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Pultruded Fiber Reinforced Polymers (PFRP) have been increasingly used in the field of engineering con-
structions because of their advanced characteristics like lightweight, high strength, and easily molding pro-
cess. In civil engineering structures, mechanical connections such as bolted connection are widely used
because it is an easy way to connect the members. However, this kind of connection for PFRP has low
shear strength, reducing the mechanical performance of the connections. In order to overcome this problem,
thin multiaxial glass fiber sheets (GF) molded by VaRTM methods can be effectively used to strengthen
the PFRP connections. In this paper, two types of GF sheets (0/90 degrees and +45 degrees) were used to
strengthen the connections. The strengthening effects of GF sheets for the connections and failure modes
of connections will be investigated by tensile shear tests. Then, the relationship between failure modes of
the connections and bolted connection strength, including bearing strength and shear-out strength will be
investigated. Moreover, this study was conducted for the purpose of examining the formulas of the evalu-

ation of PFRP-bolted connection strength reinforced by multiaxial GF sheets.

Key Words: FRP, bearing strength, shear-out strength, failure modes

1. INTRODUCTION

Pultruded fibre reinforced polymer (PFRP) struc-
tures have been increasingly used in civil infrastruc-
ture applications due to advanced properties such as
high specific strength, low weight, high corrosion re-
sistance, and fatigue-resisting capacity. In civil engi-
neering structures, mechanical connections such as
bolted connection are used widely because it is an
easy way to connect the members. However, the ma-
jor challenge with this kind of connection is that se-
vere stress concentration occurs at the bolt holes,
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which reduces the performance of the structures®.
Moreover, PFRPs lack connection strength because
of'its low shear strength. This usually leads the shear-
out failure when the ratios between end distance to
hole diameter are small (e/¢). This mode of failure is
mainly caused by shear stresses and occurs along
shear-out planes on the hole boundary in the principal
fastener load direction. Thin multiaxial glass fiber
sheets also have many advanced characteristics such
as high strength, lightweight, and are easy for mold-
ing with any shapes. However, multiaxial FRPs lack



elastic modulus and large-scale production perfor-
mance. Thin multiaxial glass fiber sheets can be com-
bined with epoxy to create thin sheets that can be
used for strengthening of PFRP connection. The ad-
vanced properties of two kinds of materials can be
combined together to create reasonable FRP connec-
tions in the field of civil engineering. In this study,
we will use the vacuum assisted resin transfer mold-
ing (VaRTM) method to create GF sheets and use
these sheets to strengthen the performance of the con-
nections.

The design of bolted connections with GF sheets
strengthening is much more complex than other
standard materials such as steel. The GF sheets can
increase the connection strength of PFRP members 2.
The failure modes of PFRP specimens when
strengthened with different GF sheets are different as
well depending on the types of GF sheets. As aresult,
the strengthening effects of different types of GF
sheets need to be investigated to develop this
strengthening application. In this paper, the strength-
ening effects of different types of GF sheets for the
PFRP connections will be investigated. Then, a series
of experiments to determine the fundamental connec-
tion strength including bearing strength and shear-out
strengths of different types of GF sheets and PFRP
members. These fundamental strengths will be used
to explain for the relationships between failure modes
and connection strengths of FRP connection rein-
forced by GF sheets. Finally, the formulas for evalu-
ating the strength of PFRP strengthened by GF sheets
were proposed according to the failure modes of the
connections.

2. ULTIMATE STRENGTH OF BOLTED
CONNECTIONS

The ultimate strength of bolted connections can be
calculated depending on the types of failure modes.
Fig.1 shows the different types of failure modes of
bolted connections.
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Fig.1 Basic failure modes for bolted connections: (a) net ten-
sion, (b) shear-out, (c) bearing, and (d) cleavage.

When members are subjected to a tensile load and
failure mode is net tension as shown in Fig.1a, the
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average net stress o, across a section is calculated
from equation (1).
o, =—— (1)
(w—ng)t

where P is the ultimate tensile load at the joint hav-
ing a width w and thickness ¢#. The number of bolts
within the section is # having a diameter ¢.

