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Abstract: The test results of eight concrete beams reinforced with
carbon fiber reinforced polymer ( CFRP) sheets subjected to an
aggressive environment under a sustained load are presented. The
beams are 1 700 mm long with a rectangular cross-section of 120-
mm width and 200-mm depth. The beams are precracked with a
four-point flexural load, bonded CFRP sheets, and placed into
wet-dry saline water(NaCl) either in an unstressed state or loaded
to about 30% or 60% of the initial ultimate load. The individual
and coupled effects of wet-dry saline water and sustained bending
stresses on the long term behaviour of concrete beams reinforced
with the CFRP are investigated. The test results show that the
coupled action of wet-dry saline water and sustained bending
stresses appears to significantly affect the load capacity and the
failure mode of beam strengthened with CFRP, mainly due to the
degradation of the bond between CFRP and concrete. However,
the stiffness is not affected by the coupled action of wet-dry
cycles and a sustained load.
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arbon fiber-reinforced polymer ( CFRP) is increasingly

being used worldwide for the retrofitting and repair of
reinforced concrete( RC) structures. In the repair of RC struc-
tures with the CFRP method, the CFRP is bonded to the
concrete surface using epoxy adhesives. The load is trans-
ferred to the CFRP material by epoxy. Both the flexural and
shear strength of RC structures can be significantly in-
creased, and adequate overall ductility can be obtained" ™.
However, there is insufficient information on the long term
durability of RC beams with CFRP exposed to aggressive
environmental conditions, especially wet-dry conditions with
immersion in salt solutions. Very little research has been
done on the structural members wrapped with CFRP subjec-
ted to wet-dry cycles””. Moreover, the previous work
mainly focuses on the individual effects of wet-dry saline
water. There is a lack of experimental data on the long term
behaviour of concrete beams reinforced with CFRP under
wet-dry cycles and sustained bending stresses. As in service
conditions, the strengthened beams can be subjected to wet-
dry cycles and sustained loads simultaneously. The behavior
of concrete beams under sustained loading changes with time
due to creep and shrinkage of the concrete. The gradual de-
velopment of creep strain in a beam causes an increase in
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curvature and deflection. In addition, wet-dry conditions can
lead to degradation of the bond between CFRP and concrete
through water absorption by the epoxy' ™" . Thus, it is essen-
tial to investigate the overall response of the RC beams ex-
ternally strengthened with CFRP sheets exposed to the con-
ditions under sustained loads. In this paper, the responses of
RC beams strengthened with CFRP sheets subjected to wet-
dry conditions under sustained loads are presented.

1 Experimental Program

There are two aspects in this paper. They are the influence
of wet-dry action on the CFRP sheet and the influence of
wet-dry action on beam strength with CFRP sheets under
sustained loads. The wet-dry cycle is completed by immer-
sing the specimens in a salt solution(50 g/L water) for 12 h,
followed by 12 h drying at room temperature.

1.1 Material

The average 28-day cube compressive strength of concrete
is 46. 7 MPa. The average yield stresses of steel bars are 360
and 305 MPa for ¢12 and ¢$8 mm, respectively. The used
carbon fabric comes in the form of unidirectional woven
roving, which is from Japan( UT70-20). The resin, the JGN-
T system( from Dalian Kaihua), is a two part resin, JGN-T
A and JGN-T B, and it is mixed together in a ratio of 3: 1.

1.2 CFRP specimens

In this section, carbon fabrics without resin( CF) and car-
bon fabrics with resin( CFRP) specimens are considered. The
15 mm x 350 mm CFRP specimens are made in accordance
with Chinese standard CECS146. For the CF specimens, the
gauge region of each specimen is not impregnated with res-
in. The dimensions are the same as those of CFRP speci-
mens. The details are shown in Fig. 1.
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Fig.1 Details of CFRP and CF specimens (unit: mm)

Following the cure of the resin, all of the specimens are
put into a wet-dry environment. The CFRP specimens are
subjected to 90 and 180 wet-dry cycles. And the CF speci-
mens are only subjected to 180 wet-dry cycles.

