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HIGHLIGHTS

« Width of load-induced cracks on concrete surface is correlated to those near rebar.
« Damage along the steel/mortar interface was developed independently of crack width.
« Limiting corrosion risk by defining threshold on crack openings may not be relevant.
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Cracks are inevitable in reinforced concrete structures and promote the diffusion of aggressive agents
towards the reinforcement. In Eurocodes, for some exposure conditions, a threshold not to be exceeded
for crack width near the rebar is recommended in order to limit risks of corrosion development and
ensure structure durability. On the other hand, several studies show that the steel/mortar interface
quality at the intersection with a crack strongly influences corrosion development. The aim of this study
was therefore to test whether a relation exists between the extent of mechanical damage at the interface
and the corresponding residual crack opening. To this end, specimens were cracked using three point

llg?i/r‘:?g:g; concrete bending test apparatus and the evolution of crack opening was determined on the outer surface and deep
Cracks within the specimen. It was observed that the crack opening measured on the outer surface of the spec-
Load-induced damage imen was very close to that measured at various depths within the specimen at the same height level. In
Durability addition, the length of the mechanically damaged interface was determined for each residual crack open-
Corrosion ing. It was deduced that cracks induced significant steel/mortar interface damage independently of the

size of their openings. The length of the mechanically damaged interface increased proportionally to
the residual crack opening without showing marked variation after a certain crack opening value.
Based on the observed results, it is deduced that defining thresholds on crack openings is logical for
esthetic reasons but is not particularly relevant for corrosion risk assessment.

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

The corrosion of rebars is the main pathology affecting rein-
forced concrete structures and is therefore a determining factor
for their durability. Such structures are subject to unavoidable
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cracks, which may be due to physical factors (restrained shrinkage,
wetting/drying cycles, etc.) and mechanical circumstances (various
applied loads and differential settlement). These cracks create
pathways for atmospheric carbon dioxide, oxygen, water and chlo-
rides to reach the steel/concrete interface, facilitating the initiation
of steel corrosion in affected structures [1-6]. Some structural
design codes and recommendations [7-9] impose limits on the
crack openings according to the type of concrete and to the
exposure class of the structure so as not to affect the structure
durability. However, other studies show that the corrosion process
is not controlled by the crack widths in the range usually found
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with reinforcement stresses at service load [10,11]. Actually,
according to the American Code Institute committee 318 [12], sur-
face crack widths in the range usually found with reinforcement
stresses at service load levels are not detrimental for structure sus-
tainability. It was also noted in ACI 318-08 [12] that enhancing the
concrete cover quality was more important for corrosion protec-
tion than controlling the crack width. Additionally, corrosion has
been proved to start and develop along the steel/concrete interface
zone damaged by the creation of cracks [13-17]. Several studies
[2,14,16,18] prove that carbonation-induced corrosion may lead
to corrosion products that seal the cracks and limit the access of
oxygen and water to the rebar, thus slowing down the propagation
of corrosion. Therefore, and according to the literature, the size of
the interface area damaged by loading may influence corrosion
propagation more than the value of the crack widths. Conse-
quently, a logical question arises: “Does the size of the mechani-
cally damaged interface increase sharply beyond a given crack
width?”

The objective of this paper is to answer this question and deter-
mine whether a relationship exists between the value of the crack
opening and the size of the corresponding load induced damage at
the interface.

The evolution of the crack width was therefore followed from
the outer surface of the specimen to the rebar. Additionally, the
length of the damaged steel/mortar interface was quantified for
different crack openings. The experimental program is presented
in the next section and the results obtained are discussed
afterwards.

