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The low stiffness of pultruded glass fiber reinforced polymer (pGFRP) flexural members has been one of the main
issues limiting their possible applications ever since this type of material was invented. In this regard, curved-
pultrusion technique is adopted in this work to produce GFRP arch beams, and a new GFRP beam-string
structure is proposed. Specifically, experimental, numerical, and analytical programs were conducted to inves-
tigate the flexural performance of curved-pultruded GFRP arch beams subjected to varying boundary conditions.
The flexural strength and stiffness were successfully enhanced by up to 27% and 109%, respectively, which was
attributed to the arch mechanism enabled by proposed GFRP beam-string structure. In addition, the progressive
failure of GFRP material and the imperfect load-transfer between GFRP arch beam and tension string were
investigated through finite element modeling. Then, web crippling strength of GFRP arch beams was predicted
with modifications to an existing model, and internal forces of beam-string were analyzed. The GFRP beam-string
structure proposed in this work effectively sheds light on possible approach to improve the flexural stiffness of
PGFRP members, and with successful demonstration of this work, it is rationally believed that possible appli-

cations of curved-pultruded GFRP members can be greatly broadened.

1. Introduction

Pultruded glass fiber reinforced polymer (pGFRP) composites have
received an increasing number of interests from construction, automo-
tive, and energy industries all over the world in past two decades [1-5].
Favorable features of pGFRPs that really impress the industries include
the high strength- and stiffness-to-weight ratios, excellent corrosion
resistance, and superior fatigue performance [6-9]. To date, one of the
main issues limiting further applications of pGFRPs is the relatively low
modulus of elasticity of material, which is often interpreted as the low
stiffness when speaking of structural members. The low stiffness is
typically manifested in two aspects, stability and deflection [10]. Sta-
bility behaviors (i.e., buckling) of pGFRP members have been exten-
sively investigated by many researchers, and the stability limit state can
be readily satisfied provided appropriate plate/member slenderness
ratios and/or additional restraints [11-17]. On the other hand, deflec-
tion limit state is often found to be the dominant factor in practical

design of pGFRP beams, since flexural members may suffer from
excessive deflections under service loads [18].

Conventional pultrusion technique only permits straight profiles and
enlarging the cross-sectional geometry might render the only approach
to improve the flexural stiffness, if excluding the composite action by
PGFRPs and other types of materials [19-24]. In this regard, the present
authors [25] have proposed to adopt the curved-pultrusion technique to
enable a camber in beams (see Fig. 1a), such that the adverse deflections
can be mitigated and the clearance under beams can be ensured. Using
curved-pultruded GFRP profiles, a pedestrian bridge spanning over 20 m
has been designed and constructed in Beijing, China in 2021, as shown
in Fig. 1b. The bridge consists of 20 I-beams, each having geometries of
600 x 200 x 20 x 15 mm (depth x width x flange thickness x web
thickness). It is noted that the boundary condition of this bridge is close
to simply-supported, and thus, the cambered pGFRP beam (referred to as
curved-pultruded GFRP arch beam or short as GFRP arch beam in this
work) behaves essentially in the same manner with a simply-supported
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straight beam.

The most attractive feature of curved-pultruded GFRP profiles, from
the perspective of authors, may lie in the possible arch mechanism and
its excellent structural performance, especially the improved flexural
stiffness. To enable the arch mechanism, in this work a pair of steel
tension strings are introduced to curved-pultruded GFRP arch beam,
thus making it a beam-string structure, as shown in Fig. 2. In available
literature, a CFRP beam-string structure has been reported, which
demonstrates an excellent structural efficiency in terms of strength-to-
weight ratio [26]. With that said, the flexural performance of
simply-supported GFRP arch beam (as control specimen) and the GFRP
beam-string structures with varying tensions in strings are investigated.
First, a series of experimental program is carried out with respect to 1)
small-scale coupons for defining the mechanical properties of material
and 2) large-scale beams for determining the flexural strength and
stiffness of curved-pultruded GFRP arch beams. Second, finite element
modeling is conducted to evaluate and validate the flexural behaviors of
beams observed in experimental tests. Third, analytical program is
conducted to calculate the ultimate strength as well as internal forces of
GFRP arch beams. The GFRP beam-string structure proposed in this
work successfully demonstrates an effective approach for enhancing the
flexural stiffness as well as increasing the possible span length of pul-
truded GFRP beams/structures.
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Fig. 2. Proposed GFRP beam-string structure.

2. Experimental program
2.1. Materials

In this work, the curved-pultruded GFRP arch beams are in form of
an I-section with geometries of 100 x 100 x 10 mm (depth x width x
plate thickness), and they are manufactured by XingTai HongBang
Composites Manufacturing Co., LTD., in China. The GFRP materials
consist of E-glass fibers and epoxy resin. A series of material charac-
terization tests were conducted to measure the mechanical properties
and fiber volume fraction of material. ASTM standard tests as well as the
standard coupon geometries were adopted, including D3039 [27] for
tensile properties, D6641 [28] for compressive properties, D5379 [29]
for in-plane shear properties, D7264 [30] for flexural properties, and
D2584 [31] for fiber volume fraction. Those coupons were randomly
extracted from top and bottom flanges. Test set-ups and representative

(a) Schematic of curved-pultrusion technique
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Fig. 1. Curved-pultrusion technique and its bridge application [25].
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failure modes are presented in Fig. A.1. in Appendix A. It is noted that
non-standard coupons with geometries of 80 x 15 x 10 mm (length x
width x thickness) were used for measuring the transverse tensile
properties, and these coupons were extracted from web plate.

