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HIGHLIGHTS

« FRP strengthening method effective for RC beams with severe pitting corrosion.
« CFRP U-jackets instead of repair of deteriorated concrete cover.

« Important to evaluate the local corrosion level.

« Methods to improve the deformation capacity require further studies.
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Corrosion of steel reinforcement is the major cause of deterioration in reinforced concrete structures.
Strengthening of concrete structures has been widely studied. However, most research was conducted
on sound structures without considering the effects of corrosion. This paper presents an experimental
study of the feasibility of using externally bonded FRP laminates combined with U-jackets, applied
directly without repairing the deteriorated concrete cover, to strengthen beams with corroded reinforce-
ment. Ten beams were tested in four-point bending. Two beams were not deteriorated and non-
strengthened; these served as references. The other eight were pre-loaded to induce flexural cracks
and then exposed to accelerated corrosion. Two of the deteriorated beams were not strengthened, three
were strengthened with glass-FRP (GFRP) laminates and three with carbon-FRP (CFRP) plates on the
beam soffits. On the six strengthened beams, CFRP U-jackets were installed along the span. Local corro-
sion levels were evaluated with a 3D-scanning technique. Pitting corrosion significantly reduced the
load-carrying and deformation capacity of the deteriorated beams. Despite average corrosion levels of
20%, local corrosion levels up to 57% and corrosion-induced cracks up to 1.9 mm wide, the FRP-
strengthening method (applied directly to the beams without repairing the deteriorated concrete cover)
was effective in upgrading the load-carrying capacity and flexural stiffness. The applied U-jackets effec-
tively suppressed the delamination of the concrete cover and led to the rupture of GFRP laminates and a
utilisation ratio of CFRP plates up to 64%. However, improvement in the deformation capacity was not

noticeable; this requires further research.
© 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

Keywords:

Reinforced concrete
Flexural strengthening
FRP composites
Corrosion-induced cracks
Pitting corrosion

Local corrosion level

3D scanning

1. Introduction

Numerous civil engineering structures are built of reinforced
concrete. Given the enormous investment made in existing struc-
tures, their deterioration poses a major challenge for developed
countries to ensure the safety of the aging building stock with lim-
ited resources. Corrosion of steel reinforcement is the most com-
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mon cause of deterioration of reinforced concrete [1]. This
corrosion affects the structural safety of reinforced concrete struc-
tures in several ways. The corroded reinforcement has a reduced
effective cross-sectional area and exhibits lower deformability
due to notches formed by pitting corrosion [2,3]. Corrosion prod-
ucts generated in the corrosion process also cause a volume expan-
sion, which cracks the concrete cover, undermines the concrete
integrity and weakens the bond between reinforcement and con-
crete. Such corrosion-induced damage significantly impairs the
capacity and safety of existing concrete structures. An investiga-
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tion by Mattsson (2008) [4]| showed that 72% of the bridges demol-
ished in Sweden during 1990-2005 were torn down due to deteri-
oration and resulting lack of load-bearing capacity. Also other
types of structures, such as parking garages and harbours, suffer
from deterioration and insufficient load-carrying capacity.

Using bonded fibre reinforced polymer (FRP) composites has
been a widely accepted technique for strengthening concrete
structures since the pioneering research conducted in the 1980 s
[5-7]. FRP composites are characterised by their lightweight, supe-
rior strength and high corrosion resistance. Bonded FRP systems
are easy to apply on construction sites and effective in improving
the serviceability and capacity of concrete structures [8]. Although
there has been a vast amount of research into the FRP strengthen-
ing of concrete structures over the past four decades, most exper-
imental studies were conducted on sound concrete structures. A
few studies were devoted to effective FRP strengthening of deteri-
orated concrete structures with corroded reinforcement [9,10].
However, in the last 15 years, related research has begun to attract
attention [11-22].

Recent literature has clearly shown the importance of consider-
ing the effects of corrosion on the structural behaviour of deterio-
rated concrete structures and the feasibility of applied FRP-
strengthening systems. As pointed out by Haddad (2016),
corrosion-induced cracks tend to significantly undermine the effi-
ciency of bonded FRP laminates in flexural strengthening. Previous
experimental studies [13,23] showed that merely using externally
bonded FRP plates could not effectively increase the capacity of
concrete beams with corroded reinforcement; the use of bonded
FRPs was limited at failure due to separation of concrete cover
damaged by corrosion-induced cracks. Besides external bonding,
FRP composites are also used as near-surface mounted rods or
strips. Before mounting, grooves need to be cut into the concrete
cover. However, cutting grooves in corrosion-damaged concrete
tends to further undermine the concrete integrity and even cause
spalling of the concrete cover. Therefore, previous experimental
studies [16,21] on near-surface mounted FRPs to deteriorated con-
crete beams recommended a patch repair before mounting the FRP,
in order to avoid further corrosion, prevent premature separation
of concrete cover, and assure a bond between FRP and concrete.

