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Glass FRP-strengthened RC beams were subjected to sustained loads and placed for different periods out-
doors, indoors, and in chambers that accelerate the effects of outdoor tropical weathering by a factor of
six. Beams subjected to outdoor weathering had up to 18% larger crack widths and 16% larger deflections
compared to those kept indoors at the end of 1 and 2% years, respectively. The increase in deflections and
crack widths was lesser for beams with a higher FRP reinforcement ratio. The residual flexural strength
and ductility of the beams decreased with longer weathering periods. Also, the failure mode of the beams
changed from concrete crushing to FRP rupture, indicating a deterioration in the mechanical properties of
the FRP laminates. Analytical methods which account for material degradation in concrete and FRP lam-
inates are presented and found to predict the long-term flexural characteristics of the beams well.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Fiber-reinforced polymer (FRP) composite laminates have been
popularly used in structural strengthening of reinforced concrete
(RC) members due to their high strength-weight ratio and ease
of installation [1,2] compared to other materials such as steel
plates. However, the long-term field performance of such FRP-
strengthened members has not been well established.

Limited studies have been reported on the flexural strength of
FRP-strengthened RC beams subjected to weathering [3-5].
A study by Almusallam et al. [3] revealed that both solar radiation
and wet-dry condition did not affect the flexural strength or rigid-
ity of beams strengthened with glass FRP (GFRP) laminates signif-
icantly for an exposure period of 12 months. On the other hand,
Leung et al. [4] reported a reduction in flexural capacity of carbon
FRP-strengthened concrete beams when immersed in water for a
period of 6 months. Liew [5] studied the accelerated weathering
effect of tropical climate on RC beams strengthened with GFRP
laminates, and concluded that a weathering period of 6-9 months
resulted in the change in failure mode with a marginal drop of 2%
in flexural capacity whereas weathering for more than 6 years re-

* Corresponding author. Tel.: +65 65162260; fax: +65 67791635.
E-mail address: cvetankh@nus.edu.sg (K.H. Tan).

0958-9465/$ - see front matter © 2009 Elsevier Ltd. All rights reserved.
doi:10.1016/j.cemconcomp.2009.03.002

duced the flexural strength by 15% due to deterioration of bond be-
tween FRP laminate and concrete.

In reality, structures are subjected to sustained loading and the
combined effect of sustained loading and weathering is likely to
cause further degradation in the mechanical properties of concrete
and FRP composite laminates. This would ultimately reduce the
overall stiffness of the beam, as well as the safety margin against
the ultimate collapse.

This paper reports a study on the long-term flexural character-
istics of glass FRP-strengthened RC beams that were subjected to
sustained loads and placed outdoors, indoors, and in weathering
chambers that accelerate the effects of the outdoor tropical climate
by a factor of six. Analytical methods accounting for the degrada-
tion in material properties are presented to calculate the long-term
deflection and residual flexural strength of the FRP-strengthened
RC beams.

2. Analytical considerations
2.1. Calculation of deflection

Under sustained loading, the concrete in the compression zone
is subjected to creep which leads to a smaller effective modulus of
the material and correspondingly larger beam deflections in the
long-term. Similarly, the FRP laminates are subjected to tensile
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Table 1

Test program.

Beam Total sustained load, Ps (kN) Py/Py? Exposure condition Exposure duration Remarks

(a) Small specimens (100 mm x 100 mm x 700 mm)

A1/A2-6 m 20.4 0.53 Ambient 6 months Beams under sustained loads in ambient laboratory condition
A1/A2-1y 1 year

E1/E2-6 m Exterior/outdoor 6 months Beams under sustained loads in exterior/outdoor natural condition
E1/E2-1y 1 year

C1/C2-5d 22.7 0.59 Chamber 5 days Beams under sustained loads in chamber

C1/C2-15d 15 days

C1/C2-1m 1 month

C1/C2-2m 2 months

C1/C2-3 m 3 months

C1/C2-6 m 6 months

Beam pf,pb (%) Ps (kN) Py/P,¢ Exposure condition Exposure duration Remarks

(b) Large specimens (100 mm x 125 mm x 2000 mm)

