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ARTICLE INFO ABSTRACT

This paper presents experimental and analytical studies on the shear behavior of GFRP perforated connectors
(GPC) embedded in concrete. A series of 26 pultruded GPC specimens were fabricated and tested under pull-out
load. The experimental variables included the effects of plate thickness, plate hole’s radius and penetrating
rebars. Concrete dowel failure and GFRP shear-out failure were the two main failure patterns of GPC specimens.
GFRP failure occurred in specimens with a thin plate, and ultimate strength is mainly affected by the hole’s
radius. The specimens with concrete dowel failure presented more ductile than the specimens with GFRP shear-
out failure. The shear stiffness of GPC was determined based on load-slip curves. Finally, the ultimate strength
equations of GPC incorporating the stress concentration in the GFRP plate and the restraint effect of penetrating
rebar were proposed based on the test results. Good agreement between experimental and theoretical results was
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achieved. A critical thickness of GPC plate was proposed to guarantee sufficient strength and ductility.

1. Introduction

Glass fiber reinforced polymers (GFRP) have been widely used in
various infrastructure projects in terms of relatively lower costs, high
strength-to-weight ratio and corrosion resistance [1,2]. Typical appli-
cations in the bridge engineering of pultruded GFRP materials include
bridge decks and girders. The bridge deck generally included GFRP-
concrete composite deck [3-6] and all-GFRP bridge deck [7-10]. GFRP-
concrete composite deck exploits the material merits of both concrete
and GFRP, the deck itself could be used as stay-in-place formwork, and
is one of the most important application types.

The prerequisite for GFRP-concrete composite deck to fulfill its load
transfer function is completely connection between GFRP and concrete.
As so far, bonded joints and mechanical connectors have been reported
as common connection types between GFRP and concrete [11]. Epoxies
are the most commonly employed adhesive for bonded connection in
GFRP-concrete hybrid structure [12]. Sand-coated GFRP has been
usually applied to increase the adhesive bonding between the concrete
and GFRP member [13-15]. The strength of bonded connection has
been largely determined by the chemical substances of the adhesion,
including surface pre-treatment, long warming and curing process [14].
Mechanical connections generally include bolted joints [11], stud joints
[11] and perforated connector [5].

Perforated connector has been widely adopted in steel-concrete
composite structures [16,17]. The shear resistance of perforated con-
nector comes from the interaction between the concrete dowel and the
plate’s hole. The shear strength of perforated connector could be af-
fected by many factors, including the plate hole’s radius, the thickness
of the plate and penetrating rebars. In terms of GFRP perforated con-
nectors (GPC) embedded in concrete, a strength equation was proposed
by Cho et al. [18] based on the discrete spring model. Zou et al. [19]
proposed the strength equations of GPC based on the work of Ogue-
jiofor and Hosain [20]. Push-out tests is an alternative method to de-
termine the shear behavior of GPC. While, push-out tests easily gen-
erate secondary bending moments due to the low elastic modulus of
GFRP material, making the specimens under combined shear and
bending load. The effect of penetrating rebars to the ultimate strength is
also not considered in the earlier published studies. While it is reported
in the literature [21] that penetrating rebars have huge effects on the
failure mode of the concrete dowel, and it is necessary to investigate the
penetrating rebars effects on the ultimate strength and typical failure
mode. In addition, the shear stiffness of GPC is a commonly-used
parameter during design of GFRP-concrete composite structures. Thus,
it is important to evaluate the shear stiffness and shear strength of GPC
through pull-out tests.

This paper presents a series of pull-out tests of GPC used in GFRP-
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Fig. 1. Dimensions of GPC specimens (units: mm).

concrete composite deck. A total of 26 specimens were fabricated and
tested, which involved the following parameters: the thickness of the
pultruded plate, the radius of plate holes, the presence and the type of
penetrating rebars. The shear stiffness of GPC was obtained by test data
analysis. Moreover, the strength equations of GPC were proposed based
on the test results in terms of failure modes. The proposed equations
were validated by different experimental results. The critical thickness
of GPC located on the border between GFRP shear failure and concrete
dowel failure was adopted to avoid brittle failure.