2. Experimental program
2.1. Materials and specimen preparation

The specimens tested were prisms of dimensions 70 x 70 x 280 mm. For each
specimen, a 6 mm deformed rebar was positioned in the middle of the cross section.
The composition of the mortar mixture used for the specimens is shown in Table 1.
The yield strength of the steel used was 500 MPa. Mortar was poured into the mold
in two layers, each of which was normally vibrated in order to eliminate air voids.
After 24 h, the specimens were unmolded and then cured for 28 days immersed in
water (with calcium hydroxide). The specimens tested in this study were made
from 4 consecutive batches of 601 each.

2.2. Cracking of the prismatic specimens and crack opening control

2.2.1. Cracking protocol

In this study, several crack openings needed to be created in order to determine
the effect of the crack opening on the length of the load-induced damage zone at the
steel/mortar interface. For that, it was crucial to find a cracking protocol that
allowed one crack to be obtained per specimen, with a controllable width in order
to avoid possible overlapping of the mechanically damaged interface areas. Several
cracking protocols exist in the literature but they were not all suitable for this
study. For example, cracking by compression [19] and freezing/thawing cracking
methods [20] generate diffuse cracks. The tensile test performed by imposing direct
traction on a steel bar embedded in concrete [21] leads to a transversal crack on the
whole diameter of the specimen, which is not representative of cracks observed on
structures. The expansive core method is used to crack ring shaped mortar speci-
mens [22]. However, this protocol may lead to cracks that are close together, and
this may induce an overlap in the lengths of damaged steel/mortar interface. Con-
sequently, it was chosen to crack specimens using three point bending in this study
because this allows the crack opening to be controlled.

Thus, after curing, prismatic specimens were cracked using three point bending
test equipment. The load direction was perpendicular to the casting direction in
order to apply the same mechanical load to the upper and lower surfaces of the
specimen with respect to casting direction, as shown in Fig. 1.

Table 1
Formulations of cementitious materials used for the prismatic specimens.

Compound Characteristics Quantity (kg/m?)
Cement CEM I 52.5 (OPC) 514

Sand 0/4 mm Siliceous (EN 196-1) 1543

Water Tap water 257
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Fig. 1. Three-point bending test on 70 x 70 x 280 mm specimen.

By performing loading\unloading cycles and by increasing the maximum
applied load from one cycle to another, the residual crack opening (that is to say
after unloading) was increased. Therefore, the crack opening could be controlled
and a range of values could be obtained (Fig. 2). For this study, three residual
crack-opening values, 100 pm, 300 pm and 500 um were realized on 145 specimens.

2.2.2. Crack opening profile measurements

The LVDT measured the crack opening at one point of the specimen (Fig. 1). Dig-
ital image correlation (DIC) was used to obtain the crack opening profile over the
entire sample height and to study its evolution with respect to loading/unloading
cycles. The set-up of the digital image correlation equipment is illustrated in
Fig. 3 (a) and consisted of a CMOS camera equipped with a 35 mm objective and
a LED ring lighting apparatus positioned around the center of the specimen, parallel
to its surface during the three point bending test. The distance between the speci-
men surface and the camera determined the area monitored, which was approxi-
mately 150 x 230 mm? (height x width) in this study. A reproducible speckle
pattern was created using a toothbrush and black ink in order to increase the local
contrast and therefore the accuracy of DIC measurements (Fig. 3 (b)). It is known
that the size of the speckles in a given speckle pattern is an important parameter
in the correlation process [23,24] and should not be bigger than the correlation win-
dow (20 x 20 pixels in this study). The size of the speckles obtained varied between
261 and 750 um and each covered a few pixels. In this study, the pixel corre-
sponded to approximately 120 um on the physical sample. The grid of reference
points chosen comprised 120 x 40 points and is shown in Fig. 3 (c).

Camera images were recorded every 1.5 s until the end of the three point bend-
ing. Each captured image corresponded to a different loading step. The load applied
and the displacements measured by the LVDT were recorded at a frequency of
20 Hz.