A0-3y 0 15.8 0.59 Ambient 23/, years Beams under sustained loads in ambient laboratory condition
A1-3y 0.64 0.49

A3-3y 1.92 0.40

Cl-1y 0.64 17.7 0.55 Chamber 1 year Beams under sustained loads in chamber

C3-1y 1.92 0.45

@ Pyq: calculated load-carrying capacity of Beam A1-0d.
® ppp: FRP reinforcement ratio = FRP laminate area/cross-section area.
¢ P,: calculated load-carrying capacity.
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Fig. 1. Test beams and section details.

produce physiochemical processes like hydrolysis or plasticization,
thermal decomposition and photo-oxidation of the polymers, caus-
ing a reduction in the modulus of the FRP laminates. However, the
effect of weathering on concrete is much less significant and may
therefore be neglected.

The compressive creep in concrete due to sustained loads can be
accounted for by using an effective modulus of elasticity:

14 ¢y,

where E. = modulus of elasticity of concrete at age (time) to, to = age
of concrete at the time of application of loading, t = time at which
deflection is to be computed, and ¢, = creep coefficient of concrete
at time t as given in ACI 209R [6].

Similarly, the tensile creep of FRP laminates due to sustained
loads can be accounted for using an effective modulus of elasticity,
given by [7]:

E. (1)

Ep
Eppp=—2 2
“frp,t 1 T d)frp ( )

where Ej, = initial modulus of elasticity of FRP composite laminate,
and ¢, = creep coefficient for FRP composite laminate, given by [7]:

o= (5) -1 3)

where t = time in hours after application of loading, to =1 h and m is
a coefficient determined experimentally from the relation between
&fip,¢ (that is, the FRP strain at time t) and t/to.

To account for the effect of tropical weathering on the modulus
of elasticity of FRP laminates, a residual modulus of elasticity func-
tion is defined as:

_ Epw )

(pE.w Efrp

where Ef,, , = modulus of elasticity of FRP laminates at time ¢ under
the sole effect of weathering. The value of ¢g,, can be established
from tensile tests on weathered specimens.

The effective modulus of elasticity of FRP laminates as a result
of the combined sustained loading and tropical weathering can

creep, leading to the same result. On the other hand, the action of then be taken as the product of Efp, and ¢, which in view of
weathering factors such as heat, moisture and sunlight, is to Egs. (2) and (4), can be written as:
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Table 2
Properties of FRP systems.

Type 1 (unidirectional) GFRP laminate

Type 2 (bidirectional) GFRP laminate

Fiber Type E-Glass
Sheet form Unidirectional
Tensile strength (MPa) 1700
Elastic modulus (GPa) 71
Ultimate strain (%) 2.0

Resin Type
Tensile strength (MPa) 54
Elastic modulus (GPa) 3
Ultimate strain (%) 2.5

FRP Laminate Volume fraction of fiber (%) 53
Volume fraction of resin (%) 47
Elastic modulus (GPa) 39
Thickness (mm) 0.8

Two part, 100% solid, low viscosity amine cured epoxy

E-Glass
Bidirectional
130

11

1.25

Same as type 1 GFRP laminate

147
0.7

2 Obtained from tensile coupon tests conducted by Liew [5].

€ Chamber (0.59 P ;)
£
c | m T _______ -
£ .
1
2 Ambient/Outdoor !
a (053P;)
Tg |
) 1
[ 1
|
1
|
5 3 ' ' 360
0 100 200 300 400

Time after Loading (Days)

Fig. 2. Determination of equivalent sustained loads for weathering in chamber.

Pgw X Efm _ Efrp,w (5)
1+ ¢ﬁp 1+ ¢frp

With the effective modulus of elasticity of concrete and FRP
laminates determined from Eqs. (1) and (5), respectively, the max-
imum deflection of the beam can be calculated using elastic anal-
ysis methods [7] and incorporating an effective moment of inertia
based on Branson’s formula [8].

Epwt = @pyy X Epipe =

2.2. Calculation of flexural strength

In this study, the sustained loads and tropical weathering are
assumed to have insignificant effect on the ultimate strength and
strain of concrete. The ultimate strain of FRP composite laminate
after weathering under sustained loads is taken as:

Efipuwt = P X Py X Efipu (6)

where ¢, = residual ultimate strain function under sustained load-
ing, ¢, = residual ultimate strain function under weathering, and
&fip,u = Ultimate strain of virgin (that is, unweathered, non-load sus-
tained) FRP laminate.

