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Abstract

Steel plate bolted connections are frequently used in timber structures. However,
these connections may incur durability problem due to the corrosion of the steel
plates. This paper proposes using GFRP plate to replace steel plate in timber
connections to mitigate the corrosion issue. The group effect of the proposed
GFRP-timber bolted connection is studied. Tensile tests of GFRP-timber bolted
connections were conducted considering a number of variables including bolt
diameter, bolt pitch distance, bolt row number, bolt column number. The failure
modes and the load-displacement curves of the connections were reported.
Experimental results showed that the group effect of the GFRP-timber bolted
connection is strongly affected by the bolt diameter and number of bolts, but little
affected by bolt pitch distance. The effect of the number of bolt columns on the group
effect was also discovered and quantified. The design equation of the timber bolted
connection in Eurocode 5 was modified considering the effects of various parameters.

The modified equation was then verified using the experimental data in this paper.
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Finally, detailed recommendations were provided for the design of the proposed

GFRP-timber bolted connection.

KEYWORDS: Group effect; Bolted joints; GFRP; Timber; Mechanical properties

1. Introduction

Timber structures are becoming more popular over the world considering the material
greenness and sustainability in construction industry [1-2]. Timber structures often
use bolted connections with steel plates connecting timber elements due to their
reliability in force transmission [3-9]. These bolted connections with steel plates are
increasingly used in heavy timber structures and more recently become the principle
connecting method in modular construction of timber structures [10]. However, bolted
connections with steel plates suffer from corrosion issue considering the inherent
moisture in the timber. Condensed water will also accumulate on the steel surface
when temperature is low making the corrosion issue become worse. In addition, steel
plates have good thermal conductivity which may form a thermal bridge in timber
structures, leading to higher energy consumption for maintaining consistent indoor
temperature. These corrosion and thermal issues make the maintenance of timber
structures become more difficult and expensive [11-12]. Glass fiber reinforced
polymer (GFRP) composite has attracted increasing attentions in the construction
industry considering its advantages of light weight, high strength, low cost and

corrosion resistance [13-21]. Therefore, it has great potential to help mitigate the
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corrosion issue of timber connections by replacing the steel elements with GFRP ones.
This may have extra benefit of reducing the self-weight of the structure when

improving the durability at the same time.

One of the most important characteristics of timber bolted connection is the group
effect [22]. Two timber bolted connections can be used to explain the concept of
group effect. For example, connection A has ‘n’ bolts and connection B only has one
same bolt. The capacities of both connections are defined as Fa and Fg respectively. It
has been found that Fa is not simply equal to ‘n’ times Fg. In other words, the
capacity of a multi-bolt connection is not necessarily equal to ‘n’ multiplying the
capacity of the same connection with only one bolt. The group effect of multi-bolt
connection is a very important concept in the design of timber structures. It has been
explicitly considered in some international design standards such as Eurocode 5:
Design of Timber Structures [23], in which Fa is equal to ‘nef’ times Fg. Nner is called
effective number of bolts which is a function of the actual number of bolts ‘n’ and

represents the group effect.

Most studies on the group effect in the literature focused on all FRP connections
[24-33] or all timber connections [7-9, 22, 23, 34-37]. Jorissen et al. [22] were one of
the first who studied and defined the group effect of multi-bolt timber connections. He
used the group effect concept to describe the relationship between the load carrying
capacity of a multi-bolt connection and corresponding single-bolt connection. He
pointed out that the group effect was greatly affected by parameters including bolt

diameter, bolt pitch distance, and number of bolts. Cramer et al. [34] proposed
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another concept of bolt utilization efficiency to describe the group effect of multi-bolt
connections. He found that each bolt in a multi-bolt timber connection had different
contribution to the load carrying capacity. For example, the bolts close to the end of
the connection were found more effective than bolts far away from the ends. Xu et al.
[35] carried out a finite element analysis of the bolted timber connections and found
that the stresses of the bolt holes near the end of the connection were greater than
those of the bolts far away from the end. Therefore, his findings support the work by
Cramer et al. [34]. Similar studies on the group effect can also be found in [24-32],
which reported that different bolt row had different contribution to the load carrying
capacity of FRP bolted connections. Jensen et al. [8] studied the effect of bolt pitch
distance and bolt edge distance on the group effect of multi-bolt connections. He
reported that the bolt edge distance exhibited greater effect on group effect than bolt
pitch distance. Jockwer et al. [36] also studied the effect of bolt pitch distance and
bolt edge distance of timber-steel-timber connections with dowel-type fasteners and
reported that small bolt pitch distance and bolt edge distance usually results in brittle
failure and sufficient distance is needed to meet the safety of the structure. Yurrita
[37] and Mohammad [9] reported the failure mode of steel-timber multi-bolted
connections, where splitting failure occurred more often when the number of bolts
was greater than or equal to 3. Gattesco [7] studied the effect of the number of bolts in
a column on the group effect. He reported that the bolt utilization efficiency decreased
with the increase of bolt number. Persson [33] reported that large bolt diameters and

protruding-head fastener significantly increased gross section strength, while bolt hole
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machining damage and prepreg type had no effect on the bearing capacity of FRP
bolted connections. It can be summarized from the published research that the key
parameters affecting the group effect of multi-bolt connections include bolt diameter,
bolt pitch distance, number of bolt columns and rows. These parameters are also
incorporated in Eurocode 5 [23] to quantify the group effect of multi-bolt timber

connections.