The experimentally-determined mechanical properties and fiber
volume fraction of GFRP materials are summarized in Table 1. All types
of properties were successfully obtained with coefficients of variation
(COV) less than 0.10, except for in-plane shear modulus and minor
Poisson’s ratio. With that said, the mechanical properties of top and
bottom flanges of curved-pultruded GFRP I-section were about the same,
despite of having different curvatures from manufacturing process. In
addition, an abnormal data is found for longitudinal tensile strength,
which is only 574 MPa, even smaller than longitudinal compressive
strength, 647 MPa. This is mainly due to the failure mode observed in
10-mm-thick longitudinal coupons, which is dominated by longitudinal
delamination—an interface- and/or matrix-dominated failure mode.
According to ASTM D3039, standard coupon thickness is taken equal to
as-received thickness of GFRP profiles; however, the thick coupon
addressed in this work is observed not to exhibit the fiber-dominated
failure mode (i.e., fiber fracture). In this regard, many FRP practi-
tioners often use a milling machine to cut the longitudinal coupon
thinner (in thickness direction) or narrower (in width direction)
depending on whether the through-thickness architecture is of critical
design concern. Although the thinner/narrower coupon can be conve-
niently tested, the obtained results are susceptible to be at the high-end
because of the size effect. In addition, ASTM D638 [32] prescribes to use
dob-boned coupons, while it also suggests testing continuous fiber
reinforced polymer composites per D3039 (see Note 4 in Section 1.3 of
D638). In order to address this issue, standard tests need to be revised in
order to accommodate the thick/high-strength materials for heavy-duty
purposes emerged in recent years, such as the 20-mm-thick flange plate
of bridge I-girder (see Fig. 1b), and the spar cap plates having tensile
strength exceeding 1000 MPa. In this work, the longitudinal flexural
strength, 808 MPa, is taken as the longitudinal strength of material, and
this value is used throughout the following analyses.

2.2. Flexural tests

A total of 12 GFRP arch beams having radius of curvature of
2586 mm were tested under three-point bending test configuration, as
shown in Fig. 3. All beams were seated at a pair of customized steel
supports. The steel support was designed to accommodate the curvature
of beams as well as to allow the anchorage of steel tension strings. Three
beams were tested without tension strings; thus, they were simply-
supported arch beams and taken as control specimens. The other nine
beams were tested with tension strings, making them beam-string
structures. Given beam-string structure is a self-balanced structural
system, the beam-string specimens were also subjected to simply-

Table 1

Experimentally-determined mechanical properties of GFRP material.
Mechanical properties Values COVs
Longitudinal tensile strength F;, (MPa) 574 0.08
Longitudinal tensile modulus E;, (MPa) 47208 0.04
Transverse tensile strength Fr, (MPa) 45 0.09
Transverse tensile modulus Er, (MPa) 14765 0.03
Longitudinal compressive strength F;. (MPa) 647 0.03
Longitudinal compressive modulus E;. (MPa) 44770 0.06
Transverse compressive strength Fr, (MPa) 152 0.02
Transverse compressive modulus Er. (MPa) 13305 0.06
Longitudinal flexural strength Fy;, (MPa) 808 0.07
Longitudinal flexural modulus Ep;, (MPa) 46763 0.05
In-plane shear strength F;r (MPa) 84 0.09
In-plane shear modulus G, (MPa) 4573 0.15
Major Poisson’s ratio vt 0.29 0.03
Minor Poisson’s ratio vy, 0.10 0.15
Fiber volume fraction V¢ 0.59 0.01
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supported boundary condition. The average clear span of all beams is
1800 mm with variance of + 20 mm, and the calculated arch rise is
162 mm with variance of + 5 mm. The steel strand has diameter of
12.7 mm, elastic modulus of 195 GPa, ultimate tensile strength of
1860 MPa, and design tensile strength of 1320 MPa [33], and they were
anchored at mid-height of beam end-sections. All tests were controlled
within the design tensile strength of steel strands such that only the
elastic behavior of steel strands was to be considered.

A hydraulic jack with maximum capacity of 500 kN was employed to
apply the load in manner of displacement-control at rate of 2 mm/min.
A steel bearing plate having thickness of 3.5 mm and a rubber plate
having thickness of 5 mm were used to spread the point-load to the re-
gion of 75 x 100 mm (beam length x width) to avoid possible stress
concentration. The rubber plate was also used in between of GFRP arch
beams and steel supports to avoid stress concentration. Moreover, wood
stiffeners were used at mid- and end-sections, aiming to enhance the
load-carrying capacity of beams subjected to concentrated loads. A
linear variable differential transformer (LVDT) was installed at mid-span
of beams to monitor the vertical displacement during the tests. Eight
strain gages were installed near mid-span of six GFRP arch beams (i.e.,
three control specimens and three beam-string specimens) to measure
the possible flange local buckling behavior and validate the plane sec-
tion assumption. The layout of strain gages is illustrated in Fig. 4.
Additionally, a pair of load transducers were installed at one end of all
beam-string specimens to measure the actual tensile force in steel
strands during tests. Two pairs of steel lateral supports were installed at
third span of all specimens to prevent the possible lateral torsional
buckling. In addition, the side plates of customized steel supports were
also designed to prevent the beam-ends from possible lateral torsions.
Thus, all beam specimens were exempt from out-of-plane deformations.