The value of ¢, is obtained as [9]:

_ & — (8pr — &pp) _ 1- ( Eip > 7
(Pa,t gfrp,u d)frp 8frp‘u ( )

where &g, = instantaneous strain in FRP laminate due to sustained
loads, which can be calculated from elastic bending theory using
cracked section analysis, and &, = strain in FRP laminate at time .

The value of ¢,,, in Eq. (6) has to be determined experimentally
such as in accordance with JSCE-E-541 [10] test method. Values
have been established for the GFRP systems [5] used in this study
and are reported later herein.

The flexural failure modes considered were: (1) crushing of con-
crete in compression; (2) rupture of FRP; and (3) flexural crack in-
duced FRP debonding. Based on the method of strain compatibility
and force equilibrium, the strength corresponding to each mode of
failure can be found by equating the corresponding material strain
to its limiting strain.

The crushing of concrete in compression would thus occur
when the strain in top compressive fiber of a section reaches the
ultimate strain of concrete, that is:

& = Eu (8)
where ¢, may be taken as 0.003. Failure by FRP rupture would hap-
pen when:

8frp =038 x gfrpu_wt (9)
where &gpywe i the ultimate tensile strain of FRP laminates under
combined sustained loading and tropical weathering. The coeffi-
cient of 0.8 in Eq. (9) accounts for the average lower strains of
FRP rupturing when bonded to beams compared to strains mea-
sured from material tensile test [11].

Also, following Teng et al.’s [12] approach, debonding of FRP
laminate from concrete strata would occur when:

118u81 [Enpen/T:
gfrp _ gfrp‘db — E ﬁwﬁl fpt t\/f (10)
frp.wt frp

in which, &y, = FRP debonding strain, f/ = concrete cylinder com-
pressive strength, and tg, = thickness of FRP laminates, B, = bond
width coefficient, and B; = bond length coefficient.

The predicted failure mode would be the one with the lowest
moment capacity.

3. Test program

Tests were carried out on two sizes of beam specimens as
shown in Table 1 and Fig. 1. Two types of glass fiber-reinforced
polymer (GFRP) systems, Type 1 and Type 2 as described later,
were used for the smaller specimens. Type 1 GFRP system was
used for strengthening of larger specimens.

The beams were designated as Xm-t, where ‘X’ denotes the
weathering condition (that is, ‘A’ for indoors, ‘E’ for outdoors and
‘C’ for in-chamber), ‘m’ is the type of GFRP system for small speci-
mens and the number of ply of GFRP laminate for large specimens
and ‘t’ indicates the actual weathering period in days (d), months
(m) or years (y). For example, C1-6 m refers to a beam strengthened
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Fig. 3. Schematic drawing of test set-ups.

with Type 1 GFRP laminates and placed in the weathering chamber
for 6 months.

3.1. Material properties

The average concrete cube compressive strength and modulus
of elasticity were 42 MPa and 24.8 GPa, respectively, at 28 days.
The average yield strength and modulus of elasticity of the hot-
rolled deformed tensile longitudinal reinforcement averaged
525 MPa and 200 GPa, respectively.

Type 1 FRP system consisted of unidirectional roving E-glass fi-
ber fabric that is commercially available for structural strengthen-
ing works while Type 2 FRP system consisted of bidirectional
woven roving E-glass fiber fabric that is used to produce commer-
cial products. Type 2 system has less superior mechanical proper-
ties than Type 1 system. In both systems, the fabric was
impregnated with a two-part, 100% solid, and low viscosity amine
cured epoxy by hand to form the laminates. The properties of glass
fiber fabrics and resin, as supplied by the manufacturers, are
shown in Table 2.

