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Abstract: This study investigated the effects of bolt-tightening forces on the connection strengths of non-
strengthened and glass fiber sheet (GFS)-strengthened pultruded glass fiber reinforced polymer (PGFRP)
connections through a series of experiments using double-lap and single-lap specimens. A total of 96 specimens (3
specimens for each parameter), half of which were non-strengthened, were tested under tensile loads and four bolt-
tightening forces: 0, 5 N.m, 10 N.m, and 20 N.m. The (0°/90°)/chopped strand mat/(0°/90°) lamination was used to
bond both PGFRP plates’outside surfaces and improve the connection strengths. The results indicated that
maximum failure loads increased with an increase in bolt-tightening forces. However, there were different trends in
the maximum failure load changes, depending on the specimen type (non-strengthened or GFS-strengthened
specimens; double-lap or single-lap specimens) and bolt-tightening forces. In addition, GFSs could effectively

improve PGFRP’s connection strengths and ductility performances.

Keywords: GFRP; strengthening; bolted connection; ultimate load; glass fiber sheet; failure mode

1. Introduction

Fiber-reinforced polymer (FRP) materials, such as carbon fiber, aramid, and glass fiber, are commonly used in
several fields, ranging from marine, automotive, and aerospace industry to the construction industry, due to their
superior properties, which include high strength and durability, a light weight, and high resistance to chemical and
corrosion attacks [1-8]. FRP materials’ construction applications have focused on two main categories:
strengthening aging structures and creating new structures. FRP reinforcement of concrete and steel structures has
been extensively researched and reviewed [2, 9-12]. Among FRP materials used in civil engineering fields, glass
and carbon fibers have attracted much attention. Carbon fiber is electro-conductive, but glass fiber is an electrical
insulation material [2]. Glass fiber is also less expensive than carbon fiber. As a result, using glass fiber in
construction has been a notable trend in recent decades. Glass fiber’s application in the construction field has also
been promoted by a new manufacturing method called the pultrusion method. The pultrusion method can create a
wide variety of high-quality pultruded glass fiber-reinforced polymer (PGFRP) profiles with various shapes that are
lightweight for transportation and easy to assemble. Using the pultrusion method at a highly industrialized level has
contributed to a significant reduction in the cost of PGFRP profiles and facilitated significant potential for their
future applications. PGFRP profiles have been used in many real-world construction applications, including bridges
and buildings, marine environment structures, emergency structures, cooling towers, pipelines, and guardrail
systems [13-18].

FRP members’ connections can be bolted, bonded, or bolted—bonded hybrid joints [19]. Bolted connections are
popular due to their ease of assembly and disassembly, as well as good load transmission in direct tensile and

transverse directions. One of the disadvantages of bolted connections is that stress concentrations can appear around
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bolt holes due to fibers’ discontinuity [20]. Additionally, because FRP materials have relatively low transversal or
shear strengths [21-24], shear-out failures tend to easily occur in PGFRP bolted connections, which reduces joints’
load-carrying capacity and ductility. Several researchers have provided solutions to improve PGFRP connections’
shear strengths, including carbon nanotubes [25-26], fiber direction optimization using 3D printers [27-28], metal
inserts [29], fiber lamination arrangements [30-32], and using glass fiber sheet (GFS) [33-35].

One difficulty when investigating PGFRP connection strength is FRP materials’ brittle nature; they generally
exhibit the linear behavior of elastic stress and strain until failure [2, 36]. Therefore, FRP materials’ failures are
usually complex, which is a challenge for researchers. Some researchers have surveyed the effects of several
factors, including geometries [34, 37-40], angles between pultrusion direction and loading [41-43], fiber laminations
[44-46], and clamping forces [47-49], on the strength of glass fiber-reinforced polymer (GFRP) connections. Many
researchers focused on the effects of factors other than clamping forces. Gao et al. [47] estimated clamping forces’
effects on the fatigue behavior of pultruded carbon fiber-reinforced polymer joints. They concluded that transversal
clamping forces could slow the crack propagation rate and improve the fatigue life. Giannopoulos et al. [48§]
experimentally investigated the effects of bolt-tightening forces on the fatigue and strength of fiber-reinforced
polymer laminations. Their results showed that bolt-tightening forces increased joint strengths. Liu et al. [49]
presented experimental and finite element analysis results of the effect of pre-tightening forces on bolted FRP-steel
joints. They concluded that joints’ load-carrying capacities increased with an increase in pre-tightening forces.
Although the above results all concluded that bolt-tightening forces can increase joints’ load-carrying capacities,
further quantitative studies are necessary to clarify the effects of bolt-tightening forces on PGFRP connections.