However, there has been no report on the group effect of bolted connections
incorporating both GFRP and timber. Therefore, considering the benefit of sustainable
design and anticorrosion merit of GFRP-timber bolted connection, this paper presents
an experimental study on the group effect of this new type of connection. 46
GFRP-timber connections were fabricated and tested in tension. The effects of four
variables on the group effect were considered including bolt diameter, bolt pitch
distance, number of bolts, and number of bolt columns. The failure modes,
load-displacement curves and capacities of the connections were reported. The
effective number of bolts were calculated using the experimental results, and the
effects of the parameters on the effective number of bolts and group effect
coefficients were analyzed. The experimental results suggested that the GFPR-timber
connection should use bolts with a diameter no less than 10 mm, and the number of
bolt columns should be no more than three. The design equation in Eurocode 5 was
modified considering the effects of various parameters on the group effect. The

modified equation was verified by the experimental results. This paper contributes to
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the understanding of group effect of GFRP-timber bolted connections and is

beneficial for the future development of associated design guidelines.

2. Experimental Program

2.1. Materials

The pultruded GFRP plates were cut from a large panel with a measured thickness of
2.3 mm. Tensile coupon tests were conducted according to ASTM D 3039 [38] to
determine the tensile Young’s modulus and strength. Three coupons were cut along
the pultrusion direction. All coupons had the same dimension of 350 <80 mm (length
< width). The coupon tests were conducted on an Instron 8802 testing machine. The
coupon was directly clamped on the grips of the machine with a gripping length of
100 mm. No slip was observed during all tests and all coupons failed away from the
gripping area. The measured tensile modulus and strength in the pultrusion direction

were 20 GPa and 348 MPa, respectively.

Off-axis tensile coupon tests were conducted according to ASTM D 3518 [39] to
determine the in-plane shear strength. Three coupons were cut in a direction 45
degrees from the pultrusion direction. All coupons had the same dimension of 350 x
25 mm (length > width). The coupon tests were conducted on the same Instron
machine. The failure mode is shown in Fig. 1. The in-plane shear strength in the 45<

direction were 44 MPa.



130

131

132

133

134

135

136

137

138

139

140

141

142

143

144

145

146

Fig. 1. Off-axis tensile tests

The matrix and the reinforcement of the pultruded GFRP plate are polyester resin and
E-glass fiber, respectively. The fiber mass fraction and the reinforcement architecture
were characterized using burn off test according to ASTM D 3171 [40]. Three small
square samples were cut from a large GFRP panel. The mass of each specimen before
and after the test was measured using a digital balance with an accuracy of 0.001 g.
The fiber mass fraction is calculated and shown in Table 1. As can be seen in Fig. 2,
the reinforcement architecture of this pultruded GFRP plate is symmetric and
balanced with roving in the center, and a layer of chopped strand mat on each side of
the section. The average measured fiber mass fraction is 62.45%. Unidirectional fiber

roving accounts for about 70% of all fibers.

It should be noted that, the connections of timber structures may be subjected to
complicated loading conditions. Therefore, it is recommended that the fiber layup of
GFRP plates be designed and optimized according to the specified loading conditions.
In other words, the multiple fiber layers may be required and they should be oriented

in the most suitable directions. Pultruded GFRP plates were selected in the current
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study because the joints were loading in tension direction. Therefore, it is the most
suitable to have fibers oriented parallel to the tensile loading. In addition, the focus of
this paper is on the effect of bolt arrangements on the group effects of bolted
connection. Therefore, the fiber orientation was fixed for all specimens and its effect

can be minimized.

Table 1. Measurement of fiber mass fraction

ID Mass before test/g Mass after test/g Fiber mass fraction
3.438 2.140 62.25%
3.569 2.242 62.82%
3 3.647 2.271 62.27%
Average 62.45%

Fig. 2. Fiber architecture after the resin was burnt off according to ASTM D 3171
Pine wood was used for the connections. Tensile coupon tests were conducted
according to ASTM D 3039 [38] to determine the tensile Young’s modulus and
strength. Three coupons were cut along the grain direction. All coupons had the same
dimension of 360 <30 mm (length ><width). The coupon tests were conducted on an
Instron machine. The coupon was directly clamped on the grips of the machine with a
gripping length of 100 mm. No slip was observed during all tests and all coupons
failed away from the gripping area. The measured tensile modulus and strength in the

grain direction were 7 GPa and 27 MPa, respectively.
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Moisture content and density of timber were measured according to ASTM D 4442
[41] and D 2395 [42] respectively. This was to ensure all timber plates of the
GFRP-timber connections had similar conditions. Therefore, immediately after the
connection test (see Section 2.2), at least one timber block sample was cut from every
specimen and the dimensions were measured to the nearest 0.01 mm using an
electronic Vernier caliper. The mass of each timber block before and after the test was
measured using a digital balance with an accuracy of 0.001 g. Little variations in
moisture content and density were observed in the timbers and the average measured

values were 7.21% and 469kg/m? respectively.