3.2. Installation of FRP system

For small beams, one ply of Type 1 GFRP laminate (50 mm wide
and 0.8 mm thick) or Type 2 GFRP laminate, (100 mm wide and
0.7 mm thick) was installed on the tensile face of each beam. The
tensile capacity of the laminates was kept the same; hence the
widths of the FRP laminates were different. For large beams, Type
1 GFRP composite laminates, 100 mm in width, were applied in
one ply (0.8 mm thick) for Beams Al and C1, and in three plies
(2.4 mm thick) for Beams A3 and C3. The GFRP system was installed
21 days after casting following the wet lay-out procedure. At the
ends of the GFRP laminate, a carbon fiber sheet was attached trans-
versely to prevent premature plate-end debonding during testing.

3.3. Application of sustained loads

The service load for the beams was assumed as P,/1.7, where P,
is the calculated load-carrying capacity of the beam. The factor of
1.7 is based on the normal loads carried by a structural concrete
member under service condition. For the small beam specimens
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Fig. 4. Effect of weathering on long-term serviceability.

placed outdoors or under ambient condition, the sustained load
was 90% of the service load or 0.53P;, where P, is the calculated
load-carrying capacity of the beam strengthened with one ply of
GFRP laminate.

For specimens placed in the weathering chamber, an equivalent
sustained load had to be applied so as to accelerate the effect by a
factor of six, similar to the effect of accelerated weathering (see
Section 3.4). It was determined as follows. Referring to Fig. 2, first,
the deflection history of the beam under a sustained load of 0.53P;
was computed analytically following the method explained earlier
in Section 2.1 but excluding the weathering effect. Then the sus-
tained loads to cause the same deflections at 30 days, 180 days,
and 360 days in one-sixth the time were determined, and the aver-
age value was found to be equal to 0.59P;.

All the beams were clamped in pairs using transverse stain-
less steel bars at the beam ends, as shown in Fig. 3a, with steel
rods placed in between the beams at one-third points, to simu-
late the sustained loads. The stress level was checked by contin-
uous monitoring of strain gauges located at top concrete face,
internal tensile steel bars and the FRP laminates at mid-span
of the beam.

The larger beams were simply supported over a span of
1800 mm on a steel frame as shown in Fig 3b. Loads were applied

using concrete blocks and steel plates at four-points along the span
to simulate uniform sustained loads. The beams kept under ambi-
ent laboratory condition (A0-3y, A1-3y, and A3-3y) were subjected
to a sustained load equal to the service load or 0.59 times the ulti-
mate load-carrying capacity (0.59P,) of the unstrengthened beam.
This is equivalent to 0.49 times the ultimate load-carrying capacity
of the beam strengthened with one ply of GFRP laminates (0.49P,),
or 0.40 times that of the beam strengthened with three plies of
GFRP laminates (0.40Ps). For the two beams kept in the weathering
chamber, an equivalent sustained load determined in the same
manner as for small specimens equal to 0.55P; was applied on
C1-1y and 0.45P; on Beam C3-1y.

3.4. Weathering

The tropical climate is characterized by a hot and humid
weather with very little seasonal variation in temperature or pre-
cipitation throughout the year. Just north of the Equator in Singa-
pore, the diurnal temperature rarely goes below 23 °C or above
33°C, and the monthly rainfall ranges between 100 to 180 mm.
On average, there is not less than four sunshine hours per day.
Mean daily relative humidity is as high as 80-90% at night and
50-60% during the daytime.
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For small beam specimens, a ferrocement weathering chamber
(1500 mm x 1000 mm x 700 mm) was fabricated to simulate the
outside tropical weathering effect in the laboratory [5]. By consid-
ering the outdoor average diurnal sun hour percentage and
monthly rainfall fraction, a continuous light-wet-dark cycle was
generated in the weathering chamber. In each cycle, the light per-
iod lasted 1.5 h, during which both the UV-A floodlight and cera-
mic heaters worked together to generate UV-A ray and heat that
simulate the daytime weathering condition. It was then followed
by 1.5 h of wet period where the entire specimens were wetted
by water spraying through the atomizers, similar to outdoor wet-
ting of specimens by the rain.

To better simulate the outdoor temperature and humidity fluc-
tuations, 1 h of dark period (that is, idle period) was employed
immediately after the light period, during which all the gadgets
were switched off. Hence one cycle of weathering took 4 h and 6
cycles can be completed within a day. The natural outdoor weath-
ering process was therefore carried out at an accelerated rate of six
in the weathering chamber. This has been verified from tests on
beam specimens placed outdoors and in the chamber [5].