This study aimed to investigate GFS’ strengthening effects on the connection strengths of double-lap and single-
lap multi-bolted PGFRP connections while considering the effects of bolt-tightening forces experimentally. A total
of 96 specimens were tested under four types of bolt-tightening forces: 0, 5 N.m, 10 N.m, and 20 N.m.
(0°/90°)/chopped strand mat (CSM)/(0°/90°) lamination GFSs (three layers) were used to strengthen PGFRP plates.
The (0°/90°) was a two-fiber-orientation glass woven roving sheet, and the CSM was a short-random directional
glass fiber sheet. The (0°/90°)/CSM/(0°/90°) GFSs were molded using the vacuum-assisted resin transfer molding
(VaRTM) method and bonded to PGFRP plates’ outside surfaces.

2. Experimental program
2.1. Materials and specimen types

The experiments’ specimens were cut from the main webs of C100B PGFRP profiles (Molymer Matex Co., Ltd.,
Japan). These channels had 100 X 50 x 6.5 x 6.5 mm cross-sectional areas. PGFRP channels’ total thickness was 6.5
mm, which included the outside glass fiber mat (GFM) (approximately 1 mm thick) and the inside unidirectional
glass roving (UD) (approximately 5.5 mm thick). Fig. 1 shows a section of C100B PGFRP profiles, PGFRP
constitution, and specimen types used in the experiments. Specimen types included two-bolt and four-bolt
specimens, and specimens without and with GFS strengthening, as shown in Figs. 1 and 2. The main specimens
were 84 mm and 50 mm wide, with four bolts and two bolts, respectively. Double-lap and single-lap specimens
were 300 mm and 250 mm long, respectively. All bolts were 8 mm in diameter; bolt holes were 9 mm in diameter.
GFSs were attached to both sides of PGFRP plates, in 84 x 80 mm and 50 x 80 mm areas, for four-bolt and two-bolt
specimens, respectively. Ratios of the connections’ end distance and bolt diameter (e/d) equaled 3d (24 mm) for all
connections. Distances between bolts were 4d (32 mm), as per [50]. GFSs were attached to both sides of PGFRP
plates using E250 (Konishi, Osaka, Japan), a high-strength adhesive. Its elastic modulus and Poisson’s ratio are
3700 MPa and 0.36, respectively. The curing process lasted approximately one week at room temperature (around
20° C) before bolt holes were drilled.
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Fig. 3 shows the constitutions of GFSs used for strengthening. This study used (0°/90°)/CSM/(0°/90°) GFSs
because external (0°/90°) glass woven roving layers can increase GFS-strengthened PGFRP connections’ bearing
strength and improve their performance [31,35]. The (0°/90°) glass woven roving is an orthotropic material with 0°
and 90° fiber directions, whereas CSM can be considered an isotropic material. Because of its short and random
fiber directions, CSM can transfer epoxy more easily than (0°/90°) glass woven roving can. This study used (0°/90°)
glass woven roving layers (ERW580-554A) and CSM (ECM450-501) that were products of Central Glass Co., Ltd.,
Tokyo, Japan. The CSM and 0°/90° woven roving weights were 450 (g/m?) and 580 (g/m?), respectively. The
combination of (0°/90°) glass woven roving on the outside and inside CSM was expected to create a good quality
GFS for strengthening. The original GFS layers ((0°/90°) glass woven roving and CSM) were impregnated with
E205 epoxy (Konishi, Osaka, Japan) using the VaRTM method [31, 33-35] to create the final GFSs, as shown in Fig.
3. The average thickness of (0°/90°)/CSM/(0°/90°) GFS was approximately 1.26 mm, with an approximate 45%
fiber volume content. The Poisson ratio and elastic modulus of E205 adhesive are 0.46 and 1285 MPa, respectively.
The final GFSs’ surfaces were sanded and then bonded to the PGFRP plates using E250 adhesive.

Table 1 lists all specimens for the double-lap and single-lap tests. There were 96 specimens, half of which were
non-strengthened specimens, and three specimens for each parameter. Four types of tightening forces were applied
to the connections: 0, 5 N.m, 10 N.m, and 20 N.m. The maximum tightening force of 20 N.m was calculated using
the snug-tight condition, as expressed in [50, 51]. The detailed calculation of bolt tightening force is given in
Appendix A at the end of the paper. Table 2 lists the mechanical properties of the PGFRP member, UD part, GFM
part, and the laminate of GFS, i.e. 0°/90° layer and CSM layer. These properties were tested by Nhut et al. [33,34].
As assumed in the previous studies [33,34], the mechanical properties of the GFM part were equal to those of the
CSM layer because both were multi-directional short random fibers. The average shear-out strength of PGFRP
plates was calculated by Eq. (1). In this equation, Ps,pcrrp 1S the shear-out failure load of the PGFRP plates,
determined by three types of bolt diameters 12 mm, 16 mm, and 20 mm by Nhut et al. [33], e is the end distance
from the bolt center to the edge of the PGFRP plate, and ¢ is the thickness of PGFRP plate. Table 3 shows the shear-
out strength of the PGFRP plate calculated from the experimental data from Nhut et al. [33].

P

— Y50.PGFRP
TsaPGFRP - mZet 4y

Table 1. Specimen types for single-lap and double-lap tests.