If the failure mode is shear-out failure as shown in
Fig.1b, the shear stress 7 in a joint is calculated by the
following equation.

P
2et 2)

where P is the applied load with thickness 7 and a
distance from the bolt hole center to the ends of the
connected plates is e.

When the failure modes of connection are bearing
or cleavage as shown in Fig.1c and Fig.1d, the aver-
age bearing stress at the cross-section of the hole can
be calculated by equation (3).

P
F=— 3)
ntg
where P is the load applied, » is the number of
bolts with the diameter ¢ and with a material thick-

ness of 7. Bearing stress is caused by compression of
half the bolt hole transferred by the bolt.

3. THE STRENGTHENING EFFECTS OF
GF SHEETS FOR PFRP CONNECTIONS

(1) Materials used for test specimens
a) PFRP Channels

In this study, the adopted PFRP consisted of
chopped strand mats (CSM), glass roving (UD), and
unsaturated polyester resin. The original plates had
the C sectional shape as shown in Fig.2. The main
parts of the plates were cut to be used in the experi-
ments.
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Fig.2 PFRP channel

b) Multiaxial glass fiber sheets (GF sheets)

Two types of GF sheets (0/90 degrees and +45 de-
grees) were used to strengthen the PFRP connections.
GF sheets were molded from vacuum-assisted resin
transfer molding (VaRTM) method.

Fig.3 shows the diagram of the strengthening



method. The GF sheets were bonded to the PFRP sur-
faces by E250 resin. In this figure, fcsy is the thick-
ness of chopped strand mats, #p is thickness of glass
roving, fgr is the thickness of GF sheets, and 7 is the
total thickness of the connections.

Fig.3 Strengthening diagram of GF sheets for PFRP connec-
tions: (a) PFRP and (b) PFRP with strengthened GF sheets

¢) Experimental programme

Fig.4 shows the specimen configuration and test
setup for tensile experiments. In the experiments, the
diameters of the bolt holes (¢) were 16mm for all the
cases. The total length of specimens was denoted by
h. Table 1 shows all the specimens for the tensile
tests. There were 9 specimens in total with 3 speci-
mens in every type. In the table, W/o means the spec-
imens without GF sheet strengthening, 0/90 means
specimens that were strengthened by 0/90 degrees
GF sheets, and +45 means the specimens that were
strengthened by +45 degrees GF sheets. The GF
sheets were bonded on the surfaces of PFRP after
molding by VaRTM method. Then, drilling holes
were conducted after curing of the bonding.
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Fig.4 (a) Specimen configuration and (b) test setup

Table 1. All specimens for tensile tests

Specimen T fop fesm IGr
mm mm mm mm mm

W/o-1 48 6.5 5.5 1 0

W/o-2 48 6.5 55 1 0

W/o-3 48 6.5 5.5 1 0
0/90-1 48 7.7 5.5 1 1.2
0/90-2 48 777 55 1 1.2
0/90-3 48 777 55 1 1.2
+45-1 48 7.7 5.5 1 1.2
+45-2 48 7.7 5.5 1 1.2
+45-3 48 777 55 1 1.2

452

Fig.5 Failure modes of all specimens

Fig.5 shows the deformation modes of all speci-
mens. It can be seen from the figure that shear-out
failures occurred in all specimens without strength-
ening. When strengthened with GF sheets, the failure
modes of the connection were different. Shear-out
failures occurred in the specimens with 0/90 degrees
GF strengthening sheets on the whole width of spec-
imens. On the other hand, when strengthening with
+45 degrees GF sheets, shear-out failure occurred on
the glass roving parts and bearing failures occurred
on the chopped strand mats parts and GF sheets.

Fig.6 shows the load-displacement relations of all
specimens. Table 2 shows the maximum loads ob-
tained from the experiments and strengthening ef-
fects of GF sheets on the increase of connection
strengths. It is clear that the connections got the high-
est strengthening effects when strengthened with +45
degrees GF sheets, around 74%; whereas, the
strengthening effect was around 49% when using



0/90 degrees GF strengthening sheets.