For the large beam specimens, a weathering chamber of size
2300 mm x 1000 mm x 625 mm was constructed to enclose the
beams. To reproduce all the weathering factors, the chamber was
equipped with the required devices, namely UV light, ceramic
heaters, thermostats, water pump and atomizers, similar to the
weathering chamber for small beam specimens. The reproduction
of the weathering factors at an accelerated rate of six has also been
verified [13].

3.5. Instrumentation

During the weathering period, the mid-span deflection of the
small beams was measured using a demec gauge system (Fig. 3)
with an accuracy of 0.002 mm and the crack width was measured
using a hand-held microscope which has a graduated scale in divi-
sions of 0.02 mm. Measurements were taken upon application of
sustained loads, and after 1, 3, 5, 7, 10, 14, 21 days, weekly up to
3 months, every 15 days till 6 months, and thereafter every month
till the end of 1 year.

Deflections of large beams were measured using a transferable
dial beam consisting of a movable frame with three dial gauges lo-
cated at quarter points and mid-span. The dial gauges had an accu-
racy of 0.01 mm. Measurements were taken at the same time
intervals as those for the small beam specimens.

At the end of the weathering period, the specimens were re-
lieved of the sustained loads. They were then tested statically un-
der four-point loading using the Instron universal testing machine
to failure, at a constant cross-head speed of 0.2 mm/min. The mid-
span deflection was monitored by a Linear Variable Displacement
Transducer (LVDT). Crack widths were measured in the pure mo-
ment zone at 5 kN intervals using a hand-held microscope.

4. Test results and discussion
4.1. Long-term deflection and crack width

4.1.1. Effect of weathering

Fig. 4a compares the total deflections and crack widths of small
beams under sustained loads and subjected to outdoor weathering
with those kept indoors under ambient laboratory condition. The
deflections of beams strengthened with Type 1 GFRP system and
kept outdoors were found to be more than those kept indoors by
about 7% at the end of 1 year. Similarly, for beams strengthened
with Type 2 GFRP system, the difference was about 9%. On the
other hand, the crack width was larger by 13% and 18%, respec-

tively. From visual inspection, the interface between the FRP com-
posite laminate and the concrete substrate was found to be
unaffected by combined sustained loading and tropical weather-
ing; the larger deflections and crack widths may be due to the deg-
radation in tensile stiffness of GFRP composite laminate.

Fig. 4b shows the effect of weathering on the deflections of large
beams under sustained loads. After 5% months weathering in the
chamber (equivalent to 2% years outdoors), Beams C1-1y (ppp =
0.64%) and C3-1y (ppp = 1.92%) showed about 16% and 13% larger
deflections compared to Beams Al-3y (psp=0.64%) and A3-3y
(psp =1.92%), respectively, which were kept in ambient laboratory
condition. Again, the larger deflections may be due to the degrada-
tion in tensile stiffness of GFRP composite laminates due to the
synergistic effect of sunlight and rainfall.
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Fig. 6. Comparison of observed deflections with analytical predictions.

4.1.2. Effect of FRP type and reinforcement ratio

The total deflections and crack widths observed on small beams
kept in the weathering chamber are shown in Fig. 5a and b, respec-
tively. The solid lines give the average of the observed deflections
and crack widths. At the end of 6 months of chamber weathering
(equivalent to 3 years outdoor), beams strengthened with Type 1
FRP system showed 10% and 17% lesser deflection and crack width,
respectively, compared to beams strengthened with Type 2 FRP
system.

On the other hand, after 1 year outdoor weathering (Fig. 4a),
beams strengthened with Type 1 GFRP system showed 9% lesser
deflection compared to beams strengthened with Type 2 GFRP sys-
tem. As for crack widths, it was 21% lesser (Fig. 4a). The lesser
amount of fiber in the direction of stress, initial lack of straightness
of the fiber, and inferior mechanical properties may be responsible
for the larger deflections and crack widths observed in beams
strengthened with Type 2 GFRP system.

