-8 and 1-9 could be under compression is due to the continuous

rotation of the cracked concrete cover [36].
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Fig. 16 Comparison of strain readings in Specimen 1: (a) strains near the rebar and (b)
strains on the cover surface

Among the strain readings in the areas with equal distance from the rebar center
of Specimen 2; that is, Nos. 2-1 — 2-4 and Nos. 2-5 — 2-8, it can be observed that the
ones near the cover surface (Nos. 2-1 and 2-5) are generally the highest as shown in
Figs. 17a and 17b. Among the strains in the areas of Nos. 2-1 — 2-4, the strain in the
area of No. 2-3 is the lowest at first but later rapidly increases and provides the second
highest reading, which is because the cracking of the cover caused a reduction in its
resistance capacity. Therefore, the concrete in the area of No. 2-3 had to counter the

higher force from the expansion, which caused the cracking of the concrete core.
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Furthermore, the strain on the cover surface (No. 2-5) is higher than that in the area of

No. 2-1 as shown in Fig. 17¢, which is also the case for Specimen 1.
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Fig. 17 Comparison of strain in the areas:
(a) Nos. 2-1 — 2-4, (b) Nos. 2-5 — 2-8, and (c) No. 2-5 vs. No. 2-1

4.7 Relationship between maximum expansion thickness of rust and maximum

bulging of cover surface

The maximum expansion thickness of rust, drmax, 1S defined as the expansion

displacement at the position of the steel/concrete interface in the least thick part of the

cover, i.e. at 0° in Section 4.4. Furthermore, the largest amount of bulging on the

surface of the concrete cover, da, is found at the position that is vertical to the rebar

center. drmax and da were measured by using the DIC technique and their relationships

are shown in Fig. 18. It can be observed that dfmax i1s almost equal to da in both

specimens.
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Fig. 18 Comparison of maximum expansion thickness of rust and largest amount of
bulging on surface of concrete cover in (a) Specimen 1 and (b) Specimen 2

4.8 Bulging on surface of concrete cover

Fig. 19 shows a comparison of the bulging on the surface of the concrete cover
of Specimen 2 obtained by using the DIC method versus that by using the analytical
model developed by the authors in [36], in which the position on the cover surface
that is vertical to the rebar center is the initiation point of the bulging. The average of
the inclined crack angles on the front and back of Specimen 2, i.e. inclined angle =
(43° + 32.2°)/2 = 37.6°, is adopted in the analytical model. It can be found that the
shape of the bulge and deformation of the cover surface obtained by using the DIC are
generally consistent with those obtained from the analytical model. Furthermore, the
bulging at the initiation point is the largest and the bulging almost linearly decreases
along the cover surface with an increase in the distance away from the initiation point.
The measured profile of the bulging of the cracked cover is a triangular shape which
is also consistent with the shape when the profile is determined by using a laser

displacement meter [61].
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Fig. 19. Comparison of bulging on cover surface obtained from DIC and analytical

models [34]

4.9 COD profile of surface cracks

The COD profiles of the surface cracks are measured by using the DIC technique

as shown in Fig. 20. It can be observed that the COD profiles at the cover surface are

the largest and gradually decrease from the cover surface to the rebar/concrete

interface.
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Fig. 20. COD profiles of the cover of: (a) Specimen 1 and (b) Specimen 2

Fig. 21 is a comparison of the relationship between the maximum expansion

thickness of rust and the COD profile at the cover surface obtained by using DIC and

the analytical model in [36]. It can be observed that the DIC results are in good

agreement with the analytical results.
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Fig. 21. Relationship between maximum expansion thickness of rust and COD
obtained by using DIC and analytical model in [34]
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4.10 Electrical resistance of concrete specimens

The electrical resistance of both Specimens 1 and 2 are calculated by using Eq.
(6) and their variation with time is shown in Fig. 22. The electrical resistance
generally first increases and then gradually decreases. The reason for the increase in
resistance might be that the thickness of the rust increases with corrosion time, thus
inhibiting the transport of electrons. The reason for the subsequent gradual decrease in
resistance might be due to the fact that after the cover cracks, the electrons can still

easily migrate through the cracks.
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Fig. 22 Variation in electrical resistance: (a) Specimen 1 and (b) Specimen 2

5. Conclusions

In this study, the failure process of corrosion-caused cover cracking is
experimentally investigated by conducting an accelerated corrosion test with the DIC
technique. The strain, current and voltage of the specimens are measured with strain
gauges, an ammeter and a voltmeter respectively. The following conclusions are
drawn from this study:

(1) The failure mode and a map of cracking of the specimens are presented. The
COD profile of the surface crack decreases from the cover surface to the
steel/concrete interface, while that of the internal and inclined cracks on the
cover both decrease with increased distance from the rebar surface. The COD
profile of surface crack is also quantitatively analyzed with DIC.
Furthermore, two cracks with inclined angles between 30° and 60° are found
in the area of the cover.

(2) The failure processes of the specimens are captured by using DIC. The crack
propagation on the concrete cover, as well as the deformation and rotation of
the cover have been recorded.
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(3) The corrosion of the surface of the rebar near the concrete cover is more
severe than that in the concrete core in the accelerated corrosion tests.

(4) The displacements at the steel/concrete interface are measured with the DIC
technique. It is found that the displacements near the cover are much larger
than those in the concrete core. Moreover, the bulging is the highest on the
least thick part of the concrete.

(5) The total amount of rust is found to be about 2.5 to 4 times that of the rust
that exerts an expansion pressure onto the surrounding concrete. A
substantial amount of rust is deposited into the porous zones and cracks.

(6) The tensile strain at the cover surface is much greater than that found on the
regions that are closer to the rebar. Among the strains in areas that are spaced
equally but in different directions from the rebar center, they are almost equal
at first, but then the strain in the area near the cover surface increases more
rapidly than the others and gives the highest strain reading.

(7) The DIC results show that the maximum expansion thickness of rust is
almost equal to the greatest amount of bulging that occurs on the cover
surface.

(8) The measured profile of the bulging of the cracked cover is a triangular shape
due to the expansion of rust.

(9) The cover failure mechanism, rotation of the cover, bulging on the surface of
the concrete cover and COD profile of the surface crack obtained from this
experimental study are generally consistent with those presented in the
analytical model in [36].

Finally, the aforementioned findings of this study not only lead to a better
understanding of the mechanism and process of corrosion-caused cover cracking but
also help researchers and engineers to determine COD profiles and develop more
accurate models for assessing the service life of RC structures.
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