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Abstract. This paper presents an experimental investigation of
the structural behaviour of reinforced concrete (R.C.) beams,
patch-repaired with a cementitious grout and strengthened with
carbon fibre reinforced polymer (CFRP) strips subjected to impact
loading. The results of this study show that strengthening patch-
-repaired R.C. beams subjected to impact loading using CFRP
plates, restores the load-carrying capacity of the beams. The
strengthened beams exhibited ductile behaviour with no
debonding between the patch repair and the substrate concrete.
The primary failure mode of the strengthened beams was
intermediate crack (I.C.) debonding. In addition, the beams with
longer patch length exhibited higher flexural strength.
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Strzeszczenie. Artykut przedstawia eksperymentalne badanie za-
chowania belek zelbetowych, naprawionych miejscowo za pomo-
ca zaprawy cementowej i wzmocnionych tasmami z polimeréw
zbrojonych wioknem weglowym (CFRP), poddanych obciazeniom
udarowym. Wyniki tego badania pokazuja, Zze wzmocnienie miej-
scowo naprawionych belek zelbetowych za pomoca ptyt CFRP
przywraca no$nos¢ tych belek, poddanych obciazeniom udaro-
wym. Wzmocnione belki wykazywaty zachowanie plastyczne bez
odspajania si¢ naprawy miejscowej od betonowego podtoza. Gtow-
nym trybem zniszczenia wzmocnionych belek byto odspajanie sig
peknigé posrednich. Dodatkowo, belki z dtuzsza strefa naprawy
wykazywaty wigksza wytrzymato$¢ na zginanie niz z krotsza.

Stowa kluczowe: wzmocnione CFRP; naprawy miejscowe;

impact loading.

he acceptable performance le-

vels and serviceability of R.C.

structures are always the prio-

rities of the assets managers,
engineers and researchers. R.C. structu-
res in service may fail to perform adequ-
ately due to increased loading and mate-
rial deterioration, such as corrosion of
steel reinforcing bars [1]. The economic
loss from damage caused by the corro-
sion of reinforcing bars is arguably the
most significant single infrastructure is-
sue facing R.C. structures [2]. Corrosion
attack on R.C. structures reduces the
bond strength between reinforcement
and the concrete matrix, concrete spal-
ling, loss of cover and a reduction inhe
cross-sectional area of reinforcing steel
bars [3]. This deterioration inevitably re-
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sults in reducing the load-carrying capa-
city of R.C. beams. Therefore there is
a growing need to repair and strengthen
R.C. elements subject to corrosion of re-
inforcing steel. The load-carrying capa-
city can be restored by strengthening
using CFRP plates. Repair and streng-
thening of the R.C. elements require ca-
reful selection of materials to ensure
compatibility between substrate concre-
te and new concrete and between CFRP
and repair materials. This study focuses
on the structural behaviour of repaired
and strengthened R.C. beams subjected
to impact loading.

Patch repair is an effective strategy
for maintaining and restoring the servi-
ceability of R. C. structures. Patch repa-
irs can be successful, provided all the
corroded reinforcement are well treated
[4]. Nevertheless, concrete repair is
a complex process, and it presents uni-
que challenges to those linked to new
concrete construction [5]. Depending on
the level and the extent of deterioration
due to the corrosion of steel rebars in

R.C. elements, it may be necessary to
combine patch repairs with CFRP streng-
thening methods [6]. The use of carbon
fibre-reinforced polymers (CFRP) as
a strengthening material has more advan-
tages than disadvantages compared to
other strengthening techniques [1, 7, 8].
The main contribution of this study is
summarised in the listed study objecti-
ves: 1) investigate the bending stiffness
of tested R.C. beams, and the associated
deflection responses, ii) investigate the
propagation of damage, including the
cracking patterns and the modes of failu-
re and the composite action between va-
rious layers of materials of patch-repa-
ired and CFRP-strengthened R.C. be-
ams, and iii) assess the effects of vary-
ing patch repair lengths on the stiffness
and cracking patterns of patch-repaired
and CFRP-strengthened R.C. beams.