A hybrid configuration of FRP composites (applied in different
forms) might be effective in strengthening corrosion-damaged
concrete structures. Experimental studies [10,13,21] have shown
that using externally bonded FRP laminates combined with FRP
wraps/U-jackets may effectively improve the serviceability and
load capacity of concrete beams with corroded reinforcement.
FRP wraps or U-jackets are commonly used to wrap a concrete
member to provide circumferential or transverse confinement. In
deteriorated concrete sections, such confinement tends to change
the failure mode from concrete cover separation to FRP debonding
or rupture, increasing the use of bonded FRP laminates. To opti-
mise the use of U-jackets, those near the end of bonded FRP lami-
nates might be installed at a given angle to provide better
anchorage. Fu et al., (2018) [24] investigated the effect of using
inclined U-jackets at the ends of bonded FRP laminates and showed
that the specimen with 45°-inclined U-jackets exhibited better
structural performance than its counterparts with vertically
installed U-jackets.

Before bonding FRP laminates to corrosion-damaged concrete
members, deteriorated concrete cover was commonly removed
through patch repair [15,25,26]. However, a few experimental
studies conducted recently [13,27] indicated that, before bonding
the FRP laminates, a patch repair to deteriorated concrete cover
might not be necessary, given its limited benefits in terms of
improving ultimate load and deformation capacity. From the per-
spective of infrastructure owners, eliminating the need for costly
patch repairs is of great interest, especially in refurbishment pro-
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jects which only require a short-term extension of service life.
Therefore, it is necessary to further verify the feasibility of applying
the FRP-strengthening system to highly deteriorated but unre-
paired concrete cover.

Although the corrosion of steel reinforcement has a significant
impact on the structural behaviour of deteriorated concrete beams
and the efficiency of FRP strengthening [10,27], existing literature
on the FRP-strengthening of deteriorated concrete beams (to the
authors’ knowledge) merely evaluates the reinforcement corrosion
damage in terms of average corrosion level (in other words, steel
mass loss as a percentage). However, using the average corrosion
level fails to represent local corrosion damage due to pitting corro-
sion and tends to overestimate the capacity of deteriorated struc-
tures. Therefore, it is of great importance to have a good
knowledge of the local corrosion level (cross-sectional area loss
as a percentage) along the reinforcement.

In the current study, an experimental programme was con-
ducted to investigate the efficiency of FRP-strengthening methods
in deteriorated reinforced concrete beams with corroded steel
reinforcement. The FRP-strengthening system was applied directly,
without repairing the corrosion-damaged concrete cover. Corro-
sion of steel reinforcement was evaluated by both average corro-
sion and maximum corrosion levels, using a 3D optical scanning
technique. The FRP-strengthening efficiency was estimated based
on the flexural behaviour of beam specimens subjected to four-
point bending tests to failure.

2. Experimental programme

As shown in Table 1, the test programme included ten beams
categorised into four groups: RN, DN, DG, and DC. The first group
(RN) included two sound beams as references. The other eight
beams were, after three-week-curing, subjected to three-point
bending to induce pre-cracks and then exposed to identical condi-
tions of accelerated corrosion for 75 days. The pre-cracking and
accelerated corrosion were designed to induce a combination of
pitting and general corrosion in tensile reinforcement, considered
an proper representation of the practical corrosion problems
[28]. After the corrosion period, the two beams in group DN were
not strengthened, the three beams in group DG were flexurally
strengthened with GFRP laminates bonded to the beam soffits,
and the three beams in group DC were bonded with CFRP plates.
CFRP U-jackets were installed in the six strengthened beams, to
provide transverse confinement and anchorage to the bonded GFRP
laminate or CFRP plate. All specimens were subjected to four-point
bending tests until failure to investigate their flexural behaviour.
After these tests, the tensile reinforcement was removed from
the deteriorated beams to measure the corrosion levels. Further
details of the experimental programme are described in the follow-
ing sections.