A total of four different boundary conditions were investigated in
this work, and 12 specimens were categorized into four groups, with
each group having three identical specimens for validating the repeat-
ability of tests. Specifically, three control specimens were only subjected
to simply-supported boundary conditions, and thus, they are denoted as
specimens SS-1, — 2, and — 3. Three (out of nine) beam-string specimens
were tested without pre-tensioning of steel strands such that their ten-
sion strings were relaxed before tests; these specimens are denoted as BS-
relaxed-1, — 2, and — 3. In addition, another three beam-string speci-
mens were tested with steel strands pre-tensioned to about 0% of their
ultimate tensile strength to remove the relaxed part of tension strings;
these specimens are denoted as BS-0%— 1, — 2, and — 3. The last three
beam-string specimens were tested with steel strands pre-tensioned to
about 5% of their ultimate tensile strength, aiming to investigate the
effect of pre-tensioning of tension strings on the flexural behavior of
GFRP arch beam; these specimens are denoted as BS-5%— 1, — 2, and
— 3. All specimens were deemed failed (and tests were stopped) when
sudden-catastrophic failure was occurred, and dramatic drop of load
was observed.

2.3. Test results

Experimentally-determined ultimate loads, maximum displace-
ments, and linear stiffness of GFRP arch beams subjected to varying
boundary conditions are presented in Table 2. It is noted that self-weight
of GFRP arch beam, 56 N/m, is neglected in calculation of ultimate load,
since its contribution to flexural strength of beam is less than 0.05% of
observed value, and also, the stiffness is defined in form of strength-to-
displacement ratio. From Table 2, it is seen that all the BS specimens
exhibited higher flexural strength and stiffness as compared to SS
counterparts; moreover, such an improvement in flexural performance
tends to become more prominent with the increasing pre-tensioning in
tension strings. Specimens BS-5% exhibited the highest flexural strength
and stiffness, increased by 27% and 109%, respectively, as compared to
control specimens; that is, with only 5% of pre-tensioning the proposed
beam-string system is able to double the flexural stiffness of GFRP arch
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(c) Customized steel support
Fig. 3. Three-point bending test configuration.
beam. manner until failure; thus, flange local buckling is not of concern in
Taking specimen BS-relaxed-1 as example, representative top flange this case, and the same behavior is also observed in all other specimens.

and cross-sectional strains are shown in Fig. 4. From Fig. 4a, it is From Fig. 4b, it is seen that strain distribution generally increased lin-
observed that all flange strains behaved almost in a linear-elastic early with the sectional height; thus, plane section assumption can be
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Fig. 4. Representative top flange and cross-sectional strains (BS-relaxed-1).

Table 2
Experimentally- and numerically-determined flexural performance of GFRP arch beams.
Specimens Experimental results Numerical results
Ultimate Load P Avg. P Max. Linear stiffness K (kN/m) Avg. K Ultimate Load P Prpy Max. Linear stiffness K (kN/m) Krem
(kN) (kN) displ. 4 (kN/ (kN) Py displ. A Kexp
(cov) (mm) m) (mm)
(Cov)
SS-1 60.68" 79.40" 42.10 1462 1475 83.89 1.38% 59.31 1436 0.98
SS-2 83.00 () 58.95 1481 (0.01) 1.01 0.97
SS-3 75.80 55.31 1468 1.11 0.98
BS-relaxed- 88.58 88.12" 44.40 2270 2176 89.40 1.01 44.47 2109 0.93
1 ) (0.04)
BS-relaxed- 59.98" 31.61 2233 1.49° 0.94
2
BS-relaxed- 87.65 44.09 2119 1.02 1.00
3
BS-0%— 1 97.99 97.97 62.07 2070 2407 101.68 1.04 43.75 2496 1.21
BS-0%— 2 100.55 (0.03) 54.00 2801 (0.18) 1.01 0.89
BS-0%— 3 95.35 58.30 2012 1.07 1.24
BS-5%— 1 100.36 100.56 37.21 3068 3079 104.32 1.04 31.17 2998 0.98
BS-5%— 2 97.81 (0.03) 38.01 3036 (0.01) 1.07 0.99
BS-5%— 3 103.52 34.61 3122 1.01 0.96

@ This is an outlier due to premature failure of specimen;
b Qutlier is not considered in calculation of the average load.
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Fig. 5. Representative load-displacement and thrust-displacement curves.
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validated.

