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ABSTRACT
A hybrid Fiber Reinforced Polymer (FRP) beam consjstof Carbon Fiber
Reinforced Polymers (CFRP) and Glass Fiber ReinfoRagmers (GFRP) has
been developed in Japan. The innovative featurbi®tieam is the combined use
of CFRP and GFRP in flanges to maximize structueafgsmance, while only
GFRP is utilized in the web to reduce the overaitcéd number of tensile and
compressive coupon tests were conducted to deterthimenaterial properties
which were used in the analytical investigationsheffull-scale beams. A series of
full-scale hybrid FRP beams were tested under foumtpoénding varying the
volume content of CFRP in flanges. Preliminary experital results revealed that
all the beams failed in a brittle manner with delaation at the interfacial layers
of CFRP/GFRP in the compressive flange and/or crgsbirfibers in the web. It
was found that the load-carrying capacity of beantegendent on the content of
CFRP and GFRP. To fully utilize the superior tensit@racteristics of the FRP
materials and avoid local brittle failure of hyb@RP beams, concrete deck was
provided on top of the hybrid FRP beam. Differgmets of shear connection were
trialed to provide composite action between theridyFRP beam and concrete
deck. The results of the experimental investigationth@ combined section of
concrete deck and hybrid FRP beam are discussed ifigcasainly on issues
related to the composite action of such composite beam
Keywords: hybrid FRP, brittle failure, concrete deck, shearection.

1 INTRODUCTION keeping the material costs low by using GFRP in the
flanges and web. This type of composite offers many
FRP composites have been increasingly used inbenefits over conventional materials such as the
civil infrastructure applications due to their ability of tailor-made/rapid construction, corrosion
advantageous properties such as high resistance, and reduction of carbon dioxide. These
strength/stiffness, lightweight, and corrosion advantages are of considerable significance in Japan
resistance. The apparent initial high cost of FRP because of the nation's large number of bridges
materials has been a major obstacle for the corroded by the severe ocean environment that will
widespread use in bridge applications. However, need to be replaced in the near future. Over tbie la
they are very competitive and more effective in decade, there has been significant growth in the
terms of durability and life cycle cost. research and development of hybrid FRP composites.
In Japan, FRP material has been used quite Numerous theoretical and experimental
extensively for repairing and strengthening existing investigations have been conducted worldwide
structures for more than twenty years. However, regarding the combined use of carbon/glass/matrices
studies on all’hybrid FRP structures in Japan are still [1-9]. However, the above studies cover a wide range
limited and no official standard specifications for of fiber and matrix types, fiber lay-up and stacking
these structures exist at this time. In this study, a sequences, etc., which result in different structural
hybrid FRP beam that combines multi-layers of behavior. Thus, additional investigations are resglir
carbon and E-glass fibers impregnated in a vinyl- to enable engineers to have confidence in designing
ester resin is developed for use in bridge application of hybrid FRP components for real applications. This
The advantage of this hybridization is to use the study focuses on the flexural behavior of hybrid FRP
superior strength of CFRP in the flanges while beams alone and composite action of hybrid FRP



beam and deck system. An I-shaped section of
hybrid FRP beam was developed as the first step of
the ongoing research project since it is easily
manufactured and commonly used in bridge
structures. A number of tensile and compressive
coupon tests were conducted to determine the
effective material properties of hybrid FRP lamisate

A series of full-scale I-beams with/without deck

system were tested in the laboratory and preliminary
experimental results were described.

2 TEST OF MATERIALS
2.1 Test specimen

The hybrid FRP coupons used in this study were
cut from test panels prepared by TORAY Industries,
Incorporated. Figure 1 shows the cutting pattern to
represent the laminates in the flanges, both in the
longitudinal (0) and the transverse (Qirections,
and the web of the hybrid FRP beam. Tables 1 and 2
show the percentage composition by volume of each
lamina composing the flanges and web, and the
mechanical properties of materials, respectively. The
stacking sequence of plies in the flanges and web is
shown in Figure 2. The Ilaminates were
experimentally tested under tensile and compressive
load to determine the material properties in the
longitudinal and the transverse directions.