Tightening No. of No. of

Specimen name Type Describe force (N.m) specimens bolts
DL-NS2-0 (SL-NS2-0) DL (SL) Non-strengthened 0 3(3) 2
DL-ST2-0 (SL-ST2-0) DL (SL) Strengthened 0 3(3) 2
DL-NS2-5 (SL-NS2-5) DL (SL) Non-strengthened 5 3(3) 2
DL-ST2-5 (SL-ST2-5) DL (SL) Strengthened 5 33) 2
DL-NS2-10 (SL-NS2-10) DL (SL) Non-strengthened 10 3(3) 2
DL-ST2-10 (SL-ST2-10) DL (SL) Strengthened 10 3(3) 2
DL-NS2-20 (SL-NS2-20) DL (SL) Non-strengthened 20 3(3) 2
DL-ST2-20 (SL-ST2-20) DL (SL) Strengthened 20 3(3) 2
DL-NS4-0 (SL-NS4-0) DL (SL) Non-strengthened 0 3(3) 4
DL-ST4-0 (SL-ST4-0) DL (SL) Strengthened 0 3(3) 4
DL-NS4-5 (SL-NS4-5) DL (SL) Non-strengthened 5 3(3) 4
DL-ST4-5 (SL-ST4-5) DL (SL) Strengthened 5 33 4
DL-NS4-10 (SL-NS4-10) DL (SL) Non-strengthened 10 3(3) 4
DL-ST4-10 (SL-ST4-10) DL (SL) Strengthened 10 33 4
DL-NS4-20 (SL-NS4-20) DL (SL) Non-strengthened 20 3(3) 4
DL-ST4-20 (SL-ST4-20) DL (SL) Strengthened 20 33 4

DL: double-lap specimens, SL: single-lap specimens



116

117

118

119
120
121
122
123

124
125

Table 2. The mechanical properties of components.

Laminate Shear-out strength (MPa) Bearing strength (MPa)
PGFRP 20.22 -
UD 10.3 260.49
0/90 GFS - 146.03
CSM GFS - 199.71
GFM - 199.71

Table 3. Shear-out strength of PGFRP plate.

Specimen e (mm) t(mm) Failure load (kN)  Shear-out strength (MPa)  Average values (MPa)

M12 bolt 36 6.5 9.83 21.00
M16 bolt 48 6.5 12.43 19.92 20.22
M20 bolt 60 6.5 15.4 19.74

2.2. Test diagrams

Figs. 4, 5, and 6 show test diagrams and test setups for double-lap and single-lap specimens, respectively.
Tensile loads were applied using a Maekawa universal testing machine with a maximum capacity of 1000 kN. The
tensile load was controlled at the average speed of 0.04 kN/second. Loading was applied until specimen failure. The
load direction coincided with the PGFRP channels’ pultrusion direction. High-strength grade 12.9 bolts M8 x 40 (8

mm bolt diameter) were used for all specimens.
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Fig. 4. Test diagram for double-lap specimens.
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The number of washers used was adjusted so that bolt threads were in contact with PGFRP plates in both
double-lap and single-lap specimens. Cover steel plates (CS) and steel plates (SP) were contacted directly with
PGFRP plates via 4 bolts and 2 bolts (M8 x 40) for double-lap and single-lap specimens, respectively. Tightening
forces for PGFRP plates were applied via these bolts. CS in double-lap specimens were 292 x 100 x 9 mm. After
being covered by CS and tightened, PGFRP plates in double-lap tests were connected to the testing machine by
hanging steel frames, as shown in Fig. 4. For single-lap specimens, PGFRP plates were connected using 16 mm
thick SP. To establish the centric tensile load for single-lap specimens, additional steel plates (ASP) were welded to
the SP, and molded GFSs (approximately 16 mm thick) were bonded to PGFRP plates using E250 adhesive.

Before applying the tightening forces, all specimens were adjusted the positions (along the tensile direction) so
that there were no clearances between steel bolts and PGFRP bolt holes. Meanwhile, PGFRP plates and steel bolts
were contacted together from the beginning of the application of load. All bolts were installed without clearances,
and the bearing condition was achieved at the early stage of load application. In the next step, a torque wrench
measurement device was used to control the tightening force values (5 N.m, 10 N.m, and 20 N.m). The tightening
forces were applied several times and in turn for bolt positions in small increments (around 3 N.m) until the
required values to prevent the slipping between PGFRP plates and steel surfaces caused by the sudden load. The
relative positions of the PGFRP specimens to the CS and SP steel plates’ edges were measured carefully after
tightening to limit the slip between PGFRP specimens and CS and SP steel plates before and after applying the
tightening forces. The positions of PGFRP specimens were checked carefully after applying the tightening forces. If

there was any slipping, the tightening forces were removed and applied again.
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Fig. 5. Test diagram for single-lap specimens.
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Fig. 6. Experimental test setups.