Fig. 5¢c shows the effect of FRP reinforcement ratio on the deflec-
tions of the loaded beams under tropical weathering. The effect of
weathering seems to be more detrimental in Beam C1 with

Pjp = 0.64% than in Beam C3 with pjp, = 1.92%. Beam C1 was found
to deflect 20% more than Beam C3 under the same sustained loads
after 1 year of accelerated weathering. Weathering elements did
not seem to result in deterioration of the interface bond within
the FRP layers or between the FRP laminates and the concrete sub-
strate in Beam C3 (pjp, = 1.92%). However, the deflections of Beams
C3 and C1 were 23% and 5% lesser, respectively, compared to the
control beam, AO-3y (psp =0%) at the end of 5% months in the
chamber.

4.1.3. Comparison of observed deflections with analytical predictions

In the analysis, the creep coefficient of concrete established for
conventional concrete of a similar strength as in the current inves-
tigation by Tan et al. [14] was used. The creep coefficient of FRP
composite laminate was computed from Eq. (3) with m equal to
0.0095 for Type 1 GFRP and 0.035 for Type 2 GFRP system. These
values were the average values obtained by Holmes and Just [9]
from tensile creep tests on specimens subjected to stress levels
(75-102 MPa for unidirectional and 36-88 MPa for bidirectional
GFRP) similar to the current investigation.
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Table 3
Flexural characteristics of beams after weathering.

Specimen type Designation P, (KN) Wy (mm) Ag® (mm) Ay (mm) Ay (mm) Ayl Ay Failure mode
Obs. Pred.
Unstrengthened small beams A0-6 m* 28.44 n.a. 1.53 1.98 5.31 2.68 n.a. n.a.
AO-1y? 27.21 n.a. 1.76 221 6.40 2.89 n.a. n.a.
Small beams with Type 1 GFRP A1-0d 45.18 0.28 2.70 3.23 10.58 3.27 CcC CcC
Al-6 m 32.98° 0.38 2.14 2.90 5.74 1.98 DB CcC
Al-1y 42.30 0.20 2.03 2.50 6.51 2.60 CC CcC
E1-6m 38.44 0.18 1.49 2.11 5.12 243 FR FR
El-1y 40.14 0.14 1.40 1.82 5.40 2.96 FR FR
C1-5d 4211 0.16 2.19 3.01 10.13 3.36 CC/DB CcC
C1-15d 42.98 0.20 1.71 2.53 8.83 3.49 cC CC
Cl-1m 36.07 0.28 1.79 2.19 6.68 3.05 cC FR
C1-2m 33.07 0.24 1.50 213 5.51 2.59 cC FR
C1-3m 32.71 0.24 1.64 2.67 6.42 2.40 FR FR
C1-6 m 37.42 0.16 1.75 2.56 5.16 2.02 FR FR
Small beams with Type 2 GFRP A2-0d 39.36 0.22 2.22 2.89 7.18 2.49 CcC CcC
A2-6 m 37.02 0.14 2.39 2.85 6.13 2.15 FR FR
A2-1y 39.13 0.16 1.99 2.46 5.48 2.23 FR FR
E2-6 m 37.57 0.14 1.19 2.00 421 2.11 FR FR
E2-1y 36.41 0.14 1.10 1.93 3.78 1.96 FR FR
C2-5d 36.96 0.20 1.54 2.35 6.76 2.88 CC[FR CC
C2-15d 37.30 0.20 1.54 247 5.64 2.28 FR/CC CC
C2-1m 26.71° 0.12 1.47 4.19 7.32 1.75 CC FR
C2-2m 29.92° 0.26 1.53 242 5.74 2.37 FR FR
C2-3m 34.75 0.18 243 2.99 7.38 2.47 FR FR
C2-6 m 34.79 0.16 1.52 2.25 4.59 2.04 FR FR
Large beams with Type 1 GFRP A1-0d 28.10 0.10 10.11 15.24 39.12 2.57 Ccc Ccc
Cl-1y 24.59 0.08 6.01 12.58 15.94 1.27 FR FR
A3-0d 38.86 0.12 11.41 16.11 28.74 1.78 DB CcC
C3/1y 35.68 0.13 8.79 17.39 26.75 1.54 FR CcC

Note: P,: ultimate load; wg; max. crack width at service load (i.e., 0.59P,).