Table 1: Composition of hybrid FRP beam

Types of Fiber angle  Flange Web
lamina ) (%) (%)
CFRP 0 33 0

0/90 29 32
GFRP +45 13 42
'csM 25 26

fContinuous Strand Mat

Table 2: Mechanical properties of materials

Parameters Notation*CF GF "GF " GF
0 0/90 +45 CSM

Volume

Fraction Vs 50 50 50 20

(%)

Young'’s Ei1 113 24 11.1 10

Modulus

(GPa) Ex 7.4 24 11.1 10

Shear

Modulus Goo 32 35 109 38

(GPa)

Poisson’s

Ratio N1z 032 0.1 0.29 0.308

"CFRP,” GFRP
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Figure 1: Cutting pattern for FRP coupons
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Figure 2: Layer composition of flanges and web

A total of 30 tensile and 36 compressive coupon
tests were conducted to determine the effective
material properties of hybrid FRP laminates. The
details of the FRP coupon specimens are shown in
Figures 3 and 4. For the tensile test, an anchorage
system consisting of steel pipes filled with high
strength but low viscosity epoxy was used to
facilitate gripping of the hybrid FRP coupons under
tensile loading. This anchorage system is essentially
modification of the standard tensile test and pull-out
test for FRP reinforcement bars based on ACI 440
[10]. On the other hand, distinct coupon specimens
were prepared for the test of compressive strength
and modulus. For the strength test, 15 mm wide and
140 mm long FRP coupons were tabbed over 30 mm
at each end with GFRP laminates or inserted into
steel pipes filled with epoxy. Test specimens for
compressive modulus were identical to the strength
test specimens without the tabs. Two types of
untabbed coupons with the length of 80 mm and 140
mm respectively were tested to determine the
compressive modulus of hybrid FRP laminates.
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Figure 4: Compressive specimen

2.2 Test setup and procedure

The tensile test specimen was loaded by gripping
the steel pipes in the wedge friction metal grips of
universal testing machine as shown in Figure 5a. On

the other hand, the hybrid FRP coupons were tested

for strength and modulus under compressive load
using the test fixture shown schematically in Figure
5b. FRP coupons were instrumented with strain
gages applied back to back to measure the axial an

lateral strains during the test. The load has been'

applied at a strain rate of approximately 200
microns/sec in the FRP coupons until final failure.
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Figure 5: Test setup

2.3 Effective material properties

The coupon test results showed that laminates of
hybrid FRP composite exhibited an almost linear-
elastic behavior to the failure in both tension and
compression. The effective elastic modulus of hybrid
FRP composites in tension and compression were
determined from the linear portion of the stress-strain
curve between 1000 and 3000 microstrains as
recommended in ASTM D 3410 [11]. The strength

was calculated from the maximum load and average
width and thickness of the specimen. Poisson’s ratio
was computed as the ratio of the lateral strain and

axial strain. Table 3 shows the modulus and strength
properties of hybrid FRP laminates obtained from the

dests of coupons. These material properties were used

n the analytical investigations of the full-scale
hybrid FRP composite beams.



Table 3: Effective material properties of hybrid FRP  an appropriate beam design from a viewpoint of cost
laminates and strength, three different compositions of carbon
fiber with the volume content of 52%, 33% and 14%
. Tensior  Compressio were used in the flanges as shown in Table 4.
Parameter Nmat'o"Flang( Wet Flange Wek
Young's En 50.7 15.3 48.4 19.8 Table 4: Experimental variables

modulus

(GPa E, 134 153 163 19.8 Volume content (%)
Poisson’s Uy 0.24 0.27 0.27 0.30 Types of Flange Web
ratio Uy 0.18 0.27 0.05 0.30 lamina Beam Beam Beam All
Maximum s 884 185 347 203 A-0 A-l A-2 beams
stress ¢ CFRP-0 52 33 14 0
Mpa, Sy 17t 185 177 203 Grppgigs 10 29 48 32
Failure N 14 14 04 1.0 GFRP+48 13 13 13 42
strair GFRP-CSM 25 25 25 26

BEAM

A total of 6 full-scale hybrid FRP beams were
3.1 Material and geometry of beams tested under four-point bending to investigate rthei
flexural behavior and failure mode. Web stiffeners
were installed under the loading points and supports
to prevent buckling of the beam. The steel box
stiffeners were bonded to FRP beam by epoxy
adhesives. Linear Voltage Displacement Transducers
(LVDT) and laser transducers were used to measure
the deflection of the beams in mid-span section and
under the loading points. A number of strain gages
were attached in flexural span, shear span and near
the loading points to measure the strain distributions
of the beams. A high-speed camera was placed in
front of the beams to record the sudden failure. The
test setup is shown schematically in Figure 7.