Table 2. Maximum loads of all specimens

Specimen W/o  0/90 +45
13.05 17.58 21.54
Load (kN) 10.78 17.85  20.00
12.65 18.76  21.93
Average load (kN) 12.16 18.06  21.15
Strengthening
effects (%) --- 4855 73.97
25
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Fig.6 Load-displacement relations of specimens

4. RELATIONSHIPS BETWEEN FAILURE
MODES AND STRENGTH OF PFRP
CONNECTION

In section 3, the strengths of PFRP connection in-
creased when strengthened with GF sheets and the
failure modes of specimens changed depending on
the types of strengthened-GF sheets. Therefore, the
relationships between connection strength and failure
modes need to be investigated clearly. In this section,
we propose equations to calculate the connection
strength of PFRP and GF strengthened — PFRP spec-
imens and compare with the experimental results.

The different failure modes of the connection can
be found in Fig.7. The shear-out failures that were
seen in W/o and 0/90 specimens were explained by
Fig.7a when the shear-out failures occurred in the
whole thickness of specimens. Fig.7b shows the fail-
ure modes when only bearing failures occurred in the
whole thickness of the specimens. There is a mixed
failure mode as shown in Fig.7¢ where shear-out fail-
ure occurred in the glass roving parts and bearing fail-
ures occurred in the CSM and GF sheets. The failure
modes of specimens +45 were same with Fig.7¢c. In
the figure, b denotes for the width of shear-out parts.

From the failure modes, we propose the equations
to calculate the ultimate tensile loads for the connec-
tion as below.

289

| .

(a) Shear-out

(b) Bearing

(¢) Mixed failure

Fig.7 Failure modes of PFRP connections

Pi=2-e(tuo- Tup+1cr- TGF+tesm- Tesm)  (4)
P>=@tw- Fio+tar- For+tosm- Fesv) — (5)
Ps=2-e-(b+tw)- tw+@;tor - Far+tcsm- Fesm) (6)

The equations (4), (5), and (6) used to calculate
the ultimate tensile loads for the connections that
have the failure modes as shown in Fig.7a, 7b, and
7c¢ respectively. Here 76r, tup, and zcsy are the shear
stress of GF sheets, glass roving, and chopped strand
mats respectively. For, Fup, and Fcsy are the bearing
stress of GF sheets, glass roving, and chopped strand
mats respectively.

5. BEARING AND SHEAR STRENGTH OF
COMPONENTS OF THE CONNECTIONS

In this section, the bearing strength and shear strength
of every component of the connections (chopped
strand mats, glass roving, and GF sheets) were inves-
tigated by a series of experiments. These values are
necessary to consider the validity of the proposed
equations in order to calculate the connection
strength of PFRP.

(1) Bearing tests for components
a) Bearing tests for glass roving

As mentioned in section 3, the PFRP channels
have two parts: glass roving at the center section with
the thickness around 5.5mm and chopped strand mats
at the outside with the total thickness around Imm. In
this experiment, the chopped strand mats parts were
removed by sanding and glass roving will be used for
bearing tests. There were 4 specimens in total with
the name from BR1 to BR4 and dimensions wx h
=80x288 mm. The tensile tests were conducted with
the same process of the main tests in section 3. The
values of 3¢ were chosen for distances e in all speci-
mens and the diameters of the holes ¢ are equal to
16mm.



Fig.8 Failure modes of bearing tests for UD
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Fig.9 Load-displacement relations of bearing tests of UD

Table 3. Ultimate bearing stress of UD

Specimen 1 2 3 4 Average
Poo (kN) 1328 2038 13.62 20.56
Thickness o) 409 470 4,
(mm)
Fup 168.97 260.63 177.69 261.20 217.12
(MPa) . . . . .