1.3 Beam specimens

The beams are 1 700 mm in length, 120 mm in width, and
200 mm in depth as shown in Fig.2. At the end of 28 d, pre-
cracks are introduced to the specimens by four point flexural
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loading. The calculated precracking load of the beam is 37. 28
kN, which is approximately 70% of the initial ultimate load,
and the nominal load capacity is 53.25 kN. Following pre-
cracking, the bottom surface of the concrete specimens is trea-
ted with sandpaper and cleaned, and a uniform bond surface
is obtained for all the specimens. 120 mm x 1 450 mm CFRP
sheets are bonded in the unloaded condition.
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Fig.2 Dimensions and reinforcing details for beams (unit: mm)

Following cure of the CFRP, the specimens are scheduled
to be exposed to the wet-dry environment. Four beams are
loaded with sustained four point flexural loads in the vertical
orientation as illustrated in Fig. 3. The sustained loads pro-
vide an approximately 30% or 60% stress level of the initial
ultimate load.

N
Fig.3 Beams under sustained load and wet-dry saline water

After reaching 180 wet-dry cycles, the last conditioned
specimens are allowed to dry out at room temperature for 7
d. Then all the beams are tested. Fig. 4 shows the schematic
diagram of the test set-up. The data are recorded using the
IMC digital data acquisition system powered and controlled
by a PC via a USB port. The sampling rate of the data is 20
sample/s.
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Fig.4 Schematic diagram of the test set-up (unit: mm)

2 Environmental Effect on CFRP

The results of unconditioned CFRP and CF are listed in
Tab. 1. As can be seen from Tab. 1, the CFRP exhibits high-
er tensile strength and strain compared with the fabric coun-
terparts (CF), and the elastic modulus of the CFRP is close
to the elastic modulus of the CF. This signifies that the resin
has contribution to enhance the strength and strain of the
CFRP composite, which is mainly due to the fact that the
resin holds the fibers in place and transmits stresses between
the fibers.

Tab.1 Materials properties of CFRP and CF

Sample Thickness/ Tensile Elastic Ultimate
P mm strength/MPa modulus/GPa strain/ %
CF 0.111 2 185( £6.2%) 192.326( +9.5%) 1.238( +7%)
CFRP 0.111 4331( £6%) 214.438( £6%) 2.062( +5.4%)

Note: The value in parentheses is covariance.

The results of CFRP and CF for all of the wet-dry cycles
are shown in Tab. 2. From Tab. 2, wet-dry cycles do not ap-
pear to affect the mechanical behavior of CF. However, the
CFRP exhibits a declining trend in residual ultimate strength
and strain. Reduction in tensile strength of the CFRP is
3.1% and 5. 5% for the samples after 90 and 180 wet-dry
cycles. The caused reduction of the CFRP is mainly due to
the damage of the resin. Water absorption of resin can re-
duce the resin modulus, and form cracks at the fiber-resin in-
terface, thus, decreasing the shear transfer of the fibers" . Tt
is worth mentioning here that the elastic modulus of the
CFRP has no significant deterioration exposed to wet-dry
cycles. The reason may be that the resin has seldom contrib-
uted to enhancing the elastic modulus of the CFRP sheet,
and the carbon fiber is not damaged under wet-dry cycles.

Tab.2 The results of CFRP and CF under wet-dry cycles

Sample  Cycles Tensile Elastic Ultimate
P yeles strength/MPa modulus/GPa strain/ %
90 4195( £3.7%) 213.804( £5.9%) 1.962( +5%)
CFRP
180 4093( £2.6%) 214.531( £5.1%) 1.908( +4.6%)
CF 180 2193( £9%) 191.826( £10.3%) 1.23( +4.9%)

Note: The value in parentheses is covariance.
3 Environmental Effect on Beams
3.1 Creep of conditioned beams

Fig. 5 shows the typical mid-span deflection versus time
for the beam under sustained loads of about 30% and 60%
of the initial ultimate load( beam BC180-30% and BC180-
60% ). It can be seen from Fig. 5 that the mid-span deflec-
tion is increased by 64% and 71% ( the ratio of the change
value during the first 14 to 180 d) during the first 14 d and
then remained almost constant after 90 d for beam BC180-
30% and BC180-60% , respectively.
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Fig.5 Typical change in deflection under sustained load

3.2 Failure characteristic

The failure of the reference beam is due to interfacial
debonding induced by the intermediate flexural crack. The
debonding initiates at an intermediate flexural crack and then
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propagates from such a crack towards the sheet end. Debond-
ing occurs in the concrete substrate near the surface and the
chunks of concrete are seen adherent to the CFRP sheet. A
typical configuration after failure surface is shown in Fig. 6.