(a) Cross section 7 ! i

P12 P12
Stiffeners Unit: mm

Stiffeners

‘ 3700 ‘
(b) Elevation

Figure 6: Dimensions of hybrid FRP beams

All beams with 250 mm high and 95mm wide
were tested under four-point loading at a span of
3000 mm. The dimensions of beams are shown in Figure 7: Test setup of full-scale hybrid FRP beams
Figure 6. All beams were made of CFRP and GFRP
in the flanges and only GFRP in the web. Some 3.3 Experimental results and discussions
GFRP layers in the web were extended into the
flanges. The angle of CFRP was fixed to be zero (1) Load-deflection response and failure modes
degree to the longitudinal direction while the angl
of GFRP was 0/90/#45 or multi-directions Figure 8 shows the relationship between the load
(continuous strand mat) to improve the mechanical and mid-span deflection of beams. It can be seen that
behavior of the hybrid FRP laminates. To investigate the behavior of all beams is almost linear up to the



failure. The slope of load-deflection curves at the Unlike the stiffness, the load carrying capacity of
mid-span section is proportional to the volume the beam is not proportional to the volume content of
content of CFRP in the flanges. From Fig. 8, it is CFRP in the flanges. The ultimate load of beam A-1
clear that an increment of 20% in the volume content is the largest while the ultimate loads of beams A-0
of CF in the flanges can give an increment of and A-2 are almost the same. An investigation of the
approximately 10% in overall beam stiffness. The failure location of beam A-0O suggests that the
failure modes of beams are shown in Figs. 9 and 10.compressive crushing failure at the loading point is
The failure was due to the crushing of fibers under due to stress concentration. In addition, in the cése o
the loading point followed by the delamination ocfth  beam A-2, since the flange stiffness is comparatively
compressive flange and/or buckling of the web at the small due to the smaller volume content of CF in the
mid-span section. Delamination was observed in all flange, web buckling at the mid-span section seems

cases when the beam failed. to occur before delamination failure. It was
extremely difficult to visually distinguish between
200 the delamination failure and web buckling at the
mid-span section of the beam due to sudden failure.
1500 It is interesting to note that the load carryingamfy
does not depend on the volume content of CFRP but
z on the failure mode and the failure location.
< 100}
3 (2) Strain distribution
501 ﬁiﬁ} ii;fiiiﬁf Figure 11 shows the relationship between load
——A-2: 14% CFRP and longitudinal strain at the top and bottom of the
flange at the mid-span section. The results indicate

0 that both compressive and tensile strain behave

linearly up to the failure. The maximum compressive
and tensile strains are noted in beam A-2 with a
value of approximately 7100, which is about 40%
ultimate tensile strain of carbon fibers.

0 10 20 30 40 50 60 70
Displacement (mm)
Figure 8: Load-deflection curve
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Figure 11: Load-longitudinal strain curve

Figure 12 represents the vertical strains at the top
and bottom of the web at the mid-span section. The
figure shows that the vertical strain in the toptred
web is tensile while the vertical strain in the botto
of the web is compressive. It is well known that the
horizontal and vertical strain at the same positien ar
always in contrast with a positive Poisson’s ratp (
= - &nyy). For this reason, the horizontal strain in the
top of the web is compressive followed by a tensile
vertical strain. The situation at the bottom of the
web is opposite. It seems that the difference in the

Figure 10: Delamination and web crushing stiffnesses of stiff composition of CFRP and GFRP



of the flange and relatively soft GFRP from the web deck-to-beam connections involved FRP deck and
caused the delamination and the appearance ofbeam made from conventional materials. Hence,
vertical tensile strain in the web produced the initial investigation on the behavior of hybrid FRP
separation of the interface of CFRP and GFRP layersbeam with two differently bonded and compositely
Similar failure mode was reported by the other acting concrete decks was conducted.

researcher [12]. Adhesive bonding, an adopted connection
method for beam and deck system, and a
- A-0: Bottom web (BW —H-A-0: Top web (TW combination of mechanical fasteners and adhesives