2. Experimental program
2.1. Specimen fabrication

As shown in Fig. 1, GPC plates were cut by water-jet saw form stay-
in-place formwork reported in [5]. It is noted that the gripped end was
tapered to 90 mm while the width embedded in concrete was 130 mm
to meet the width demand of the grip. To consider the deck's web joint
assembling two separated deck part together, the double-plates speci-
mens were fabricated and fastened by bolt and epoxy adhesion as
shown in Fig. 2.

GPC plates were pre-installed in the wood formwork as shown in
Fig. 3 and were lubricated to reduce the friction with concrete. After the
deployment of the strain gauges, the concrete was casted, as shown in
Fig. 3-c. The geometric and other parameters of all the pull-out speci-
mens are listed in Table 1, in which the group denoted as “R” represents
the radius of plate’s hole, “d” denotes the diameter of rebar, “G” de-
notes GFRP penetrating rebar and “D” denotes double-plates.

2.2. Material properties

The pultruded GFRP lamination was made up of 7 layers, in which
reinforcement were E-glass roving, woven fabrics. The matrix was

. Roving direction

Single-plate

bolt ~ epoxy adhesion

Double-plates

(e) Plate arrangements

(@R=15 (b)R=20 (c)R=25(d)R=32.5

Fig. 2. Various plate hole’s radius and plate arrangements (units: mm).

(a) Formwork and rebars’
configuration

(b) GPC installation and
temporary fixation

(c¢) Concrete poured (d) Hardening concrete

Fig. 3. Specimens fabrication.

Table 1
Details of GPC specimens.
Specimens No. Plate Plate Penetrating  Rebar’s type  Thickness
arrangement  hole’s rebar’s t (mm)

radius  diameter dg
R (mm)
(mm)

R15 Single-plate 30 - Steel rebar 6

R20 40 -

R25 50 -

R15d10 30 10

R20d10 40 10

R20d16 40 16

R25d10 50 10

R25d16 50 16

R25dG16 50 16 GFRP rebar

R25d20 50 20 Steel rebar

R32.5d20 65 20

R20d16D Double- 40 16 12

R25d16D plates 50 16 12

epoxy resin. The stacking sequence is shown in Fig. 4, with four types of
laminas: (1) rovings for 0°-lamina; (2) unidirectional fabrics for the 90°-
lamina; (3) woven fabrics for the + 45° lamina and (4) chopped fabric
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Fig. 4. Stacking sequences of pultruded GFRP plate.

Table 2
Material characteristics of pultruded GFRP profile.

Property Value Unit Standard deviation
Longitudinal tensile strength 430.0 MPa 31.3

Longitudinal tensile modulus 45.5 GPa 4.5

Longitudinal compressive strength 491.4 MPa 54.7

Transverse tensile strength 67.6 MPa 2.8

Transverse tensile modulus 21.7 GPa 1.9

Transverse compressive strength 166.7 MPa 16.9

shear strength 58.4 MPa 10.1

shear modulus 9.8 GPa 0.9

Table 3

Mechanical properties of concrete.

Concrete cubes and Elastic modulus (MPa) Compressive strength (MPa)

average

Cubel 3.75 x 10* 47.3
Cube2 3.94 x 10* 51.6
Cube3 3.49 x 10* 53.8
Average 3.74 x 10* 50.9

mats. All angles are relative to the pultrusion direction. The material
characteristics of pultruded GFRP laminations were obtained by the
coupon tests and summarized in Table 2 [5].

Three 150 mm-edge concrete cubes for compression test were
poured and cured with moisture for 28 days. The material properties of
concrete were tested in accordance with GB50010-2010 standard pro-
cedures [22] and a summary of experimental results are listed in
Table 3. In addition, the properties of GFRP and steel rebars provided
by the material manufacturer are summarized in Table 4.