2.1. Reinforced concrete beams

Fig. 1 shows the dimensions of the beams and the position of
steel reinforcement. Each beam was reinforced with two ribbed
@12 bars in the tension zone and two ribbed ®10 bars in the com-
pression zone. Stirrups (ribbed, ®8) were placed at a spacing of
125 mm with clear concrete cover of 20 mm, whereas no stirrups
were placed in the mid-600 mm region of the beams. All stirrups
were wrapped in two layers of PVC electrical insulation tape
(0.15-mm-thick per layer) from the bottom to half their height.
The PVC-wrapping was used to insulate the stirrups from tensile
reinforcement to be connected to impressed current for acceler-
ated corrosion. The insulation assured a well-defined exposure
area of steel rebars to artificial electrochemical corrosion, based
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Table 1

Test programme.
Specimen® Flexural strengthening material Average corrosion level” [%] Max. local corrosion level®

[%]
1 1 I |

RN1 — - -
RN2 — — —
DN1 — 20 19 50 48
DN2 — 20 21 46 54
DG1 GFRP 22 17 51 40
DG2 GFRP 21 20 43 54
DG3 GFRP 18 23 43 53
DC1 CFRP 23 20 53 55
DC2 CFRP 21 22 49 41
DC3 CFRP 21 22 54 57

2 The first letter refers to reference (R) or deteriorated (D); the second letter refers to non-strengthened (N), strengthened with GFRP laminate (G), or strengthened with

CFRP plate (C).

b Average corrosion level means the percentage of the mass loss of reinforcement over the corroded length.
€ Maximum local corrosion level refers to the maximum percentage of the cross-sectional area loss along a steel reinforcement bar.
4 Corrosion levels are reported separately for the two tensile reinforcement bars, I and II, in each of the beam specimens.
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Fig. 1. Dimensions and cross-section of the ten reinforced concrete beams cast in the laboratory (unit: mm).

on which the magnitude of the impressed current was determined,
to obtain expected corrosion level of tensile rebars over a certain
period. Ready-mix concrete was used to cast the ten beams in
the laboratory. NaCl (3.0% of the weight of cement) was added to
the concrete mix in the lower 50 mm to reduce the electrical resis-
tance of the concrete cover and thus shorten the corrosion initia-
tion time. After casting, the beams were covered with
polyethylene sheets and cured in an indoor climate (2042°C,
60-+10% RH).

2.2. Pre-cracking

After three weeks of curing, the eight beams in groups DN, DG,
and DC were subjected to three-point bending with an effective
span of 1.8 m and pre-loaded to 25.2 kN. The maximum pre-load
was equivalent to 60% of the theoretical yielding load [20,29], rep-
resenting a reasonable load level in serviceability limit state. The
pre-loading induced pre-cracks to provoke pitting corrosion in
the subsequent accelerated corrosion period. At the maximum
pre-load, five to six cracks occurred in the mid-region of the beams.
At loading, the maximum crack width close to the midspan, at the
height of tensile reinforcement, was in the range of 0.08 to
0.16 mm, whereas the crack widths outside the mid-400 mm
region were smaller than 0.08 mm. However, once the load was
removed, crack widths in the mid-400 mm region decreased signif-
icantly. All crack widths on the bottom surfaces of the eight beams
were between 0.03 and 0.08 mm, as measured one day after pre-
cracking.

2.3. Accelerated corrosion

The pre-cracked beams were exposed to accelerated corrosion,
using an impressed current on the reinforcement to obtain an aver-
age corrosion level of 20%. To avoid any negative effects of a high
corrosion rate [30], a constant impressed current of 150 mA was

used, corresponding to a current density of 220 uA/cm? over the
corroding area of the tensile reinforcement bars. As a comparison,
the current density in most recent studies is commonly chosen in
the range of 100 to 500 uA/cm? [13,19,20,30,31,32].

To ensure constant current during the corrosion period, an elec-
trical circuit was set up for each beam with an independent chan-
nel of power supply, see Fig. 2. Corrosion of the tensile
reinforcement not only undermines the flexural behaviour of RC
beams due to the reduced cross-sectional area of steel bars, but
also weakens the bond between the steel bars and surrounding
concrete and can thus induce anchorage problem at the ends of
tensile rebars. As the flexural behaviour was the focus of the cur-
rent study, the corrosion was designed to occur mainly in the
mid-region of the tensile rebars, to avoid corrosion-induced
anchorage problems at their ends. As shown in Fig. 2, a plastic con-
tainer was placed under the supported beam. On the lateral sides,
the container was cut to accommodate the beam. Gaps between
beam and container were carefully sealed with a waterproof sea-
lant. After 24-hour-curing, an electrolyte solution of 3.5% NaCl
was poured into the container to the level of the tensile reinforce-
ment. A stainless-steel wire mesh (approx. 600 x 200 mm?) was
placed in the NaCl solution below the beam soffit and connected
to the power supply, serving as the cathode. The tensile bars
extending 100 mm out of the beam were charged with constant
current, serving as the anode. During the corrosion period, water
was added to the NaCl solution every two days to compensate
for evaporation loss and keep the solution level at the designed
height.