Tensile tests were performed in the same processes
in section 3. Fig.8 shows the failure modes of glass
roving under bearing tests. Fig.9 shows maximum
loads and relations between loads and displacements
obtained from experiments. The average values of
bearing strengths of glass roving were calculated as
shown in Table 3. In this table, Pyp means the ulti-
mate bearing loads for UD specimens. The ultimate
bearing stress was calculated from equation (3).

b) Bearing tests for chopped strand mats

In order to investigate the bearing stress of
chopped strand mats, we used the same types of CSM
in PFRP members to mold the CSM plates using
VaRTM method. The molding process and tensile
tests were the same in section 3. Then, total 3 speci-
mens of CSM plates (BCSM1 to BCSM3) were cut
with the dimensions wx & =80x288 mm. After cut-
ting, the CSM plates were drilled the holes. The same
values of e (3¢) and ¢ (16mm) were chosen in all
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specimens.

BCSM-1 BCSM-2 BCSM-3

Fig.10 Failure modes of CSM bearing specimens

Fig.10 shows the bearing failures of CSM plates.
Fig.11 shows maximum loads and relations between
loads and displacements obtained from experiments.
The average values of bearing strengths of CSM were
calculated as shown in Table 4. In this table, Pcsy
means the ultimate bearing loads for CSM speci-
mens. The ultimate bearing stress was calculated
from equation (3).
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Fig.11 Load-displacement relations of bearing tests of CSM

Table 4. Ultimate bearing stress of UD

Specimen 2 3 4 Average
Pcsm (KN) 13.16 12.11 11.18
Thickness 460 480 470
(mm)
Fesm (MPa) 178.75 157.65 148.69 161.69

c¢) Bearing tests for GF sheets

The same processes of molding and tensile tests
with bearing tests of CSM plates were conducted
with GF sheets to determine the bearing strength of
GF sheets.

Two types of GF plates were molded including
0/90 degrees and +45 degrees GF plates. Total 4
specimens for every type of GF plate (B0/90-1 to
B0/90-4 and B45-1 to B45-4) were prepared for the
bearing tests. All the specimens have the dimensions
wx h =80x288 mm. The values of 48mm (3¢) for e
and 16mm (¢@) were also chosen to drill the bolt holes.
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Fig.13 Bearing failures of 0/90 degrees GF plates

Fig.12 and Fig.13 show the bearing failures of +45
degrees and 0/90 degrees GF plates, respectively.
Fig.14 and Fig.15 show the load-displacement rela-
tions of +45 degrees and 0/90 degrees GF plates, re-
spectively. The ultimate bearing stresses of GF plates
were calculated from equation (3) and the results are
shown in Table 5.

Table 5. Ultimate bearing stress of GF plates
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Fig.14 Load-displacement relations of bearing tests of 45 de-

grees GF plates
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Fig.15 Load-displacement relations of bearing tests of 45 de-

grees GF plates

2) Shear tests for components
a) Shear test for glass roving

In this test, the chopped strand mats from PFRP
channel were removed and glass roving parts were
used for shear-out tests with tensile loads. Total 2
specimens with the dimensions wx 7 =80x288 mm
were used for the tests. The distance e is 48mm (3 ¢)
and the diameter of the bolt hole (¢) is 16mm. Fig.16
shows the shear-out failures of UD plates. The ulti-
mate shear-out stresses of the connections were cal-
culated from equation (2). Fig.17 shows the load-dis-
placement relations of the shear-out tests for UD. Ta-
ble 6 shows the calculated results.

Fig.16 Shear-out failures of glass roving plates

b) Shear test for GF sheets and CSM

Because the shear stress of GF sheets and CSM are
higher than UD, the shear-out investigations are dif-
ficult by normal tensile tests. In this part, the shear



stresses of GF sheets and CSM will be determined by
V-Notched Rail Shear Method * (according to Stand-
ard ASTM D7078). Fig.18 shows the V-Notched
Rail Shear machine and test setup for shear tests. This
test method covers the determination of the shear
properties of high-modulus fiber-reinforced compo-
site materials by clamping the ends of a V-notched
specimen between two pairs of loading rails. When
loaded in tension, the rails introduce shear forces into
the specimen through the specimen faces.
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Fig.17 Load-displacement relations of shear tests of UD