3. Experimental results and discussions
3.1. Failure modes

Figs. 7 and 8 show the typical failure modes of double-lap and single-lap specimens with two bolts and four
bolts, respectively; all failure modes are shown in the connections’ front and top views. There were generally two
types of failure modes. Mode 1 was a shear-out failure throughout the whole thickness of PGFRP plates. Mode 2
was a combination of shear-out failures in the UD section (5.5 mm) and bearing failures in the GFM and GFS
sections. Mode 1 occurred in non-strengthened specimens, whereas Mode 2 occurred in GFS-strengthened
specimens. The shear-out length of Mode 1 failures developed from the second bolts to the connections’ edges. The
shear-out areas of non-strengthened specimens without tightening forces tended to be smaller than those of non-
strengthened specimens with tightening forces (e.g., DL-NS2-0, SL-NS2-0, DL-NS4-0, and SL-NS4-0). In GFS-
strengthened specimens, bearing failures could easily be identified via GFSs’ out-of-plane deformation. When
tightening forces were 0, GFSs’ out-of-plane deformations were larger than those to which tightening forces were
applied, as specimens’ surfaces were subjected to the compression pressure of tightening forces. Bearing failures
were still found in GFSs with tightening forces; however, out-of-plane deformations occurred more slowly while
ultimate loads increased. GFSs’ out-of-plane deformations were also larger for single-lap specimens, because of
their bending behaviors. Figs. 7 and 8 show that shear-out failures only appeared in the UD sections of GFS-
strengthened specimens. In single-lap specimens, SL-ST2-10 and SL-ST2-20, debonding failure occurred on one
side of the specimens (between GFM and UD sections) at the final step when loading decreased.
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Fig. 7. Typical failure modes of single-lap and double-lap specimens with two bolts.

3.2. Load and displacement relations

Figs. 9 and 10 present the load and crosshead displacement relations of double-lap and single-lap specimens,
respectively. There were differences in the behaviors of non-strengthened and GFS-strengthened specimens. The
failure behaviors of non-strengthened specimens in both double-lap and single-lap tests were generally the same,
regardless of the impact of bolt-tightening forces. These specimens’ maximum loads suddenly dropped after the
PGFRP plates’ shear-out failures. In contrast, there were some changes in the load-displacement relations of GFS-
strengthened specimens concerning types of connections. Regarding the effects of the bolt number, four-bolt
specimens in GFS-strengthened connections had signs of higher stability in high-load areas compared to two-bolt
specimens when load values had smaller variations in four-bolt specimens. Double-lap specimens in GFS-
strengthened connections also performed better than single-lap specimens did when maximum loads were
maintained in longer displacements, especially in four-bolt specimens. Overall, all GFS-strengthened specimens had
better ductility performances compared to non-strengthened specimens when loadings were maintained at maximum

values for a longer time.

3.3. Effects of bolt-tightening forces
Tables 4 to 7 show maximum loads for all connection types and the effects of bolt-tightening forces on double-
lap and single-lap connections with and without GFS strengthening. The maximum coefficient of variation (C.0.V.)

for the ultimate loads was found in the SL-NS2-10 specimen (14.7%). This maximum C.O.V was acceptable
8
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compared to the C.0.V in the previous results of Nhut et al. [33,34]. Load increases presented in these tables were
calculated based on increased loads by applying tightening forces compared to O tightening forces. Fig. 11 shows
the load and tightening force relations of all specimens and load-increasing levels of connections after they were
strengthened using GFSs.

In general, maximum failure loads increased as tightening forces increased. There were differences in the load
changes of double-lap and single-lap specimens. Without tightening forces, maximum loads were approximately the
same in both single-lap and double-lap specimens. The maximum variation was 9.71% in specimens SL-ST2-0 and
DL-ST2-0. The reason for this variation was a small loading transfer eccentricity in single-lap specimens.
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* @
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ke T

' !’:l‘"‘" “ “ ‘ 2
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N B

SL-NS4-10 SL-NS4-20 SL-ST4-20

Fig. 8. Typical failure modes of single-lap and double-lap specimens with four bolts.