2.4. FRP-strengthening method

After the accelerated corrosion phase, the six deteriorated beam
specimens in groups DG and DC were strengthened with FRP com-
posites. The FRP-strengthening procedure mainly included: 1) the
pre-treatment of concrete surfaces and corners, 2) bonding GFRP
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Fig. 2. Electrical circuit set-up for the accelerated corrosion of pre-cracked concrete beams and side view of the beam in the plastic container.

laminates or CFRP plates onto the beam soffits for flexural
strengthening, and 3) installing CFRP U-jackets for transverse
confinement.

The pre-treatment was conducted in accordance with EN1504-
10 [33] to coarsen concrete surfaces before bonding and prepare
round cross-section corners for U-jacket installation. After clean-
ing, the concrete surfaces were coated with a thin layer of epoxy
primer (StoPox 452 EP) to seal voids on the surfaces and avoid
trapping air during the subsequent FRP bonding step.

Fig. 3 shows the schematic for bonding FRP composites. In
group DG, a GFRP laminate was applied to the beam soffit with
the wet layup method - nine layers of E-glass fibre fabrics were
impregnated in epoxy-based resin (StoPox LH) and then stacked
to form the laminate. The glass fibre fabric was cut into strips
1500 mm long and 150 mm wide; 68% of the fibres were placed
in the longitudinal (span) direction and 32% transversely. In group
DC, a 1.5-meter-long CFRP plate was bonded to individual beam
soffits using epoxy adhesive. The CFRP plate was a pultruded FRP
product with unidirectional carbon fibres (StoFRP Plate IM 100C);
the plate cross-section was 100 x 1.45 mm?2. The adhesive was a
two-component epoxy (StoPox SK41); the thickness of the adhe-
sive layer was 2 mm.

After 48-hour curing of the bonded GFRP/CFRP, U-jackets were
installed in groups DG and DC. The U-jackets were made of unidi-
rectional carbon fibre fabrics (StoFRP Sheet IMS300-C300) impreg-
nated in epoxy resin (StoPox LH) and bonded to the beams with the
wet layup method. One layer of the carbon fibre fabric was used for
the vertically installed U-jackets, whereas three layers were
stacked up for the four 45°-inclined U-jackets. The bonded FRP sys-
tem was cured for four weeks (minimum seven days required)
before the structural failure tests.

2.5. Material properties

The mix proportions of concrete by weight were cement:sand:
gravel:water = 1:2.46:1.90:0.43. Based on standard compressive

100 100
Front view A% 1<00
SG2 T SG4
=} i
- S 5 - L
S i

— [ (=3 H
S i
SG1 N i SG3
Back view W : lﬂ)'f \(QQ\
- .. —> = — =
CFRP plate / GFRP laminate  Inclined U-jackets Vertical U-jackets

Fig. 3. Schematic of FRP composites applied to deteriorated concrete beams in
groups DG and DC, including the position of strain gauges (SG1-SG8).

tests of concrete cubes (side length 150 mm) following EN
12390-3:2019 [34], the average compressive strength of the con-
crete cubes was measured as 68.2 MPa (CoV 5.7%) at 28 days and
78.7 MPa (CoV 5.0%) on the day of the structural failure test.
According to standard tests of concrete cylinders (100 mm diame-
ter and 200 mm height) following EN 12390-13:2013 [35], the
elastic modulus of concrete on the day of testing was 33.3 GPa
(CoV 7.7%). The fracture energy of concrete was estimated at
134 N/m on the day of testing, based on wedge-splitting tests using
the configuration described in Lévgren et al., [36]. The steel rein-
forcement used in all beams was B500C hot-rolled ribbed bars.
Based on the standard tensile test of reinforcement according to
ASTM A615 [37], the mean values of mechanical properties are
listed in Table 2.

The FRP composites used in the present study included GFRP
laminates, CFRP plates, and CFRP U-jackets. Eight dog-bone sam-
ples were prepared when applying the GFRP laminates and CFRP
U-jackets using the wet layup method. Standard tensile tests were
conducted in accordance with ASTM D638-14 [38] to measure the
elastic modulus and ultimate strain at rupture, see Table 3. The
elastic moduli of GFRP laminates and CFRP U-jackets in Table 3
are reported together with their cross-sectional dimensions, con-
sidering the fact that the measured elastic modulus of laminates
is a result of not only the type of fiber sheets/fabrics but also the
amount of epoxy matrix applied during the wet layup procedure.
It should also be noted that the U-jacket dog-bone samples used
three layers of carbon fibre fabric; the same as the inclined end
U-jackets shown in Fig. 3. For the vertical U-jackets using only
one layer of fabric, while their thickness was 1/3 that of the tested
samples, their mechanical properties may be assumed to be the
same. Material properties of the pultruded CFRP plate were mea-
sured in a previous study [39], based on standard tensile tests fol-
lowing ASTM D3039 [40]. The epoxy adhesive (StoPox SK41)
between the CFRP plate and concrete had an elastic modulus of
7.1 GPa and tensile strength of 34 MPa after 14-day curing at room
temperature [41].