Load-displacement and thrust-displacement curves of the four spec-
imens having the highest loads from each type of boundary conditions
are taken as the representatives, as shown in Fig. 5(i.e., solid lines with
subscripts of exp). From Fig. 5a, it is seen that BS-5%— 3 exhibited the
highest flexural strength and stiffness, followed by BS-0%-— 2, BS-
relaxed-1, and SS-2. Moreover, the load-displacement curves of all
specimens are observed, to noticeable extent, to show a slightly non-
linear behavior. Such a non-linear behavior is susceptibly attributed to
the inherent geometric and material non-linearities of GFRP arch beam
as well as the initial imperfections of test set-up.

The non-linear behavior is also evidenced by the measured tensile
force of tension strings (i.e., thrust H in Fig. 5b). It is noted that the
thrusts shown in Fig. 5b are the sum of two steel strands, and they are
zeroed against their initial values before applying the load P. This is due
to the fact that the possible camber of beams induced by pre-tensioning
of strands was not restrained, and the resulting reaction at mid-span of
beams was released. Thus, all beam-string specimens were self-
balanced, and the structural behaviors of interests are those observed
after applying the load P. With that said, the observed thrust of three BS
specimens clearly show different behaviors. Initially-relaxed tension
strings are seen not to take up the load until the GFRP arch beam
experienced a vertical displacement almost 10 mm. With steel strands
straightened (i.e., pre-tensioned to 0%), tension strings are able to take
up the load simultaneously with deformation of GFRP arch beam;
however, the load of tension strings is much lower than that pre-
tensioned to 5%. Moreover, considering the widely-recognized linear-
elastic behavior of steel strands, the observed thrusts indicate an
imperfect load-transfer mechanism in the present configuration of
beam-string system; that is, the measured thrusts (by load transducers at
steel support) are susceptible to be affected by imperfections of test set-
ups and the effective thrusts transferred to GFRP arch beams may be
lower than measured values. The non-linear behavior of GFRP arch
beams as well as the load-transfer mechanism between GFRP arch beams
and steel strands are investigated in the following numerical program.

Taking specimen BS-relaxed-1 as example, typical failure modes of

W s Y

Cross-sectional view

Elevation view -
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GFRP arch beams are shown in Fig. 6. Additionally, failure modes of
other types of specimens (i.e., SS, BS-0%, and BS-5%) are also provided,
as shown in Fig. A.2. in Appendix A. Based on experimental observa-
tions, the first shear crack occurred at top flange-web junction under
load point. With the loss of integrity of flange-web junction, web plate
started to take over almost all the load and web crippling failure
occurred near the load point, which is marked by tear-apart-like crack at
web. Then, shear crack propagated along with the flange-web junction
until reaching the end-sections of beam. All cracks occurred within an
extremely short period, and the sound was similar to gunshot. These
cracks are generally observed in all specimens, and they were not
necessarily occurred following the same order for every specimen.

3. Numerical program
3.1. Finite element modeling

Finite element (FE) modeling was conducted via ABAQUS to simu-
late and validate the flexural behavior of curved-pultruded GFRP arch
beams subjected to varying boundary conditions. Two types of models
were constructed: the first one only modeling GFRP arch beam and the
second one modeling both GFRP arch beam and steel strands, as shown
in Fig. 7. The material properties were taken as those shown in Table 1.
2D shell element S4R was used to model the GFRP arch beam and 3D
solid element C3D8R was used to model the steel strands. With mesh
convergence tests, characteristic element sizes of 5.0 and 1.8 mm were
respectively determined for shell and solid elements. All FE models were
built mimicking the experimental set-ups, thus having simply-supported
boundary condition and a concentrated displacement load at mid-span.
In addition, the central surface region of 75 x 100 mm (beam length x
width) was coupled in all degrees of freedom with respect to the load
point so as to simulate the effect of steel bearing plate. In the first FE
model, horizontal thrust H was taken as the actual tensile forces
measured from experimental tests (i.e., specimens BS-relaxed-1, BS-
0%—2, and BS-5%—3) and it was applied at the roller-end of beam. In
the second model, steel strands were constrained together with GFRP

Shear crack at mid-span \

I\ —
2 v“‘")"

Topview|

Fig. 6. Representative failure modes of GFRP arch beam (specimen BS-relaxed-1).
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FE model with steel strands
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Taking measured tensile force
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Roller
support
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Fig. 7. Finite element models.

arch beam at both ends, thus permitting a perfect load-transfer mecha-
nism. Comparing the two models, the first one is expected to yield a
better agreement with experimental results since an imperfect load-
transfer between GFRP arch beam and steel strands has been identi-
fied, and such an imperfect load-transfer can be observed by specimens
BS-relaxed-1 and BS-0%— 2 in Fig. 5b. Thus, the first model is focused in
this section for validating the experimental results, meanwhile the sec-
ond model is to validate the analytical results presented in next section.

