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HIGHLIGHTS

« A novel method to test bond in cracked reinforced concrete specimens is presented.
« Effect of number of cracks, orientation, confinement and cover is investigated.

« Results indicate a significant loss of bond strength for single cracked specimens.

« Concrete cover and confinement play a significant role.

« Crack orientation with respect to the rib pattern is of minor influence.
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Due to the relatively low tensile strength of concrete, cracks are inherent in reinforced concrete struc-
tures. A common cause of cracking is the corrosion of internal steel reinforcement, a deterioration process
that can affect the bond behaviour and anchorage capacity of reinforcing bars. Corrosion leads to a reduc-
tion of the reinforcing bar diameter, the formation of a weak layer of corrosion products around the bar
and expansive forces on the surrounding concrete (that can lead to cracking). In the past, the impact of
corrosion on bond has been investigated by means of accelerated corrosion tests. However, the more fun-

gf,{lvgosﬁfn th damental impact of cracking as distinct from corrosion products on the bond reduction is still not fully
Corrosion ¢ understood.

This study applies a novel test method to investigate the bond behaviour of reinforcing bars in cylin-
drical cracked reinforced concrete specimens. The influence of the number of cracks, crack orientation,
confinement and concrete cover are investigated.

The results indicate a significant loss of bond strength for single cracked specimens. This reduction
becomes as high as 65% for double cracked specimens in the absence of confinement. It is shown that
the crack orientation with respect to the rib pattern is of minor influence, but the concrete cover and con-
finement play a significant role in the obtained bond characteristics.
© 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CCBY license (http://

creativecommons.org/licenses/by/4.0/).

Pull-out strength

1. Introduction

Concrete is an inhomogeneous material with a relatively low
tensile strength. Therefore it is often used in combination with
steel reinforcement so that the steel can resist tensile stresses after
cracking. The load bearing capacity and serviceability performance
of reinforced concrete structures depend highly on the interaction
between reinforcing bars and the surrounding concrete [1]. Over
time the bond can degrade due to deterioration of the reinforce-
ment and/or the surrounding concrete. When cracks develop in
regions surrounding the reinforcing bars, the force transfer is
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affected and this can lead to lower anchorage capacities or an
altered bond behaviour.

Cracks are inherent in reinforced concrete structures and are
caused by a number of different types of actions [2]. One of the
most severe forms of cracking in hardened reinforced concrete
structures is the result of the corrosion of steel reinforcing bars.
Due to carbonation and chloride ingress a favourable environment
is created for corrosion to initiate and corrosion products to be
formed [2]. Fib bulletin No. 10 [1] categorises the effects of corro-
sion into 3 potential consequences:

- loss of reinforcing bar section,

- creation of a weak interfacial layer at the reinforcing bar/con-
crete interface,

- volumetric expansion of the reinforcing bar.

This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Abbreviations and notations

¢ reinforcement bar diameter, mm

O tensile stress in the reinforcing bar, N/mm?

™ characteristic value of the bond strength, N/mm?

TR ultimate bond strength, N/mm?

BRF bond reduction factor, -

DEV standard deviation

fe concrete compressive strength, N/mm?

fecup concrete cube compressive strength, N/mm?

Jersp concrete splitting tensile strength, N/mm?

fu ultimate tensile strength of a reinforcing bar, N/mm?

fy yield strength of a reinforcing bar, N/mm?

F total tensile force in a reinforcing bar, N

k bond length expressed as ‘times the bar diameter ¢’, -
Iy bond length, mm

Su slip corresponding to the ultimate bond strength, mm
RBF retained bond factor, -

w crack width, mm

wy ultimate crack width after bond tests, mm

The last two phenomena have a direct influence on the bond of
the reinforcing bar. On one hand, a weak interface layer of brittle
corrosion products surrounding the reinforcing bar increases the
relative displacement of the bar with respect to the concrete at cer-
tain load levels. On the other hand corrosion products are expan-
sive in nature and tend to generate tensile stresses in the
surrounding concrete. At low levels this expansion may be advan-
tageous but once these stresses exceed the tensile capacity of the
concrete, cracks around and along the reinforcing bars develop
[1]. The reduction in confinement due to these cracks then leads
to a progressive reduction in the bond strength. Hence, under-
standing of the link between corrosion rates, the induced cracking
(and crack widths) and the reduction in bond capacity is essential.

To investigate crack formation due to corrosion, researchers
[3-9] have undertaken accelerated corrosion tests on reinforced
concrete specimens where impressed currents of 0.003-
10 mA/cm? were applied. Table 1 summarizes results found in
literature on the corrosion levels to cause cracking of the concrete
cover (defined by the appearance of visible cracks with a width of
0.03-0.05 mm at the outer surface of the specimens). The corrosion
levels are expressed as a percentage of bar cross-sectional area loss
(section loss expressed as a uniform metal loss around the circum-
ference of the reinforcing bar) and corrosion penetration depth x
radially into the bar. Although there is some scatter in the obtained
values, all studies agree that a relatively low corrosion penetration
depth, ranging from 0.008 to 0.130 mm, causes cracking.