When tightening forces increased, changes in maximum loads exhibited different trends, depending on the
connection type. In non-strengthened specimens, connections’ maximum loads were approximately the same for 5
N.m and 10 N.m bolt-tightening forces. However, when the tightening force was increased to 20 N.m, larger
variations were found between the maximum failure loads of double-lap and single-lap non-strengthened specimens
(e.g., 29.20 % between SL-NS2-20 and DL-NS2-20, and 32.711% between SL-NS4-20 and DL-NS4-20). As a
result, high bolt-tightening forces (20 N.m) could provide better performance for double-lap connections compared
to single-lap connections in non-strengthened specimens. For GFS-strengthened specimens with two bolts, there
were no significant dissimilarities between double-lap and single-lap specimens; the maximum variation was
12.03% between specimens SL-ST2-10 and DL-ST2-10. In four-bolt GFS-strengthened specimens, double-lap
specimens’ maximum loads rose by approximately 18.8 % compared with those of single-lap specimens. In general,
differences were small in GFS-strengthened connections with two bolts when bolt-tightening forces were increased.
In addition, maximum loads increased in double-lap GFS-strengthened specimens compared with single-lap
specimens when bolt-tightening forces were 10 N.m and 20 N.m.
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Fig. 10. Load—crosshead displacement relations of single-lap specimens.
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217 Table 4. Effects of bolt-tightening forces on non-strengthened single-lap and double-lap specimens with two bolts.
Parameters No. SL-NS2-0/ SL-NS2-5/  SL-NS2-10/  SL-NS2-20/
DL-NS2-0 DL-NS2-5 DL-NS2-10 DL-NS2-20
Tightening forces (N.m) 0/0 5/5 10/10 20/20
Loads (kN) 1 12.05/12.88 16.81/18.33 17.17/21.79  19.95/26.01
2 12.80/12.70  16.88/15.84 15.46/17.15 24.88/26.56
3 14.00/1298 16.71/16.39 21.78/18.42 17.99/28.58
Average maximum loads (kN) 129571285 16.80/16.85 18.14/19.12  20.94/27.05
Variation of SL, and DLE -0.76% 0.35% 5.43% 29.20%
C.0.vV 0.062/0.009 0.004/0.063 0.147/0.102 0.138/0.041
Load increase levels (%) 29.71/31.16  40.06/48.81 61.68/110.49
218 UVariation between average maximum loads of double-lap and single-lap specimens
219 Table 5. Effects of bolt-tightening forces on GFS-strengthened single-lap and double-lap specimens with two bolts.
Specimen No. SL-ST2-0/ SL-ST2-5/ SL-ST2-10/ SL-ST2-20/
DL-ST2-0 DL-ST2-5 DL-ST2-10 DL-ST2-20
Tightening forces (N.m) 0/0 5/5 10/10 20/20
Loads (kN) 1 32.26/31.07 33.92/34.46 34.92/38.50 42.20/42.54
2 26.06/31.37 34.05/3240 35.63/3891 42.93/44.61
3 27.83/32.08 33.83/3545 32.97/38.55 40.48/46.97
Average maximum loads (kN) 28.72/31.51 33.93/34.10 34.51/38.66 41.87/44.71
Variation of SL and DLV 9.71% 0.49% 12.03% 6.78%
C.0.v 0.091/0.013 0.003/0.037 0.033/0.005 0.025/0.040
Load increase levels (%) 18.16/8.23 20.15/22.69 45.80/41.90
220 UVariation between average maximum loads of double-lap and single-lap specimens

221 Table 6. Effects of bolt-tightening forces on non-strengthened single-lap and double-lap specimens with four bolts.

222

223

224
225
226

Specimen No. SL-NS4-0/ SL-NS4-5/ SL-NS4-10/ SL-NS4-20/
DL-NS4-0 DL-NS4-5 DL-NS4-10 DL-NS4-20
Tightening forces (N.m) 0/0 5/5 10/10 20/20
Loads (kN) 1 25.07/23.82 31.83/25.55 33.67/32.78 35.72/43.91
2 23.43/23.55 23.90/27.61 27.72 /28.90 29.70 / 44.86
3 18.28 /23.78 31.37/31.31 26.78 /29.49 36.23/46.12
Average maximum loads (kN) 22.26/23.72 29.03/28.15 29.39/30.39 33.88/44.96
Variation of SL and DLY 6.56% -3.02% 3.40% 32.71%
C.0.v 0.130/0.005 0.125/0.085 0.104/0.056 0.087/0.020
Load increase levels (%) - 30.44/18.71 32.05/28.13 52.23/89.58

UVariation between average maximum loads of double-lap and single-lap specimens

Table 7. Effects of bolt-tightening forces on GFS-strengthened single-lap and double-lap specimens with four bolts.

Specimen No. SL-ST4-0/ SL-ST4-5/ SL-ST4-10/ SL-ST4-20/
DL-ST4-0 DL-ST4-5 DL-ST4-10 DL-ST4-20
Tightening forces (N.m) 0/0 5/5 10/ 10 20/20
Loads (kN) 1 53.53/59.18 62.38/73.44 62.38/79.07 75.85/83.03
2 57.21/59.38 65.38/67.69 67.85/80.93 64.18 / 85.78
3 55.43/6094 68.67/71.48 70.72/78.93 74.34 / 85.67
Average maximum loads (kN) 55.39/59.83 65.48/70.87 66.99/79.64 71.46 / 84.83
Variation of SL and DLU 8.02% 8.23% 18.89% 18.71%
C.0.v 0.027/0.013  0.039/0.034 0.052/0.011 0.073/0.015
Load increase levels (%) --- 18.21/18.44  20.94/33.10 29.01/41.78

UVariation between average maximum loads of double-lap and single-lap specimens
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Fig. 11. Load-tightening force relations and load-increasing levels after being strengthened with GFSs.
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Fig. 12. Load-tightening force relations in (a) single-lap specimens and (b) double-lap specimens.