In order to simulate the non-linear flexural behavior as well as
identifying the failure/damage modes of GFRP arch beams, progressive
failure was modeled in ABAQUS using Hashin damage criterion, which
consist of three components, including damage initiation, damage evo-
lution, and damage stabilization [34]. Damage initiation considers fiber-
and matrix-dominated damages and determines the onset of four modes:
1) fiber tension; 2) fiber compression; 3) matrix tension; and 4) matrix
compression [35,36], as expressed in Eqs. 1-4. Note that 613, 622, and 612
are the three components of effective stress tensor o, and «a is the coef-
ficient accounting for the contribution of shear stress to fiber tension
damage mode. In addition, the longitudinal and transverse shear
strength are approximately assumed to be equal to in-plane shear
strength Fi1. Then, damage evolution is to reduce the stiffness of ma-
terial based calculated damage variables, and in this process, the tensile
and compressive fracture energies in fiber- and matrix-dominated di-
rections must be specified so as to calculate the damage variables,
including Gy, G, Gmp and G (subscripts f and m indicate fiber and
matrix, and t and ¢ indicate tensile and compressive) [37]. Last but not
least, damage stabilization is to alleviate the convergence difficulties
through four viscosity coefficients corresponding to tensile and
compressive behavior in fiber- and matrix-dominated directions [37].
Detailed expressions regarding damage evolution and stabilization have
been extensively addressed by previous studies (e.g., [36] and [37]), and
therefore, they are not repeatedly discussed herein.

2 2
. . 011 o2
Fiber t = al—] =1loy; >0 1
iber tension (FL1> <FLT> 0 €y
o1\ 2
Fiber compression : <F”) =16, <0 (@3]
Le
02 : O12 :
Matrix tension : [ — ) + (=] =1 3
(Frt) (FLT>

2
. . o
Matrix compression : 2 +
2F[‘T

F. 2 4 o12\>
Te 22 12
-1 + (—) =1 (4
<2F14r) } Fr.  \Fur
Representative data of fracture energies and viscosity coefficients
available in literature are summarized in Table 3. The present work

empirically adopted the highest fracture energies pertaining to fiber
from literature (i.e., G = G = 100 N/mm) and proposed a new set of

Table 3
Fracture energies and viscosity coefficients in literature and present work.
Authors Materials” Gy Gy Gt G Viscosity
N/ N/ N/ N/ coefficients
mm) mm) mm) mm) n
Lapczyk and GF/EP 12.5 12.5 1.0 1.0 nf
Hurtado = 0.00025;
[37] ftm = 0.005"
Sharma et al. GF/EP 92 79 0.22 0.61 -
[38]
Tarfaoui et al. CF/EP 100 100 5 5 0.001
[39]
Alhawamdeh GF/VE 92 79 5 5 0.001
et al.[34,
40]
Present work GF/EP 100 100 14 14 0.001;
0.0035;
0.0025

# GF indicates glass fiber; CF indicates carbon fiber; EP indicates epoxy resin;
VE indicates vinyl ester resin;
Y Viscosity coefficients ng and 7y, are for fiber and matrix, respectively.

fracture energies for matrix based on regression of current experimental
data (i.e., Gyt = Gme = 14 N/mm). It is noted that experimental tests are
required to obtain an accurate characterization of fracture energies of
PGFRP profiles, while in this work such type of tests is not conducted.
The selected fracture energies are seen to achieve satisfactory accuracy;
that is, those data, though empirically determined, are able to provide a
general characterization of the properties as well as the imperfections of
the material. In addition, viscosity coefficients n are generally obtained
through data-fitting process based on experimental results [34,37-40].
Thus, the same method with previous studies was adopted, and in this
work, 7 = 0.001 for specimens SS and BS-relaxed; # = 0.0035 for spec-
imen BS-0%; n = 0.0025 for specimen BS-5%. Taking specimen SS-2 as
example, the effects of fracture energies and viscosity coefficients are
illustrated in Fig. 8a. In general, the fracture energies and viscosity co-
efficients adopted in this work are in similar region with existing data.

In addition to progressive failure of GFRP material, the load-transfer
mechanism between GFRP arch beam and steel strands was investigated.
In the tests, the horizontal thrust to GFRP arch beam was realized
through a pair of customized steel supports in between of the beam and
steel strands. Although the force of strands was measured, a certain
extent of loss might exist due to the imperfect transfer of load. Through a
parametric study, 20%, 30%, and 15% reductions of recorded forces
were identified for specimens BS-relaxed-1, BS-0%— 2, and BS-5%— 3,
respectively. Taking specimen BS-5%— 3 as example, the effects of vis-
cosity coefficients and effective thrusts are illustrated in Fig. 8b.

With the progressive failure-related parameters and the losses of
thrusts determined, numerically-determined flexural strength and stiff-
ness are obtained, as shown in Table 2. The load-displacement curves of
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Fig. 8. Parametric study on fracture energies, viscosity coefficients, and effective thrusts.

four representative specimens are also obtained, as shown in Fig. 5a. In
general, FE modeling could satisfactorily predict both the flexural
strength and stiffness for GFRP arch beams subjected to varying
boundary conditions. For flexural strength, the average ratio of FE
modeling and test results is 1.04, with COV of 0.03; and for flexural
stiffness, the average ratio of FE modeling and test results is 1.01, with
COV of 0.11.