Rodriguez et al. [3] found that cracks were initiated for corro-
sion levels associated with bar radius reductions as low as
0.015 mm to 0.040 mm. But the cracking was delayed in specimens
with an increased concrete cover and tensile strength. However
Andrade et al. [4] reported a negligible effect of cover/bar ratio
on cracking.

In previous studies, researchers have tried to link observed
crack widths to the degree of corrosion in reinforcing bars. There
is no agreed consensus on the exact relationship, but Vidal et al.

Table 1
Overview of reported corrosion levels to cause concrete cover cracking.
Study Bar Cover Section loss  Corrosion
diameter ratio (-) (%) penetration x
(mm) (mm)
Al-Sulaimani et al. [5] 10 7.50 5.00 0.130
14 5.36 3.00 0.110
20 3.75 2.00 0.100
Clark and Saifullah [8] 8 0.50-2.00 0.40-1.30 0.008-0.026
Andrade et al. [4] 16 1.25-1.88 0.40-0.50 0.015-0.020
Rodriguez et al. [3] 16 2.00-4.00 0.40-1.00 0.015-0.040
Clark and Saifullah [6] 8 1.00 0.30-0.55 0.006-0.011
Almusallam et al. [7] 12 5.00 4.00 0.120
Alonso et al. [9] 8-16 1.25-7.00 0.19-1.30 0.015-0.065

[10] gathered data from beam tests with different bar diameters
to deduce a linear relationship between crack widths w in mm
and a loss of steel cross-sectional area of reinforcing bars:

w=K- (Ao — As) (1)

where K is an empirical value of 0.0575 and (Ao — As) is the
cross-sectional area loss of the reinforcing bar in mm?.

A similar linear relationship, expressed as a function of the cor-
rosion penetration depth x in mm, was proposed by Rodriguez
et al. [3]:

w=005+px )

where S is a coefficient depending on the bar position in the ele-
ment (B =0.0100 for top bars and 0.0125 for bottom bars).

The bond reduction due to corrosion of reinforcing bars in con-
crete has also been the subject of investigation over recent decades
[5,7,11-16]. Most studies apply accelerated corrosion techniques
[17] to achieve a specific state of corrosion before the bond prop-
erties are assessed. The obtained results show a significant amount
of scatter, but do agree on a bond reduction for significant levels of
corrosion. Residual bond strengths of 15-110% are reported for
cover ratios c/d ranging from 1.0 to 7.5 and higher, with values
above 100% for very low corrosion levels (the initial formation of
corrosion products can fill the pore structure around the bar and
hence increase the bond strength slightly). The selected results
shown in Fig. 1 indicate the lack of a clear relationship between
the cover ratio c/d and the retained bond factor (RBF). For more
detailed information, reference is made to fib Bulletin No. 10 [1].

One issue with accelerated corrosion bond tests is that they
study the combined effect of cracking and the formation of a soft
layer of corrosion products around the reinforcement. While these
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Fig. 1. Relationship between cover ratio c/d and residual bond strength as reported
in literature.
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effects co-exist in practice, it leads to difficulties in analysing the
processes at a fundamental level. Furthermore the results cannot
be applied to situations in which cracks are present in the absence
of corrosion (e.g. plastic shrinkage cracks in congested reinforce-
ment lay-outs).

This study aims to quantify the bond strength of reinforcing
bars in cracked concrete. Rather than performing accelerated cor-
rosion tests, it focuses on the more fundamental effect of the crack-
ing itself (in absence of corrosion products). To achieve this aim, a
novel test method is developed.

2. Crack generation

When assessing existing structures, engineers often observe
severe cracking due to corrosion. Depending on the location of
the reinforcing bar within the structure, the crack orientation
and extent can differ, which in turn can influence the bond proper-
ties. Some common corrosion induced crack patterns are shown in
Fig. 2.

As discussed, most studies on the bond properties of cracked
concrete specimens have used accelerated corrosion techniques.
However, these techniques have the tendency to lead to less con-
trollable crack patterns and a wide range of obtained crack widths.
Gambarova et al. [18] studied the bond of reinforcing bars in
pre-cracked specimens. The cracks were formed by applying a
transverse tensile force on a specially designed concrete element
(steel shoulders with shear pins were cast into the specimen to
allow for the application of the force). The specimens were rela-
tively large and the test set-up consisted of external confinement
provided by a ‘confinement cell’. In research projects focussing
on diffusion of contaminants in concrete, cracks are often intro-
duced in one of the following ways: artificially by using thin inserts
(e.g. metal sheet) [19], 3-point bending tests, wedge splitting tests
[20], mechanical expansive cores [21] or controlled splitting tests
[22]. As with respect to bond tests, use of inserts (eliminating the
aggregate interlock between the crack faces), wedge shaped spec-
imens or an expansive core are not easy to implement and are not
necessarily representative of cracked concrete.