Captured images were subsequently processed by the “CMV” DIC code devel-
oped by Bornert et al. [25] to measure the 2D displacement field at the reference
points chosen on the specimen surface (Fig. 4 (b)). The crack opening was equal
to the difference of the displacements between two close points chosen at the same
height (blue crosses in Fig. 4 (a)) on either side of the crack: the displacement values
at these manually selected locations were linearly interpolated from the nearest
neighbor points of the DIC grid. The cracks obtained by the three point bending
were monitored by the DIC on two specimens only.

2.2.3. Evolution of the crack opening deep in the specimen

The crack openings were determined deep within the specimen using the
industrial 3D micro Computed Tomography (CT) scanner at BAM (Federal Institute
for Materials Research and Testing in Berlin). This scanner is equipped with a
225 kV micro focus X-ray tube and a flat panel detector with 2048 x 2048 pixels.

Loading/unloading cycles (experimental)

14
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3td]oading
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Fig. 2. Range of residual crack openings obtained by the three point bening test.
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Fig. 3. Set-up of digital image correlation equipment.
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Fig. 4. Horizontal displacement field of the specimen.

Cubic samples 70 x 70 x 70 mm were cut from the prism before scanning (Fig. 5).
To avoid variation in the crack characteristics during the cutting of the sample, a
diamond wire saw was used. The spatial resolution was approximately a 35 um
spatial voxel (volumetric picture element) size for the scanning of a
70 x 70 x 70 mm sample. X-ray CT was performed on three cubic specimens having
residual crack openings of 100, 300 and 500 pm, respectively.

Fig. 5. CT - 3D visualization of a cracked prismatic mortar specimen.

2.3. Measuring the steel/mortar interface damage

The experimental procedure proposed by Ghantous et al. [26] was used to
assess the load-induced damage length. In this protocol, the specimens are pre-
conditioned at 25 °C + 2 °C and 55% * 5% RH for one month. Then, they are exposed
to accelerated carbonation at 3% CO, - 55% RH - 25 °C for 30 days, at the end of
which time the carbonated specimens are split in two, rebars are extracted and a
dilute solution of phenolphthalein is sprayed on the fresh mortar surface to allow
the length of the carbonated interface to be measured. This is representative of
the damaged length (Fig. 6). In the present work, the length of the damaged inter-
face was quantified on the upper and lower steel/mortar interfaces with respect to
the casting direction (Fig. 7).

The carbonation of cracked specimens took place inside a climatic chamber
where the temperature and the relative humidity were continuously controlled.
The standard deviations in the temperature and in the relative humidity inside
the chamber were 0.5 °C and 0.2% respectively. The standard deviation detected
in the CO, pressure value was equal to 0.05% for an operating range from 0 to 100%.

3. Results
3.1. Punctual crack opening values

Fig. 8 shows the reloading force over the cracking force versus
the residual crack opening. The cracking force, Fcracking, is the
load at which the crack appears while the reloading force, Freload,
corresponds to the maximum load applied in the cycle that gives
the desired residual crack opening (as indicated in Fig. 2). After
testing 145 specimens, it was clear that the residual crack openings
had a tendency to increase with the reload ratio despite significant



100

R.M. Ghantous et al./Construction and Building Materials 193 (2018) 97-104

ated length

[,
Bhe L SR A

£

Fig. 6. Alteration length of the steel/mortar interface for cracked carbonated specimens with a residual crack opening of 0.5 mm.
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Fig. 7. Schematic representation of the steel/mortar interfaces characterized.

scatter, as shown in Fig. 8. This observed scatter may have been
due to a possible difference in the properties of the specimens,
which were prepared from 4 consecutive batches. It may also be
partly attributable to some variability in the rebar position
(+ 1 mm from one specimen to another). Additionally, the loading
was applied manually during the three point bending and this fact
may also have contributed to the observed scatter.

Nevertheless, the scatter observed on the residual crack open-
ing remained limited.