2.3. Test setup

A set-up is designed for the pull-out tests, as shown in Fig. 5. This
set-up was made up of two rigid plates, four ®24 mm bolt shanks and a
pinned bar. The specimens were fixed in the clamping frame and the
tapered end of GFRP plates was gripped by the bottom clip. The pinned
bar of the clamping frame was gripped by the top clip and pulled by the
actuator, with a loading rate 1 mm/min and a capacity of = 500 kN.
Before the test, a preloading was applied in a ratio of 10% peak load to
check the operation of the gauges demonstrated in Fig. 6 and the test
rig. Two LVDTs (Linear Variable Differential Transducer) were set on
the bottom of the clamping frame, one end is fixed on the concrete and

Table 4
Mechanical properties of rebars.
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Fig. 6. Strain gauges.
the other end is fixed on the GFRP plate to record the slip.

3. Test results
3.1. Strain distribution

3.1.1. Strain distribution around the plate’s hole

Selected strain data versus the ultimate shear strength of GFRP
plate’s hole are plotted in Fig. 7. Along the pulling direction, the strain
at position S7 was in tension, while the strains at positions S3 and S4
were in compression. The strain around the hole ascended slowly in
linear until the load reached 0.4V,. When the load is larger than 0.4V,
the compression strain accumulated rapidly. While the tensile strains
around the hole remain its linear development.

3.1.2. Strain distribution of penetrating rebar

The strain of penetrating rebars versus ultimate shear strength is
presented in Fig. 8. In the loading stage of 0-0.4V,, the rebar’s strain
was very small. When the load increased from 0.4V, to 0.7V, the shear
force gradually transmitted from concrete to rebar, and the rebar’s
strain developed rapidly. When the load increased near the peak, the
rebar of the single-plate was still in elastic while the rebar’s strain of the
double-plates was beyond the yielding. For the specimen with GFRP
penetrating rebar (R25dG16), the maximum strain was 1000 pe, which
is less than the ultimate strain 17,600 Le.

Type of rebar Diameter (mm)

Elastic modulus (MPa)

Yield strength (MPa) Tensile strength (MPa)

Steel rebar 10 2.03 X 10° (SD":9.65) 472.3 (SD:10.43) 676.0 (SD:13.89)
16 2.05 x 10° (SD:10.29) 430.4 (SD:11.61) 648.1 (SD:9.36)
20 2.03 x 10° (SD:9.52) 490.6 (SD:8.22) 655.8 (SD:9.15)
GFRP rebar 16 4.1 x 10* / 724.0

“Note: SD-Standard deviation.
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Fig. 8. Penetrating rebar’s strain versus load curves.

3.2. Failure modes

The failure modes of GPC specimens are shown in Figs. 9 and 10 via
cutting the specimens along the interface between GFRP and concrete.
Two typical failure modes were observed, namely 1) shear-out failure of

GFRP plate, 2) concrete dowel failure. In terms of double-plates spe-
cimens, the initial damage was due to the failure of concrete dowel,
after then plate’s hole was compressed and shear tearing failure
(Fig. 10-a) occurred with the increasing of the interface slip. As shown
in Fig. 10-b, the rebar was bended for the specimens with double-plates
while relatively smaller plastic deformation was observed for the spe-
cimens with the single plate. As the hole’s radius decreased and shear
resistance increased, bending deformation of the rebar increased at the
same slip. It is noted that shear resistance of GFRP lamination with hole
plays a critical role for the single plate specimen, while the initial
failure shifts from the plate’s shear-out failure to concrete dowel failure
when the lamination thickness is doubled. Since the concrete dowel
holds the pressure and transfers it to the rebar and the plate, it reaches
its compressive strength and fails first. As the crack develops, the rebar
holds the force from the smashed concrete and then transfers to the
plate.

Concrete’s cracks of pull-out tests with double plates are displayed
in Fig. 11. The first visual crack generally initiated from the center of
the plate’s hole and gradually extended to the side of the concrete
block. With the load increasing, the crack developed to the top of the
block and inclined crack emerged.