In this study the principles of a controlled split tensile test are
applied to pre-crack specimens. In this way rough crack surfaces
are then formed along a predefined cracking plane running
through the axis of the reinforcing bar. To avoid brittle failure
and provide some post-cracking confinement, the specimen can
be cast within a plastic ring. This ring can remain in place during
both the pre-cracking and pull-out phases. Singly reinforced cylin-
drical specimens are well suited to split tensile tests. With this
technique, single or double cracks can be generated to represent
observed crack patterns in existing structures.

Of particular interest are the bond reductions during the early
stages of corrosion and thus the onset of cracking. Based on Egs.

Fig. 2. Possible cracks patterns in reinforced concrete due to corrosion.

(1) and (2), a 1% loss of steel section corresponds to crack widths
of about 0.03-0.04 mm, therefore the splitting tests seek to achieve
similar values. These crack widths are relatively small compared to
the allowable crack widths of 0.20-0.30 mm according to rein-
forced concrete design guidance [23].

3. Experimental program
3.1. Experimental specimens and overview of test method

In order to represent common crack patterns (as illustrated in
Fig. 2) and determine the bond strength of reinforcing bars in
cracked, the proposed test method includes one or two
pre-cracking phases followed by standard bond strength
“pull-out tests” [24].

In the pre-cracking phase(s) the specimens are subjected to a
split cylinder test. Two line loads are applied on the specimen on
opposite sides and along the axis of the concrete cylinder until first
cracking of the concrete, at which point the specimen is unloaded.
For double cracked specimens, the specimen is rotated 90° after
the first pre-cracking experiment and the same procedure is
repeated to induce the second crack. Pull-out tests are then con-
ducted on the cracked specimens to determine the influence of
the cracks on the bond behaviour. The test procedure is shown
schematically in Fig. 3.

Cylindrical specimens with a diameter of either 107 mm or
60 mm, and a height of 100 mm are used. A reinforcing bar with
a diameter of 10 mm is centrally placed in the specimen, resulting
in a cover-to-diameter ratio of 4.8 or 2.5. The prescribed bond
length for pull-out tests according to RILEM recommendations
[24] is 10 times the bar diameter ¢. However, as shown in other
studies [25-27], this can lead to yielding and in some cases the
rupture of the reinforcement bar before reaching the ultimate bond
strength. Therefore the specimens are cast with a bond length of 5
times the bar diameter. The bond length itself is reduced by pro-
viding a sleeve over the bar in the lower 50 mm (Fig. 4). The spec-
imens are cast in a plastic cylindrical mould which is used as
confinement for the specimen during the pre-cracking phases
and in many cases also remains in place for the pull-out tests
(the plastic confinement is not removed at the time of
demoulding).

In order to be able to install measuring devices on the passive
side (free end of the bar), the reinforcing bar extends 100 mm
beyond the concrete surface. At the active end the reinforcing bar
extends 400 mm beyond the concrete to provide room for sensors
and provide a sufficient length to grip the bar in the clamps of the
testing machine.

1. Pre-cracking Phase 1 2. Pre-cracking Phase 2

(only for double cracked specimens)

Fig. 3. Test procedure.

3. Pull-out Experiments
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Fig. 5. Applied crack orientations with respect to the reinforcing bars rib pattern.

3.2. Main parameters

The following parameters were selected for investigation: sin-
gle or double pre-cracks (number of cracks), the crack orientation
relative to the reinforcing bar rib pattern, the confinement and
the concrete cover.

As reinforced concrete structures are currently primarily con-
structed with ribbed reinforcing bars, the crack itself can cross
the rib pattern of the bar at different angles (see Fig. 5). Cracks run-
ning along the longitudinal ribs, leaving the concrete around the
transverse rib intact, might have a less detrimental impact on the
bond compared to cracks that hit the transverse ribs. Whether this
crack angle influences the bond behaviour is currently unknown.

Table 2
Overview of parameter combinations for the tested specimen series.

129

Crack widths are often governed by the amount of transverse
reinforcement. For longitudinal cracks running along the longitudi-
nal reinforcing bars, the transverse reinforcement provides a form
of confinement transferring forces from one crack face to another
and reducing the crack width. As more confinement is provided,
the hoop stresses induced during pull-out of a longitudinal rein-
forcing bar might be counteracted and in this way provide suffi-
cient resistance for the anchorage force to build up [28].
However, if the confinement is limited these hoop stresses can lead
to the cracks opening up and a decrease in the bond properties.

Similar to the confinement provided by transverse reinforce-
ment, the concrete cover can also provide confinement.
Increasing the concrete cover leads to a bigger influence zone
around the reinforcing bar that can resist hoop stresses and
thereby increase the bond strength of the bar.