The ordinary bolts were stainless steel hexagon head bolts of 40 mm long. The
nominal tensile strength of this ordinary bolt is 700 MPa, which is equivalent to
Grade A bolt as specified in ASTM A307 [43]. Zinc-plated fender washers were used
with an inner diameter of 6.4 mm, an outer diameter of 12.5 mm, and a thickness of
1.75 mm. When used with ordinary bolts, one washer was used beneath the bolt head

and another was under the nut.

2.2. GFRP-timber connections

The typical pultruded GFRP-timber bolted connection is presented in Fig. 3. Two
inner timber plates were connected by two outer GFRP plates through steel bolts. The
timber plate was 22 mm thick and GFRP plate has a thickness of 2.3 mm. The
thicknesses were selected to make sure timber and GFRP plates have similar tensile
stiffness. It can be seen in Fig. 3 that, there are three bolts aligned in a column on one

side whereas six bolts are deliberately placed on the other side of the connection. The
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aim is to ensure the failure only occurs on the side of interest (three bolts side), which
is called observation side, and the other side is called safe side. In the following
discussions, the bolt row refers to a group of bolts which are aligned transverse to the
loading direction. Similarly, the bolt column means a group of bolts aligned in the

loading direction.

Dimensional parameters for timber plate were designed according to the Eurocode 5
[23] , where it is required that: (1) the minimum distance between bolt holes,
center-to-center, should be no less than five times the diameter of the hole; (2) the
minimum end distance, center-to-end, should be no less than seven times the diameter
of the hole or 80mm; and (3) the minimum side distance, center-to-side, should be no
less than three times the diameter of the hole. Dimensional parameters for GFRP plate
were designed according to Pre-Standard for LRFD of Pultruded FRP Structures
(ACMA) [44] , where it is required that: (1) the minimum distance between holes,
center-to-center, should be no less than four times the diameter of the hole; (2) the
minimum end distance, center-to-end, should be no less than four times the diameter
of the hole; and (3) the minimum side distance, center-to-side, should be no less than
1.5 times the diameter of the hole. Because the joints were all under tension, the bolts
were in pure shearing condition (see Fig. 3). All bolts were tightened to a snug tight
condition, which is defined as the tightness attained by the resistance to bolt
tightening using human fingers only. This relatively low tightening torque was chosen
to negate the complication of a significant long-term reduction in clamping tension

from material creep and viscoelastic relaxation [45]. A drilling machine was used to
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machine the holes and the dimension of the bolt holes were controlled using the
drilling bits. The dimension of the holes all satisfied the requirements in the

abovementioned standards.

In the following discussions, the bolt diameter is denoted by ‘d’. The bolt distance,
center-to-center, measured in the loading direction is called pitch distance and is
represented using ‘p’. The bolt distance, center-to-center, measured perpendicular to
the loading direction is called gauge distance and is named ‘g’. In the current study,
the gauge distance is kept constant as 40 mm. The edge distance from bolt center to
the edge of timber plate is denoted by ‘et’, and the edge distance from bolt center to

the edge of GFRP plate is represented by ‘esp’ (see Fig. 3).

Safe side Observation side

2 2 2 2 .

- i S aam |
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Fig. 3. Configurations and dimensions of a typical GFRP-timber connection of row
number group (all dimensions are in mm)
Five groups of GFRP-timber connections were prepared as shown in Fig. 4
considering effects of different parameters on the group effect. The parameters

considered in the current study include bolt diameter, bolt pitch distance, number of
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bolt rows and number of bolt columns. The first group includes specimens with only
one bolt of different diameters, i.e. 6 mm to 14 mm with 2 mm increment as shown in
Fig. 4(a). The first group is called control group because the specimens in this group
only have one bolt. The specimens in other groups have multiple bolts. Therefore, the
group effect of bolted connections can be investigated by comparing the results of

other groups with those of control group.

The second group in Fig. 4(b) is called bolt diameter group. All specimens in this
group have two bolts of various diameters, i.e. 6 mm to 14 mm with 2 mm increment.
The effect of bolt diameter on the group effect can be studied by comparing this group
with control group. The third group shown in Fig. 4(c) is bolt pitch distance group.
All specimens in this group have two bolts of the same diameter of 8 mm, but with
changing bolt pitch distance i.e. from 40 mm to 120 mm with 20 mm increment. The
effect of number of bolt rows on the group effect is studied using the fourth group
shown in Fig. 4(d). The specimens in this group have one column of bolts but
multiple rows changing from one to four rows. The bolt diameter is 8 mm with
constant bolt pitch distance of 40 mm. The last group shown in Fig. 4(e) is to study
the effect of number of bolt columns on the group effect. The specimens in this group
have two rows of bolts but changing number of columns from one to four. The bolts
have a diameter of 8 mm and a pitch distance of 40 mm. One specimen was

disassembled to show the detailed elements of the GFRP-timber connection in Fig.

4(f).
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Fig. 4. Configurations and dimensions of five groups of specimens for investigation of
different parameters on the group effect: (a) control group; (b) bolt diameter; (c) bolt
pitch distance; (d) number of bolt rows; (e€) number of bolt columns; (f) disassemble

of a typical specimen showing detailed elements in the connection (all dimensions are

in mm)

All specimens are listed in Table 2. For each configuration shown in Fig. 4, two

identical specimens were prepared and tested for repeating purpose. Therefore, a total

of 42 specimens were tested in the current study. As can be seen in Table 2, all
specimens are categorized into five groups. The label “C” for specimens in the first

group means control group. Similarly, the specimen labels in other groups, i.e. “Dia”,



256  “Dis”, “N” and “M” represent bolt diameter, bolt pitch distance, number of bolt rows

257  and number of bolt columns, respectively.