—o—A-1: Bottom web (BW) —0—A-1: Top web (TW)

to prevent delamination failure were used in this
—A— A-2: Bottom web (BW) —— A-2: Top web (TW)

study. FRP beam with an overlying precast concrete

2001
deck bonded with epoxy only (FRP-conc 1) and FRP
beam with cast-in-place concrete deck bonded with
150 f epoxy and steel u-bolts (FRP-conc 2) were subjected

to three point loading test. Two 1.5 m long FRP
composite beams with 1.0 m loading span were used
as test specimens. The concrete deck was 75 mm
thick and 275 mm wide with a small amount of steel

Load (kN)
[
o
o

50l reinforcement (3 pieces 6 mm diameter) to facilitate
casting. Epoxy resin adhesives with the help of 8
pieces 10 mm diameter bolts were used to connect

oL ‘ b b the precast concrete deck. On the other hand, u-

-2000-1500-1000-500 0 500 1000 1500 2000 shaped bolts made of high-strength steel with 10 mm
Strain €) diameter were used as shear studs as well as epoxy
Figure 12: Load-vertical strain curve resins with gravel chips to developed full composite

interaction between the FRP beam and cast-in-place
It is concluded that the load carrying capacity of concrete deck. The top flange of the FRP composite
the hybrid beam is governed by the delamination of beam was sandpapered and cleaned with acetone to
the compressive flange at the interfacial layerss It i give a rough bond surface before the application of
likely that the stress concentration at the loading epoxy adhesives. Figure 13 shows the shear
points increased with increases of CFRP volume connection for both specimens.
content in the compressive flanges.

4 COMPOSITE BEHAVIOR OF THE HYBRID
FRP BEAM AND CONCRETE DECK

Results from flexural behavior of hybrid FRP
beams suggested that the investigation of hybrid FRP
composite beam with concrete deck is necessary to
prevent delamination. In this section, the flexural
behavior of hybrid FRP beam with a compositely
acting concrete deck is investigated. It is anticigate
that the addition of concrete deck will avoid local (a) Shear connection for precast concrete deck
deformation on the thin compression flange and will
lead to utilization of the superior tensile
characteristics of FRP materials. Similarly, an
effective connection between the FRP beam and
concrete deck is investigated since it is anticipated
that shear failure in the interface between coecret
and FRP can easily occur.

4.1 Materials and method

An appropriate shear connection between the
interface of FRP beam and concrete deck is
important to develop a composite structure. Similarly, (b) Shear connection for cast-in-place concrete deck
the failure mechanism of a suitable shear connection Figure 13: Shear connections between hybrid FRP
should not be catastrophic. In literature, only @ fe  peam and concrete deck
examples can be found on this topic. Most studies on



Subsequently, four point loading test on hybrid
FRP beam with compositely acting concrete deck
was conducted. Specimen FRP-conc 3 represents
FRP composite beam with cast-in-place concrete
deck bonded with epoxy and steel u-bolts. The
hybrid FRP beam with 33% carbon volume content
(beam A-1 as discussed in previous section) was
used in this investigation. Metal box stiffeners
spaced at 333.33 mm on center were installed in the
web to prevent premature failure and ensure that
only tensile failure will occur in the FRP beam.
Stiffeners were bonded to FRP specimen using
epoxy adhesives. U-shaped bolts made of high-
strength steel with 10 mm diameter as well as epoxy Figure 15: Test set-up of specimen FRP-conc 3
resins with gravel chips were used as shear
connection. The concrete deck was 100 mm thick
and 400 mm wide with steel reinforcement (5 pieces 4.2 Results and Discussions
16 mm diameter bars) to provide additional
compressive force on the concrete section. In (1) Shear connection
addition, 5 pieces 16 mm diameter bars were used as

bottom reinforcement for delaying the formation of A suitable connection between the interface of

tension c:jackks and Iirlnit thle .crack Wid,th o|r|1 (;he hybrid FRP beam and concrete deck is discussed
concrete deck. Lateral steel ties were installed to firstly. Results of the initial test showed that the

provide confinement of concrete. The concrete has aadhesive bond provided by epoxy and the

mean cyl[nder strength OJ 82 MPahobtalned from echanical anchorage by steel u-bolts enabled a
compression test at 14 ays (at.t € same age %fsmooth load transfer from FRP beam to the concrete
testing the specimen). The dimensions and details of jo.k The stiffness of both specimens was the same