3.3. Test series

A total of four series of experiments are undertaken. Each series
consists of 4 sets of 5 identical specimens. In this way five individ-
ual results are obtained for each parameter combination. The
entire test matrix for the total of 80 tests carried out is shown in
Table 2.

In Series 1 the angle of a single crack with respect to the rib pat-
tern of the bar is varied. Different angles are achieved through dif-
ferent orientations of the specimens relative to the applied split
tensile load (Fig. 5). In addition to a reference uncracked set, a sin-
gle cracked set with crack angle of 0°, 45° and 90° is tested. The
crack angle itself is measured with respect to the plane running
through the bar axis and the longitudinal ribs (see Fig. 5).

Series 2 focusses on double cracked specimens where the crack
orientation relative to a reference plane through the bar axis and
longitudinal ribs varies. A reference set, a set with cracks orien-
tated at 0° and 90° relative to the reference plane, and a set with
—45° combined with 45° cracks are tested. As the cracks are
formed by applying a splitting test, the crack faces of the first crack
are compressed during the second splitting phase. To investigate
the potential influence of this sequence, a fourth set of specimens
was included. Instead of pre-cracking in the 0° direction (as in set
2-B), in set 2-D the first crack was applied at 90° followed by the
one at 0°. In this way, the predominant crack (with the biggest
crack width) in set 2-D was the one perpendicular to the longitu-
dinal ribs, whereas in set 2-B it was the one parallel to the longitu-
dinal ribs.

Series Set Confinement Diameter (mm) Single crack angle Double crack angle
No Yes 60 107 0 45 90 0 and 90 —45 and 45 90 and 0

1 A X X

B X X X

C X X X

D X X X
2 A X X

B X X X

C X X X

D X X X
3 A X X

B X X X

C X X X

D X X X
4 A X X

B X X X X

C X X X

D X X X

" Pre-cracked specimen of 60 mm cast in a 107 mm specimen
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Series 3 consisted of specimens where the plastic tube confine-
ment was removed after the cracking phase. The different param-
eter combinations tested without confinement are uncracked
reference specimens, single cracked specimens with cracks orien-
tated at either 0° or 90° to the reference plane and a set of double
cracked specimens with a crack at 0° combined with a crack at 90°.

In the last series, Series 4, the concrete cover was reduced by
casting the specimens in a cylindrical tube with an inner diameter
of only 60 mm, reducing the original cover by 23 mm and resulting
in a cover-to-diameter ratio of 2.5. An uncracked reference set, a
set of specimens with single crack (crack angle 0°) and a set of dou-
ble cracked specimens (0° combined with 90°) are tested. The final
set in the series consisted of specimens of diameter 60 mm single
cracked at 0° after which the plastic confinement was removed.
The specimen was then placed in the centre of a 107 mm diameter
plastic tube and concrete was cast in the annulus between the
specimen and the tube. As a result a 23 mm thick concrete ring
was formed around the cracked specimen. This scenario simulates
a situation in which the crack starts to grow around the rebar but
does not yet extend to the outer surface.

3.4. Materials

A concrete with a 28-day cube compressive strength of about
30 MPa is selected for the tests. The water-to-cement ratio of the
mixture is 0.6 and the sand-to-aggregate ratio is 0.45. The concrete
is made with an early-strength Portland cement with limestone,
type CEM II/ALL 32.5 R [29]. The aggregates are a natural sand with
a maximum grain size of 4 mm and specific gravity of 2.65 and a
gravel with maximum grain size of 10 mm with specific gravity
of 2.65. The mix proportions are summarized in Table 3.

The mixtures are prepared in batches of 40L from which
approximately 20 L are used for the pull-out specimens and the
other 20 L for standard concrete control specimens. After 1 min
mixing of the dry materials, water is added and mixing continues
for 3 min.

After casting, the specimens are stored in standard lab condi-
tions (temperature of 22 + 2 °C and relative humidity of 70 + 5%).
After 24 h the control specimens are demoulded and stored under
water at a temperature of 20+ 2 °C. The pull-out specimens are
taken from the formwork (without removing the plastic confine-
ment rings), wrapped in plastic and stored in standard Ilab
conditions.

The compressive and tensile strengths of the concrete are deter-
mined at 21 days (time of pre-cracking) and 28 days (time of bond
tests). For the determination of the compressive strength, cubes
with sides of 100 mm (f.,) and cylinders with a height of
200 mm and a diameter of 100 mm (f.) are used. The splitting ten-
sile strength f. s, is measured from cylinders with a diameter of
100 mm and a height of 200 mm. The mean results for the four ser-
ies are summarized in Table 4.

For the test program, the nominal steel bar diameter is fixed at
10 mm (actual measured value was 9.92 mm). The yield stress f,
and ultimate tensile strength f, of the high-strength hot-rolled
reinforcing bars, are measured in the laboratory as 520 MPa and
606 MPa respectively. The stress-strain diagram is given in
Fig. 6(a).