Ag: deflection at service load; 4,;: deflection at steel yield load; 4,: deflection at ult. load; n.a.: not applicable; CC: concrete crushing; DB: FRP debonding; FR: FRP rupture.

¢ Beam without FRP composite laminate.
b Qutlier.

The residual modulus of elasticity functions due to the sole ef-
fect of weathering was established by Liew [5] using tensile cou-
pons as follows:

P =1—klog(t.) (11)

where t, = exposure period (in days); and k =0.00103 and 0.00282
for Type 1 GFRP system subjected to outdoor weathering and accel-
erated weathering in the chamber, respectively, with corresponding
values of 0.0502 and 0.0609 for Type 2 GFRP system.

The calculated deflections are compared with the test results in
Fig. 6. The analytical predictions are in general conservative, but
reasonably accurate. The difference between the calculated and ob-
served deflections averaged 13% for small beams at the end of a
3 year equivalent outdoor period while for large beams, the aver-
age difference was 16% at the end of a 6 year equivalent outdoor
period. The analytical results for deflection overestimated those
of the tests mainly because the materials did not degraded uni-
formly and to the extent as the individual component materials
when subjected to the same weathering conditions. That is, the in-
side concrete of the beam and the inner face of the laminates are
not as much affected by the weathering.

4.2. Flexural strength

The flexural characteristics of all specimens tested after various
time periods of weathering, is shown in Table 3. Among the small
beams strengthened with Type 1 GFRP system, Beam A1-6 m
showed unexpectedly low strength due to the premature debond-
ing of GFRP laminate at the mid-span which is irrational consider-
ing the sustained load level and is therefore considered as an
outlier. The other beams, in general, showed a reduction in strength

with longer period of weathering. After 6 months of accelerated
weathering in chamber (equivalent to 3 years of outdoor weather-
ing), the flexural strength of beams strengthened with Type 1 GFRP
laminates was reduced by about 17%, that is, comparing C1-6 m
with A1-0d. However, the strength is still 32% higher than the beam
without FRP strengthening (A0-6 m). Beam E1-1y that was exposed
to outdoor weathering for 1 year showed only 5% reduction in flex-
ural strength compared to Beam A1-1y which was kept under ambi-
ent condition. Beams strengthened with Type 2 GFRP laminates also
showed a reduction in strength with weathering periods.

The load-deflection curves of small beams with Type 1 GFRP
laminates kept inside the weathering chamber are compared with
the reference Beam A1-0d in Fig. 7a. The initial stiffness of all the
weathered beams was slightly lesser than that of Beam A1-0d. For
short periods of weathering (up to 15 days), the beams showed im-
proved stiffness beyond the sustained load level Ps (that is, 0.59P; or
22.7 kN). The improved stiffness may be due to the initial curing of
concrete and FRP laminates during short periods of weathering,
which vanished quickly due to deterioration of fiber-resin bond
and fiber strength with longer periods of weathering. Under out-
door weathering (Fig. 7b), however, the stiffness of the beams after
1 year seems to be not much affected compared to the companion
beams kept under ambient condition.

The load-deflection curves of beams with Type 2 GFRP lami-
nates are shown in Fig. 8. The flexural strength of Beam C2-6 m re-
duced by about 12% after 6 months of accelerated weathering, but
the flexural strength was still 22% higher than the unstrengthened
Beam A0-6 m (Fig. 8a). After 1 year, Beam E2-1y showed only 7%
reduction in strength compared to Beam A2-1y (Fig. 8b).

Also, Beams C2-1 m and C2-2 m showed unexpectedly a drop in
strength of 32% and 24%, respectively (see Table 3). Due to the irra-
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Fig. 7. Load-deflection characteristics of small RC beams strengthened with Type 1
GFRP system.

tional low strength of Beams C2-1 m and C2-2 m, especially com-
pared with Beams E2-6 m and E2-1y (with equivalent outdoor
weathering periods) and considering the general trend, these two
beams are regarded as outliers.