Experimental details

The present experimental study inve-
stigated the effect of varying patch repa-
ir lengths on the behaviour of R.C. be-
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ams under impact loading induced by
dropping weight from various heights.
Fifteen R.C. beams with dimensions
155 x 254 x 2000 mm except the patch
repair length divided into five groups
(with three in each group) were tested
under consecutive impact loading. Group 1
was control beams (C.B.), and group 2
up to group 5 were patch-repaired and
CFRP-strengthened R.C. beams (S.B.).
The S.B. groups were SB1 with 450 mm
patch repair length, SB2 with 800 mm
patch repair length, SB3 with 1300 mm
patch repair length and SB4 with
1800 mm patch repair length. The depth
of each patch repair was 105 mm. Cor-
rosion was simulated by grinding off
about 14% of the crossectional area of
the tension bars over the damage length.
Figure 1 shows the reinforcement deta-
iling of a typical patch-repaired and
CFRP-strengthened R.C. beam used
throughout this study.

Table 1. Material properties
Tabela 1. Wiasciwosci materiatow

Properties/ Av;rrz;%:i‘c]gm- sf::::;] S t‘r{:llgth Flexural Modulus of
Materials strength [MPa] [MPa [MPal strength [MPa] elasticity [GPa]
CERP plate/strip - 2800 (Min.) - - 165 (Min.)
CFRP sheet/fabric - 4300 (Min.) - - 234 (Min.)
Adhesive/Epoxy 75.000 24-27 - - 11.2
Steel bars:
main bars - - 502 - 200
stirrups - - 250 - 200

to ensure the bond between the substrate
and the cementitious grout is achieved.
One 1700 mm long CFRP strip was bonded
to the prepared surface of each rehabilitated
R.C. beam. A 165 mm wide CFRP sheet
was used to anchor the CFRP at both ends
of the CFRP, as illustrated in Figure 1.

Impact loading testing

The impact load was applied consecu-
tively for varying drop heights at the mid-
-span of the simply supported R.C. beam

patch repair (cementitious grout)

25Y8-03@80 Y802, Y802
- mm
169 2Y8-02 old concrete _| E_;. i
wa _ ﬁjﬁ g
FRPsheetH;:: 5
P L=h
‘ } 1700 Y20-01J[TL-v20-01
| 1250 adhesive
‘ 2000 (epoxy) —
L 2Y20-01 FRP plate
=

CFRP strip

CERP sheets : ok
Fig. 1. Reinforcement layout of a typical patch-repaired and CFRP-strengthened R.C. beam
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Rys. 1. Ukiad zbrojenia typowej belki zelbetowej naprawionej miejscowo i wzmocnionej CFRP

The average compressive strength of
the concrete used was 55 MPa, and the
average compressive strength of the
cementitious grout used was 70 MPa.
Table 1 summarises the properties of
CFRP, epoxy and steel bars used in this
experimental study.

The damaged areas of the steel bars, in-
cluding the previously ground rebar, were
cleaned with a wire brush to remove rust de-
posits. The substrate concrete was cleaned
and coated with astructural bonding agent

using a 332.403 kg impactor as described
in [11] and [12]. The appropriate suppor-
ting system was used to prevent the lifting
action of the specimen generated by deve-
loped inertial effects, followed by vibrations
induced by impact loads. The following
drop heights were used: 150, 300, 400, 500,
600, 700, 800 and 1000 mm. The contact
force, the progression of damage, inclu-
ding cracking patterns and mode(s) of fa-
ilure, and the resulting deflection respon-
se were recorded for each drop height.

Experimental results
and discussion

A total of 120 tests were performed
on 15 R.C. beams with 8 consecutive
impact loadings on each beam while re-
cording deflections and contact forces
which combined the inertial forces and
true bending forces. The data extracted
from the experimental investigation are
presented and discussed according to
the following research parameters and
observations: 1) the recorded contact
forces; ii) the deflection (vertical dis-
placement) response associated with the
forces in (i); iii) the progression of da-
mage, including the cracking patterns
and the modes of failure and the com-
posite action between various layers;
iv) the effects of varying patch length
on the recorded contact force and dama-
ge propagation.