2.6. Structural tests to failure

All specimens were eventually subjected to structural testing
until failure to investigate their flexural behaviours and failure
modes. Fig. 4 shows the test set-up for the specimens in four-
point bending. The specimens were simply supported on two mov-
able steel supports, providing an effective span of 1.8 m. A distribu-
tion beam was used, between the specimen and a hydraulic
cylinder, to achieve symmetrical loading and create a 600 mm span
of constant moment in the specimen. External load from the
hydraulic cylinder was applied in a displacement-controlled man-
ner; the displacement rate imposed on the distribution beam was
1.0 mm/min. For the reference specimens in group RN, the dis-
placement rate was increased to 3.0 mm/min after yielding of
the tensile reinforcement.

During the tests, net-deflection at midspan was monitored
using three linear, variable differential transformers (LVDT) placed
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Table 2

Material properties of steel reinforcement.
Steel reinforcement Es [GPa] fsy [MPa] fou [MPa] Esu [%]
Tensile bars ®12 191 570 661 8.1
Compressive bars ®10 200 528 630 8.9
Stirrups ®8 202 531 654 9.6

Notations: Es;—elastic modulus;f,,—yield strength; f,, —ultimate tensile strength; &, —ultimate tensile strain.

Table 3

Material properties of FRP composites.
Sample of FRP Width x Thickness' E &fu
composites [mm x mm] [GPa] [%]
GFRP laminate 12.8 x 3.03 20.2 1.82
CFRP U-jacket? 12.8 x 2.39 57.6 1.24
CFRP plate 25.0 x 1.45 214 1.27

Notations: Ey—elastic modulus; &z —ultimate tensile strain at rupture; 'Width and
thickness of tested samples. For GFRP and U-jackets, the width refers to the narrow
section of dog-bone coupons; 2U-jacket samples used three layers of carbon fibre
fabrics same as the inclined U-jackets.

é&)ad from hydraulic cylinder

Distribution beam 600
Q= LVvDT 1 =
A v
150 LVDT 2 70~ Painted region for LVDT 3
_— DIC mdhnitoring b
B m m
eI ; ! =
— 1600 =,
150 1800 150

Fig. 4. Test set-up of structural testing to failure in four-point bending.

at the midspan section and centre of the two steel supports. The
axial strains in the FRP composites were measured with strain
gauges (SG1-SG8) installed at critical positions, see Fig. 3. The dig-
ital image correlation (DIC) technique was used to monitor the side
face of beam specimens within the mid-1000 mm zone. The mon-
itored region was first painted in white and then black paint was
applied with a sponge to generate a random and evenly distributed
pattern of black dots. An ARAMIS® adjustable stereo camera sys-
tem [42] was used to acquire geometrical data by taking images
at a frequency of 1 Hz. The collected geometrical data was subse-
quently processed in software GOM® Correlate [43] to monitor
and visualise the deformation field and cracking on the monitored
surface.

2.7. Evaluation of corrosion level

After the structural failure tests, the corroded rebars were taken
out and cleaned in a sandblasting cabinet to remove surface rust.
The sandblast cleaning used silica sand under 5-7 bar of pressure
[44]. The average and local corrosion levels were evaluated for
each corroded rebar, based on the loss of mass and local cross-
sectional area respectively.

The weight of the corroded bars was measured after sandblast-
ing and compared with the initial weight, documented before cast-
ing the beams. The corrosion outside the mid-900 mm length of
the rebars was negligible (see Section 3.1). Thus, the average corro-
sion level of each rebar in this zone was estimated as:

My /900 Q)
8 = Myer/2300°

where my,,, is the mass loss of the corroded bar and m,,, is the mean
mass (1991 g; CoV = 0.19%) of the twenty 2300 mm-long tensile
bars used in the specimens.

To evaluate the local corrosion level along the tensile bars, a 3D
optical scanning technique was used to investigate their local
cross-sectional area. After sandblasting, geometrical data on the
corroded bars was collected using a 3D scanner at an accuracy of
0.1 mm and then compared with the initial data collected before
casting. The geometrical data was compared, to analyse the loss
of cross-sectional area along the bar length. The maximum local
corrosion level was then calculated as:

Aolx) — Apa(x) — My ()
Aol) ; @

Hingx = max(

where Ag(x) is the initial cross-sectional area along the bar length x,
documented before beam casting, Asn(x) is the final cross-sectional
area along the bar length x, evaluated after the structural failure
test, and AAy,(x) refers to the decrease of cross-section area caused
by yielding and necking of the tensile bar. The effect of yielding and
necking is challenging to estimate, as discussed in Section 3.2.