Table 6. Ultimate shear-out stress of UD plates

Specimen 1 2 Average

Puvp (kN) 431 444
Thickness (mm) 4.84 4.87

tun (MPa) 9.27 950 939

The specimens in V-Notched shear test have di-
mensions of 56x76mm. All the specimens of GF
sheets and CSM were molded by VaRTM method.
Then, a total of 5 specimens of GF sheet (£45 and
0/90 degrees) and 4 specimens of CSM sheets were
cut. These specimens were named as S45-1 to S45-5
for +45 degrees GF sheets, S0/90-1 to S0/90-5 for
0/90 degrees GF sheets, and SCSM-1 to SCSM-4 for
CSM sheets.

Fig.18 V-notched Rail Shear Apparatus and test setup
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Fig.19 Shear failures of specimens

Shear stress of specimen with the thickness ¢ is cal-

culated by equation (7)
P P
r=—=_—_
A td
where P is the shear load in the experiments.

Fig.19 shows the failure modes of 45 degrees GF
sheets, 0/90 degrees GF sheets, and CSM sheets. The
shear failures at the center section of specimens can
be seen clearly in specimens S0/90. On the other
hand, shear failures occurred in the direction +45 de-
grees in specimens S45; whereas, a combined shear
failure occurred in SCSM specimens. This is because
CSM has multiaxial directional fibers.

Fig.20, 21, and 22 show the load and displacement
relations of all shear specimens. It can be seen from
these figures that ultimate shear stress can be
determined clearly in +45 degrees GF sheets and
CSM sheets. However, ultimate shear stress cannot
be determined clearly in 0/90 degrees GF sheets.
After initial shear failures occurred, the loads kept
increasing gradually because the constraints of 0
degrees fibers. In 0/90 degrees GF sheets, initial
shear stress can be investigated at the first peak
values of loads. Table 7 shows the shear stress of all

(7



specimens. In this table, ultimate shear stresses were
considered for +45 degrees GF sheets and CSM
sheets, while initial shear stresses were calculated for
0/90 degrees GF sheets.
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Fig.20 Load-displacement relations of shear tests of £45 de-

grees GF sheets
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Fig.21 Load-displacement relations of shear tests of 0/90 de-

grees GF sheets
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Fig.22 Load-displacement relations of shear tests of CSM

sheets

The ultimate shear stress of 0/90 degrees GF sheets
cannot be investigated in the V-Notched shear tests.
Therefore, another type of experiment will be intro-
duced in the next sub-section to investigate the ulti-
mate shear stresses of 0/90 degrees GF sheets.
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Table 7. Ultimate shear stress of +45 GF sheets, CSM sheets
and initial shear stress of 0/90 GF sheets

¢) Tensile shear test for 0/90 degrees GF sheets

In this part, tensile tests will be conducted to deter-
mine the ultimate shear stress of 0/90 degrees GF
sheets. By decreasing the distance e, the ultimate
shear-out stress of 0/90 degrees can be investigated
by tensile tests. In this test, the 0/90 degrees GF
sheets were molded by VaRTM method with the
same process in section 3 and then total 4 specimens
(US0/90-1 to US0/90-4) with the dimensions wx A
=80x288 mm were cut to use for the tests. The dis-
tances from the centers of the holes to the edges were
set to 24mm (1.5 ¢) and the values of diameters of the
holes were 16mm ().

Fig.23 shows the shear failure modes of 0/90 de-
grees GF sheets. Fig.24 shows the load-displacement
relations of all 0/90 degrees GF sheets. Table 8
shows the ultimate shear stress of 0/90 degrees GF
sheets. The ultimate shear stresses of specimens were
calculated from equation (2).