3.2. Crack opening profile obtained by the DIC over the entire height of
the outer surface of the specimen

Fig. 9 presents the evolution of the residual crack openings over
the entire height of two prismatic specimens (70 x 70 x 280 mm)
with respect to different loading steps. An increase in the crack
width with respect to loading is notable over the entire height of
the specimen. The evolution of the crack width with the loading
is not the same in both specimens. This is in agreement with the
variability detected in Fig. 8. Moreover, it is clearly visible that,
once the crack appears, it spreads over 90% of the specimen height
with a larger crack width in the region subjected to the higher ten-
sile stress. The crack opening on the outer surface of the specimen
at the steel rebar position (3.5 cm height) has an average value of
44% + 5% of the biggest crack width measured on the lower part

w
S

)
o vl R, 1 N VT W Ll

Freload/Fcracking
=

o

0.2 0.3 0.4

0.5
Residual crack opening (mm)

0.6 0.7

Fig. 8. Loading ratio versus residual crack opening obtained on 145 specimens.

of the specimen having 32 mm concrete cover (around 0.5 cm
height) as shown in Fig. 10.

3.3. Crack opening values deep in the specimen obtained by the X-ray
CT measurements

The evolution of the residual crack width at different depths in
the specimens is given in Fig. 11. Its evolution with respect to the
maximal residual crack width value is shown in Fig. 12. It can be
noted that the crack opening decreases with the specimen height
but, for a given specimen height, the crack opening values are close
to each other even at the level of the rebar position.

In addition, the DIC tendency curve shown in Fig. 10 is drawn in
Fig. 12. It can be seen that this tendency curve describes the crack
evolution very well on the entire height of the specimen indepen-
dently of the depth. Therefore, it can be deduced that surface mea-
surements of the crack width can be sufficient to deduce its value
inside the specimen, especially near the rebar.

For a specimen showing 100 pm residual crack opening, the
crack openings at the rebar position (specimen height =30 mm
approximately) range between 0.25 and 0.4 of the maximum resid-
ual crack opening with an average of 0.3 + 0.06, while the average
residual crack openings at the rebar position for specimens show-
ing 300 and 500 pm residual crack openings are 0.36 £0.11 and
0.37 £ 0.02 respectively. No difference can be noted between the
three residual crack openings and thus the residual crack opening
at the rebar position is 35+ 7% of the maximum residual crack
opening. This value is in agreement with the one obtained from
the DIC test (44% +5%) and not far from the one that could be
obtained by applying Thales’ theorem (43%).

3.4. Quantification of the load-induced steel/mortar interface damage

Fig. 13 shows the lengths of carbonated steel/mortar interfaces
measured on 72 prismatic specimens (70 x 70 x 280 mm) with
respect to the residual crack openings after 30 days of accelerated
carbonation (at 3% CO2, 55% RH and 25 °C). As explained previ-
ously, in these carbonation conditions, the measured carbonated
length is representative of the length of the damaged steel/mortar
interface.

A significant de-cohesion between the steel and the surround-
ing mortar is notable over several centimeters on either side of
the crack, independently of the residual crack opening. The length
of the damaged interface increases with the increase in the resid-
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ual crack opening. It is obvious that no sharp variation in the length
of the damaged interface exists when the crack openings increase
from 100 to 500 pum. Consequently, once a crack appears, even with
a small residual crack opening (<100 um), damage will be present
along the steel mortar interface on either side of the crack. Indeed,
as described in ([27,28]), before the crack appearance, the
cementitious materials bond perfectly to the rebar and the strain
deformations of both steel and concrete are similar. In this config-
uration (non-cracked specimens), the tensile strength is transmit-
ted from the concrete to the rebar due to the perfect bonding. In
contrary, after the crack appearance, the mechanism of stress
transmission change completely. In a cracked section, tensile stres-
ses are mainly concentrated on the rebar. Then, the strain deforma-
tion in the rebar in the cracked area is bigger than the one in the
concrete due to the loss of steel/concrete interface bond induced
by the mechanical crack. Far from the cracked area, where the
bond between the steel and the concrete is not impacted, the con-
crete transfer a part of the tensile load to the rebar then the strain
deformation of rebar and concrete are similar. This mechanism