3. Corrosion damage on specimens
3.1. Corrosion-induced cracks

The patterns and widths of the corrosion-induced cracks in the
eight deteriorated beams (groups DN, DG, and DC) were docu-
mented after the corrosion phase. These documented crack pat-
terns showed that the corrosion-induced cracks propagated
beyond the submerged section and developed more or less within
the mid-900 mm region. Along each tensile bar, at least one
corrosion-induced crack was observed on the bottom surface or/
and side of the beam. The width of the corrosion-induced cracks
was measured in seven sections at a spacing of 150 mm, see
Fig. 5. In some sections along bars DG3-II, DC3-I, and DC3-II, two
corrosion-induced cracks occurred on the bottom surface and side
of the beams; the measured widths of these two cracks were added

ORNI-I  ORNI-II  ORN2-I  ORN2-II
ADGI-I  ADGI-II XDG2-I XDG2-II
XDG3-1 XDG3- +DCIl-I  +DCI-II

,, —DC21  =DC2II ODC3-1 ODC3-I

‘€20 o

£ X

E o .4

=16 o)

T 1.2 g

: 8 §

2~ 0.8

Q

504 ﬁ

0.0 ﬁ
-600  -400 _ -200

.. 200 400 600
Distance from midspan [mm]

Fig. 5. Width of corrosion-induced cracks measured every 150 mm along all sixteen
tensile bars in eight deteriorated beams.
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up for the section and plotted in Fig. 5. Although the crack width
measurements were widely dispersed, the mean values indicated
that the corrosion-induced cracks were wider nearer the midspan.
The crack widths at the midspan were in the range of 0.7 to
1.9 mm.

3.2. Corrosion level

The average and maximum corrosion levels, fi,,, and f,,,, of
each tensile reinforcement bar are listed in Table 1. The mean value
of ft,,, was 20.5%, reasonably close to the designed average corro-
sion level of 20%. The maximum local corrosion level ., was
much higher, ranging from 40 to 57% with a mean value of
49.3%. Therefore, the average corrosion level could not be used to
represent damage caused by pitting corrosion.

Fig. 6(a and c) shows the initial (Ao) and final (Ag,) cross-
sectional areas of the two tensile bars in specimen DG1 as exam-
ples. At any cross-section, the difference between A, and Ag,
includes the area reduction due to corrosion, general yielding,
and local necking, as stated in Eq.2.

The effect of yielding was investigated by examining the dis-
tance between ribs in the initial and final states of bars close to
the ruptured section. No obvious changes in the rib distance were
observed. The limited yielding effect might be explained by the fact
that: 1) the deteriorated specimens failed at relatively small mid-
span deflections and the uniform strain in the tensile reinforce-
ment was below 1% in theoretical calculations and 2) tensile
deformation of corroded reinforcement tended to localise in criti-
cal sections with deep corrosion pits, instead of exhibiting uniform
elongation. Accordingly, it was concluded that the effect of yielding
on the cross-section reduction could be assumed negligible in this
study.
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Fig. 6. (a, c) Cross-sectional areas of the tensile reinforcement bars I and II in
specimen DG1; (b) flexural pre-cracks and corrosion-induced cracks measured
every 150 mm (unit in mm).
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However, the local necking effect in the ruptured section was
significant. Fig. 7 shows the bar segments near the rupture section
of DG1-I. Given the missing geometrical information at the rupture
section, it was difficult to quantify the local necking effect on the
reduced cross-sectional area. As a simplification, the critical neck-
ing region was assumed to take place between two peak-area
points closest to the rupture section. The cross-sectional area
between these two peak points was assumed to be linear before
the development of necking, see Fig. 7.

4. Results and discussion of structural tests
4.1. Flexural behaviour

The flexural behaviour of all tested specimens is presented in
Fig. 8, in terms of load-deflection curves. In general, the experi-
mental results showed good consistency in each group regarding
the flexural behaviour and failure mode. The two reference beams,
RN1 and RN2, reached the ultimate stage at a maximum load of
approx. 80 kN; the subsequent flexural failure was initiated by
concrete crushing on the compressive side of the beams, see
Fig. 9(a). The flexural response of the deteriorated beams DN1
and DN2 was seriously affected by the corroded reinforcement.
These beams failed due to rupturing of the corroded tensile rein-
forcement, accompanied by concrete cover spalling/delamination
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Fig. 7. Assumptions to calculate the cross-sectional loss due to corrosion at the
rupture section of bar DN2-1.
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(b)

Fig. 9. Flexural failure due to: (a) concrete crushing in the reference beams RN1 and RN2 and (b) rupture of corroded tensile reinforcement bars, accompanied by concrete

cover spalling off in DN 1 and concrete cover delamination in DN2.