Fig.23 Shear failures of 0/90 degrees GF sheets
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Fig.24 Load-displacement relations of shear-out tests of 0/90

degrees GF sheets

Table 8. Ultimate shear stress of 0/90 GF sheets

Specimen 1 2 3 4  Average
Posoo(kN) 1539 13.77 1439 11.45 -
Thicknesst o, 585 500 525 -
(mm)
Toeo(MPa) 51.70 49.02 50.82 4542 4924

Table 9. Ultimate shear stress and bearing stress of components

d) Summary of the stress of components of the
connections

Table 9 and Fig.25 show the ultimate shear-out
stresses and bearing stresses of UD, CSM, and GF
sheets for the connections. The shear-out strength of
glass roving is very small compared with other
strengths. Therefore, shear-out failures of glass rov-
ing occurred in all case without and with GF sheet

strengthening. Bearing stresses got the highest values
in CSM and shear-out stresses obtained the highest
values in £45 degrees GF sheets.
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Fig.25 Ultimate stress of components of the connections

6. EVALUATION OF STRENGTH OF GF
STRENGTHENED — PFRP CONNECTION

In this section, the ultimate tensile loads of PFRP
and PFRP reinforced by GF sheets in section 3 will
be evaluated according to proposed equations (4),
(5), and (6). The connection strengths will be calcu-
lated depending on the failure modes of the connec-
tions as shown in Fig.7. Table 10 shows the calcu-
lated ultimate tensile loads for all specimens. In the
table, P. is the average values of ultimate tensile
loads from experiments and P, is the ultimate tensile
loads calculated from proposed equations. The ulti-
mate loads obtained from experiments and equations
will be compared together to check the accuracy of
the equations. The ultimate tensile loads P;, P2, and
P; in Table 10 are corresponding to three kinds of
failure modes: shear-out, bearing, and mixed failures
respectively, as shown in equation (4), (5), (6), and
Fig.7.

Table 10. Ultimate tensile loads of the connections with the comparations of experimental and proposed equations’ results

2 Top  TcsM TGF Fyp Fesm  Fer P, Py Py Peq Pe .
Specimen . Variation
MPa MPa MPa MPa MPa MPa kN kN kN kN

W/o-1 19 939 7876 0 217.12 161.69 0 125 2169 2467
W/o-2 19 939 7876 0 217.12 161.69 0 125 2169 2467 1252 1216 295%
W/o-3 19 939 7876 0 217.12 161.69 0 125 2169 2467
0/90-1 17 939 7876 4924 217.12 161.69 1229 182 2405 2523
0/90-2 18 939 7876 4924 217.12 161.69 1229 182 2405 26.13 18.19 1806 0.71%
0/90-3 18 939 7876 4924 217.12 161.69 1229 182 2405 26.13
+45-1 11 939 7876 8842 217.12 161.69 141.10 22.7 2440 20.17
+45-2 11 939 7876 8842 217.12 161.69 141.10 22,7 2440 20.17 21.07 2115 -0.39%
+45-3 14 939 7876 8842 217.12 161.69 141.10 227 2440 22.87
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As can be seen from the failure modes of speci-
mens after experiments as shown in Fig.4, the failure
modes of specimen W/o and 0/90 are shear-out fail-
ures in the whole thickness of specimens. On the
other hand, the failure modes of +45 specimens are
mixed failures. Therefore, the ultimate tensile loads
of specimen W/o and 0/90 will be determined follow-
ing to equation (4) and ultimate tensile loads of +45
specimens will be calculated according to equation
(6).

There were good correspondences about the values
of ultimate tensile loads calculated from proposed
equations and experimental results. Therefore, the
proposed equations can be used accurately to deter-
mine the ultimate tensile loads for the connections of
PFRP and GF strengthened — PFRP members.

7. CONCLUSIONS

This paper investigated the strengthening effects of
thin multiaxial glass fiber sheets for the PFRP con-
nections. The GF sheets can increase the connection
strengths of PFRP members effectively, up to 49%

for 0/90 degrees GF sheets and 74% for +45 degrees
GF sheets. In addition, the relationships between fail-
ure modes and ultimate strengths of the connections
were perfectly explained by the proposed equations.
Finally, these proposed equations can be used to cal-
culate the ultimate tensile loads for the connections
of PFRP strengthened by thin multiaxial glass fiber
sheets.
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