3.3. Load-slip curves

The slip displacement is obtained as the average values of the two
LVDTs. A total of 26 specimens load-slip (LS) curves are listed in
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Fig. 12. Three stages could be identified from LS curves, including studs. Thus, the shear stiffness is defined as the secant slope at the

elastic stage, plastic stage and failure stage. The detail is explained as point 0.4V, In order to validate this methodology, results were

follows: obtained for a load of 0.3V, and the corresponding slip value. In the

meantime, the slip calculated by the stiffness at 0.3V,, was compared

1) In the elastic stage as shown in Fig. 13, the slip was relatively small to the measured value listed in Table 5. According to the deviation

when the load was less than 0.4V,,. The load increased linearly with 80.3vu/0k,0.3vu in Table 5, the 0.4V, definition of stiffness showed a
the development of slip. The development of the curve was similar good representation of the elastic stage.

to the result of Oehlers and Coughlan [23] on the research of shear 2) In the plastic stage, the relationship between shear load and the slip
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Table 5
GPC’s stiffness verification.
Specimens 0.3V, (kN) Measured Stiffness Calculated 80.3vu/
slip 8o.3vu ko.avu (RN/ slip 8y 0.3vu 81,0.3vu
(mm) mm) (mm)
R15A 38.49 0.19 172.9 0.22 0.85
R15B 38.28 0.25 134.1 0.29 0.88
R20 A 42.39 0.3 134.1 0.32 0.95
R20_B 41.88 0.25 128.9 0.32 0.77
R25 A 50.82 0.41 119.5 0.43 0.96
R25B 44.61 0.38 98.6 0.45 0.84
R15d10_A 37.44 0.28 121.7 0.31 0.91
R15d10_B 37.98 0.25 144.1 0.26 0.95
R20d10_A 43.71 0.25 164.9 0.27 0.94
R20d10-B 41.85 0.25 121.3 0.35 0.72
R20d16_A 40.35 0.29 129.6 0.31 0.93
R20d16 B 42.42 0.34 111.8 0.38 0.90
R25d10_A 45.69 0.35 110.3 0.41 0.84
R25d10_B 46.86 0.39 102.7 0.46 0.85
R25d16 A 44.16 0.36 111.9 0.39 0.91
R25d16_B 41.13 0.33 122.5 0.34 0.98
R25dG16_ A  46.89 0.4 105.8 0.44 0.90
R25dG16 B 41.16 0.32 108.3 0.38 0.84
R25d20_A 48.57 0.38 109.8 0.44 0.86
R25d20_B 47.94 0.39 112.9 0.42 0.92
R32.5d20_ A 45.09 0.36 98.1 0.46 0.78
R32.5d20 B  45.51 0.42 97.6 0.47 0.90
R20d16D_A  66.87 0.26 227.7 0.29 0.89
R20d16D B  62.94 0.28 153.9 0.41 0.68
R25d16D A 71.94 0.31 201.1 0.36 0.87
R25d16DB  72.3 0.34 199.2 0.36 0.94

turned out to be non-linear. As the slip ascended, the load increment
became flat till the peak load.

In the failure stage, the load-slip curves seriously depended on
failure modes. For the concrete dowel failure, the load descended
slowly after the peak load and the specimens were ductile. For the
GFRP shear-out failure, it showed brittle characteristics that once
reaching the peak load it suddenly dropped to a fair low point and
then rise to the point E, as shown in Fig. 13. This phenomenon was
attributed to the brittle nature of GFRP material.

3

(7

All the 26 specimens’ ultimate strength and stiffness are summar-
ized in Table 6. The stiffness of GPC was defined as 0.4V,/8¢.4v. due to
its verification in Table 5.