Table 4
Ultimate capacity and failure mode of all specimens in the structural failure tests.

Specimens F, ' [kN] A, ' [mm] Failure mode
RN1 77.7 46.7 cc?
RN2 81.9 52.3 cC
DN1 415 16.3 RS®
DN2 40.6 10.7 RS
DG1 135.8 20.1 RG*
DG2 1144 17.3 RG
DG3 123.0 19.5 RG
DC1 170.8 16.4 AC®
DC2 212.2 21.6 AC
DC3 203.3 19.9 AC

! F, and A, = maximum load and corresponding midspan deflection in the ulti-

mate state; 2CC = concrete crushing on the compression side of the beam; 3-

RS = rupture of tensile rebars; “RG = rupture of GFRP laminate; *AC = anchorage
failure at end of CFRP plate.

on the tensile side of the beam, see Fig. 9(b). The FRP strengthening
of the deteriorated beams in groups DG and DC significantly
increased the flexural stiffness and ultimate load-carrying capacity.
At the maximum load, brittle failure took place; rupture of GFRP
laminates in group DG and anchorage failure of CFRP laminates
in group DC. The ultimate capacity and failure mode of each spec-
imen are summarised in Table 4.

4.2. Effects of corroded steel reinforcement

Compared to the reference group, the deteriorated beams in
group DN showed significant reductions in flexural stiffness,
load-carrying capacity, and deformation capacity at failure, owing
to the reduced effective area and ductility of highly corroded ten-
sile reinforcement. For instance, specimens DN1 and DN2 reached
the maximum load of 41.5 kN and 40.6 kN; 48% and 49% lower
than the ultimate capacity of the reference beams (79.8 kN on
average). The reduced ultimate load capacity in group DN agreed
well with the maximum local corrosion levels of the tensile rein-
forcement bars, in the range of 46% to 54%, see Table 1. Obviously,
using the average corrosion level would overestimate the yield and
ultimate load-carrying capacity of the deteriorated beams in the
current study.

The high local corrosion level (due to pitting corrosion) not only
reduces the cross-sectional area but also greatly impairs the ulti-
mate strain of the corroded tensile bars [3]. As a result, the flexural

failure of specimens DN1 and DN2 was governed by reinforcement
rupturing at a much smaller midspan deflection than that of the
reference specimens. The difference in deformation capacity
between DN1 and DN2 shows the sensitivity to local corrosion
levels: DN1 rebars had 50% and 48%, while DN2 rebars had 46%
and 54% (Table 1). At the ultimate state of DN1, both rebars rup-
tured and the load dropped to almost zero, while for DN2, merely
the rebar with the larger maximum local corrosion level ruptured;
this took place at a smaller deformation compared to DN1.

4.3. Use of bonded FRP for flexural strengthening

The load-deflection curves in Fig. 8 show that the hybrid config-
uration of bonded FRP composites effectively improves the flexural
stiffness and load-carrying capacity of the deteriorated beams in
groups DG and DC. After the FRP-strengthening, the maximum
loads increased up to 136 kN in group DG and 212 kN in group
DC, which was 70% and 165% higher than the average load capacity
of the reference group. The great improvement in flexural
responses was attributed to good utilisation of the bonded GFRP
laminate or CFRP plate for flexural strengthening.

Fig. 10 (a) shows the development of tensile strains on the GFRP
laminate, measured at the midspan. In group DG, rupture of the
bonded GFRP laminate was observed at the failure of the speci-
mens. Fig. 10(b) shows the ruptured GFRP laminate in specimen
DG1 as an example. In group DC, the failure of the specimens
was initiated by the anchorage failure of the CFRP plate from one
of the ends, see Fig. 11(b). The brittle anchorage failure was accom-
panied by substantial energy release, which subsequently caused
debonding/rupture of U-jackets and concrete cover delamination
in local regions. Fig. 11(a) shows the tensile strains measured at
the midspan section of the CFRP plate. At the moment of failure,
the tensile strain at midspan reached as high as 0.81% in DC2,
equivalent to a utilisation ratio of 64%.

Although the applied FRP strengthening significantly upgraded
the load capacity of the deteriorated beams, no improvement in
ultimate deformation (compared to the unstrengthened specimen
DN1) was noticeable.