the specimen are shown in Figure 14. before cracking of the concrete as shown in Figure
16.
Cast-in-place concrete deck
400 mm IO
! crushing of |y
500 Tk T e ry
Longitudinal barsl6) 100 mm ! doncinge 1 .
400 T
U-bolts (10
250 mm Z mm e AT OKN L
Hybrid FRP girdé & 300 f S b denondimg |
g 1 o 11 e
@ L gl < TITTTTT
& 200
-
/ —&— FRP-conc 1
- 100 o —O—FRP 2 )
(a) Cross section ﬂﬂf cone
0 T T T T
0 2 4 6 8 10
U-bolts (10 P/2 P/2 .
olts (10) 1 i Ties (6) Displacement, mm
Figure 16: Load and mid-span deflection
‘ U ‘ ‘ |_| U ‘ ‘ |_| U ‘ ‘ relationship of FRP-conc 1 and FRP-conc 2
y_1000mm |  1000mm || 1000 mm
300 mm 300 m i i
3600 mm i However, FRP-conc 2 behaved slightly stiffer
| than FRP-conc 1 after cracking of concrete until
(b) Elevation failure. FRP-conc 1 failed due to total debondirig o
epoxy which caused separation of the FRP beam and
Figure 14: Dimensions of specimen FRP-conc 3 concrete deck. On the other hand, when debonding

of epoxy occurred in FRP-conc 2, the load suddenly
The test set-up of specimen FRP-conc 3 is shown dropped but increased again. This indicates that the
in Figure 15. The beam was simply supported with u-bolts started contributing to the shear anchorage
angle bars attached near the support to prevendllate between FRP beam and concrete deck. The concrete
collapse of the beam. Load was applied manually by flowed in the open holes created by the u-bolts
hydraulic jack and the deflection, strains and failu  forming dowels might have provided the shear
mode were recorded during loading and until failure resistance. Similarly, reinforcement bar placed in the
of the specimens. open holes with the surrounding concrete improved
the transfer of horizontal shear forces between FRP



beam and concrete deck. Failure of the composite
beam occurred due to shear failure of concrete with
the concrete deck still attached to the FRP beam.

(2) Load-deflection relationship

The behavior of FRP beam with an overlying
concrete deck was compared with the result of the
four-point loading test conducted on FRP beam alone
Figure 17 shows the load deflection of the FRP beam
with and without concrete deck. FRP-1 represents a
load deflection relationship of the hybrid FRP beam
only. Based on the figure, the load capacity of FRP-
conc 3 increased linearly with deflection until an
applied load of 246 KN and a decrease in stiffness
was observed until final failure. The reduced
stiffnress may be caused by the development of
diagonal cracks within the shear spans which
contributed to the downward deflection of the beam.

FRP beam. The maximum tensile strain measured for
FRP-conc 3 was 9,050 microns compared to only
6,245 microns for FRP-1. Similarly, there is a
significant decrease in the compressive strain in the
top flange of the FRP beam preventing the separation
of laminates and sudden failure of the beam. This
shows that the superior characteristics of the FRP
material was efficiently utilized with the additiofi o

.concrete deck in the thin compression flange.

Load, KN

—— FRP-L(TF)
FRP-1(BF)

FRP-Conc (TF)
s FRP-Clonc (BF)

-10000 -5000 5000 10000

Strain, microns

Before ultimate failure, there was widening of cracks Figure 18: Load-strain relationship at the top and
in the concrete deck and an increased amount Ofbottom flanges

deflection even without an increase in the applied
load. At an applied load of 427 KN with a mid-span
deflection of 73.9 mm, the composite beam failed

due to crushing of the concrete at the shear span

followed by shear failure of the top flange and web

(4) Failure mode

Figure 19 shows the failure mode of FRP

of the FRP beam. On the other hand, FRP-1 behaved;omposite beam with concrete deck. Development of

linearly with no signs of damage before final failure
FRP-1 failed at a much lower load and exhibited
large amount of displacement.