Fig. 12 shows the load and bolt-tightening force relations in both double-lap and single-lap specimens. In these

graphs, dash lines are linear extensions of failure load values of connections without bolt-tightening forces and 5
N.m bolt-tightening forces. Regarding the relationship between load increase and bolt-tightening force increments,
there were several differences between double-lap and single-lap specimens. For double-lap non-strengthened
specimens and GFS-strengthened two-bolt specimens, increasing maximum loads changed at approximately the
same rate as the tightening force increment did. On the other hand, increasing maximum loads were not linearly
commensurate with the increase in tightening forces for GFS-strengthened four-bolt double-lap specimens. The
linear increase in PGFRP connections’ ultimate loads could be predicted approximately correctly when increasing
tightening forces on double-lap specimens, except for DL-ST4 specimens with high tightening forces (20 N.m).

There were large variations between continuous line graphs and dash line graphs for single-lap specimens when
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bolt-tightening forces were increased to 10 N.m and 20 N.m. There were no extreme differences in load increases
for 5 N.m, 10 N.m, and 20 N.m bolt-tightening forces in single-lap specimens. The linear increase in PGFRP
connections’ ultimate loads could not be predicted for single-lap connections because single-lap connections tended

to bend after tensile loads were applied, and friction surfaces and friction loads changed as a result.

3.4. GFSs’ strengthening effects on PGFRP connections

Table 8 indicates GFSs’ strengthening effects for PGFRP connections in double-lap and single-lap tests.
Increased ratios of maximum loads were calculated by dividing the maximum loads of GFS-strengthened specimens
by those of non-strengthened specimens having the same geometries corresponding to different bolt-tightening
forces. Table 8 shows that GFSs could improve PGFRP connections’ load-carrying capacities by approximately

1.65 to 2.5 times for two-bolt specimens and approximately 1.9 to 2.5 times for four-bolt specimens.

Table 8. Increasing ratios of maximum loads of GFS-strengthened connections (times).

Bolt-tightening forces (N.m)

Specimen
0 5 10 20
SL with two bolts 2.22 2.02 1.90 2.00
SL with four bolts 2.49 2.26 2.28 2.11
DL with two bolts 2.45 2.02 2.02 1.65
DL with four bolts 2.52 2.52 2.62 1.89

DL and SL: double-lap and single-lap specimens, respectively

Fig. 11 and Tables 4 to 7 show the load-increasing levels of all GFS-strengthened connections with various bolt-
tightening forces. Load-increasing levels were determined according to the increase in maximum loads when bolt-
tightening forces were applied compared with O-tightening forces. When increasing tightening forces, load-
increasing levels in GFS-strengthened specimens were smaller than those in non-strengthened specimens.
Therefore, GFSs enabled better PGFRP connection performance because GFSs restricted bolt-tightening forces’
effects on connection strengths. This was better for connections because tightening forces could be loosened during
structures’ working conditions. Moreover, according to the load and displacement relations illustrated in Figs. 9 and
10, GFS-strengthened specimens had better ductility performances compared with non-strengthened specimens,

especially in DL-ST4 specimens.

4. Theoretical prediction of the failure loads of multi-bolted PGFRP connections with 0 tightening forces

In this study, the failure loads of multi-bolted PGFRP connections with O tightening forces are predicted by the
following theoretical equations (Eqs. (2) — (7)). There were generally two types of failure modes, Mode 1 and Mode
2. Mode 1 occurred in non-strengthened specimens, in which shear-out failure appeared in the whole thickness of
PGFRP plates. Mode 2 was identified in GFS-strengthened specimens, where shear-out failures occurred in the UD
part, and bearing failures appeared in the GFM and GFS parts. Eqs. (2) and (3) express the predicted failure loads
for Mode 1 and Mode 2, respectively.

Mode I: P=>"R, 2)

Mode 2: b= ZRS().UD + ZRbi 3)
where RSO- pGrRrpiS the shear-out failure load per bolt line of the non-strengthened PGFRP connections, RmUDis
the shear-out failure load per bolt line of the UD part of GFS-strengthened specimens, R,-is the bearing failure load

of the components (e.g. GFM and GFS parts). The values of Rm-pG];Rp, Rso.UD’ Rb,- are determined by Eqgs. (4) - (6).