258  Table 2. Dimensions and experimental results of GFRP-timber bolted connections

Category ID m ne dmm p/mm e/mm em/mm  FJ/kN

c6 1 1 6 - 98 56 4.96
contro] C8 1 1 8 - 98 56 8.93
goup G101 1 10 - 98 56 8.27
c12 1 1 12 - 98 56 9.69
c14 1 1 14 - 98 56 11.05
Dia6 1 2 6 70 98 56 12.65
Bolt Dia8 1 2 8 70 98 56 15.02
diameter Dia-10 1 2 10 70 98 56 16.44
Dia-12 1 2 12 70 98 56 23.12
Dia-14 1 2 14 70 98 56 25.44
Dis-40 1 2 8 40 80 40 15.60
Bolt pitch Dis-60 1 2 8 60 80 40 13.79
_ Dis-80 1 2 8 80 80 40 14.26
distance .
Dis-100 1 2 8 100 80 40 14.62
Dis-120 1 2 8 120 80 40 14.04
N-T 1 1 8 - 80 40 8.02
Row N2 1 2 8 40 80 40 15.60
number N3 1 3 8 40 80 40 17.70
N-4 1 4 8 40 80 40 29.92
M1 1 2 8 40 80 40 15.60
Column M2 2 2 8 40 80 40 24.65
number  p3 0 3 2 8 40 80 40 32.84
M4 4 2 8 40 80 40 40.99

259  NOTE: m is the number of bolt columns and n¢ is the number of bolts in one column.
260  p isthe pitch distance between bolt centers in the loading direction. et and esp are the
261  edge distance from bolt center to the edge of timber plate and GFRP plate respectively

262 (see Fig. 3). Fa represents the average capacity of the two repeating tests.



263

264

265

266

267

268

269

270

271

272

273

274

275

2.3. Experimental set up and loading programs

The experimental set up is shown in Fig. 5. All tension tests were carried out using an
Instron 8802 hydraulic machine. A bubble level was used to ensure the alignment and
straightness of the specimen during installation. All specimens had a clamping length
of 100 mm at both ends. The two grips were driven by hydraulic power and were
carefully tuned to make sure there was no slip between the specimen and the clamps.
The displacement of the observation side of the specimen was measured using a linear
variable differential transformer (LVDT). The static tension tests were carried out
under displacement control at a loading speed of 2 mm/min until final failure [25, 26,

46, 47].

Fig. 5. Experimental set up
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3. Experimental Results and Discussions

3.1. Failure modes

The specimens in the control group had one bolt of five different diameters. The
typical failure mode is shown in Fig. 6(a). All the specimens showed bolt hole bearing
failure in the timber plates. That is, the bolt squeezed the hole and slipped in the
timber plate. The original round smooth bolt holes (see Fig. 3f) became elongated and
formed a groove. The bearing failure is a progressive failure mode and can be clearly

monitored. Both the bolt and the GFRP plates were not damaged.

The specimens in the bold diameter group had two bolts of five different diameters.
The typical failure mode is shown in Fig. 6(b). When the bolt diameter is less than or
equal to 10 mm, the specimens exhibited bolt hole bearing failure in the timber plates,
the same as the control group (see Fig. 6(a)). While the GFRP plates and bolts of
these specimens were not damaged. On the other hand, when the bolt diameter is
greater than or equal to 12 mm, bearing failure of the holes in GFRP plates were also
observed in addition to the bearing failure in the timber plate. It should be noted that,
for all specimens, when further loaded after the bearing failure was observed, all

specimens finally failed with cleavage cracking in the timber plates.

The specimens in the bolt pitch distance group had two bolts of the same diameter of
8 mm, but changing pitch distances of 40 mm, 60 mm, 80 mm, 100 mm, 120 mm. The
typical failure mode is shown in Fig. 6(c). All the specimens initially exhibited timber
bearing failure. When further loaded, bearing damage of the holes in GFRP plates

started to show, and finally cleavage failure occurred in the timber plate. Therefore,
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similar to specimens in the bolt diameter group, the mechanical behavior of the

connections was determined by the bearing failure.

The specimens in the bolt row number group only had one bolt column. The number
of bolts (or bolt rows) changed from 1 to 4. All bots had the same diameter of 8 mm
and the same pitch distance of 40 mm. The typical failure mode is shown in Fig. 6(d).
It was observed that, when there were only 1 or 2 bolt rows (number of bolts), the
connection failed by the progressive bearing failure of the holes in the timber plates.
However, for specimens with more bolt rows (e.g. 3 or 4 bolts), the connections failed
by cleavage failure in the timber plates. A crack suddenly formed connecting the bolt
holes in the loading direction, splitting the timber plates in halves. Different from the
progressive bearing failure, the cleavage failure was fast and sudden without warning

and the load dropped immediately when it occurred.