3.2. Failure modes

Using Hashin damage criterion, typical failure/damage modes of
GFRP arch beams were simulated, as shown in Fig. 9. In particular, the
field outputs DAMAGESHR (i.e., shear damage) and HSNMTCRT (i.e.,
matrix tension damage) were taken as the main criteria for identifying
failure modes, as these two variables directly account for overall shear
damage of material and transverse tensile damage of matrix (see Eq. 3).
This method has been successfully demonstrated by Alhawamdeh et al.
[34,40]. From Fig. 9a, it can be seen that in general, the main failure
mode of GFRP arch beam includes the shear damage and matrix tensile
damage at top flange-web junction, with the latter being developed into
the web. Specifically, in the tests almost all GFRP arch beams are found
to start cracking at top flange-web junction near the load point, and this
type of failure mode can be accurately simulated by FE modeling, as
shown by shear failure in Fig. 9b. Moreover, when flange-web junction
loses its integrity, web plate is to take over the load and web crippling
failure may occur. This type of failure mode is seen to be similar to
tear-apart-like crack, as illustrated by matrix tension damage at web in
Fig. 9c. In conclusion, Hashin damage criterion is observed to provide
accurate predictions of failure modes for GFRP arch beams addressed in
this work.

4. Analytical program
4.1. Flexural strength of GFRP arch beam

Failure mode of all GFRP arch beams is observed to be controlled by
shear damage at top flange-web junction and/or web plate. This type of
failure mode is characterized as the web crippling of structural members
subjected to concentrated loads by ASCE Pre-standard [41]. Web crip-
pling behavior has been investigated by many researchers, including
Borowicz and Bank [42], Wu and Bai [43], Wu et al. [44], Fernandes
et al. [45,46], and Haloi et al. [47]. The main difference between pre-
vious studies lies in the test configuration and observed failure modes.

Three-point bending tests on short beams was conducted by Borowicz
and Bank [42], while other tests were carried out on pGFRP profiles only
subjected to compressive loads. Due to the varying slenderness ratios of
web plates being addressed in those tests, three types of failure modes
are identified, including through-web shear damage [42], localized
junction shear damage [43], and web buckling [45], as shown in Fig. 10.
Accordingly, different predictive models are developed with respect to
each failure mode. In this work, the flexural test set-up is similar to
which Eq. 5 was based off, and through-web shear damage is found to be
the dominant failure mode for GFRP arch beams, as shown in Fig. 10d.
Thus, the predictive model proposed by Borowicz and Bank [42] was
adopted to calculate the web crippling strength, as shown in Eq. 5.

)

2k 6l) late b ate
P, = 0.7dt,Fys (1 +%)

Where d is the section depth; t, is the web thickness; Fjs is the inter-
laminar shear strength of material, approximately taken as in-plane
shear strength Fyr in this case; k is the distance from top of beam to
bottom of fillet, measured as 15 mm in this case; tjqe and bpiqz are the
thickness and length of bearing plate, respectively measured as 3.5 and
75 mm in this case. It is noted that ASCE adopted Eq. 5 with a conser-
vative modification, namely replacing d with d,, in the second term in
parentheses, and d,, is the depth of web plate. The term of 0.7d is to
simulate the crack length at web, while in this work, it is measured as
0.65-0.68d, as shown in Fig. 10d. Thus, 0.65d is used for conservative
purpose. Despite of having actual failure mode respected, Eq. 5 is found
to over-estimate the web crippling strength observed in this work, by a
factor about 1.34. This is mainly due to the non-uniform shear distri-
bution across web plate (in height direction). From FE modeling, it is
found that the average shear stress over 0.65d region of web plate is
about 61 MPa, which is 72% of shear strength of material, as shown in
Fig. 11. Thus, Eq. 5 is modified, as shown in Eq. 6.

(6)

2k + 6t 1400 + biare
P, = 0.65dt, (cFus) (1 +%)

Where c is the coefficient accounting for non-uniform shear distribution
across crack region of web plate, taken as 0.72 in this case; and 0.65d is
the crack length. The predicted web crippling strength, namely flexural
strength of GFRP arch beam in this work, is shown in Table 4. Excluding
the two outliers (i.e., SS-1 and BS-relaxed-2), the average ratio of
analytical predictions and experimental results is 0.97, with COV of
0.10. Additionally, for all beam-strings with pre-tensioned strings (i.e.,
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Fig. 9. Typical failure modes simulated by FE modeling.

six specimens of BS-0% and BS-5%), Eq. 6 could uniformly provide
conservative predictions, with average ratio of 0.90 and COV of 0.03.
Thus, good accuracy of Eq. 6 can be demonstrated.

4.2. Internal forces of GFRP beam-string

In this section, the internal forces of GFRP beam-string are calcu-
lated, including internal moment M, shear force Q, and axial force N. To
do so, the horizontal thrust H must be solved first. GFRP beam-string is a
first-degree indeterminate structure, and the force method can be
implemented. The steel strands are replaced with a pair of horizontal
forces H, and the free body diagram of GFRP beam-string is obtained, as
shown in Fig. 12. The compatibility condition regarding deformation is
given in Eq. 7.

onH+A,p=0 @]
Where P is the external load; H is the horizontal force of two steel
strands; 577 and A; p are the displacements generated by horizontal force
H and vertical load P, respectively, and they are calculated through Eqs.