Rso'PGFRP = 2ﬂz—so‘PGFRPtlso = ZIBTSO.PGFRPt (e - ¢/ 2 + S) (4)
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B(%) =1-a(%) )
Rso.UD = 2IBlso (tUD +d)Tso. UD = zﬁ(e _¢/ 2 +S) (IUD +d)rs0. UD (6)
R, = ZﬂntidF;Ji @)

where T, popgp is the shear-out strength of PGFRP plates, which is determined by Eq. (1) (section 2.1);

lso =(e—¢/ 2+S) is the shear-out length of PGFRP plates (referred from [52]); e is the end distance from the first

bolt row to the edge of the specimens (e =24 mm); s is the distance between two bolt row in tensile load direction

(s = 32 mm); @is the bolt-hole diameter (¢ = 9 mm); ¢ is the thickness of PGFRP plates; 21, (t,, +d) is the shear-

out areas of the UD parts in GFS-strengthened specimens; 7, ;pis the shear-out strength of the UD parts; n is the

number of bolts of the specimens; £ is the thickness of bearing components (GFM and GFS parts); d is the diameter
of the bolt (d = 8 mm); F; is the bearing strength of the components (GFM and GFS parts), determined in section
2.1; a is the load reduction percentage between non-thread bolted and thread-bolted connections.

The bearing strength of the GFS part can be calculated by the total bearing strength of two components, i.e.
0°/90° GFS and CSM GFS. The total thickness of the GFS part on one side is around 1.26 mm, in which the
thickness of 0°/90° GFS is around 0.76 mm and the thickness of CSM GFS is around 0.48 mm. These thicknesses
are measured by the molding of separately 0°/90° GFS and CSM GFS with the same VaRTM method and materials.
The parameter a is considered because the shear-out strength and bearing strength of components determined in
section 2.1 were from the previous studies [33,34] with non-thread bolts. In contrast, the PGFRP plates in this study
suffered from thread areas of bolts.

The effects of o were determined by the following experiments. Fig. 13 shows the tests to investigate the effects
of bolt thread on the strengths of PGFRP connections. The double lap tests were conducted with four types of
specimens, i.e. non-strengthened specimens with two and four bolts (NT-DL-NS2-0 and NT-DL-NS4-0) and GFS-
strengthened ones with two and four bolts (NT-DL-ST2-0 and NT-DL-ST4-0). The sizes of the specimens were the
same as the main specimens in the main tests (section 2.1). Longer bolts M8 x 80 were used for the specimens
without bolt thread in the connection parts.

M30 bolt M8x40 (22 mm- M30 bolt M30 bolt

thread leng
N ll ™% \ I N
L

Cover ste EZ

plates

Cover steel
plates

M8 bolts M8 bolts

oy
PGFRP | ] PGFRP
M8

() (b)
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Fig. 13. Bolt thread tests: (a) connection with bolt thread and (b) without bolt thread in PGFRP connection.

Fig. 14 and Table 9 indicate the load-displacement relations and maximum failure load obtained from the tests.
Table 10 shows the comparison of maximum failure loads of the specimens with and without bolt threads. The
results indicated that the threads had certain effects on the connection strengths of non-strengthened specimens,
whereas these effects were very small in GFS-strengthened specimens. The maximum failure loads of non-
strengthened specimens with thread bolts were smaller than those of non-thread bolts with a decreasing percentage
of around 9% and 7% for two and four-bolt specimens, respectively. It can be seen that GFS could create better
performance for the specimens having thread bolts when the maximum failure loads of these specimens were almost
the same as non-thread bolt specimens. Because the effects of bolt threads on the connection strength of PGFRP
connections were not too high, the factor a in the experiments of double lap tests was applied for the single lap

specimens as well to simplify the estimation.

70 NT-DL-NS2-0-1
D N N S S S p— NT-DL-NS2-0-2
— — - NT-DL-NS2-0-3

50 NT-DL-NS4-0-1

727 7 IR N N 7/ . R N [ NT-DL-NS4-0-2
= — — - NT-DL-NS4-0-3
E 30 NT-DL-ST2-0-1
NT-DL-ST2-0-2

20 NT-DL-ST2-0-3
" NT-DL-ST4-0-1
............. NT-DL-ST4-0-2

0 — — - NT-DL-ST4-0-3

0 5 10 15 20 25

Displacement (mm)

Fig. 14. Load-displacement relations of PGFRP connections without bolt thread in the connections.
Table 9. Results of bolt thread effect tests

Specimen NT-DL-NS2-0 NT-DL-NS4-0 NT-DL-ST2-0  NT-DL-ST4-0
1 13.98 25.26 33.24 60.61
2 13.92 25.98 29.62 60.55
Maximum loads (kN) 3 14.13 24.88 32.18 57.75
Average maximum loads (kN) 14.01 25.37 31.68 59.64
C.0.V 0.006 0.018 0.048 0.022

Table 10. Effect of bolt thread on the ultimate loads of PGFRP connection

Specimen NT-DL-NS2-0 NT-DL-NS4-0 NT-DL-ST2-0 NT-DL-ST4-0
Ultimate load (kN) 14.01 25.37 31.68 59.64

Specimen DL-NS2-0 DL-NS4-0 DL-ST2-0 DL-ST4-0
Ultimate load (kN) 12.85 23.72 31.51 59.83
Difference (a) (%) 9.01% 6.98% 0.56% -0.33%

Table 11 shows the prediction of maximum failure loads calculated from the proposed equations. Although the
maximum error was relatively high (around 23 %), the prediction of the maximum failure loads can be acceptable
because of several reasons. Firstly, the thickness of the GFM part and UD part are not stable for all specimens.
Secondly, although the properties of GFM and CSM GFS are assumed equal together, there are certain differences.
However, the properties of GFM cannot be tested separately. Last but not least, although the tightening force was 0
N.m, there was no clearance between the PGFRP plate and CS and SP steel plates, i.e. the washers were slightly

fixed by fingers. This can cause small friction forces between PGFRP and steel surfaces and increase the bearing
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325 strength of the GFSs. Table 11 also shows that the predicted failure loads of non-strengthened specimens were

326 closer to the experimental results.