Contact forces. The contact forces
were captured using a load cell transdu-
cer. The recorded contact force loading
history combined both maximum con-
tact forces and rebound forces. Howe-
ver, it should be noted that this study fo-
cused on the maximum values of contact
forces. Figure 2 shows the contact for-
ce variation with displacements for each
drop height, with lower displacements
representing lower drop heights.

Generally, there is a small difference
between the control beam (C.B.) and the
damaged beams. Thus, different layers
composing patch-repaired and CFRP-
-strengthened R.C. beam worked toge-
ther and behaved almost as a monolithic
specimen. In addition, the degradation
of stiffness due to consecutive drop
tests was almost the same, despite the
type of the beam under test. The 14% re-
duction of cross-sectional area from main
reinforcing steel bars was adequately
compensated with the used CFRP
materials.
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Fig. 2. Recorded contact force vs maximum deflection for each drop height
Fig. 3. Zarejestrowana sita kontaktowa w zaleznosci od maksymalnego ugiecia w przypadku

kazdej wysokosci uderzenia

Deflections. Figure 3 shows the va-
riation of maximum deflection with
drop height. The maximum deflection
results from the control beam (C.B.)
450 mm damage (SB1), 800 mm dama-
ge length (SB2) were practically the sa-
me, whereas maximum deflections
for 1300 and 1800 mm damage lengths
were slight. The reduced steel bars and
the intentionally damaged concrete area
were compensated accordingly through
patch repairs and CFRP strengthening
applications.

Progression of damage, including
the mode(s) of failure and the compo-
sition action between various layers
of patch-repaired and CFRP-streng-

A Maximum deflection [mm]

thened beams. In order to properly mo-
nitor and assess the progression of da-
mage and associated modes of failure,
each specimen was tested eigth times
from various drop heights. Directly after
each drop test, each crack that appeared
was marked and labelled with the num-
ber of the strike by which it was for-
med. All observations related to the da-
mage progression during the impact lo-
ad testing were marked and recorded.
Figure 4 illustrates the typical observa-
tions made during the drop testing of the
different beams.

All the tested beams presented uni-
formly spaced flexural cracks, some fle-
xure-shear cracks and shear cracks. Ho-
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Fig. 3. Maximum deflection vs drop height

Rys. 3. Maksymalne ugiecie w zaleznosci od wysokosci uderzenia
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wever, the extent of cracking profiles
showed some slight differences. More-
over, all tested beams failed in concrete
crushing in the vicinity of the impact po-
int, causing concrete spalling on the di-
stal side of the impact point. In addition,
CFRP intermediate crack (I.C.) debon-
ding failure was observed for the patch-
-repaired and CFRP-strengthened beams.

On the one hand, five out of twelve
CFRP-strengthened beams (41.7%)
exhibited the start of CFRP debonding
after the third drop test. Five out of twe-
lve CFRP-strengthened beams (41.7%)
displayed the start of CFRP debonding
after the fourth drop test. Two out of twe-
Ive CFRP-strengthened beams (16.7%)
exhibited the start of CFRP debonding
after the fifth drop tests. On the other
hand, two out of twelve CFRP-streng-
thened beams i.e. 16.7% displayed the
end (total) of CFRP debonding after the
fifth drop test. Seven out of twelve
CFRP-strengthened beams (58.3%)
exhibited the end (total) of CFRP de-
bonding after the sixth drop test. Three
out of twelve CFRP-strengthened be-
ams (25%) displayed the end (total) of
CFRP debonding after the third drop
test. Thus, the earliest CFRP debonding
was observed from the third drop test,
while the last CFRP debonding was ob-
served from the fifth drop test. The ear-
liest total CFRP debonding was obse-
rved from the fifth drop test, while, the
last total CFRP debonding was observed
from the seventh drop test.