The specimens in the bolt column number group had two rows of bolts with the same
diameter of 8 mm. The number of bolt columns varied from 1 to 4. The typical failure
mode is shown in Fig. 6(e). When the specimen had only one row of bolts, bearing
failure was observed in the timber plates. However, when the specimen had 2 or more
rows of bolts, cleavage failure occurred with a crack suddenly formed in the timber
plate along a column of bolt holes. No damages were observed in the GFRP plates

and bolts.
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Fig. 6. Failure modes of specimens considering effects of (a) control group; (b) bolt
diameter; (c) bolt pitch distance; (d) number of bolt rows; (e) number of bolt columns
3.2. Load-Displacement Curves
3.2.1 Bolt diameter group
The load-displacement curves of specimens in the bolt diameter group are shown in
Fig. 7. The load initially linearly increased with displacement upto a peak point, after
which the load dropped a little bit and maintained at a relatively high level with small
fluctuations. No sudden load drop was observed in all curves. It can be seen in Fig. 7
that, the slope of the initial linear stage of all curves was similar. This indicates that
the bold diameter had little effect on the stiffness of the connection. On the other
hand, the bold diameter was linearly correlated to the peak, i.e. specimen with larger

bolts achieved higher peak load.

The load-displacement behaviors in Fig. 7 are closely related to the failure mode of
corresponding specimens. As described in Fig. 6, the specimens in the bold diameter

group failed by bearing failure of bolt holes in the timber plates. When loaded, the
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bolt shafts started contacting the inner surface of the bolt holes, and the load path
started to build up to carry the tension load. Therefore, the load initially increased
linearly with the displacement. When the material at the inner surface of the bolt holes
became damaged due to the high pressure induced by the bolt shafts, the peak load of
the specimen was achieved. After that the load fluctuation started due to the
progressive nature of the bearing failure mode. This load fluctuation is also observed

in the study by Mustafa [48].
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Fig. 7. Load-displacement curves of specimens in the bolt diameter group
3.2.2 Bolt pitch distance group
Fig. 8 shows the load-displacement curves of specimens in the bolt pitch distance
group. Similarly, the load linearly increased with the displacement to a peak point,
after which the load maintained at a high magnitude until the failure of connection.
The load-displacement curves were also related to the bearing failure of the bolt holes

so no sudden drop in the load was observed.
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It can be seen in Fig. 8 that, the bolt pitch distance has little effect on the stiffness of
the connection considering the similar slopes of the initial linear stage of all curves. In
addition, it seems that the bolt pitch distance also has little effect on the peak load
(capacity) of the connection. This can be attributed to several reasons: (1) the
dimensional parameters of the connection (e.g. pitch distance, edge distance etc.)
satisfy all requirements of the design guideline, and all specimens have the same
dimensional parameters, the same number of bolts with the same diameter; (2) the
mechanical behavior of the connection is determined by the load carrying mechanism
which is related to the bearing behavior between bolt shaft and bolt hole. Because all
specimens have the same number of bolts with the same diameter, so the number of
bearing holes and the size of the bearing surfaces are all the same. Therefore, the
variation of the bolt pitch distance may have little effect on the capacity of the

connection given all other dimensional parameters remain unchanged.
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Fig. 8. Load-displacement curves of specimens in the bolt pitch distance group
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3.2.3 Row number group

The load-displacement curves of specimens in the bolt row number group are shown
in Fig. 9. Two types of curves can be observed. For specimens with one or two bolts,
their load-displacement curves exhibit two stages, i.e. initial linear stage and load
fluctuation stage after the peak. This is related to the progressive bearing failure mode
of bolt holes. On the other hand, when the connection has three or four bolts, only the
initial linear stage can be observed in the load-displacement curves. The load dropped
immediately when the peak load was reached. This is because these connections

failed by cleavage failure of the timber plate, which is a type of brittle failure.

It can also be observed that the connection stiffness was positively correlated with the
number of bolts. The peak load also proportionally increased when the connection had
more bolts. This is reasonable because higher capacity and stiffness can be achieved

when more bearing surfaces engage in carrying the load.
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Fig. 9. Load-displacement curves of specimens in the row number group
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3.2.4 Column number group

The load-displacement curves for all specimens in the bolt column number group are
shown in Fig. 10. For all specimens, the load linearly increased with the displacement
upto a peak point after which the load dropped suddenly. This sudden load drop is
related to the timber cleavage failure which is brittle. Similar to Fig. 9, the stiffness
and peak load of the connections are proportional to the number of bolt columns

because more bolts engaged in load carrying mechanism.
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Fig. 10. Load-displacement curves of specimens in the column number group
4. Load Carrying Capacities and Group Effect of GFRP-Timber Bolted
Connections
In the current study, the peak load of the load-displacement curve is defined as the
load carrying capacity of the corresponding connection. The load carrying capacities
of all specimens are listed in Table 2. Group effect is an important concept for design
of bolted connections considering the fact that a multiple-bolt connection does not

necessarily have a capacity of ‘n’ (n is the number of bolts) times the capacity of the
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same connection with only one bolt. The group effect can be represented by Eqg. 1,
where Fmuriple IS the capacity of a connection with multiple bolts, and Fsinge is the

capacity of the same connection with only one bolt.

qultiple

1)

Ner =
Fsingle

In Eq. 1, ner is the number of bolts which effectively engage in load carrying
mechanism, so it is called effective number of bolts of the connection. The
mechanical behaviour of the bolted connection is affected by many factors including
the material properties, arrangement of bolts etc., meaning that not all bolts are
effective. So it is important to understand how different parameters affect ner so that

the capacity of multi-bolt connection can be predicted.