500

404 - - -

300

2001 -~ - 4

Load, KN

100

—8—FRP-L

—o—FRP-conc 3| |

40 60

Deflection, mm
Figure 17: Load and mid-span deflection
relationship of hybrid FRP beam with and without
concrete deck

80

100

Consequently, result of the experimental
investigation showed that composite action from a
concrete deck could overcome deflection limitations
inherent in FRP composite beam and a higher load
carrying capacity at final failure could be attalne

(3) Load strain relationship of hybrid FRP beam

The load strain relationship of the top and bottom
flanges of hybrid FRP beam tested with and without
concrete deck is shown in Figure 18. In both tests,
hybrid FRP beam behaved linear elastic until final
failure. The composite action resulted to a stiffied
higher load capacity with higher tensile strainhe t

diagonal cracks within the shear span started at a
load of 246 KN. The crack width started to increase
with the continuous application of load and lead to
the compression failure of concrete deck near the
loading point followed by shear failure on the top
flange and web of FRP composite beam. Shear
failure in the top flange of FRP beam may be due to
stress concentration in the holes provided for the u-
bolts. This was not the expected mode of failure as
the composite beam was designed to fail by rupture
of the FRP to determine the strain level where FRP
beam will fail in tension. Hence further developmen
in the concrete strength is necessary to utilize more
effectively superior tensile strength of FRP matsria
and details will be discussed later.

(a) Compression failure of concrete deck



(b) Shear failure of top flange and web of FRP beam

Figure 19: Failure mode of hybrid FRP beam with
concrete deck

5 CONCLUDING REMARKS

(1) The experimental data from material tests can
represent precisely the strength and elastic
modulus of the hybrid FRP composites which
were used in the analytical investigations of the
full-scale beams.

Hybrid FRP beams behave linearly under
flexural loading and failed suddenly due to the
crushing of fibers near the loading point and the
delamination of the compressive flange between
the interface of carbon and glass fibers. The
failure load and failure mode of beams depends
upon the volume content of CFRP in flanges.
Although delamination in the compressive
flange is observed in all the cases of the hybrid
beams subjected to the flexural loading, it can
be avoided when hybrid the FRP beam is joined
with deck system to form a complete bridge.
The composite behavior of hybrid FRP beam
with concrete deck was initially investigated. A
complete interaction at the interface of FRP
beam and concrete deck was achieved using
steel u-bolts and epoxy resin. The composite
action resulted to a higher stiffness and strength
with the FRP beam exhibited high tensile strain
before final failure. The composite beam failed

)

®3)

due to crushing of the concrete in the shear span

followed by shear failure in the top flange and
web of FRP beam. Lastly, the superior
characteristics of FRP beam can be efficiently
utilized if a stiffer material such as concrete is
provided on the top flange which can form a
part of the bridge deck.

6 FURTHER DEVELOPMENTS

The results of composite behavior of hybrid FRP
beam and ordinary concrete deck showed a
significant increase in stiffness and load-carrying
capacity of hybrid FRP-concrete beam compared to
those of solely hybrid FRP beam. However the
ordinary concrete deck has some disadvantages such
as its low compressive/crack strength, low durability
and heavy weight which may result in reduction of
structures’ service life. The Ultra high strength Fiber
reinforced Concrete (UFC) is found to be a better
selection for the combined use with the hybrid FRP
beam since it has superior strength and durability to
those of ordinary concrete. UFC deck is therefore
proposed in this study to overcome the weaknesses
of ordinary concrete. An effective shear connection
between hybrid FRP beams and UFC deck will be
developed to form a full composite action. An UFC
deck will be joined with hybrid FRP beam using
stainless steel bolts and epoxy resin. Authors believe
that with such further development, the system of
hybrid FRP beam and UFC deck can be applied for
the construction of pedestrian/road bridges in Japan.
The target applications of this research project are
free passages over busy railways system and pontoon
bridges in harbor region which are urgently needed
to construct in short period of time. The utiliziog
lightweight structural system of hybrid FRP beam
and UFC deck seems to be an optimal solution.

For spreading use of hybrid FRP bridges, it is
very important in this study to evaluate the amount
of carbon dioxide emissions from bridges. The unit
amount of carbon dioxide emission from FRP is
known much higher than that from other
conventional materials such as concrete and steel.
However, hybrid FRP bridges have much lighter
weight than other traditional bridges and this may
result in reduction of the total amount of carbon
dioxide emissions. On the other hand, life cycle cost
(LCC) of hybrid FRP will be considered including
the cost for maintenance. It is believed that such
further development will succeed and help to
establish the design guidelines for hybrid FRP
structures in the near future.
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