4. Parameters affecting failure mechanisms
4.1. Effects of perforated plate thickness

The effects of perforated plate thickness are shown in Fig. 14-a for
the 25 mm hole radius case. The related pull-out specimens are R25d16
and R25d16D, in which R25d16 is single-plate and companion
R25d16D is double-plate. Observed from Fig. 14(a), the ultimate

Composite Structures 222 (2019) 110938

Table 6
Pull-out test data.

Specimens Stiffness Ko.4vu Ultimate strength  Slip 8, (mm) Failure
(kN/mm) V, (kN) pattern”
test average  test average  test average

R15A 1729 153.5 128.3 128.0 3.55 3.52 GF

R15B 134.1 127.6 3.49 CF

R20_A 134.1 131.5 141.3 140.5 2.74 2.855 GF

R20B 128.9 139.6 2.97 GF

R25 A 119.5 109.1 169.4 159.1 2.92 2.875 GF

R25 B 98.6 148.7 2.83 GF

R15d10_A 121.7 1329 124.8 125.7 5.59 5.39 GF

R15d10_B 144.1 126.6 5.19 GF

R20d10_A 1649 143.1 145.7 142.6 3.49 3.14 GF

R20d10-B 121.3 139.5 2.79 GF

R20d16_A 129.6  120.7 1345 138.0 2.84 3.375 GF

R20d16_B 111.8 141.4 3.91 GF

R25d10_A 110.3 106.5 152.3 154.3 3.00 3.075 GF

R25d10_B 102.7 156.2 3.15 GF

R25d16_A 1119 117.2 147.2 1422 2.85 2.65 GF

R25d16_B 122.5 137.1 2.45 GF

R25dGl6. A 105.8 107.1 156.3 146.8 2.90 3.025 GF

R25dG16 B 108.3 137.2 3.15 GF

R25d20_A 109.8 1114 161.9 160.9 2.78 3.025 GF

R25d20_B 112.9 159.8 3.27 GF

R32.5d20_ A 98.1 97.9 150.3 151.0 2.88 2.845 GF

R32.5d20B 97.6 151.7 2.81 GF

R20d16D. A 227.7 190.8 2229 216.4 18.04 20.9 CF

R20d16D B 153.9 209.8 23.76 CF

R25d16D A 201.1 200.2 239.8 240.4 2.71 3.19 CF

R25d16D B  199.2 241.0 3.67 CF

“Note: GF-GFRP shear-out failure, CF-Concrete dowel failure.

strength of the single-plate and double-plate are 137.1 kN and 241.0 kN
respectively. The ultimate strength of double-plate specimens is im-
proved 75.8% than that of single-plate. The single-plate specimens’
failure mode is the shear-out failure. By increasing the thickness of the
perforated plate, the failure mode becomes concrete dowel failure due
to larger shear resistance. As a result, the ultimate strength and stiffness
are both improved by increasing the thickness.

4.2. Effects of plate hole radius

The effects of plate hole radius are shown in Fig. 14-b and -c in
terms of different failure modes. The radius is subdivided as 15 mm,
20mm and 25mm. It is found that the various radius makes a sig-
nificant influence on ultimate strength.

For the specimens with GFRP shear-out failure, when the radius
increases from 15mm to 20 mm, the ultimate strength is improved
9.8% and the slip decreases 18.9%. When the radius increases from
20 mm to 25 mm, the ultimate strength is improved 13.2% and the slip
increases 0.7%. However, as the radius increases from 25mm to
32.5mm, the ultimate strength decreases 5.3% and the slip increases
3.3%. The ultimate strength of specimens increases originally and de-
creases afterward as the hole’s radius ascends. The slip decreases con-
siderably as the hole’s radius ascends. The ultimate strength is de-
termined by a balance between shear behavior of GFRP plate and the
increasing contact area of the concrete dowel.

In terms of the specimen whose failure pattern is concrete dowel
failure, the various radius makes a substantial effect on the ultimate
strength and stiffness. The ultimate strength is improved by 11.1% as
the radius increases from 20 mm to 25mm, and shear stiffness is
slightly improved by 4.9%. This could be attributed to the increased
radius which elevates the bearing area of the concrete dowel.