The flexural strength of large RC beam specimens, also reported
in Table 3, is compared in Fig. 9a. For beams with pg, = 0.64%, the
reduction in flexural strength was about 13% (comparing Beam C1-
1y with Beam A1-0d) whereas for beams with pg,=1.92%, the
reduction was 8% (comparing Beam C3-1y with Beam A3-0d) at
the end of 1 year of accelerated weathering (equivalent to 6 years
outdoor weathering). The load-deflection curves for these beams
are shown in Fig. 9b. Except for the initial permanent set, the
load-deflection behavior of the weathered beams above the sus-
tained load level remains the same as those of the virgin beams.
From the results, it is evident that effect of weathering is lesser
for beams with higher pgp. This may be due to better protection
against weathering elements due to thicker FRP laminates.

4.3. Ductility and failure modes

The ductility of the beams, defined as the ratio of the deflection
at ultimate load (4,) to that at steel yield load (4,;), was found in
general to decrease with longer weathering period (see Table 3).
After 6 months of accelerated weathering, the ductility of the
small beams with Type 1 GFRP laminates was found to be reduced
by 38%.
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Fig. 8. Load-deflection characteristics of small RC beams strengthened with Type 2
GFRP system.

The ductility of RC beams strengthened with Type 2 GFRP sys-
tem also seemed to decrease with longer weathering periods. For
C2-6 m, the ductility reduced by 18% compared to A2-0d whereas
for E2-1y, the reduction is 12% compared to Beam A2-1y.

For the large beams, the ductility was found to decrease in tan-
dem with the strength behavior, by 50% for Beam C1-1y with
Psp = 0.64% compared to 15% for Beam C3-1y with pgsp=1.92% at
the end of 1 year accelerated weathering (Fig. 9a).

The failure mode of the beams changed from concrete crushing
(CC) or flexural crack induced FRP debonding (DB) to FRP rupture
(FR) with longer weathering periods. This indicates that the FRP
system has deteriorated due to weathering. For beams strength-
ened with Type 2 GFRP system, the transition of failure mode
was found to take place at an earlier age than that for beams
strengthened with Type 1 GFRP system.

4.4. Comparison of test results with analytical predictions

The flexural strength of the GFRP-strengthened RC beams sub-
jected to combined sustained loading and weathering for different
time periods was calculated using the following input values. The
values of &sp,, for Type 1 and Type 2 GFRP laminates were taken
as 0.0214 and 0.0194, respectively, as established by Liew [5]. Also,
the values of ¢, were obtained from experimental studies [5] as:

Pew = a+blog(te) (12)



Normalized Flexural Strength

where t.=period of weathering (in days); and (a,b)=(1.003,
—0.147) and (0.90,-0.151) for Type 1 GFRP laminates under
outdoor and accelerated weathering, respectively, with correspond-
ing values of (0.993,-0.0133) and (1.047, 0.011) for Type 2 GFRP

laminates.
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Fig. 9. Static behavior of large RC beams strengthened with GFRP laminates.
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Fig. 10. Degradation in flexural strength.

The calculated values are compared with the test results in
Fig. 10. The analytical approach showed reasonable correlation with
the test results except for Beams C1-2 m and C1-3 m, which are
considered as outliers as explained before. Also, in general, the
approach predicted the failure mode accurately as shown in Table 3.
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5. Conclusions

From the analytical and experimental investigations carried out
on glass FRP-strengthened RC beams under the combined effect of
sustained loading and tropical weathering, the following conclu-
sions can be drawn:

1. FRP-strengthened RC beams under sustained loads exhibited
larger deflections and crack widths, when subjected to tropical
weathering at the same time. They showed smaller deflections
and crack widths when strengthened with a higher FRP rein-
forcement ratio.

2. Both the strength and ductility of beams under sustained loads
decreased with the longer weathering periods. However, beams
with more FRP laminates showed less degradation in strength
and ductility. The failure mode changed from concrete crushing
or flexural crack induced FRP debonding to FRP rupture, indicat-
ing degradation in the properties of the FRP system.

3. The proposed analytical approach, utilizing the degraded mod-
ulus of concrete and FRP laminates, gives a reasonably accurate
estimate of the long-term deflection of beams subjected to sus-
tained loading under tropical climate. The degradation in flex-
ural strength and change in failure mode are also predicted
reasonably well.
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