4.4. Confinement with U-jackets

In most applications of CFRP as externally bonded reinforce-
ment, only 20-30% of the strength of CFRP may be utilised [45].
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Fig. 10. (a) Tensile strains measured by SG5 and SG6 at the midspan of the GFRP laminates; (b) failure of specimen DG1 due to rupture of the GFRP laminate close to midspan.
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Fig. 11. (a) Tensile strains measured by SG5 and SG6 at the midspan of the CFRP laminates; (b) anchorage failure of the CFRP plate in specimen DC1.

In the current study, even though the FRP was bonded to deterio-
rated concrete cover involving corrosion-induced cracks with
widths of up to 1.9 mm, the utilisation ratio of the bonded CFRP
reached 64% in group DC and GFRP laminates were ruptured in
group DG. The high utilisation of bonded FRP was attributed to
the transverse confinement provided by the U-jackets.

In the deteriorated beams, the confinement offered by the U-
jackets was able to limit the opening of corroded-induced cracks,
suppress the delamination of deteriorated concrete cover, and
postpone the debonding of the GFRP laminate/CFRP plate. The U-
jackets effectively prevented the delamination of the deteriorated
concrete cover until failure of the bonded FRP in groups DG and
DC. Fig. 12 compares cracking propagated in the constant-
moment region of specimens DN2, DG2, and DC2 at the same mid-
span deflection; the cracks were highlighted in the maximum prin-
cipal strain field monitored by DIC. The comparison showed that
the U-jackets installed in specimens DG2 and DC2 effectively sup-
pressed the initiation of concrete cover delamination observed in
the deteriorated but unstrengthened specimen DN2. Note that
DN2 even had a much smaller load in this comparison, as the
deflection was kept constant.

5. Conclusions

The current experimental study investigated the feasibility of
using externally bonded FRP laminates combined with U-jackets
for flexural strengthening of deteriorated concrete beams with
highly corroded steel reinforcement. The FRP-strengthening sys-

Fig. 12. Comparison of cracks on the side of specimens (DN2, DG2, and DC2),
visualised in the maximum principal strain field monitored by DIC at the same
midspan deflection of 10.7 mm.

tem was applied to the beams without repairing the deteriorated
concrete cover. The efficiency of the FRP-strengthening method
was evaluated based on the flexural behaviour of the specimens
subjected to four-point bending tests to failure. Based on the
experimental results, the following conclusions were drawn:
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e The combined use of externally bonded FRP on beam soffits and
CFRP U-jackets along the span was efficient in upgrading the
load-carrying capacity of deteriorated concrete beams, even
though maximum local corrosion levels of the reinforcement
were up to 57%. For example, after strengthening, the ultimate
load capacity of the deteriorated specimen DC2 increased to
212 kN, which was 417% and 165% higher, respectively, than
that of deteriorated non-strengthened specimens and the refer-
ence beams.

The FRP-strengthening method was effective, even though it
was applied directly to the beams without repairing the deteri-
orated concrete cover. Given that the maximum width of
corrosion-induced cracks was up to 1.9 mm on the deteriorated
concrete cover, the applied U-jackets effectively suppressed the
delamination of the concrete cover and led to the rupture of
GFRP laminates and a utilisation ratio of CFRP plates up to
64%. Compared to the utilisation of 20-30% in most applications
of externally bonded CFRP [45], the current strengthening effi-
ciency was satisfactory.

The flexural responses of tested specimens showed the impor-
tance of evaluating the local corrosion level of steel reinforce-
ment in accurately estimating the flexural capacity of
deteriorated concrete beams. For instance, compared to that
of the reference beams, the ultimate load of deteriorated beam
DN1 was reduced by 48%. This reduction agrees well with the
maximum local corrosion levels of 50% and 48% in the two ten-
sile reinforcement bars of specimen DN1. Instead, using the
average corrosion level in DN1 (20% and 19% as shown in
Table 1) would overestimate its flexural capacity.

Although the applied FRP-strengthening method significantly
upgraded the load-carrying capacity of the deteriorated con-
crete beams, the deformation capacity was not noticeably
improved.

Further studies are needed to investigate possible solutions to
improve the deformation capacity of deteriorated reinforced con-
crete structures. Although the U-jackets efficiently confined and
suppressed the delamination of concrete cover in the tested beams,
the confinement efficiency of U-jackets may decrease with
increased beam widths. The effects of beam width on the efficiency
of applied U-jackets are suggested to be studied further. For the
practical maintenance and inspection of existing concrete struc-
tures, there is great demand for non-destructive techniques to effi-
ciently detect and monitor the local corrosion level of embedded
steel reinforcement. Future research is also required to establish
design methods to provide practical guidance on the FRP strength-
ening of deteriorated concrete structures with corroded steel
reinforcement.
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