4.3. Effect of penetrating rebars

As discussed in Section 3.3, in respect of the specimens which
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Fig. 14. Parameters’ effect on GPC's performance.

conforms to the concrete dowel failure mode, the rebar plays a critical
role in the shear force transfer.

For the specimens which fail due to shear-out of GFRP lamination,
the ultimate strength of specimens with 10 mm diameter penetrating
rebar is only 1.5% larger than that without penetrating rebar. When the
penetrating rebar’s diameter increases from 10 mm to 16 mm, the ul-
timate strength descends 7.8% and the stiffness increases 10% respec-
tively. When the penetrating rebar’s diameter increases from 16 mm to
20 mm, the ultimate strength increases 13.1% and the stiffness descends
4.9%. It appears that the correlation between the performance of GPC
and the penetrating rebar is not obvious.

4.4. Failure mechanism

As generalized in Section 3.3, when the load is less than 0.4V, the
curve ascends in linear. As the load exceeds 0.4V, the curve goes into
the nonlinear growth stage. In according to the obtained test data, the
force transfer of the GPC could be generalized as: in the elastic stage
(0.4V,), the concrete dowel provides the shear resistance, and the slip is
mainly due to relative deformation between the concrete dowel and
GFRP plate. In the plastic stage (0.4V,), for the pull-out specimens with
small thickness, the plate has a small shear area and presents shear-out
failure, as illustrated in Fig. 15(a). For the pull-out specimens with large
thickness, concrete dowel plays a key role in the shear resistance and
crushes at the ultimate state, as illustrated in Fig. 15(b). The slip is
generated by the relative deformation of concrete dowel, rebar and
GFRP plate. In the failure stage, the pull-out specimens with small
thickness provide very limited resistance after peak load, while the pull-

out specimens with large thickness provide relatively ductile failure due
to the load is mainly born by the rebars. Thus, GFRP plate should be
thick enough to avoid brittle failure from GFRP plates during in
structural design.

5. Proposed strength equation

Push-out tests are an alternative method to determine the shear
behavior of the plate connector. While, push-out test presented single
shear crack failure pattern due to the combination of shear and bending
[19]. Only for the failure modes from concrete dowel, those two dif-
ferent failure modes obtain similar results.

In this paper, strength prediction bases on the pull-out test. Two
strength equations are adopted to consider different failure modes.

5.1. GFRP plate shear failure

From the preceding analysis, plate failure can be simplified as shear-
out failure modes, similar to the mode of failure of GFRP bolted joints.
Collings [24] proposed below equation to consider shear-out failure
modes of bolted joints:

V, = et

€8]

where e and t are end distance and plate thickness respectively, 7, is the
shear strength of GFRP laminations. While Eq. (1) is independent with
the hole radius R of the plate, and is against the experimental data listed
in Table 6. Hart [25] proposed a stress concentration factor K, to cal-
culate the shear-out failure of GFRP laminations shown in Egs. (2)-(4).



Z. Xiong, et al.

Composite Structures 222 (2019) 110938

GFRP shear
and
compressive
deformation

Penetrating rebar

Y

Concrete

Penetrating rebar

(b) CF specimen
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Fig. 16. Relationship between ultimate strength and ratio (R/w).

Table 7
Strength equations for concrete dowel failure.
References Equation Notation
Ge [26] Vi = 10.5n7f, (d/2)? + Asf, (9) n: number of holes
JR.Cho [18] v, = 57742[f, (10) f't C°“t°;ete’5 tensile
streng
X. Zou [19] Vi = 4.5htf, +331nd%[f; + 0914, (11) . rebar’s tensile