327

328 Table 11. Maximum failure loads predicted from the proposed equations and experimental results.
Specimen Theoretical prediction load (kN) Experimental load (kN) Error

Mode 1 Mode 2

DL-NS2-0 12.32 - 12.85 -4.13%
DL-NS4-0 25.19 - 23.72 6.20%
DL-ST2-0 - 24.2 31.51 -23.23%
DL-ST4-0 - 48.8 59.83 -18.43%
SL-NS2-0 12.32 - 12.95 -4.86%
SL-NS4-0 25.19 - 22.26 13.17%
SL-ST2-0 - 24.2 28.72 -15.78%
SL-ST4-0 - 48.8 55.39 -11.88%

329

330 5. Conclusions

331 This study investigated the effects of bolt-tightening forces and connection types on the strengths of non-
332 strengthened and GFS-strengthened PGFRP connections. Both double-lap and single-lap specimens were tested

333 using tensile loads. Based on the experimental results, several conclusions were reached, as follows:

334 * Non-strengthened specimens suffered shear-out failures in their whole sections, whereas a combination
335 of shear-out failures in UD sections and bearing failures in the GFM and GFS sections occurred in GFS-
336 strengthened specimens. For GFS-strengthened specimens, out-of-plane deformations around the bolt
337 positions tended to be larger for single-lap specimens and 0 N.m bolt-tightening force specimens.

338 * Maximum failure loads increased as tightening forces increased. Increasing levels of maximum failure
339 load approximately linearly changed with increases in the tightening force increment for double-lap
340 specimens, except DL-ST4-20 specimens. However, there was little change in load increases between 5 N.m,
341 10 N.m, and 20 N.m bolt-tightening forces for single-lap specimens. The linear increase in PGFRP
342 connections’ ultimate loads could not be predicted for single-lap connections when bolt-tightening forces
343 increased from 5 N.m to 10 N.m and 20 N.m.

344 * Maximum failure loads were nearly the same for double-lap and single-lap connections in both non-
345 strengthened and GFS-strengthened specimens. When applying bolt-tightening forces to connections, some
346 trends for increases in maximum failure loads changed. Maximum loads were approximately the same for
347 non-strengthened specimens with 5 N.m and 10 N.m bolt-tightening forces. However, high bolt-tightening
348 forces (20 N.m) could enable a higher maximum load and better performance for double-lap connections (but
349 not single-lap connections) in non-strengthened specimens. There were a few dissimilarities in the maximum
350 loads of GFS-strengthened double-lap and single-lap specimens with two bolts. When GFS-strengthened
351 specimens’ bolt number increased to four, double-lap specimens’ maximum loads increased by
352 approximately 18.8 %, which was a higher percentage increase than those of single-lap specimens.

353 * GFSs could improve PGFRP connections’ strength when the maximum loads of GFS-strengthened
354 specimens increased from 1.6 to 2.5 times compared with non-strengthened specimens with the same
355 geometries and bolt-tightening forces. Moreover, GFSs could improve PGFRP connections’ ductility
356 performances.

357 » The theoretical equations were proposed to estimate the failure loads of multi-bolted PGFRP
358 connections with 0 tightening forces and proved the acceptable results. Maximum error between theoretical
359 and experimental results was around 23%.
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Appendix A. Calculation of bolt tightening force for PGFRP connections

Assume the maximum compression strength (¢, max) under a washer to be 60 (N/mm?). In Part 3 of Clarke (1996)
[53], there was a report on a series of tests with pinned beam-to-column joints. There was a statement ‘“Bearing
pressure is no higher than one-third of the through-thickness crushing strength of the material and in no event higher
than 68 N/mm?”. Because the tensile strength and compressive strength of PGFRP are high (426.5 (MPa) and 563.5
(MPa), respectively [33]); therefore, the value of 60 (MPa) for ¢, max is suitable.

2 _ g2
The maximum compression force to be resisted by a washer is P = ,TM Xo =13194 (N ), Where @

,max 4 ¢,max

=19 mm and ds = 9 mm are the outer and inner diameter of the washer, respectively. The maximum tightening force
that should be applied for PGFRP joints can be calculated by the following equation [50,53]
T, =0.2dP, =21 (N.m) > where d is the bolt diameter.

t,max
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