Z =47 mm Z =70 mm

100 pm
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Residual crack
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Fig. 11. Evolution of the residual crack opening vs. the height of the specimen for different depths (X-ray CT measurements).
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describing the stress transmission is independent from the geom-
etry of the specimen and from the crack opening and it explain
why the damage is not sharply increasing with the crack width
increase from 100 to 500 pm. This observation is also proven in
previous study [29], where 3 different geometrical dimension
specimens were tested and it has been shown that the length of
the damaged interface remain always limited to several centime-
ters around the crack independently from its opening (<500 pm).

Fig. 13 (c) shows that, for the same residual crack opening, the
carbonation length along the steel/mortar interface is higher on its
lower side than on its upper side, despite both sides being exposed
to the same mechanical loading during the three point bending
(Fig. 1). In fact, the casting direction leads to a poorer quality of
the lower part of the steel/mortar interface than of the upper part
[30-33]. This may enable the load-induced micro-cracks to propa-
gate for a greater length along the lower interface of the rebar than
along its upper interface. It is also visible that the lengths of the
damaged steel/mortar interfaces measured on the upper part of
rebars intercepting 300 um and 500 pum residual crack openings
correspond to those measured on the lower part of rebars inter-
cepting 100 and 300 um residual crack openings respectively (blue
lines in Fig. 13 (c)). Thus, for a thin crack opening, the length of the
damaged steel/mortar interface along the lower part of the rebar
could be equivalent to the one encountered along the upper part
of a rebar intercepting a larger crack. Since the steel/mortar inter-
face quality has been proved to be a determining factor for corro-
sion propagation, it can thus be deduced that corrosion risks
cannot be limited by simply imposing a threshold on crack
openings.

4. Conclusion

In some structural design codes and recommendations, a thresh-
old is defined for crack opening near the rebar. It is recommended

that this value should not be exceeded in order to limit the corrosion
process. However, recent research shows that other parameters,
such as steel/mortar interface quality, may control the corrosion
process more than the crack width does. This study has thus aimed
to detect a relation between the crack width and the corresponding
size of the load-induced damage at the interface.

Three residual surface crack openings (100, 300 and 500 pm)
were produced on reinforced mortar specimens by applying
increasingly high loads. The crack opening evolution from the
outer surface of the specimen to the rebar position was determined
using X-ray CT and its evolution on the outer surface of the speci-
men was recorded by the DIC. On the other hand, the damage
induced by the crack along the steel/mortar interface was quanti-
fied on several specimens having different residual crack openings.

For this configuration of specimens (concrete cover of 3 cm with
6 mm deformed rebar positioned in the middle of the specimen),
the results indicate that the crack opening is 44 + 5% smaller near
the rebar compared with its maximum value. Additionally, it was
observed that, at the rebar height, the crack width measured on
the outer surface of the specimen was representative of that at
the intersection with the rebar.

It was also observed that the length of damaged steel/mortar
interface increased with the residual crack opening. However,
there was no notable sharp modification in the size of the damaged
interface when the residual crack opening increasing from 100 to
500 pm. Once a crack appears, the steel/mortar interface surround-
ing this crack will be damaged, independently of its opening. In
addition, the length of the mechanically damaged interface on
the lower part of a rebar intercepting a thin crack (100 pum) was
observed to be equivalent to the length of the damaged interface
measured on the upper part of a rebar intercepting a crack with
a higher residual width (300 pm). On the basis of all these observa-
tions, it was deduced that defining a threshold for the crack open-
ing in order to limit the corrosion risk was not justified, and thus
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Fig. 13. Carbonated length of steel mortar interfaces of 72 specimens.

crack opening alone could not be used as an indicator of corrosion
risk and structure sustainability.
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