Table 3
Concrete composition.

Constituent Density (kg/m?) Quantity (kg/m?)

Water 1000 180
Sand 2625 835
Coarse aggregate 2625 1015
CEM I[/ALL 32.5 R 3100 300

Table 4
Concrete properties.
Series fecur (MPa) f (MPa) fersp (MPa)
21 days 28 days 21 days 28 days 21 days
1 29.5 31.3 22.8 233 2.4
2 29.0 30.5 20.0 20.0 2.6
3 253 27.6 20.2 22.5 2.5
4 28.4 29.0 234 23.8 2.7

All reinforcing bars have the same rib pattern (see Fig. 7) which
consist of two longitudinal ribs at opposite sides of the bars and
two series of transverse ribs. The rib pattern is measured in the lab-
oratory using a laser measuring device. The transverse ribs are par-
allel, at 48° to the longitudinal ribs, and of maximum rib height
0.75 mm.

The confinement consisted of a plastic tube with an outer diam-
eter of 113 mm with a wall thickness of 3.2 mm or a tube with a
diameter of 64 mm and a wall thickness of 2.1 mm. The stress—
strain behaviour of the HDPE plastic was measured in a tensile test
set-up, using a dog-bone specimen with a width of 20 mm (the
specimen was cut from the plastic tube). The stress-strain
response of HDPE is highly dependent on the applied strain rate
[30]. As the strains in the confining ring during the bond pull-out
test are being built up slowly, a low strain rate of 5 x 107> was
applied during the material characterisation tests. The obtained
results are shown in Fig. 6(b). Both tube diameters showed a
similar behaviour under tensile loads.

3.5. Test procedure and instrumentation

At an age of 21 days the specimens are subjected to a split
cylinder test according to EN12390-6 [31] (Fig. 8). The test is per-
formed in a rigid load frame with a capacity of 150 kN. A constant
deformation rate of 0.4 mm/s is applied until first cracking, at
which point the specimen is unloaded. During the splitting test,
the applied force as well as the strain on the surface of the plastic
tube is recorded. The tube confining strain is measured with strain
gauges on opposite sides of the specimens at mid-height.

The obtained crack width is measured using a crack microscope
with an accuracy of 0.01 mm at both sides of the reinforcement bar
at a distance of 30 mm from the rebar in case of 107 mm speci-
mens and at 20 mm for specimens with a diameter of 60 mm.

The pull-out tests are performed at 28 days in a 150 kN closed
loop tensile load frame. The concrete is supported by a steel plate
during the test while a tensile force is applied on the reinforcing
bar. During the pull-out tests, the specimens are loaded at a con-
stant displacement rate of 0.04 mmy/s until a total relative displace-
ment between the tested reinforcing bar and the surrounding
concrete of at least 12.5 mm is reached.

The slip of the bar, at the passive as well as the active side, is
recorded using 2 sets of 2 linear variable differential transducers
(LVDT). These LVDT’s are secured to the bar by means of a steel
collar mounted to the reinforcing bar (Fig. 9).

After unloading of the specimens the crack widths are
measured again.

4. Results and discussion
4.1. Pre-cracking of the specimens

For the pre-cracking stage, the measured applied forces at first
cracking induce splitting stresses, calculated based on the princi-
ples of standard splitting tensile tests, of around 2.3 MPa
(DEV = 0.2 MPa). These splitting strengths are, due to the presence
of the reinforcing bar in the splitting plane, slightly lower than the



P. Desnerck et al./ Construction and Building Materials 94 (2015) 126-136 131

700.0 70.0
600.0 — 60.0
©
Q
= 500.0 = 500
o 7
=3 o
(' 4000 & 400
o @
N 300.0 2 30,0
e (0]
® [t
& 200.0 LS 200
(7))
©
100.0 Q@ 100
0.0 0.0
0.0% 5.0% 10.0% 15.0% 0.0% 2.0% 4.0% 6.0%
Strain Strain

(a) (b)

Fig. 6. Stress-strain curves of (a) steel reinforcement bar (diam. 10 mm) and (b) HDPE plastic confinement.

Transducers on active side

Reinforcing bar diam 10 mm

Steel support plate

0 et a%d

Fig. 7. Rib pattern of reinforcing bars diameter 10 mm.

Transducers on passive side

Cylindrical pull-out specimen

Fig. 9. Instrumentation and test set-up for the pull-out experiments.

Fig. 8. Instrumentation and test set-up for the pre-cracking phase.

tensile splitting strengths measured on standard cylindrical con- longitudinal rib). The responses of the other specimens are compa-
crete specimens. rable. As the splitting stress builds up, small compressive stresses

Fig. 10 shows one of the measured splitting stress - confine- are measured in the plastic confinement up until the point where
ment strain responses for a Series 1 - set B, C and D specimen (sin- cracking occurs. Thereafter the circumferential strains increase

gle crack oriented at either 0° 45° or 90° relative to the abruptly and become tensile. The final strain in the confinement
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after cracking is in the 0.04-0.06% range which corresponds (based
on the measured stress-strain diagram) to confinement stresses of
1.8-2.3 MPa in the plastic confinement ring.