strength

h: the height of GPC
t: the thickness of
GPC

Table 8
Concrete dowel failure data.
References R (mm) d; (mm) f. (MPa) V, (kN)
author 20 16 50.9 2229
20 16 50.9 209.8
25 16 50.9 239.8
25 16 50.9 241.0
Nam 15 - 45.0 92.3
15 - 45.0 86.9
J.R. Cho 12.5 - 58.1 27.3
15 - 58.1 36.2
17.5 - 58.1 53.0
20 - 58.1 70.6
20 - 58.1 81.1
20 - 58.1 82.5
S. Zheng [16] 25 20 59.5 194.4
30 20 59.5 213.1
37.5 20 59.5 257.1
H. Huang [27] 17.5 - 31.3 75.9
Kie=1+C(Ke—1) 2

where C is a correlation factor for FRP bolted connection, it could be
determined based on test results and the stress concentration of mate-
rial with the same geometry. K, is stress concentration factor, and
could be determined by Egs. (3) and (4).

wo 15(w/2R - 1)6

Ke=k " Swmren’ ! 3
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Table 9
Strength prediction comparison of concrete dowel failure.
Test R fe dg Vu Eq. 9)/V, Eq.(10)/V, Eq.(13)/V,
author 20 509 16 2164 0.51 0.30 0.88
25 509 16 2404 0.55 0.43 1.01
J.R. Cho 125 581 - 27.3 0.64 1.01 1.20
15 36.2 0.70 1.09 1.30
17.5 53.0 0.65 1.02 1.21
20 78.1 0.57 0.90 1.07
H. Huang 175 31.2 - 58.1 0.26 0.68 0.59
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Fig. 18. Proposed equation validation.
05
1.0 e/w>1 4

where w is plate width. Related parameters are illustrated in Fig. 15.
The plate shear failure strength equation is proposed by combing Egs.
(1) and (2), and expressed as Eq. (5). In addition, a coefficient z; is
introduced to consider material scatter. Then, the ultimate strength
equation is expressed as Eq. (6).

The relationship between the strength and radius-to-width ratio (R/
w) has been plotted in Fig. 16 by non-dimensional operating in Eq. (7).
Through regression, C = 0.15, s = 2.17, is obtained. The ultimate
strength of GPC under GFRP shear failure is given as Eq. (8).

Composite Structures 222 (2019) 110938

45 T T T T T
40 4
—— [/t 0.4
—0—f/r=0.5
1 ——fr=06 1
E 3. _
\E, 30
25 -
20 §
15 4 -
T T T T T
20 25 30 35 40
R(mm)
(a) e/w=3
T T T T T T T
254 .
—>—f/1=0.4
—0— /1 =
204 f/1,=0.5 |
s ——f/1,=0.6
=)
)
~" 15 -
10 H 4
5 T T T T T T T
20 25 30 35 40 45 50
R(mm)
(b) e/w=5
25 T T T T T T T
—o— [/1,=0.88
0l —— fR=075 _
—— [/3.=0.65
g
g
515 g
10 -
20 25 30 35 40 45 50
R(mm)
(c) e/nw=1.5
Fig. 19. Critical thickness under different dimensions.
v, = 27, (e — R)t
Kie 5)
v, = 29,1 (e _(R/); -
w w bl
1+ C[ﬁ - 1.57@”2}”1)6] 6)

10



Z. Xiong, et al.

Vi _ (e = R)/w
2n. Wit w (w/2R—-1)

4.347, (e — R)t

w (w/2R—-1)
1+ 0.15[5 - 1.5m9]

v, =

(8

5.2. Concrete dowel failure

The strength of GPC in terms of concrete dowel failure mode is
dependent to following aspects: 1) concrete dowel action; 2) rebar’s
shear resistance; 3) the compression condition of the local plate; 4)
concrete splitting resistance and 5) the adhesive action between the
GFRP and concrete. Among these factors, the compression of the GFRP
plate improves the local concrete strength in the compression area for
confinement effects, and the adhesive action is complicated and sus-
ceptible to the treatment of the GFRP surface. Hence, the equation is
founded by the omission of the 4th and 5th action. Equations to predict
the strength of concrete dowel failure [18,19,26] are listed in Table 7.
Based on the substantial test data in Table 8, the correlation between
concrete dowel and hole area is obtained and plotted in Fig. 17. The
ratio of V,/f. presented a linear trend with the area of the hole (A), the
slope of which was fitted as 1.15. Then, the shear resistance could be
expressed as Eq. (12).