In the current study, the effect of four parameters on the group effect of the
GFRP-timber bolted connection are investigated, including bolt diameter, bolt pitch

distance, bolt row number and bolt column number.

4.1. Effect of bolt diameter

The effect of bolt diameter on the group effect can be analyzed by comparing the
results of the specimens in the bolt diameter group with the results of specimens in the
control group. The specimens in the bolt diameter group have two bolts while
specimens in the control group have only one bolt. The load carrying capacities of
specimens in both groups are plotted against the bolt diameters in Fig. 11. It can be
seen that, the load carrying capacity is almost linearly correlated to the bolt diameter.

For the control group, the capacity increased from 4.96 kN to 11.05 kN when the bolt
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diameter increased from 6 mm to 14 mm. Similarly, the specimens in the bolt
diameter group showed an increase in capacity from 12.65 kN to 25.44 kN when the
bolt diameter increased from 6 mm to 14 mm. The improvement in capacity is
because the contact area between the bolt and bolt hole became larger when the bolt

diameter increased.

ner IS also plotted against the bolt diameter in Fig. 11. nes is the ratio between the
capacity of the specimen in the bolt diameter group and the capacity of the
corresponding specimen in the control group with a bolt of the same diameter. Fig. 11
shows that ner also increases with the bolt diameter, indicating more bolts became
effective and contributed to the load carrying capacity when larger bolts were used. It
should be noted that, for specimen with two 6 mm bolts, ner is 2.55, which seems
unreasonable. This is most probably because the control specimen showed a very low
capacity due to stress concentration at the bolt hole when a 6 mm bolt was used. It
seems the stress concentration effect induced by the small diameter bolt can be
minimized by using more bolts. Another interesting observation is that, for specimens
with two bolts of 12 mm and 14 mm diameters, ner is greater than 2. This might be
because larger bolt diameter is more helpful to reduce the stress concentration effect
at the bolt hole, and to achieve a better connection integrity when engaging in load
carrying mechanism. Therefore, it is recommended that bolt diameter be no less than
10 mm to avoid severe stress concentration at the bolt hole and to achieve a better

connection integrity.
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Fig. 11. Effect of bolt diameter on the load carrying capacity and nes
4.2. Effect of bolt pitch distance
ner and the load carrying capacities of specimens in the bolt pitch distance group are
plotted against bolt pitch distance in Fig. 12. The specimens in the bolt pitch distance
group have two bolts with a diameter of 8 mm. The pitch distance between these two
bolts varied from 40 mm to 120 mm with 20 mm increment. nes is obtained by
dividing the capacity of the specimen with two 8 mm bolts by the capacity of the

control specimen with one 8 mm bolt.

It seems in Fig. 12 that, the bolt pitch distance has little effect on the load carrying
capacity which varied between 13.79kN and 15.60 kN. ner also did not change much
with the increase of bolt pitch distance. This indicates that when the bolt pitch
distance satisfies the design requirements (see Section 2.2), the effect of bolt pitch
distance on the group effect can be neglected. Similar observation was also reported
by Jensen et al. [8]. It is also noted that, satisfying the bolt pitch distance requirement

by the design standards does not guarantee all bolts are effective in carrying the load,
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because ner is generally lower than 2 for all specimens in the bolt pith distance group.
Therefore, it can be said that, the requirements regarding the bolt pitch distance limit
in the current standards are reasonable. The experimental results showed that when
the design requirement was satisfied, the load carrying capacity of the bolted

connection would not be much affected by the bolt pitch distance.
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Fig. 12. Effect of bolt pitch distance on the load carrying capacity and net
4.3. Effect of bolt row number
The load carrying capacities of specimens in the bolt row number group are presented
in Fig. 13. All specimens have one column of bolts and changing number of rows
from 1 to 4. The bolt diameter was 8 mm for all specimens. Therefore, ner can be
simply calculated by comparing the capacity of a specimen with multi row of bolts

with the capacity of the specimen with only one bolt.

It is obvious in Fig. 13 that the load carrying capacity increases with the number of
bolt rows. For example, the capacity of the connection with one 8 mm bolt is 8.03 kN.

It grows to 15.60 kN, 17.70 kN and 29.92 kN respectively when 2, 3 and 4 bolts are
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used in the connection. Similarly, ner also increased from 1.94 to 3.73 with the row
number varied from 2 to 4. It should be noted that, nef is always lower than the actual
number of bolts in the connection (n) regardless the bolt row number. This
observation means that simply increasing the number of bolt rows is not effective to

achieve 100% utilization of the bolts.
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Fig. 13. Effect of bolt row number on the load carrying capacity and nes
4.4, Effect of bolt column number
The specimens in the bolt column number group have 2 rows of bolts but changing
number of bolt columns from 1 to 4. All bolts have a diameter of 8 mm. The load
carrying capacities of the connections are plotted against the number of bolt columns
in Fig. 14. nes is calculated by dividing the capacity of specimens in bolt column

number group by the capacity of the control specimen with only one 8 mm bolt.

It can be seen in Fig. 14 that, the capacity of the connection increased from 15.50 kN

to 40.99 kN when the number of bolt columns grew from 1 to 4. Similarly, nes is
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increased from 1.94 to 3.07, 4.09 and 5.11, when the actual number of bolts increased

from 2 to 4, 6 and 8.