8 and 9. In this case, the displacement due to internal shear force of
beam is neglected.

=2 2

M N L
Sy = —d - ds +—— 8
! /ELIheam st /ELAbeam ot E.YA.& ( )
MIM P
Ap = d. 9
' ELIbeam y ( )

Where Ej is the longitudinal modulus of GFRP; Ipeq, is the moment of
inertia of GFRP arch beam; Apeqm is the cross-sectional area of GFRP arch
beam; E; is the elastic modulus of steel strand; Ay is the cross-sectional
area of two steel strands; Mp is the moment at mid-span generated by
external load P; M; is the moment at mid-span generated by a virtual
unit load in the direction of H; and Nj is the axial force at mid-span
generated by a virtual unit load in the direction of H. M; and N; are
given as:

M, = —y (10)



T. Liu et al. Engineering Structures 308 (2024) 117962

L T W vy S

Shear crack Shear crack localized at

developed Wi flange-web junction
web plate Y

(¢) Web buckling [45]

Shear crack developed
into web

(d) Through-web shear dhmage in present work

Fig. 10. Typical failure modes of web crippling in literature and present work.

Max: +8.411e+01

Ei fope(maxabs) 2
(Avg: 75%) & 100 frie “:«»2?‘“” 100
=1
- - =l \
' 80 = Emi 80
o . E
60 E 60 E
- =
2 40 =
35 mm i ;3 Sy §
=
57 MP:
L 61 MPa 20 ‘ 20
T[T} /
-
0
0 0 20 40 60 80 100
0 20 40 60 80 100 Shear stress (MPa)
Shear stress (MPa)
. .
(a) Specimen SS (b) Specimen BS-relaxed
Max: +7.939+01
Ervelope (max abs) s
s 100 100
2 G 7559
- ‘\ i T \
= 80 = SamEEE: 80 z
E £
amil 60 = 60 =
ooo £ 2
HH 3 35 w0 2
- mm
Eg 35 mm 40 g g
Eg 2 62 MPa 20
T 64 MPa
= 20 /
]
/ 3
0 0 20 40 60 80 100

0 20 40 60 80 100 Shear stress (MPa)

Shear stress (MPa)

(¢) Specimen BS-0% (d) Specimen BS-5%

Fig. 11. Non-uniform shear distribution across web plate.

10



T. Liu et al.

Table 4
Comparison between analytically- and experimentally-determined web crip-
pling strength.

Specimens Experimental results Analytical
predictions

Pexp Ppred Pprea

(kN) (kN) Peyy
SS-1 60.68" 89.18 1.47%
SS-2 83.00 1.07
SS-3 75.80 1.18
BS-relaxed-1 88.58 1.01
BS-relaxed-2 59.98" 1.49°
BS-relaxed-3 87.65 1.02
BS-0%— 1 97.99 0.91
BS-0%— 2 100.55 0.89
BS-0%— 3 95.35 0.94
BS-5%— 1 100.36 0.89
BS-5%— 2 97.81 0.91
BS-5%— 3 103.52 0.86

2 This is an outlier due to premature failure of specimen.

Shape function of circular arch:
y = Rcos® — (R —f)

Fig. 12. Free body diagrams of GFRP arch beam (polar coordinate system).

N, = cosgp an

Where ¢ is the cross-sectional angle, which is calculated taking the first
derivative of shape function y. Then, substituting Eqs. 8-11 into Eq. 7,
and taking ds = Rd#, yields:

by

yMp
2 Rd6O
/ELIheam
0
H=—- ) TR 12)
y cos“ @ L
2 RdO + 2 RdO + ——
/ Eulyear "0 / Evhpear " T EA,
0 0

With the horizontal force H of steel strands determined, the internal
forces of GFRP beam-string can be calculated using Eqs. 13-15.

M = M,, — Hy 13)
0 = Qycosp — Hsing (14
N = Q,sing + Hcosgp (15)

Where M, and Qg are the internal moment and shear force of simply-
supported GFRP beam; and ¢ is the cross-sectional angle of GFRP
beam. At mid-span (i.e., ¢ = 0°), the shear force Q of GFRP beam-string
is equal to the shear force Qs of its simply-supported counterpart; and
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the axial force N is equal to the horizontal force H.

The second FE model with steel strands (see Fig. 7) is used to validate
the analytically predicted horizontal thrust H, as shown in Fig. 13a.
Through the load-displacement curves in Fig. 13a, it is seen that the BS
model with steel strands has the highest flexural stiffness and behaves in
perfectly linear-elastic manner, though its flexure strength is lower than
the first model (i.e., BS-5%—3_FEM). The lower strength of second FE
model is due to the fact that the progressive failure is not considered.
The numerically-predicted ultimate load is 92.91 kN. Taking this value
as input for analytical model, horizontal thrust can be calculated, which
is 155.92 kN. The difference between analytically- and numerically-
predicted thrusts is only about 1.67%, showing an excellent accuracy
of analytical model. Then, using this thrust, the internal forces of beam-
string (i.e., moment M, shear force Q, and axial force N) can be calcu-
lated, as shown in Figs. 13b, 13c, and 13d. The solid lines represent the
beam-string structure, and dashed lines represent the simply-supported
counterpart. It is seen that beam-string is able to decrease the internal
moment due to the enabled arch mechanism, and the internal shear can
also be generally reduced while the maximum shear remains the same.
For any given external load P, analytically-predicted internal forces of
beam-string shall be higher than the actual forces, since the load-transfer
mechanism between GFRP arch beam and steel strands is inevitably
imperfect for the present structural configuration. Higher internal forces
are to result in a conservative design, which is acceptable in practice.