Increasing the patch length for the
CFRP-strengthened R.C.  beams
reduced the number of flexural cracks.
Therefore, the following classification
of more cracks that developed, from
lower to higher, might be established
starting with SB4, SB3, SB2 and SB1.
No visible and noticeable cracks were
observed on any interfaces, except for
the SB4 group, where a few small cracks
(micro-cracks) were observed between
patch repair and the old concrete of
those beams (Figure 4).

Effects of varying patch repair
lengths. The evaluation of the effects of
varying patch repair lengths on the be-
haviour of various patch-repaired and
CFRP-strengthened beams was exami-
ned on the basis of various results. The-
se were mainly the recorded contact for-
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Fig. 4. Typical progression of damage, including cracking profiles and modes of failure
observed during drop testing of patch-repaired and CFRP-strengthened R.C. beam

(SB4_2)

Rys. 4. Typowy przebieg uszkodzen, w tym profile peknieé i tryby zniszczenia zaobserwowane
podczas testow upadkowych belki zZelbetowej naprawionej miejscowo i wzmocnionej CFRP

(SB4_2)

ces and propagation of damage inclu-
ding the cracking patterns and modes of
failure. Table 2 shows the available re-
sults of recorded contact forces obtained
from the patch-repaired and CFRP-
-strengthened R.C. beams, only the re-
sults of the last four drop tests are shown
on the said Table 2.

Table 2. Recorded contact forces results
obtained from last 4 drop tests

Tabela 2. Zarejestrowane wyniki sily kontakto-
wej uzyskane z ostatnich 4 testow uderzeniowych

Results SB1 SB2 SB3  Test No
36076 36713 36897 5

Recorded 38166 36682 38049 6

contact

forces (N) 37776 38342 391433 7
40979 41096 41487 8

The results from the last four drop
tests were chosen because of the
considerable drop heights associated
with the high impulse load, which led to
anoticeable difference in results. Based
on these results, it can be seen that the
recorded contact force increased as the
patch length increased. This can be
attributed to the higher compressive
strength recorded from the cementitious
grout compared to concrete materials
(Table 1). Thus, the longer the patch
length, the higher the associated
compressive strength; consequently, the
recorded contact forces also increased.
A greater amount of concrete broke
off (through concrete spalling and
scabbing) in SB1 and SB2 than in SB3
and SB4. Thus, the first two patch-
-repaired lengths — that is, the shorter
patch lengths — lost more concrete than
the last two patch-repaired lengths — the
longer patch lengths. The following
ascending order, with regard to the

extent of cracking profile, can be
established: SB4, SB3, SB2 and SB1.
The differences in the extent of cracking
profile as observed from the front view
were slight. Moreover, as observed from
the front view, these cracking profiles
increased in density as the patch length
decreased. This might be attributed to
patch-repair materials’ compressive
strength and elasto-plastic ability.

Conclusion

In this study, the behaviour of rehabi-
litated R.C. beams with varying patch
repair length was experimentally inve-
stigated under consecutive impact lo-
ading. Structural responses in terms of
recorded contact force and deflections
were used to assess the behaviour of va-
rious rehabilitated R.C. beams. The re-
sults of this study reveal that there was
good compatibility between the patch
repair and the substrate concrete of R.C.
beams subjected to impact loading, that
is, there was no debonding of the patch
repair. The strengthened beams show
ductile behaviour with flexural cracking
uniformly distributed. The mode of fa-
ilure for of the CFRP-strengthened be-
ams was intermidieate crack debonding.
While the beams generally exhibited
ductile behaviour, the increase of patch
repair length resulted in the reduction
of both elastic (maximum deflection)
and plastic (residual deflection) defor-
mations of rehabilitated R.C. beams.
Thus, the varying patch repair lengths
can contribute to the increase of stiffness
and flexural rigidity of patch-repaired
and CFRP-strengthened R.C. beams.
The combined use of patch repair and
CFRP strengthening methods might in-

crease the ability of rehabilitated R.C.
beams to withstand the easy cracking
propagation and consequently reduce
the cracking density.
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