Similar to the concept of effective number of bolts, for connections with multi number
of bolt columns, the effective number of bolt columns can also be defined as the
capacity of connection with multi number of bolt columns divided by the capacity of
the same connection with only one column of bolts. Therefore, the effective numbers
of bolt columns for connections with 2, 3 and 4 columns of bolts are 1.58, 2.11 and
2.63 respectively. That is to say the number of bolt columns has obvious effect on the
group effect of the bolted connection. This observation has not been reported in the
literature. Also, in the current international design standards [23], this phenomenon is
not considered as well. In other words, according to the current design standards, the
capacity of a connection with multi number of bolt columns can be calculated by
multiplying the number of bolt columns with the capacity of the same connection with
only one bolt column. According to the experimental results in this paper, the capacity
of the connection will be overestimated if the effect of column numbers on the group
effect is not considered. Therefore, the design guideline is modified based on the
experimental results in this paper to consider the bolt column number effect. This will

be further discussed in Section 5.
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Fig. 14. Effect of bolt column number on the load carrying capacity and nes
4.5. Effect of different parameters on the group effect coefficient R
From the above discussions, the four parameters have obvious effects on the load
carrying capacities and nes of the connections. In order to further investigate the four
parameters on the group effect, another index is introduced as “group effect
coefficient”, which is given by EqQ. 2:

R = f

x 100% )

R reflects the connection efficiency in terms of utilizing the bolts. For example, a
connection with R=80% means that any bolt in the connection only contributes 80%
of its capacity. R is listed in Table 3 and plotted against the four parameters including

bolt diameter, bolt pitch distance, bolt row number and bolt column number in Fig.

15(a) to (d), respectively.

For the bolt diameter group, the group effect coefficient increased from 84% to 115%
when the bolt diameter increased from 8 mm to 14 mm. This shows that when the

diameter of the bolt is increased, the problem of stress concentration caused by the
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bolt pressing the bolt hole is alleviated, and the force transmission efficiency of the

bolt is increased.

As for the effect of bolt pitch distance, when it varied from 40mm to 120mm, the
group effect coefficient exhibited little changes, as shown in Fig. 15(b). Therefore, the
bolt pitch distance has negligible effect on the group effect. This is because only
changing the bolt pitch distance does not alter the load carrying mechanism which is
mainly determined by the number of contacting surfaces of the bolt holes. This
observation also confirms the correctness of the bolt pitch distance requirement in the

current design standards.

The effect of number of bolt rows is presented in Fig. 15(c). The group effect
coefficients are 100%, 97% and 93% for the number of bolt rows of 1, 2 and 4,
respectively. That means the bolt utilization efficiency does not change much with the
increase of number of bolt rows. Similar observation was also reported by Jensen and
Quenneville [8], who found that the group effect coefficients were 80.4%, 94.2% and
96.4%, respectively, when the number of bolt rows were 2, 3 and 4. Gattesco [7] also
reported that the group effect coefficients were 0.87, 0.87, 0.83 and 0.75, respectively,

when the bolt row numbers were 2, 3, 4 and 6.

On the other hand, The number of bolt columns exhibits obvious effect on the group
effect coefficient in Fig. 15(d). The group effect coefficients of the connection
decreased by 34% from 97% to 64% when the number of bolt columns grew from 1 to

4. This indicates that the more columns of bolts that a connection has, the less
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effective of the bolts in terms of carrying the load. In other words, it is not effective to

have more columns of bolts in a connection.

According to the observations in Fig. 15, it is recommended that the bolt diameter
should not be less than 10 mm and the number of bolt columns should not exceed

three for the design of a bolted connection.
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Fig. 15. Group effect coefficient of specimens considering effects of (a) bolt diameter;
(b) bolt pitch distance; (c) number of bolt rows; (d) number of bolt columns

5. Design of GFRP-Timber Bolted Connections Considering Group Effect
According to the Eurocode 5 [23], if there are ‘nc’ bolts in one column of a bolted
connection parallel to the grain direction of the timber, the effective number of bolts

‘nes” shall be calculated according to Eq. 3:

ne

g = min {n 09 4 P_ 3)
¢ 13d

where p is the pitch distance, d is the bolt diameter. It can be seen from Eq. 3 that the
Eurocode 5 considers the effects of three key parameters on nef, including the number
of bolts, bolt pitch distance and bolt diameter, without considering the effect of the
number of bolt columns. The number of effective bolts of each specimens was
calculated using Eq. 3 and denoted as Nefeuro. It is compared in Table 3 and Fig. 16

with nesexp (the effective number of bolts calculated from the experimental



555  capacities). It can be seen in Fig. 16 that the predicted nereuro generally agree well
556  with the experimental results nerexe. The average ratio of Nefeuro/Netiexp 1S 0.89 with a
557 standard deviation of 0.16. This indicates the predicted neseuro IS generally

558  conservative and lower than the experimental ner/exe.