5. Discussions

First, proposed beam-string system is demonstrated to be able to
improve the flexural stiffness of GFRP arch beam, by up to 109%.
Nonetheless, it is observed that the load-transfer between GFRP arch
beam and steel strands is inevitably imperfect. The average loss of
thrusts is found to be about 22%. This partially explains the lower
flexural stiffness of all beam-strings as compared to the “perfect” FE
model (i.e., the second model with steel strands). Although imperfect
contacts between components are inevitable, the flexural stiffness of
GFRP beam-string is believed to be improved provided the thrust is
applied to GFRP arch beam through a more efficient method, and this
method must allow the pre-tensioning of tension strings. Thus, future
work is needed to develop a new beam-string configuration to achieve a
higher efficiency in terms of load-transfer.

Second, varying extent of non-linear-elastic behaviors are observed
in GFRP arch beams. Typically, non-linear behavior is attributed to the
non-linear geometry of structure and/or non-linear nature of material.
The linear load-displacement curve of the “perfect” FE model (i.e., the
second FE model with steel strands) successfully demonstrates that the
circular geometry of GFRP arch beam is not the main reason for
observed non-linear behavior. With that said, it can be concluded that
the progressive failure of GFRP material caused the non-linear behavior.
Hashin damage criterion with damage evolution and stabilization is
found to be able to provide accurate predictions regarding the non-
linear flexural behavior of GFRP arch beams. The fracture energies
and viscosity coefficients reported in this work could be potentially used
to predict the progressive failure of similar materials and structures,
meanwhile experimental tests are recommended to be conducted in
future work so as to obtain an accurate characterization of fracture en-
ergies and viscosity coefficients.

Third, curved-pultruded GFRP arch beams addressed in this work are
seen to be controlled by web crippling strength, rather than flexural
strength of material. This behavior is similar to conventional pGFRP
flexural members subjected to concentrated loads. Indeed, pGFRP
members typically tend to fail due to concentrated loads. The horizontal
thrusts (and the resulting axial forces) are observed to improve the web
crippling strength, by up to 27%. Existing model for web crippling does
not consider the arch mechanism of pGFRP members; that is, the effect
of horizontal thrust on web crippling remains unknown. In future work,
it is recommended to address the effect of interlaminar shear coupled
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Fig. 13. Comparison of numerical and analytical predictions.

with axial load on web crippling behavior of pGFRP members.

Last but not least, flexural performance of GFRP beam-string is
highly dependent on the axial stiffness of tension strings. In this work, a
pair of steel strands having diameter of 12.7 mm is adopted and three
types of boundary conditions are investigated, including initially-
relaxed string (i.e., BS-relaxed), initially-straightened strings (i.e., BS-
0%), and pre-tensioned strings (i.e., BS-5%). A small pre-tensioning of
5% could lead to greatly improved flexural stiffness of GFRP arch beam.
Thus, it can be readily expected that greater flexural stiffness of GFRP
beam-string can be achieved provided a new tension string with higher
axial stiffness and/or higher pre-tensioning. Again, the design of tension
string shall be incorporated into the design of beam-string configuration.
An efficient beam-string configuration with stronger tension string could
rationally yield an improved flexural performance of GFRP beam-string.

6. Conclusions

In this work, flexural performance of curved-pultruded GFRP arch
beams subjected to varying boundary conditions was investigated
through experimental, numerical, and analytical programs. It is
observed that the flexural strength and stiffness of GFRP arch beams was
successfully enhanced by up to 27% and 109%, respectively. The
improved flexural performance was attributed to the arch mechanism
enabled by proposed GFRP beam-string structure. In addition, the pro-
gressive failure of GFRP material and the imperfect load-transfer
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between GFRP arch beam and tension string were investigated through
finite element modeling. Hashin damage criterion was developed based
on experimental data obtained in this work as well as those available in
literature, and 22% loss of thrusts (by average) were found in present
beam-string configuration. Then, web crippling strength of GFRP arch
beams was predicted with modifications to an existing model, and
improved accuracy was observed. In addition, internal forces of beam-
string were calculated. In future work, it is recommended to develop a
new beam-string configuration so as to achieve a higher load-transfer
efficiency as well as a higher flexural stiffness.

The GFRP beam-string structure proposed in this work is aimed to
shed light on possible approach to improve the flexural stiffness of
PGFRP members. Based on the successful demonstration of this work,
possible applications of curved-pultruded GFRP members can be greatly
broadened, such as the long-span spatial roof structures and heavy-duty
vehicle bridges.
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