ﬁ
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Fig. 6 Failure of controlled beam(BC0)

The failure of conditioned beams is also due to interfacial
debonding induced by the intermediate flexural crack. How-
ever, the debonding failure modes are affected by the wet-
dry cycles. Fig. 7 represents the failure surface of unstressed
beams under 90 and 180 wet-dry cycles. The beam after 90
wet-dry cycles shows thin chunks of concrete adherent to the
CFRP sheet, whereas it is noticed that the beam after 180
wet-dry cycles shows debonding along the interface between
the adhesive and the concrete, none of the concrete is seen
adherent to the CFRP sheet.

Fig.7 Failure of beams under wet-dry cycles

Fig. 8 illustrates the observed failure surface of beams un-
der 30% of initial load exposed to 90 and 180 wet-dry cy-
cles. The beam after 90 wet-dry cycles shows small chunks
of concrete adherent to the CFRP sheet. However, the fail-
ure of the beam after 180 wet-dry cycles is due to debonding
along the interface between the adhesive and the concrete.
The same debonding behavior is observed for the condi-
tioned beams loaded at about 60% of the initial ultimate
load, which is shown Fig. 9.
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Fig.8 Failure of beams under 30% of initial load and
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Fig.9 Failure of beams under 60% of the initial load and
wet-dry cycle

3.3 Load capacity

The test results of beam specimens for all the wet-dry cy-
cles are shown in Tab. 3. The results include the peak load,
the maximum mid-span deflection and the maximum meas-
ured CFRP sheet strain.

Tab.3 The test results of beams

Precracking  Sustained Ultimate load

Maximum deflection Maximum measured CFRP strain

Beams load/kN  load/% % TE/AN  Change/%  o/mm  Change/% £1y/10 70 Change/ | lure mode

Bl 53.25 11.29 Steel yielding
BCO 38. 14 0 0 65.75 0 13.39 0 7 808 0 BCF
BC90 38.20 0 90 6473 16 12.90 -3.7 7120 -8.8 BCF
BC90-30% 38.20 30 90  63.86 2.9 1094  -18.3 6913 ~1L5 BCAF
BC90-60% 38. 09 60 90  63.41 236 12,66 5.5 6 824 ~12.6 BCAF
BC180 38. 04 0 180 62. 1 -5.6  12.90 -3.7 6921 ~11.4 BAF
BCI80-30%  38.22 30 180 63.41 -3.6 1189 -11.2 6 560 ~16.0 BAF
BCI80-60%  38.20 60 180 61.43 ~6.6  1.94  —10.8 6317 ~19.1 BAF

Note: BCF refers to the failure mode of beams due to the debonding of CFRP in concrete substrate; BAF refers to the failure mode of beams due to
the debonding of CFRP at the interface between adhesive and concrete; BCAF refers to the failure mode of beams due to the debonding of CFRP
along the interface, associated with pulling adherent small chunks of concrete.

It is noticed that, with the number of wet-dry cycles in-
creasing, all the conditioned beams display an obvious de-
clining trend in the maximum measured CFRP strain, and
show a more rapid decrease under the sustained load. This
indicates that the combined action of wet-dry cycles and
sustained loads causes severe degradation of the bond be-
tween CFRP and concrete. The degradation is also verified
by the previous debonding characteristics of conditioned
beams.

In order to interpret the environmental effects on the load
capacity of the strengthened beams, an environmental degra-

dation coefficient of enhanced efficiency is introduced. It is
expressed as

_(F; -F) -(Fy, - F)) F, -F

— ci 0_1
Fco_Fo Fco_Fo

Ce (1)
where F_, is the ultimate load of conditioned beams
strengthened with CFRP, F is the ultimate load of un-
strengthened beams, and F, is the ultimate load of uncondi-
tioned beams strengthened with CFRP.