The crack widths w after splitting for the pre-cracked specimens
are shown in Fig. 11 for the different series and sets. The obtained
values are around 0.03 mm but there is significant scatter.
Although cracks were visible for all specimens, the 95% confidence
intervals of some sets (indicated by the error bars in the figure)
included 0.00 mm crack widths. This is due to scatter values of
around 0.02 mm for these specific sets. For the double cracked
specimens (Series 2) the average of the two (phase 1 and phase
2) obtained crack widths is plotted. Fig. 12 shows the crack pat-
terns for a typical single and double cracked specimen as well as
for a single cracked specimen that is then re-cast in a concrete ring.
All crack patterns obtained for specimens within the same param-
eter combination were comparable. No anomalies were detected.

P. Desnerck et al./Construction and Building Materials 94 (2015) 126-136

5. Bond strength

From the pull-out experimental results, values of the bond
stress can be derived. Assuming a uniform stress distribution along
the short bond length, the force Fs in the reinforcing bar is trans-
ferred to the concrete over the embedment length I; resulting in
mean bond stresses 74 of:

Fs Os

L A oy

where o the tensile stress in the reinforcing bar and l; as a param-
eter equal to k multiplied by the bar diameter ¢ (k-¢).

Two values are of particular interest: the ultimate bond
strength 7z and the often used characteristic bond strength 7y as
defined by RILEM [24]. The ultimate bond strength is defined as
the bond stress corresponding to the ultimate load recorded during
testing. The characteristic bond strength t,, is calculated as the
mean value of the bond stresses corresponding to a slip of
0.01 mm, 0.10 mm and 1.00 mm.

The slip at the ultimate bond strength s, is of interest with
respect to the ductility of the bond failure.

Table 5 summarizes the obtained results for the different series
and sets. The highest ultimate bond strengths are recorded for the
reference uncracked specimens, as was to be expected. The three
sets of 107 mm diameter reference specimens (c/d = 4.8) all gave
ultimate bond strengths of about 19.2 MPa (DEV = 1.4 MPa). The
bond strength of the bars tested with a smaller cover (c/d=2.5
for the 60 mm diameter specimens), turned out to be 14.3 MPa
(DEV = 0.8 MPa) as the dominant failure method in this case was
a splitting failure (due to the limited reinforcement cover). The
ultimate bond strengths of the pre-cracked specimens were all
lower than the equivalent reference specimens. The same observa-
tions can be made for the characteristic bond strength.

In the analysis hereafter the results of the bond stresses and
strengths will be expressed in terms of a retained bond factor
(RBF). This factor is defined as the ratio of the actual strength of
a specific set to the mean bond strength of the uncracked reference
specimens (mean value of all results from sets 1-A, 2-A and 3-A). In
this way direct comparisons of the test results within and between
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Fig. 11. Crack widths w after pre-cracking phase.
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(@) (b) (c)

Fig. 12. Observed crack pattern for a typical (a) Series 1B, (b) Series 2B and (c)
Series 4B specimen.

series can be made. The bond reduction factor (BRF) can be
obtained from the retained bond factor as follows:

BRF =1 — RBF

5.1. Crack orientation

The influence of the crack orientation in single cracked speci-
mens was investigated in Series 1. Three different crack angles
were considered, 0°, 45° and 90°, with respect to the longitudinal
ribs. The results clearly show that the obtained bond strengths
are all lower than the reference bond strength (Fig. 13). A t-test
with a significance level of 95% confirmed this difference to be sig-
nificant. The differences between the studied crack angles is small
and statistically insignificant. Therefore it can be concluded that
the orientation of the crack relative to the longitudinal rib has little
to no effect on the bond strength. The presence of a single crack
however results in a significant reduction in the ultimate bond
strength of 44% (RBF = 0.56) for the tested specimens. Those values
are slightly higher than the retained bond factors reported earlier
(see Fig. 1) for specimens with c/d equal to about 4-5. However,
when a wider range of concrete covers is considered, a value for
the retained bond factor of 0.56 is well within the reported range
of 0.15-1.10.

5.2. Multiple cracks

As was the case for the single cracked specimen, the orientation
relative to the longitudinal rib is insignificant, as the 0-90° and
—45-45° double cracked specimens gave similar results. In both
series the cracks led to ultimate bond strengths that are 54% lower
than the uncracked specimens (RBF = 0.46).