559  Table 3 Effective number of bolts and group effect coefficients of all specimens

Nef/Euro

F F./F
INetiexp ‘ e

Category ID Nef/EXP R Nef/Euro

Dia-6 255 127%  1.82 0.71 9.01 071
Bolt Dia-8 1.68 84%  1.69 1.00 1509 1.00
diameter Dia-10  1.99  99%  1.60 080 1322 0.80
Dia-12 239  119%  1.53 064 1480 0.64
Dia-14 230 115%  1.47 064 1624 064
Dis-40 194  97% 147 076 1179 0.76
Dis-60 172 86% 163 095  13.04 0.95
Dis-80 178 8%  1.75 098  14.02 0.98
Dis-100 1.82  91%  1.85 1.01 1482 1.01
Dis-120 1.75 87%  1.93 1.10 1551 1.10
N-1 1.00 100%  1.00 1.00 8.02 1.00
Row N-2 1.94  97%  1.47 076 1179 0.76
number N3 221  74% @ 212 0.96 16.98 0.96

N-4 373 93% 274 074 2199 0.74

M-1 194 97%  1.47 076 1179 0.76
Column M2 307  77% 294 096 2475 1.00
number M3 400 68% 441 1.08 3241  0.99

M-4 511  64%  5.88 1.15 4007 0.98

Average value 0.89 0.88

Standard deviation 0.16 0.15

Bolt pitch
distance

560 NOTE: neexp means the number of effective bolts of the connection calculated using
561  experimental results. nereuro represents the number of effective bolts calculated using
562  EQ. 3. R represents the group effect coefficient. Fc means the capacity calculated by

563 EQ.6.
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As mentioned above, Eq. 3 in Eurocode 5 does not consider the effect of the number
of bolt columns on ner. However, the experimental results in Section 4.4 showed that
when the actual number of bolt columns was 2, 3, and 4, the corresponding effective
number of bolt columns was 1.58, 2.11, and 2.63, respectively. The effect of the
number of bolt columns on the group effect was also reported by Jorissen et al. [22].
Therefore, Eq. 3 needs to be modified to consider the effect of the number of bolt
columns on ner, otherwise the capacity of the bolted connection would be

overestimated.

According to the experimental results in Section 4.4, when the actual number of bolt
columns (m) was 1, 2, 3, and 4, the number of effective bolt columns (mer) was 1,
1.58, 2.11, and 2.63, respectively. Therefore, a linear relationship between mer and m

is proposed through curve fitting:

_ 1 (m=1)
Mef = {0.65 xm + 0.8(m > 2) 4)

Therefore, Eq. 3 for calculating ner considering mer is modified as follows:
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n
= i 4
N = min {mef x 1.0 x /% (5)

where n is the total number of bolts; n¢ is the number of bolts in one bolt column.

The load carrying capacity of a bolted connection can be calculated as:

qultiple = Ngg X Fsingle (6)

Therefore, we only need to test the capacity of a single bolt connection (Fsingie), SO
that the capacity of a multi-bolt connection with the same size bolts can be predicted
using Eq. 6. The load carrying capacities of all the connection in the paper were
calculated using Eg. 6 and listed in Table 3. The predicted capacities are compared
with the experimental capacities in Fig. 17, and a good agreement is achieved. The
average ratio between the predicted and experimental capacities is 0.88 with a

standard deviation of 0.14.
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Fig.17 Comparison of F¢ and F,
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6. Conclusions
This paper proposed a GFRP-timber bolted connection which can be an optional
solution to resolve the potential corrosion issue of timber connections using steel
plates. The group effect was investigated through experimental testing and four key
parameters are considered including bolt diameter, bolt pitch distance, bolt row
number and bolt column number. Based on the experimental results, the design
equation of the effective number of bolts in Eurocode 5 was modified. The predicted
capacities of the bolted connections agreed well with the experimental results. The
following conclusions can be drawn:

(1) Most GFRP-timber bolted connections failed by bearing failure of the bolt holes in
the timber plates. Bolt hole bearing failure is a progressive type of failure mode.
However, when more than three bolts were used in a single bolt column, or when
more than two bolt columns were used in the connection, cleavage failure was
observed in the timber plate which was a sudden type of failure mode.

(2) It is recommended to use bolts with a diameter of no less than 10 mm. This is to
minimize the potential stress concentration problem when small bolts contact the
bolt hole. This is also beneficial to improve the integrity of the connection.

(3) It was confirmed that the requirement on the bolt pitch distance limit in the current
design standard was reasonable. Because the experimental results showed that the
capacity of bolted connection would not increase when the pitch distance satisfied
the dimensional requirements of the design code.

(4) It was observed that the number of bolt columns played an important role of the
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mechanical behavior of the bolted connection. When multi bolt columns were
used in the connection, each column was not equally effective. This indicates that
the number of bolt columns affects the group effect of the connection. However,
this effect is not considered in the current design code, which may yield
overestimated connection capacity. It was also noted that, the load carrying
efficiency of each bolt decreased when more bolt columns were used in the
connection. Therefore, it is recommended no more than three bolt columns be
used in the connection.

(5) The equation for determination of the effective number of bolts in Eurocode 5 was
modified to consider the effect of number of bolt columns. The capacities of the
connections predicted using the new equation agreed well with the experimental
results.

It is important to note that the experimental results of this paper are valid for the

materials selected in this study and are only applicable to GFRP-timber bolted

connections in tension. It is recommended that more experimental work and
numerical simulations be conducted in the future to expand the database so that the
design equation can be generalized and applied for GFRP-timber bolted connections.
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