Fig. 10 shows the relationships between C, and wet-dry
cycles. It shows that the strengthened efficiency of beams
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displays reduction with the increasing numbers of wet-dry
cycles, and the presence of sustained loads accelerates this
reduction. The results indicate that the combined action of
wet-dry cycles and sustained loads causes severe degrada-
tion of the bond between CFRP and concrete and leads to
an obvious decrease in the load capacity of strengthened
beams.
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Fig.10 Degradation coefficient C; vs. wet-dry cycles

3.4 Load deflection behavior

Fig. 11 shows the relationships between the deflection at
beam mid-span for strengthened and unstrengthened beams
placed in the laboratory. The results show that there is about
a23.5% gain in the flexural strength of the beam as a re-
sult of attaching one layer of the CFRP sheet to the tension
side of the beam. The gain in strengthened RC beams is not
so high, which may be caused by the precrack of the RC
beam. The presence of the damage in the RC beam can af-
fect the strength of the RC beam strengthened with FRP.
This was confirmed by Liu"” . The results presented in Fig.
11 also show that a later stage of loading stiffness of the
beam is enhanced due to the strengthening with the CFRP
sheet.
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Fig.11 Load-deflection relationships for controlled beams

Figs. 12, 13 and 14 present the load-deflection relation-
ships for beams in unstressed states, loaded in 30% and 60%
of the initial ultimate load exposed to wet-dry cycles, respec-
tively. It is noticed that load deflection behaviors of condi-
tioned beams are made almost the same as those of uncondi-
tioned beams. The stiffness of the strengthened beams is not
affected by the individual action of wet-dry cycles or cou-
pled action of sustained load and wet-dry cycles.

3.5 Mechanism analysis

In this experiment, the failure of all the beams strength-
ened with CFRP is due to intermediate flexural crack-
induced interfacial debonding. When the failure of beams
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Fig.12 Load-deflection relationships for unstressed beams
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Fig. 13 Load-deflection relationships for beams loaded in
30% of the initial ultimate load
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Fig. 14 Load-deflection relationships for beams loaded in
60% of the initial ultimate load

strengthened with CFRP occurred, the maximum measured
CFRP strain of strengthened beams was less than 0. 8%,
which was smaller than the ultimate strain(1.9% ) of the
CFRP specimen after 180 wet-dry cycles. Moreover, wet-
dry cycles had insignificant effects on the elastic modulus
of CFRP specimens. Hence, it is believed that wet-dry envi-
ronmental effects on CFRP do not reduce the enhanced effi-
ciency of beams strengthened with CFRP.

When analyzing the debonding mechanism of the beams
under wet-dry cycles, it is noticed that the debonding mecha-
nism of beams is certainly different from that of the uncondi-
tioned beam. Debonding failure of unconditioned beam is
mainly due to the tensile failure of the concrete, and the
chunks of concrete are seen adherent to the CFRP sheet.
However, in the case of wet-dry cycles, swelling and hydrol-
ysis of the adhesive occurs due to water absorption, giving
rise to stress and microcracking at the interface and it then
can form microcracking at the interface between the adhesive
and the concrete'"""'. This leads to the decrease in the inter-
face shear strength between the adhesive and the concrete.
When the interface shear strength is less than the tensile
strength of the concrete, debonding failure occurs at the in-
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terface between the adhesive and the concrete, and none of
the concrete is adhered to CFRP sheet.

If the strengthened beam is subjected to sustained loads
and wet-dry cycles, the degradation of the interface bond
between the adhesive and the concrete can be more pro-
nounced. Because loading the samples may cause some mi-
crocracking at the interface, this cracking will accelerate
moisture diffusion and significantly weaken the interface’s
shear strength. When comparing the samples conditioned
with and without sustained load, the sample which is loaded
generally has a lower load capacity and a lower maximum
measured CFRP strain at a given number of wet-dry cycles,
and shows a rapid decrease in the maximum measured
CFRP strain with an increasing number of wet cycles. It in-
dicates that the coupled action of sustained loads and wet-
dry cycles has a significant effect on interface bonds be-
tween the adhesive and the concrete.

4 Conclusions

This paper presents the results of the durability of pre-
cracked concrete beams strengthened with CFRP sheets sub-
jected to wet-dry cycles and sustained loads. Based on the
test results, the following can be concluded:

1) Wet-dry environmental effect on CFRP does not re-
duce the enhanced efficiency of beams strengthened with
CERP for the time period (180 d) in this study.

2) The coupled action of wet-dry saline water and sus-
tained bending stresses has a more significant effect on the
bond between concrete and CFRP.

3) The coupled action of wet-dry saline water and sus-
tained bending stresses appears to significantly affect the
load capacity of strengthened beams. However, the stiffness
of strengthened beams is not affected by wet-dry saline wa-
ter combined with sustained bending stresses for the time
period in this study.

4) The debonding failure mode for the beams is affected
by wet-dry cycles combined with sustained loads.
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