The similarity of the set 2-B and 2-D results (double crack with
angles 0° and 90°, and 90° and 0°, resp.) suggests that the order in
which the cracks were formed also had little effect on the bond
performance, as was to be expected from the results of the crack
orientation tests. In comparison to the single cracked specimens,
the double cracks tend to provide an additional reduction in bond
strength of about 10%.

5.3. Confinement

The cracked specimens tested without confinement all tended
to fail due to splitting of the specimen rather than a pure
pull-out failure as was the case for the other sets. As the ultimate
bond strength is reached, the crack width increases drastically
leading to a relatively brittle failure of the bond and hence a sud-
den decrease in the bond stresses with increasing slips. The larger
ultimate crack widths w,, associated with this behaviour are evi-
dent from the results shown in Table 5.

The unconfined reference specimens provided similar bond
strengths to equivalent confined specimens. As the bond failure
for both sets was a pure pull-out failure this was to be expected.
No cracks were observed on the outer surface of the concrete.

The beneficial effect of the confinement has been reported in
earlier studies by Gambarova et al. [18] and is confirmed in this
experimental program. The absence of any external confinement
further reduces the bond capacity of the 10 mm reinforcing bars.
For single cracked specimens, an additional reduction of 11% is
measured whereas for the double cracked specimens this reduc-
tion is 20%.

5.4. Concrete cover

As the concrete cover is reduced in Series 4 to a
cover-to-diameter ratio of 2.5, the failure mode of the reference
specimens shifts from a pull-out failure to a splitting failure, hence
a reduction in the ultimate bond strength from 19.2 to 14.2 MPa.
The single cracked and double cracked specimens show a reduction
relative to the reference of 25% (RBF = 0.75) and 41% (RBF = 0.59)
respectively, which is slightly less than for the counterparts with
a 4.8 cover-to-diameter ratio. This difference can be attributed to
the changed failure mode.

For the specimens which originally have a cover-to-diameter
ratio of 2.5 on pre-cracking, but are recast to give a
cover-to-diameter ratio of 4.8, an increase in bond strength is

Table 5
Experimental results of pull-out test.
Series Set Tr (MPa) v (MPa) sy (mm) wy (mm)
Mean DEV Mean DEV Mean DEV Mean DEV
1 A Reference 20.2 1.3 11.0 0.9 0.95 0.09 0.00 0.00
B Single 114 0.4 5.5 0.3 0.56 0.09 0.16 0.06
c/d=4.38 C 11.5 0.5 6.1 0.3 0.58 0.11 0.19 0.06
Confined D 11.1 0.6 5.6 0.2 0.57 0.10 0.18 0.08
2 A Reference 19.6 1.0 111 14 0.89 0.09 0.00 0.00
B Double 8.7 0.6 4.0 0.4 0.65 0.13 0.08 0.04
c/d=4.8 C 9.5 0.6 43 04 0.63 0.12 0.07 0.01
Confined D 9.0 0.8 4.4 0.5 0.69 0.13 0.07 0.03
3 A Reference 179 0.9 103 1.0 0.92 0.14 0.00 0.00
B Single 8.0 0.7 29 0.4 0.41 0.12 2.02 0.70
c/d=4.8 C 8.1 1.0 34 1.0 0.54 0.12 1.62 0.49
Unconfined D Double 6.4 1.2 2.3 0.6 0.38 0.05 0.89 0.37
4 A Reference 143 0.8 8.2 1.1 0.45 0.23 0.12 0.03
B’ Single 16.1 0.6 9.3 1.7 0.43 0.24 0.36 0.59
c/ld=2.5 C Single 10.6 0.9 7.1 1.5 0.31 0.12 0.13 0.01
Confined D Double 8.4 0.9 4.5 0.6 0.61 0.20 0.08 0.02

" Re-cast = specimen with c/d = 2.5 pre-cracked and re-casted to achieve c/d = 4.8.
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Fig. 13. Bond reduction with respect to uncracked reference specimens.

measured. Compared to the original uncracked specimens with a
c/d-ratio of 2.5, the increase is 21%. The concrete ring with a thick-
ness of 23 mm is sufficient to carry the hoop stresses built up dur-
ing the pull-out test and hence prevent a splitting failure. Failure in
these specimens occurs due to pull-out. The cracks in the inner
cylinder do not extend to the surface of the uncracked concrete.
Comparing these specimens to the original specimens with a
cover-to-diameter ratio of 4.8, shows that the re-cast specimens
are stronger than the single cracked specimens. This suggests that
the bond strength is less affected by partial cracking than in the
case where the cracks extend to the outer surface of the concrete.
However, the bond strength is lower than measured for uncracked
reference specimens with c/d = 4.8.

5.5. Implications for design

Current guidelines and standards take into account the effects
of micro-cracking, small voids underneath reinforcing bars, poten-
tial light forms of corrosion, etc. by applying a relatively high safety
factor on design bond strengths. The design implications of the
experimental observations of a reduced bond strength due to
cracking have not yet been fully identified. More work is required
to relate the values obtained in this study to design values, as those
might already - perhaps without explicitly realising it — allow par-
tially for the effect of cracks along the bar.