V., = L15Af, 12)

As regard to the concrete dowel with penetrating rebars, the re-
straint effect and shear resistance of rebar should be accounted for.
With the derivation of Eq. (12), A is substituted by (A — A). As is the
area of penetrating rebar. A coefficient ¢, is introduced to consider the
rebar’s restraint action, Eq. (12) is rewritten as Eq. (13) with con-
sideration of the penetrating rebar’s effect.

Vi = 1159, (A — A)f, + 1/3A4f, (13)

where g, is defined as 6.11 ;i—;, ds is the diameter of penetrating rebar.
5.3. Comparisons between equations and tests

The comparisons between different equations and experimental
data are summarized in Table 9. The results show that the proposed
equations in this paper have the minimum deviation. Tests carried out
by Cho [18] including both GF and CF modes have also been used for
the validation, and also shown in Fig. 18. A good agreement is ob-
served.

5.4. Critical plate’s thickness of GFRP plate
A critical plate thickness is defined as the limit between concrete

dowel failure and GFRP shear failure. The expression of the critical
plate thickness t., is shown as below based on the previous section:

w (w/2R-1)
£, fy 1+ O.lS[E - 1.5m9]
t = = [1.15¢,,(A — A) + 1/V3A—=
v = [1.15¢, ( )+ 1/Y Sfc] 434 —R)
as

The t., is dependent on concrete compression and laminate’s shear
strength. Given w/2R = 3.25, dy/2R = 0.32, f,/f. = 8.6,e/R =3 ~ 7.5,
the critical plate thickness is shown in Fig. 19 in terms of different
radius and f./7, In the preliminary estimation during design, Fig. 19
provides a solution of the critical thickness to guarantee the sufficient
strength and ductility of GPC.

6. Conclusions

Based on experimental results obtained from 26 tests and
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substantial theoretical analysis, the following conclusions related to the
shear behaviors of pultruded GPC are drawn:

(1) The failure mode of GPC is determined by the larger item of shear
resistance provided between the concrete dowel and GFRP shear
modulus. Three stages could be classified from the measured load-
slip curves including elastic stage, plastic stage and failure stage.
0.4V, was observed as the turning point between the elastic stage
and plastic stage. Secant of 0.4V, has been proposed as the stiffness
of GPC. Through the verification of the test data, 0.4V, stiffness
definition matched its mechanical meaning.

(2) When the specimens turn up GFRP shear-out failure: it usually oc-
curs to the thin plate which has a relatively small shear bearing
area. The plate hole radius took a significant effect on the ultimate
strength. The penetrating rebar and type of rebar rarely affect the
ultimate strength. GPC showed brittle characteristics when failure.
In GFRP structural design, GFRP shear-out failure should be
avoided. Concrete dowel failure has been usually accompanied by
the compression damage of GFRP plate. When the specimens turn
up concrete dowel failure: under the same plate’s radius, its ulti-
mate strength is larger than that of GFRP shear-out failure, espe-
cially with the presence of penetrating rebar such as R20d16D and
R25d16D.

(3) Test data and other researcher’s data have been gathered and fitted
to make strength predictions on GPC. With respect to GFRP failure,
stress concentration has been taken into account in the strength
prediction. As regard to concrete failure, not only the penetrating
rebar’s shear resistance, but the restraint action on concrete brought
by rebar has been involved in the strength equation. With a col-
lection of other test data as complement, proposed strength equa-
tions (Egs. (8) and (13)) for different failure mode have been ver-
ified to make a precise prediction of GPC’s strength. To guarantee
the rational strength and ductility of GPC, a critical thickness of the
plate is proposed according to the strength equations. In the ulti-
mate state, the critical thickness of the plate is located on the border
between the concrete dowel failure and GFRP shear-out failure.
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