6. Bond stress - slip relationship

During the pull-out tests, the relative displacement between the
reinforcing bar and the surrounding concrete is measured so the
bond stress-slip relationship can be plotted.

For a given set of 5 specimens, the results show a high repeata-
bility as illustrated in Fig. 14 for Series 1-B (single cracked speci-
mens with cracks at 0°). The measurements on the passive side
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Fig. 14. Bond stress - slip diagram for single cracked specimens with cracks angles
of 0° (Series 1 B).

gave similar slip values to those measured on the active side after
correction for the linear elastic deformation of the reinforcing bar.

As stated previously, the crack orientation does not significantly
influence the obtained characteristic or ultimate bond strength. A
comparison of the bond stress - slip diagrams obtained for 0°,
45° or 90° crack angles (Fig. 15), confirms that the crack orientation
relative to the reinforcing bars longitudinal rib has little to no
influence on the bond response.

Aplot of the bond stress-slip response of a typical uncracked, sin-
gle cracked and double cracked specimen shows that the slope of the
initial ascending branch decreases with an increasing number of
cracks (Fig. 16), indicating a decrease in stiffness. As the bond stres-
ses increase, the slip seems to increase in an almost linear way. As
soon as the ultimate bond strength is reached however, a steeper
descending curve is measured for uncracked specimens when com-
pared to single or double cracked ones. Thereafter, the bond stresses
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Fig. 17. Influence of confinement on the bond stress - slip diagram.

recorded for higher slip values decrease with an increasing number
of cracks, indicating not only the ultimate strength, but also the
post-failure behaviour is influenced by the cracks.

The bond stress - slip behaviour of the uncracked reference
specimens is not influenced by the plastic tube for the higher con-
crete cover ratio c/d of 4.8 (Fig. 17). In contrast, for single cracked
specimens, the confinement has a significant impact on the bond

behaviour. With respect to the recorded slips, a sudden drop in
bond stress is noticed for small slip increments beyond the ulti-
mate bond strength. Hence a more sudden bond degradation is
noted due to opening up of the cracks as shown by the measured
w, values when there is no confinement. Reducing the concrete
cover in a single cracked confined specimen has an effect, but the
overall shape is comparable and the post-peak behaviour beyond
a slip of approximately 5 mm is similar.

7. Conclusion

Reinforcement corrosion can result in a severe form of concrete
cracking. As cracks due to corrosion run along the concrete - rebar
interface, the force transfer between the two materials, and more
specifically the bond behaviour, is influenced.

To study the effect of the crack angle (relative to a plane run-
ning through the axis of the bar and the longitudinal ribs), extent
of cracking, confinement and cover depth on the bond properties
of reinforcing bars embedded in concrete, an experimental test
program was conducted. Cylindrical specimens with a central
10 mm diameter reinforcing bar and a compressive strength of
25 MPa were pre-cracked by applying split tensile forces.
Pull-out tests were then carried out on the cracked specimens to
determine the bond properties. The results of the tests indicated
that:

(1) The presence of cracks, even with minor crack widths of
0.03-0.04 mm, result in a significant reduction of the bond
strength. For specimen with a single crack the reduction
was on average 44% and for double cracked specimens the
reduction was 54%. The measured values for single and dou-
ble cracked specimens are within the relatively wide range
of values reported by other researchers in the past.

(2) The crack orientation with respect to the rib pattern of the
reinforcing bars has little or no effect on the obtained bond
properties. Three different crack orientations were tested
and the results showed similar ultimate bond strengths.

(3) For double cracked specimens the order in which the cracks
are formed (linked to the test method) has no significant
influence on the bond behaviour.

(4) Confinement influences the ultimate bond strength of a
pre-cracked specimen. In the absence of a restraining force,
existing cracks can open up fully enabling the reinforcing
bar to more easily slip out of the specimens. The reduction
of bond capacity between confined and unconfined speci-
mens was an additional 11% for a given parameter
combination.

(5) When the concrete cover is reduced, the residual bond
strength after cracking is reduced as well. For smaller covers
the failure mode of the uncracked concrete shifts from a
pull-out failure to a splitting failure.

(6) The bond strength of reinforcing bars in cracked cylinders
embedded in an uncracked concrete ring of 23 mm is 18%
lower than uncracked specimens with the same total con-
crete cover. However, the obtained values are higher than
those obtained for concrete with a single crack extending
through the entire concrete cover but confined by a plastic
tube of 2.1 mm thick.

The obtained test results indicate that the presence of longitu-
dinal cracks can significantly influence the bond behaviour of
ribbed reinforcing bars in concrete. This suggests that bond reduc-
tion factors are necessary for cracks that run along the reinforce-
ment bars when undertaking load bearing capacity checks of
existing reinforced concrete structures.
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